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summary

Modern aviation depends heavily on fossil fuel, which causes detrimental effects on the climate. A shift towards
carbon-free aviation is therefore desired, with hydrogen representing one of the possible enablers currently being
explored. The push towards sustainable aviation using hydrogen is, among other factors, limited by operational re-
strictions due to existing infrastructure being dedicated to kerosene combustion. An aircraft capable of operating
exclusively on pure hydrogen would face significant operational limitations, as only a limited number of airports
currently provide hydrogen refueling infrastructure. This constraint would substantially restrict its operational
flexibility, thereby reducing its competitiveness compared with existing kerosene-based aviation systems. The
HOPE (Hydrogen Optimized multi-fuel Propulsion system for clean and silEnt aircraft) is a project to overcome
this limitation by developing a multi-fuel combustor. A fuel-flexible system bridges the gap, an aircraft can use
the existing kerosene infrastructure today, and switch to hydrogen wherever refueling is available, supporting a
gradual infrastructure transition rather than requiring an abrupt one. This study is conducted within the frame-
work of the HOPE project, with the objective to advance the development of the HOPE combustor as well as to
contribute to the knowledge on multi-fuel combustion. More specifically, this work focuses on how various fuel
blends of kerosene and hydrogen affect the flame topology and explores how the design performs under limiting
engine operating conditions.

The current HOPE combustor is manufactured and tested in the Delft University Sustainable Propulsion Lab under
reduced power compared to aircraft operating conditions and is placed in an ambient environment. High-fidelity
Stress-Blended Eddy Simulations (SBES) were performed to reproduce this test setup, resulting in validated
simulations which can be utilized to further understand the interaction between kerosene and hydrogen. The
simulations showed that hydrogen combusts upstream of kerosene, enhancing kerosene evaporation and thereby
promoting its subsequent combustion downstream.

The validity of the numerical approach was further assessed by comparing the simulation results with the avail-
able experimental data. The SBES simulation reproduces the pure hydrogen case well. For pure kerosene, the
predicted flame shape broadly matches experiments, though notable discrepancies remain. The multi-fuel cases
show premature flame anchoring at the mixing tube outlet, with the SBES simulations predicting an attached flame
at lower hydrogen contents, compared to the experiments. The premature anchoring is most likely caused due to
the adiabatic boundary conditions, which result in artificially elevated temperatures (near the walls) exceeding
the autoignition temperature of hydrogen. Consequently, hydrogen can autoignite independently of the kerosene
combustion process, resulting in flame anchoring at the mixing tube outlet. Another prospective improvement
concerns the spray. The combustor design employs a solid-cone SIMPLEX atomizer, which exhibits character-
istics of both hollow-cone and solid-cone sprays, whereas the SBES simulations were performed using a purely
solid-cone spray model. The discrepancies between the simulations and the experiments are expected to be mini-
mized even further by combining a hollow-cone/solid-cone spray, more accurately representing the experimental
spray conditions.

The exploration of the HOPE-combustor performance in actual limiting operating conditions has been performed
using lower-fidelity simulations due to restrictions imposed by the computational cost associated with simulating
the engine operating conditions. The most critical operating condition is a take-off powered exclusively by hy-
drogen, as this condition is associated with the highest laminar flame speed. Consequently, the risk of upstream
flame propagation is increased, potentially resulting in structural degradation. The simulation showed that an
unfeasible pressure drop was present in the current design. Therefore, the swirler design was scaled-up, reducing
the pressure drop across the swirler; however, this resulted in flame stabilization in the nozzle of the swirler. A
design adjustment will be proposed while also raising questions regarding the objective operational requirements
of the system. A possible solution is to introduce hydrogen diffusion flames resistant to flashback and upstream
propagation to enable operation under pure hydrogen take-off conditions, accepting an NOx penalty. However, it
can be argued that if such a pure hydrogen take-off capability is required, it may necessitate complex and costly
systems for a marginal operating case, given the dominance of kerosene-based infrastructure.
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Introduction

This chapter explains the need for the research by outlining the broader context of aviation’s dependence on fossil-
based propulsion and the associated environmental, geopolitical, and technological challenges. Background on
the HOPE project will be provided, as this research is conducted within this initiative.

1.1. The Imperative of Sustainable Aviation

The era of industrialization began with the invention of the steam engine, which brought great prosperity. The
heart of this technology is the combustion process. In this day and age, fossil fuel remains dominant in the energy
and transportation industries. The share of coal, oil and natural gas in global energy supply has stuck around 80%
for decades according to the IEA (International Energy Agency) [1]. In aviation, fossil fuel is even more dominant.
The energy consumption of the global aviation sector is nearly exclusively fossil fuel-powered, according to the
IRENA (International Renewable Energy Agency)[2].

Although combustion-based technologies have fueled the modern lifestyle and aviation would doubtlessly never
have taken off without them, they possess a fundamental drawback. The emissions from fossil combustion have
caused a global increase in surface temperature observed between 2011 and 2020 relative to the pre-industrial
period. As a result, many weather and climate extremes have been observed across the globe [3]. Furthermore,
according to the WHO (World Health Organization), this shift affects the physical environment as well as all
aspects of both natural and human systems. The vast majority of anticipated health impacts of climate change are
negative and are predicted to far outweigh potential positive health effects (e.g., lower health risks from extreme
cold) worldwide [4]. More specifically, climate change will cause an increased risk of morbidity and mortality
due to undernutrition in poorer regions, reduced labor productivity, heat waves, and associated fires [5].

Beyond environmental concerns, the transition to sustainable aviation is of utmost importance to the strategic
autonomy of Europe. The European Union’s reliance on imported fossil fuels creates economic and geopolitical
vulnerabilities, as noted in the Versailles Declaration [6]. By developing sustainable technologies, Europe aims
to decouple its transport sector from external energy dependencies while securing its technological leadership
and intellectual property [7]. Therefore, developing these sustainable technologies is essential to maintain or
strengthen the continent’s industrial competitiveness in a global market [8].

Kerosene-based propulsion remains the standard for aviation, yet it drives both environmental degradation and
geopolitical energy vulnerability. According to ICAO projections, global air passenger demand is expected to
maintain a steady growth rate of approximately 4% per year, potentially reaching over 10 billion passengers by
2050 [9]. The demand for aviation services is growing, while emissions and fossil fuel imports are expected to
decrease in absolute terms. Therefore, to simultaneously adhere to ICAQ’s vision, “A safe, secure and sustainable
international civil aviation system that connects the world for the benefit of all nations and people” [10], and
to the EU goals of strategic autonomy, developing and improving clean aviation technologies is a fundamental
prerequisite.
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1.2. Objectives of HOPE

Hydrogen can be produced through various pathways, one of which is green hydrogen. Green hydrogen refers
to hydrogen generated via electrochemical water splitting; when the electricity input is sourced from renewable
energy, both hydrogen and oxygen are produced without direct CO, emissions [11]. Electricity production can
be ensured by European renewable production facilities (e.g. solar, wind energy or nuclear), therefore through
hydrogen combustion, Europe can also control its availability to aviation fuel. However, several challenges are
ahead regarding (pure) hydrogen operations. The production, storage, transport, and onboard integration require
further development activities [12]. Moreover, the adoption of hydrogen technology in aviation is hindered by
a circular dependency: the commercialization of fueling infrastructure depends on sufficient hydrogen demand,
while the widespread use of hydrogen-powered vehicles depends on the availability of that very infrastructure [13].
Fuel flexible operations where both hydrogen and kerosene can be utilized both independently and simultaneously
breaks the dilemma. Several European development projects have started developing fuel flexible technologies
[14, 15, 16].

The current research is part of HOPE (Hydrogen Optimized multi-fuel Propulsion system for clean and silEnt
aircraft) [17], which is one of the projects that advances fuel-flexible technologies in aviation. HOPE is a con-
sortium consisting of aviation-related companies and research institutes. The thesis will be a combined effort
between the TU Delft and Ergon Research s.r.l. This research is supported by the Horizon Europe research and
innovation program and co-funded by UK Research and Innovation (UKRI) under the UK government’s Horizon
Europe funding guarantee. The main objectives of HOPE are listed below:

1. Minimize the combustion and noise emissions during landing and takeoff (LTO), hence the impact on air
quality and noise annoyance near airports, without the trade-off of cruise emissions

2. Retrofit the existing aircraft configuration, allowing the substantial emission reduction to be achieved within
a short time

3. De-risk the use of hydrogen solely in existing tube-wing aircraft configurations

4. Smoothens aviation’s energy transition through assessment and exploitation of several greener propulsion
technologies at different maturity levels.

In measurable terms HOPE aims at ensuring the following objectives: LTO NOx: -50%, CO: -50%, soot: -80%,
perceived noise: -20% ( 3 dB per operation), and climate impact: -30%, compared to state-of-the-art technology
in 2020 (A320neo). One of the tasks concerning HOPE is to model, experiment, and demonstrate for the first
time a low emission multi-fuel combustion technology burning H;+kerosene for future UHBR (Ultra High Bypass
Ratio) turbofan engines. The thesis is developed in accordance with this objective.

Co-funded by Horizon L ="
the European Union Europe }
-~ &



Theoretical Background

Throughout this research, several widely established theories and methods have been employed; therefore, they
are treated as supporting tools rather than the primary focus of the study. Accordingly, an overview of these
subjects is provided in this chapter.

2.1. One-step Stoichiometric Combustion of Hydrogen and Kerosene

Combustion is an exothermic chemical reaction that increases the temperature of the flow and its surroundings,
thereby providing the energy conversion that forms the basis of gas turbine power generation. Chemical reac-
tions occur when fuel and oxidizer molecules collide with sufficient energy and appropriate orientation [18].
Stoichiometrically balanced reactions for hydrogen and kerosene combustion are presented in Table 2.1. During
combustion, reactants are consumed while products are formed. The exact composition of kerosene may vary;
however, the carbon number typically ranges from Cy to Cy3 [19]. In scientific literature, kerosene is commonly
represented using surrogate mixtures [20]. In the present work, kerosene is modeled as Ci1H»;.

Table 2.1: Stoichiometric combustion of hydrogen and kerosene

Fuel Molecule Balanced Reaction
Hydrogen H, 2H; + O, —» 2H,0
Kerosene (Jet A) C11H22 2C11H22 + 3302 - 22C02 + 22H20

The stoichiometric condition refers to the state in which fuel and oxidiser are present in exact proportions such
that both are completely consumed without excess fuel or oxidiser [18]. This condition corresponds to a specific
fuel-to-oxidiser mass flow rate ratio. The equivalence ratio is defined as the ratio of the actual fuel-to-oxidiser
mass flow rate to the stoichiometric fuel-to-oxidiser mass flow rate, as given in Equation 2.1.

¢ _ (mfuel/moxidizer) (21)

(mfuel / moxidizer) stoichiometric
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2.2. Basic Flame Types

Various types of flames can be distinguished based on their physical and chemical characteristics. A first classifi-
cation relates to the phase of the reactants. In homogeneous flames, both fuel and oxidiser are in the same phase,
such as in methane—air combustion, both gaseous. In heterogeneous flames, such as spray combustion, liquid fuel
interacts with gaseous air. In addition to phase considerations, combustion processes may be either approximately
steady or highly unsteady, depending on operating conditions.

Another important way to classify combustion systems is based on mixing behaviour. Figure 2.1 illustrates this
classification. In many practical combustion systems, fuel and oxidiser enter the reaction zone separately and
mix while reacting. This combustion mode is referred to as non-premixed or diffusive. In contrast, premixed
combustion occurs when fuel and oxidiser are already mixed prior to entering the reaction zone.

Fuel/Oxidizer Mixing Fluid Motion Examples

turbulent spark-ignited gasoline engine
q:: low NO, stationary gas turbine

premixed

flat flame

Bunsen flame (followed by a

nonpremixed candle for @ > 1)

pulverized coal combustion
/ aircraft turbine

laminar

Diesel engine
H, /0, rocket motor

wood fire
radiant burners for heating
candle

turbulent
nonpremixed <

laminar

Figure 2.1: Example of combustion systems ordered with respect to premixedness and flow type [21]

Flame types can be further subdivided into laminar and turbulent regimes. In the case of the HOPE combustor,
the flow is expected to be highly turbulent. Nevertheless, laminar flame theory remains relevant, as it provides
the fundamental basis for understanding and modeling turbulent combustion.

2.2.1. Premixed Flames

Laminar premixed combustion in a duct is shown in Figure 2.2a. The combustion process propagates through
a thoroughly premixed fuel-air mixture. This propagation speed is called the laminar flame speed S;. The
freely propagating laminar flame configuration of CANTERA is used in this research and represents an idealised
premixed system in a duct without wall effects. The corresponding structure of such a laminar flame reaction
zone is shown in Figure 2.2b. The combustion reaction zone, or flame, is typically very thin, of the order of a few
millimetres for hydrocarbon fuels under ambient conditions. The thickness of the reaction zone in the laminar
regime is referred to as the laminar flame thickness ¢;. In the preheat zone, the temperature of the unburnt
mixture rises gradually from the mixture temperature towards the reaction zone. As the temperature approaches
the ignition temperature of the fuel, chemical reactions accelerate rapidly, marking the onset of the flame front.
Within the flame, the reaction rate increases sharply and subsequently decreases as fuel and oxidiser are consumed
and combustion products are formed. The laminar flame speed strongly depends on the chemical reaction rate
and, consequently, on the flame temperature and equivalence ratio. The maximum flame temperature is reached
for slightly rich mixtures, resulting in the highest flame speeds.
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Unburned Preheat Reaction  Burned gases
mixture zone zone (products)

Unburned Sy Combustion
fuel & air products

Fuel
Oxidizer

A\ 4

(a) Representation of the duct (b) Premixed flame structure within the duct

Figure 2.2: Sketch of a premixed flame propagating [22]

Increasing the temperature of the unburned mixture increases the flame speed primarily because chemical reac-
tion rates increase significantly with temperature, while transport processes such as thermal diffusion also change
and can further support faster flame propagation. This temperature effect is shown in Figure 2.3a, which also
indicates an increase in flame speed with equivalence ratio in the lean regime. For most hydrocarbon—air mix-
tures, increasing the pressure decreases the laminar flame speed. Higher pressure reduces thermal diffusivity and

therefore slows flame propagation. The pressure effect on the laminar flame speed for hydrogen—air mixtures is
shown in Figure 2.3b.

As a combustible mixture deviates from stoichiometric conditions, becoming either too lean or too rich, the flame
temperature decreases, and the laminar flame speed drops significantly. Eventually, combustion can no longer
be sustained, and the flame is extinguished. The corresponding limits of flammability are referred to as the lean
flammability limit (LFL) and the rich flammability limit (RFL).

Laminar premixed flame speed is primarily influenced by equivalence ratio, reactant temperature, pressure, and
mixture composition. Higher reactant temperatures increase flame speed, whereas increasing pressure typically
reduces it for hydrocarbon flames, although temperature remains the dominant influence.
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Figure 2.3: Dependence of laminar flame speed Sy, on thermodynamic conditions for hydrogen-air mixtures [23]
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Experimental observations show that premixed flames propagate significantly faster in turbulent flows than in
laminar flows. The main reason for this enhancement is that turbulence increases the transport of momentum, heat,
and mass through the motion of eddies. A turbulent flame speed is defined to represent the average propagation
rate of a flame interacting with turbulent flow structures. The turbulent flame speed is often approximated using
the laminar flame speed Sy, and a characteristic turbulence velocity scale.

Furthermore, as a premixed flame propagates upstream towards the unburnt mixture, it may reach the injector and
cause damage to the system. This phenomenon is known as flashback. Flashback occurs when upstream flame
propagation leads to the flame travelling against the flow, which happens when the unburnt flow velocity is lower
than the turbulent flame speed.

2.2.2. Non-premixed Flames

Non-premixed flames (or diffusion flames) are characterised by the separation of fuel and oxidiser prior to com-
bustion [22]. Chemical reactions occur in regions close to stoichiometric conditions, where temperatures are
relatively high. The mixture composition varies throughout the flame and flow field due to the spatial separation
of fuel and oxidiser. The stability characteristics of diffusion flames are generally higher than those of premixed
flames, as combustion is confined to the stoichiometric mixture fraction. Under turbulent conditions, the flame
structure can become highly complex, as turbulent mixing enhances the interaction between fuel and oxidiser
streams. Diffusion flames are not prone to flashback due to the spatial separation of reactants at the injector; how-
ever, they may exhibit less favourable emissions characteristics, such as higher soot formation and NOx production
depending on operating conditions.

2.3. Liquid Fuel Atomization

Based on the preceding discussion, the liquid fuel primarily evaporates and burns before sufficient mixing can
occur; consequently, a uniform mixture is not established prior to combustion. As a result, spray flames are
predominantly diffusive in nature. The performance of liquid fuel combustion depends on the atomization process,
which increases the specific surface area of the fuel, resulting in enhanced mixing and evaporation rates [24]. In
most combustion systems, a reduction in mean fuel droplet size leads to higher volumetric heat release rates,
easier ignition, a wider operating range, and lower exhaust pollutant emissions [25]. Spray combustion involves
several stages and characteristic processes. Figure 2.4 shows a typical spray and its associated atomization and
evaporation stages.

*‘__—_——_ Pumping characteristics, flow

in tubes and channels, internal
geometry, and flow field
Liquid properties, discharge
coefficient, sheet, cone angle,
thickness, velocity, shear
flow, and turbulence characteristics

Wave instabilities in
the liquid sheet mechanisms
for sheet primary breakup

Breakup length

Drop deformation and

breakup

Secondary breakup

drop collisions and coalescence
Drop size, velocity, number density,
and volume flux distributions

Drop dynamics, drop slip velocities,
induced air flow field, gas phase
flow field with swirl, reversed

flow, and turbulence

Spray interactions with turbulent
eddies, cluster formation, drop
heat transfer and evaporation

Figure 2.4: Example of a spray illustrating atomization characteristics [24]

The spray originates at the injection nozzle, where the liquid exits under conditions determined by injection pres-
sure, internal geometry, and internal flow conditions. Subsequently, liquid sheet formation occurs as the liquid
emerges from the nozzle and develops into a thin sheet. Primary instability then develops as the liquid sheet be-
comes unstable due to interaction with the surrounding air, shear forces, and turbulence, leading to the formation
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of surface waves. Primary breakup occurs when these instabilities grow until the liquid sheet disintegrates into
ligaments. The axial distance over which this occurs is referred to as the breakup length. Ligament and droplet
formation follows, during which ligaments stretch and break into droplets, forming the initial droplet size distribu-
tion. After this stage, secondary breakup may occur, where larger droplets further disintegrate due to aerodynamic
forces, while droplet collisions and coalescence may take place. Spray development describes the evolution of the
spray into a cloud of droplets characterized by distributions of size, velocity, and number density. During droplet
dynamics, droplets interact with the surrounding gas and are influenced by turbulence as well as large-scale flow
structures such as swirl or recirculation. Finally, evaporation and mixing occur as droplets exchange heat with
the surrounding gas, evaporate, and mix with air, which is essential for combustion processes.

2.3.1. Sauter Mean Diameter

The Sauter Mean Diameter (SMD), also denoted as D3», is a characteristic droplet size widely used in spray and
atomization analysis [24]. It is defined as given in Equation 2.2, where D; represents the diameter of the i*”
droplet.

Zi i
— (2.2)

4

D3 =

The Sauter Mean Diameter represents the diameter of a droplet that has the same volume-to-surface-area ratio as
the entire spray. This can be understood by noting that D? is proportional to droplet volume (or mass), while D%
is proportional to droplet surface area. Thus, D3, can be interpreted as shown in formulation 2.3.

Total droplet volume

D3, (2.3)

~ Total droplet surface area

This property makes D3, particularly important in processes involving mass transfer, evaporation, and chemical
reactions. Since these processes occur at the droplet surface, a smaller D3, corresponds to a larger surface area
per unit volume, leading to enhanced evaporation and reaction rates. Therefore, in atomization systems such as
fuel injection, achieving a lower Sauter Mean Diameter is beneficial for improving mixing, combustion efficiency,
and overall system performance.

2.3.2. Atomizers

An atomizer is a device that breaks a liquid into fine droplets (a spray), typically using high relative velocity
between a liquid and a gas [24]. Different kinds of atomizers can be distinguished, and they are commonly
grouped into three main classes. Pressure atomizers use the liquid pressure to force the fluid through a nozzle at
high velocity, where the resulting velocity and turbulence induce primary breakup into droplets. Rotary atomizers
rely on mechanical rotation, where the liquid spreads over a spinning disk and centrifugal forces lead to droplet
formation. Airblast atomizers use the kinetic energy of a high-speed gas stream interacting with a slower liquid
stream, producing fine droplets.

In this work, the focus is on pressure atomizers, and more specifically on the SIMPLEX atomizer. The concept
of the simplex atomizer is shown in Figure 2.5a. The liquid is pressurized through a nozzle containing swirling
vanes, which induce angular momentum to the flow and generate a rotating liquid sheet that forms a hollow-cone
spray (see Figure 2.5b). The atomizer shown in Figure 2.5a is classified as a solid-cone SIMPLEX atomizer. In
this configuration, a portion of the liquid bypasses the swirling vanes and is discharged directly into the flow field,
leading to liquid saturation near the center of the cone.
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Hollow cone

Solid cone

(a) SIMPLEX pressure

atomizer producing a (b) Comparison between
solid-cone and hollow-cone hollow cone and solid cone
spray [24] spray patterns [24]

The spray quality in pressure atomizers is strongly dependent on the pressure drop across the atomizer. Figure 2.6
illustrates the influence of pressure on spray quality. At low pressure levels, relatively large droplets are produced.
The droplet diameter decreases as the pressure increases, eventually leading to the formation of a fine spray.

3

Vo*
" 3%
&£ °°
o
o
o o 9
o .
.
o
~
Dribble Distorted Omion Tulip Fully developed
stage pencil stage stage spray

=

Increasing liquid injection pressurc

Figure 2.6: A simplex atomizer applied under various pressures, showing its relation with spray quality.[24]

2.4. Pollutant formation and modeling

Understanding the behaviour of pollutants in combustion is fundamental for their eventual reduction and the tran-
sition towards sustainability. Although pollutants are generated by all types of combustion systems, this study
focuses specifically on pollutant formation in aeroengine combustors. Figure 2.7 illustrates the combustion pro-
cess in terms of emissions of a kerosene-powered aeroengine. Kerosene fuel, consisting of carbon, hydrogen,
and components, is burned in a jet engine. Contrail formation can subsequently occur due to the mixing of hot
exhaust gases with cold surrounding air. The exhaust contains pollutants, which are intended to be minimized.
Carbon dioxide is a pollutant; however, it is a product of hydrocarbon oxidation. Hydrogen combustion does
not contain any carbon and is therefore free of carbon dioxide emissions. However, other by-products/pollutants
are generated, which are harmful and can be reduced through a more efficient combustion process. For example,
carbon monoxide is toxic and mainly affects the cardiovascular system. Nitrogen oxides NO, contribute to lung
irritation, reduced resistance to respiratory infections, and impaired lung function. Additionally, unburned hydro-
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carbons (UHC) can irritate the eyes, along with neurological symptoms such as headaches and reduced memory.
Furthermore, soot and sulfur oxides SO, are associated with premature mortality and cardiovascular diseases
[26].
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Figure 2.7: The pollutants of kerosene combustion [27]

2.4.1. NOx Emissions

NO emissions are formed through several distinct mechanisms [28]. In aircraft engine combustion, the majority
of NO, is generated in high-temperature regions where molecular nitrogen in the air reacts with oxygen. The
primary formation pathway is thermal NO,, which predominantly occurs at temperatures above 1850 K. This
process can be described by the Zeldovich mechanism, which is represented by reactions (Equation 2.4)—(Equation
2.6) [28].

0+N, =N +NO (2.4)
N +0, = 0+NO (2.5)
N+ OH = NO + H (2.6)

NO, emissions can be partially controlled through appropriate combustion design. NO, emissions are of con-
siderable concern in hydrogen combustion due to increased local temperatures resulting from its higher reactivity
compared to kerosene, which promotes thermal NO formation.

2.4.2. CO Emissions

CO is produced in one of the final steps of hydrocarbon fuel oxidation and is subsequently converted to CO,,
mainly through Equation 2.7. As noted in [28], CO emissions are influenced by three main factors. First, under
rich combustion conditions, insufficient oxygen is available to fully oxidize CO, leading to higher emissions.
Second, near the lean extinction limit, the burning rate is very slow, preventing complete oxidation within the
available residence time. Finally, at high gas temperatures, product dissociation can occur, shifting the equilibrium
in Equation 2.7 toward CO formation. Pure hydrogen combustion does not contain carbon and therefore does not
produce CO under ideal conditions, assuming no contamination from oils or other carbon-containing substances.

CO +OH = CO, + H 2.7)

2.4.3. Unburned Hydrocarbons and Soot

Unburned hydrocarbons (UHC) are gaseous hydrocarbon species originating from the fuel that escape complete
oxidation during combustion. In some definitions, this category also includes partially oxidized hydrocarbons
formed as combustion intermediates. Overall, UHC emissions consist of fuel molecules that are not consumed
by the flame. Factors that increase the survival of these unreacted hydrocarbons contribute directly to UHC for-
mation. Lower temperatures reduce reaction rates and combustion efficiency, thereby increasing UHC emissions.
Similarly, flame quenching near walls and in gaps prevents complete combustion. Reduced residence time at
high temperature also limits oxidation, increasing the likelihood of unburned hydrocarbons. Additionally, rich
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mixtures (high equivalence ratios) promote UHC formation due to limited oxygen availability and a higher con-
centration of fuel molecules [22].

Soot, on the other hand, consists of solid carbon particles that form during the incomplete combustion of hydro-
carbon fuels. It is produced mainly in fuel-rich regions where there is insufficient oxygen to fully oxidize the fuel.
Under these conditions, fuel molecules break down, forming intermediate species that subsequently grow into
soot particles. In pure hydrogen combustion, no carbon is present in the fuel; hence, H, is not a source of UHC
or soot.

2.4.4. The Influence of Temperature and Mixture Properties on Emissions

Several factors influence emission formation, of which mixture properties and temperature are often dominant.
These two factors are also highly interrelated, as illustrated in Figure 2.8. Mixture properties are represented by
the equivalence ratio, while temperature peaks near the stoichiometric condition. The two regions on either side
of the peak temperature (approximately the lean and rich regimes) typically exhibit monotonic behaviour (see
Figure 2.8a). In Figure 2.8b, the typical behaviour of CO, NO,, and UHC (HC in the figure) is shown. During
lean combustion, CO and UHC emissions are significant. The relatively low temperatures lead to incomplete
combustion, resulting in CO formation and an increased likelihood of unburned hydrocarbons. Near the stoichio-
metric condition, temperatures are high and hydrocarbon oxidation is largely complete, minimizing CO and UHC
emissions. However, these high temperatures promote nitrogen oxidation, leading to increased NO formation.
NO, emissions then decrease with further increase of the equivalence ratio toward the rich side. As temperature
decreases again under rich conditions, CO and UHC emissions increase. The figure suggests an optimal operating
point on the lean side, just before significant nitrogen oxidation occurs and after the sharp reduction in CO and
UHC emissions. One strategy to minimize emissions is to design combustion systems to operate predominantly
within this optimal regime. A premixed flame enables locally lean operation with reduced peak temperatures and
consequently lower thermal NO,, formation, whereas diffusion flames develop reaction zones at locally stoichio-
metric conditions.
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Figure 2.8: Fundamental relationships between temperature, equivalence ratio, and emissions in combustion [22]

2.5. Reaction Mechanisms

The reaction mechanism contains all relevant information concerning the chemical interactions between species
and the reactions involved. The rate of each reaction is determined by the rate constant and the concentrations of
the reacting species. As an example, the consumption rate of species [A] is given in Equation 2.8.

d[A] c
— = ~kaIs1’Icl 28)
t
Here, [A], [B], and [C] represent the concentrations of the reacting species, k is the reaction rate constant, and
a, b, and c are the reaction orders. The term % represents the rate of change of species A. The negative sign

indicates that species A is consumed during the reaction. The reaction rate depends on both the rate constant and
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the concentrations of the reactants. The rate constant is defined in the reaction mechanism file and is typically
expressed in terms of the pre-exponential factor A, the activation energy E,, temperature 7, and the universal
gas constant R. The temperature dependence can additionally be modified through the exponent n. Pressure
dependence is often not directly included in the Arrhenius expression (see Equation 2.9); instead, it is incorporated
through third-body collision partners M, which represent surrounding gas molecules that collide with the reactants
and thereby account for pressure effects via their concentration [M].

E
k = AT" - exp (_R_;") 2.9)

In Table 2.2, part of the Z79 reaction mechanism is presented, describing the rate constant in terms of the pre-
exponential factor A, the temperature exponent n, and the activation energy E,. The table presents a subset of
reactions included in the Z79 mechanism. The first group lists reactions associated with the kerosene surrogate
C11H»2,, while the second group contains analogous reactions for H, fuel. The third group includes radical and
intermediate species reactions. The final two groups describe the formation pathways of the one-step global
products of kerosene and hydrogen combustion, namely H,O and CO;, respectively.

Table 2.2: Incomplete representation of the reactions in the Z79 reaction mechanism (k = AT" exp(—E,/RT)). [29]

# Reaction A n E,
Ci1Hy, fuel chemistry

1 CyHyp + O, — CiHy + HO, 2.00E+15 0.0 50150
4 CyjHpy + HO, — CiHy + H,O,  2.12E+14 0.0 17690
H, fuel chemistry
6 H;+0 - H+OH 1.80E+10 1.0 8826
7 H;+OH— H+H0 1.17E+09 1.3 3626
Radical and intermediate chemistry
12 C2H3 + CH4 — C2H4 + CH3 3.02E+13 0.0 12580
5 H+HO, —>20H 1.50E+14 0.0 1004

H, O formation reactions
15 C11H22 + OH — C11H21 + HQO 3.00E+07 1.9 58

17 20H—-H0+0 6.00E+08 13 O
18 HO,; + OH — H,0 + O, 2.00E+13 0.0 1000
19 CH3+0—CH,O+H 6.80E+13 0.0 O

CO; formation
22 CO+O0OH—CO,+H 1.51E+07 1.3 -758
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2.6. Swirl Stabilized Combustion

The airflow characteristics in the combustion chamber are of fundamental importance for flame stability [28]. A
common method is to employ swirling flow, inducing recirculation of a portion of the hot combustion products,
which mix with the unburnt mixture. The flow is rotated and, as a consequence, the static pressure decreases in
the core. When the rotational strength of the flow is sufficiently high, flow reversal occurs. This phenomenon is
also referred to as vortex breakdown and is illustrated in Figure 2.9a. Vortex breakdown occurs when the ratio of
tangential to axial momentum, commonly referred to as the swirl number, exceeds a critical value. In Figure 2.9b,
the flow field of a typical swirl-stabilised combustor is depicted. The swirling flow gives rise to an IRZ (Inner
Recirculation Zone) and an ORZ (Outer Recirculation Zone). Between these regions, shear layers are formed,
where the local flow conditions are favourable for flame anchoring.

u,/V,

-04-02 00 02 04 06 08 10 12

Inner Shear Layer (ISL)

Inner Recirculation
Zone (IRZ)

QOuter Recirculation
Zone (ORZ)

(a) Perspective view on swirl stabilized flow
[28]. (b) Detailed planar view of a swirl stabilizing flow [30].

Figure 2.9: Swirl-stabilized flame and flow field.

2.7. Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) is a numerical framework for solving the Navier—Stokes equations that
govern fluid motion. Depending on how turbulence is treated, three main approaches are used: DNS, LES, and
(U)RANS [31].

Direct Numerical Simulation (DNS) solves the full Navier—Stokes equations without any turbulence modeling. All
turbulent scales are resolved explicitly, from the largest energy-containing eddies to the smallest dissipative scales.
DNS requires very fine spatial and temporal resolution and is computationally feasible only for low Reynolds num-
bers and simple geometries. Large Eddy Simulation (LES) solves the spatially filtered Navier—Stokes equations.
In LES, large turbulent structures are resolved directly, while the effects of smaller, subgrid-scale motions are
modeled using a subgrid-scale model. LES provides a balance between accuracy and computational cost and
is suitable for capturing unsteady, large-scale turbulent dynamics. Reynolds-Averaged Navier—Stokes (RANS)
solves time-averaged Navier—Stokes equations, where all turbulent fluctuations are modeled using turbulence
models. It provides only mean flow quantities and does not resolve instantaneous turbulence. RANS is compu-
tationally efficient. Unsteady RANS (URANS) extends RANS by retaining time dependence of the mean flow,
allowing prediction of large-scale unsteady behaviour while still modeling all turbulence.

Research comparing Large Eddy Simulation (LES) with Reynolds-Averaged Navier—Stokes (RANS) models and
experimental data for aeronautical gas turbine combustors demonstrates the significant potential of LES for in-
dustrial design [32]. LES, by accurately resolving unsteady turbulent reacting flows, provides critical information
such as flame—turbulence interaction, flame—acoustic coupling, and large-scale mixing dynamics that are not ac-
cessible using conventional RANS methods. Compared to RANS, LES predicts sharper mean temperature fields
and higher peak temperatures in reacting zones, a difference attributed to the inherent smoothing (or numerical
diffusion) associated with RANS modeling. A comparison between URANS and LES for combustion systems
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was performed by [33]. The study highlighted that LES is associated with a significant computational cost due to
the requirement for very fine near-wall resolution in all directions. A common strategy to mitigate this limitation
is the use of hybrid LES—-RANS approaches, in which RANS is applied near the walls while LES is employed
in the core flow region, thereby leveraging the computational efficiency of URANS for unsteady flows. Efforts
must continue to extend the applicability of LES to complex, industrially relevant systems while maintaining
reasonable computational cost. At the same time, improvements in the accuracy of existing turbulence modeling
approaches remain necessary.



[iterature Review

The advancements in the literature will be discussed, providing an overview of the current state of knowledge in
the field. The objective is to describe what has already been done and how the literature on the topic has evolved,
thereby establishing the basis for the research and, more specifically, the research gap.

3.1. Development of Kerosene Combustion in Aviation

Human flight requires effective propulsion to overcome gravitational forces. The internal combustion engine
enabled heavier-than-air aircraft in the early 20th century. Early aviation engines adapted automotive designs, but
increasing performance demands led to purpose-built engines and specialized fuels [34].

3.1.1. Advancements in Aviation Fuel

A major milestone in the development of aircraft combustion was the invention of the turbojet engine around the
time of World War II. This innovation imposed new requirements on aviation fuels, initiating a jet fuel develop-
ment cycle [35]. The table provided outlines the major milestones and developments in kerosene-based jet fuels.
Advancements were made in terms of volatility (the tendency of fuel to vaporize, which can cause vapor lock and
engine malfunction at altitude), lubricity (the ability of fuel to lubricate moving parts such as metering pumps
to prevent wear), vapor pressure (the pressure exerted by fuel vapors, which can lead to boil-off losses at high
altitudes), flash point (the minimum temperature at which fuel produces ignitable vapors, essential for shipboard
and passenger safety), freeze point (the temperature at which fuel solidifies, limiting usability in high-altitude or
cold-weather operations), and thermal stability (the resistance of fuel to degradation at high temperatures).

Table 3.1: Evolution of Kerosene [35]

Fuel Year Deployment Key Improvement

Avgas 1939 Standard for piston aircraft; Baseline fuel; unsuitable for jets due to

used during early jet devel- volatility, poor lubricity, and contami-

opment nation
JP-1 1944 First dedicated turbine fuel Introduced kerosene range for better en-
(US Army Air Corps) ergy density and cleaner combustion

Continued on next page
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Fuel Year Deployment Key Improvement
JP-2/]JP-3 1945-47 Experimental fuels for im- Increased availability; JP-3 abandoned
proved supply flexibility due to high vapor pressure and boil-off
JP-4 1951 USAF primary operational Improved availability and reduced cost
fuel while managing volatility
JP-5 1950s US Navy carrier operations  High flashpoint enhanced shipboard
safety
Jet A/ A-1 1960s Commercial aviation stan- Kerosene-based fuel reduced volatility,
dard improving passenger safety
JP-TS/ JP-6 1950s-60s High-performance aircraft Enabled operation at elevated tempera-
(U-2, XB-70) tures (up to 218°C)
JP-7 1960s SR-71 (Mach 3+) Exceptional thermal stability
JP-8 1970s-95 Standardized military fuel =~ Safer kerosene base with additives re-
duced volatility
JP-8 +100 1990s Advanced military aircraft Increased heat sink capacity, providing

systems

improved cooling

Recent advancements in kerosene-based fuels have primarily been targeted at military applications. The standard
jet fuel used in commercial aviation today is Jet A/A-1, as it is optimized for passenger safety and operational
reliability. In recent years, the development of carbon-based fuels has shifted toward Sustainable Aviation Fuel
(SAF). The drive toward sustainable aviation has been the main motivation for continued SAF development efforts.
Table 3.2 outlines several of the most recent major developments in SAF technology.
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Table 3.2: Evolution of SAF (Sustainable Aviation Fuel) [36]

Fuel Year Feedstock Considerations
FT-SPK 2009 Wood waste or household Can be made from abundant waste materials;
trash however, production facilities are expensive to
build and operate
HEFA 2011 Used cooking oil and ani- Most mature and widely used pathway; however,
mal fats limited feedstock availability constrains global
scaling
SIP 2014 Fermented sugars Provides high energy content; however, cur-
rently limited to a 10% blend with conventional
jet fuel
FT-SPK/A 2015 Wood waste or household Improved compatibility with older engines and
trash seals; however, the production process is com-
plex
ATJ) 2016 Plant-derived alcohols Leverages existing alcohol supply chains; how-
ever, conversion to jet fuel adds cost and com-
plexity
ATJ-ethanol 2018 Corn or sugar ethanol Expands potential fuel supply significantly;
however, sustainability concerns exist regarding
food crop usage
HH-SPK 2020 Algae Very high biomass productivity without requir-
ing arable land; however, harvesting and pro-
cessing remain expensive
Solar Fuel Emerging Sunlight, water, and CO, Direct solar-driven process; however, still in

early research and difficult to scale

Although the development of SAF is a noteworthy effort, the current state of this technology is not yet sufficient
for large-scale production and operation.

3.1.2. Advancements in Injector Designs for Reduced Emissions

The invention of the turbojet engine not only initiated the development cycle of aviation fuels. The fuel injector
itself has undergone major improvements over the years and remains an active field of research. Specialized
strategies for combustor design can be found for a variety of applications and objectives. The focus here is to
outline some of the main concepts of modern low-emissions technologies for aero gas turbine engines.

The first concept to discuss is the Double Annular Combustor (DAC). In this configuration, annular staging is
applied to control the stoichiometry and therefore the temperature. In Figure 3.1a, such a concept is illustrated.
Two radial regions can be distinguished: the “P” zone, referring to the pilot, and the “M” zone, indicating the
main combustion zone, both equipped with dedicated injectors. At low power settings, only the pilot combustion
zone is active (located at the outer circumference of the combustor), while the main zone is not supplied with fuel.
This increases the equivalence ratio, thereby mitigating the risk of blow-off instability. At higher power settings,
the main zone is supplied with fuel, providing the required power while operating at a lower equivalence ratio
compared to a conventional combustor. Multiple radial stages can be employed for even more precise control. A
similar concept is the Axial Staged Combustor (ASC) (see Figure 3.1b). In this configuration, the main stage is
placed downstream of the pilot stage, improving combustion stability and reducing the risk of local quenching
caused by unfuelled airflow in the DAC concept. In addition, hot gases from the pilot provide a continuous source
of heat and ignition for the main stage. As a result, the pilot exhaust enhances main-stage combustion efficiency
and stability, enabling low CO and UHC emissions. However, this arrangement introduces challenges related
to casing structural integrity. Furthermore, axial staged combustors require a longer axial length compared to
conventional combustors to accommodate the main stage, which poses challenges for aircraft integration.
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Figure 3.1: Layouts of Dual Annular Combustor (DAC) and Axially Staged Combustor (ASC) [37, 28]

The TAPS (Twin Annular Premixed Swirler) concept can be regarded as an advancement of the DAC configu-
ration. However, it integrates the pilot and main stages into a single injector while utilizing partially premixed
combustion technology. The pilot stage is located at the center and provides a small, stable flame for ignition and
idle operation. The pilot fuel interacts with axial air streams to create the Pilot Recirculation Zone (PRZ). The
main stage surrounds the pilot stage and is activated during high-power operation. Fuel is injected into a cavity
where it interacts with a high-velocity swirling air stream, creating the Center Recirculation Zone (CRZ). This
configuration allows (partial) premixing of fuel and air prior to combustion, helping to maintain a more uniform
flame temperature and thereby reducing emissions. The Local Recirculation Zone (LRZ) transfers heat and reac-
tive radicals from the pilot stage to the main stage. This energy transfer from the pilot enables stable combustion
in the main stage, even under very lean operating conditions. Another related concept is Lean Direct Injection
(LDI), which also employs radial staging within the injector along with rapid mixing mechanisms considering the
design shown in Figure 3.2b. The LDI concept injects fuel directly into the combustor and rapidly mixes it with
a large fraction of air. Whereas TAPS relies on intense swirling for mixing, LDI utilizes wide spray angles and
rapid evaporation within dedicated pilot and main-stage flow paths.

Main Flame

Main
Fuel

Pilot
Air
Pilot

(a) TAPS (b) LDI

Figure 3.2: Layouts of Twin Annular Premixed Swirler (TAPS) and Lean Direct Injection (LDI) combustors [38, 39]
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3.2. The Challenge of Transitioning from Kerosene to Hydrogen

Differences in fuel properties are fundamental to understanding the challenges associated with H, combustion
compared to kerosene combustion. The most important fuel property differences are listed in Table 3.3.

The lower heating value (LHV) of H; is considerably higher than that of kerosene. Consequently, H, contains
more energy per unit mass. However, H, has a very low density, resulting in a significantly lower volumetric
energy density compared to kerosene. In addition, the boiling point of H; is far below ambient conditions. The
high weight to energy ratio of hydrogen makes it an attractive energy carrier for aviation applications. However,
its low volumetric energy density and extremely low boiling point introduce significant challenges for onboard
storage. In particular, achieving sufficient energy capacity requires large storage volumes, especially when hydro-
gen is not stored in liquid form. Even when cryogenic liquid hydrogen is used, storage system integration remains
complex due to insulation requirements, thermal management, and volumetric constraints [40]. Consequently, the
integration of hydrogen storage tanks into existing aircraft architectures represents a major engineering challenge,
motivating several ongoing research and development initiatives such as the Clean Aviation H2ELIOS project
[41].

Another important characteristic of H, fuel is its increased flame speed. Although flame speed depends on tem-
perature and equivalence ratio, H, exhibits a higher flame speed than kerosene across the entire equivalence ratio
range [42, 43]. The risk of flashback and upstream flame propagation in aeronautical combustors increases with
higher flame speeds, as the flame can propagate upstream more rapidly against the incoming flow, potentially
reaching and damaging the fuel injection system, thereby requiring higher local flow velocities to prevent flash-
back.

The adiabatic flame temperature of H> is significantly higher than that of kerosene, which may further increase
NOx formation. The adiabatic flame temperature represents the maximum theoretical flame temperature that can
be achieved if all chemical energy released during combustion is converted into thermal energy without losses. In
practical combustion systems, however, heat losses occur through radiation and convection, preventing the flame
from reaching this theoretical maximum temperature. The equivalence ratio strongly influences flame chemistry
and temperature. The highest flame temperatures are typically observed near stoichiometric conditions. At very
high temperatures, dissociation of combustion products becomes significant, which absorbs energy and thereby
reduces the flame temperature [28].

H, also possesses a considerably higher autoignition temperature than many hydrocarbon fuels, requiring more
intense heating for spontaneous ignition in the absence of an ignition source. However, the required ignition
energy is relatively low, meaning that even weak ignition sources can ignite H,-air mixtures. The flammability
limits of H, are also substantially wider than those of kerosene. H» can burn over a range of approximately 4—
75% by volume in air (ambient conditions), whereas kerosene combustion occurs over a much narrower range of
approximately 0.6-5% by volume. The wider flammability range of hydrogen must be considered in the design of
H»-based aviation systems to ensure safe operation, as it increases the likelihood of ignition over a broader range
of fuel-air mixtures.

Another notable characteristic of pure H, flames is their low visible luminosity, as hydrocarbon flames are typi-
cally visible due to soot radiation. This might necessitate safety measures for the detection of H; flames, particu-
larly in maintenance and research facilities.

The next major distinction between kerosene and hydrogen combustion is that, in H, flames, mass diffusion
dominates thermal diffusion, whereas in kerosene flames the two diffusion processes are more comparable in
magnitude. This is reflected in the Lewis number, which serves as an indicator of the relative rates of heat and
mass diffusion. The Lewis number difference contributes to distinct combustion instability dynamics [44]. These
instabilities must be carefully considered in H, combustion systems to ensure safe, reliable, and stable operation
across the full range of operating conditions.

Finally, the primary combustion product of H, is H,O, whereas kerosene combustion produces well-known
carbon-containing emissions. This property underpins the feasibility of carbon-free aviation and thus serves as a
key driver for ongoing advancements and research in H,-powered propulsion and power generation systems.
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Table 3.3: Comparison of H; and kerosene fuel properties [45, 46, 47]

Property Hydrogen Kerosene
Lower Heating Value (MJ/kg) ~120 ~43
Volumetric Energy Density (MJ/L) ~8.5 (LHy) ~34.7
Density (kg/m?) ~70 (LH») ~800
Boiling Point (K) 20.28 423-573
Flame Speed Very high Moderate
Autoignition Temperature (K) ~858 ~483
Adiabatic Flame Temperature (K) ~2400 ~2100
Ignition Energy Very low Higher
Flammability Limits (vol%) 4-75 0.6-5
Flame Visibility Invisible Visible (luminous)
Lewis Number (-) ~0.3 ~1-2
Combustion Products H,O0 (NO, in air) CO,, H,0, NO,,, CO, soot, UHC

3.3. Experimental Research of Multi-Fuel Systems

Experiments on Hj-kerosene blending began over forty years ago in the 1980s, demonstrating the feasibility
of hybrid kerosene—H, fuels [48]. The motivation for these early studies originated from the desire to reduce
emissions and to explore future scenarios in which H; could be produced sustainably using nuclear or solar energy.
A modified gas turbine burner equipped with an air-blast atomizer was used. This atomizer included a thin annular
slit through which gaseous H; was injected. It took until the 2000s for new experimental studies in this field to re-
emerge. Stricter environmental regulations for aviation triggered renewed interest, particularly concerning CO and
NOx emissions during idle and taxiing conditions at airports. Both [49] and [50] addressed these challenges. In
contrast to the laboratory-scale burners of the 1980s, these studies employed industrial aeronautical fuel injectors.
The latter study investigated idle engine conditions, corresponding to temperatures of S00K and a pressure of
3 bar. As the focus shifted toward ultra-low-emission combustion concepts, researchers began investigating the
Lean Premixed Prevaporised (LPP) concept for blended H,-kerosene fuel [51] (considering only moderate H;
enrichment levels of up to 10% by mass). Further efforts to reduce soot and NOx emissions led to the development
of a novel burner concept [52]. This burner primarily used H; to stabilise the flame while still relying on kerosene
as the main fuel, reflecting the current limitations of H, storage. The LEAF (Lean Azimuthal Flame) combustor
was introduced as a hexagonal chamber in which air jets are injected at an angle from the top, generating a swirling
flow field. Kerosene is injected from the bottom into this swirling flow, while H, is used to stabilize the flame
in a fixed position. More recent studies have focused on fuel-agnostic engine development, enabling operation
on various mixtures of kerosene and H, [53]. These experiments were conducted under preheated air conditions
with temperatures (75ir) up to 673 K. Moreover, [54] performed experimental studies on the HOPE combustor
configuration considered in the subsequent chapters of this work. The corresponding experimental findings are
discussed alongside the numerical results in Chapter 7, facilitating direct comparison and further insight.

Table 3.4: Experimental conditions and combustor configurations of key kerosene-H, blending studies

Reference P [bar] Ty [K] Power 10} Combustor Configuration

Hiroyasu (1980) [48] 1.0 Ambient  Constant Varied Air-blast spray + annular H; slit

Juste (2006) [49] - - Varied Varied Industrial aero-injector; non-premixed H»
Frenillot (2009)[51] 1.0 473 13.3kW 0.3-1.0 Lean Premixed Prevaporized (LPP)
Burguburu (2011)[50] 3.0 500 86 kW 0.35-0.58 Industrial aero-injector

Miniero (2023) [52] 1.0 Ambient 15-25kW  0.77-0.83  Lean Azimuthal Flame (LEAF) hexagonal

Singh (2025) [53] 1.0 473-673  23-37kW  0.14-0.7  Low-swirl burner; H; jet-in-crossflow
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3.3.1. Hydrogen Blending Effect on Flame Topology and Stability

In the previous section, the most significant experimental studies were presented and discussed. In this section,
the same studies will be analysed with a focus on flame topology and stability. The chronological order will be
followed, starting with the first experiment [48].

The influence of multi-fuel operation on flame stability is a key finding of this work, as the authors report that
the lean blow-off (LBO) limit shifts significantly towards leaner conditions with the addition of H,. When the H;
fraction (Ry,), defined as the ratio of the combustion heat released by H; to the total heat release, reaches 10%,
the stabilisation effect becomes sufficiently strong that the LBO limit is effectively shifted beyond the typical
operating range. In terms of flame structure, the authors classify hybrid combustion into three distinct regimes
based on the value of Rj,. In the first regime (R;, < 10%), the flame appearance remains similar to that of a pure
kerosene flame, characterised by strong yellow luminosity. In the second regime (10% < R;, < 50%), a transition
occurs in which the flame color changes from bright yellow to yellow—blue as the kerosene fraction decreases.
Finally, for Ry, > 50%, the flame behaviour approaches that of a pure H, flame, appearing violet or transparent
purple.

In the experiments reported by [49], it is shown that the addition of H, significantly lowers the lean blow-off
(LBO) limit in an actual aeronautical fuel injector. This extension of the stable combustion envelope enables ultra-
lean operating regimes that were previously not attainable with pure kerosene, thereby increasing the operational
margin for engine operation at lower global equivalence ratios.

In the next study [51], four distinct flame topologies were identified based on the equivalence ratio and H, share
(see figure 3.3b):

¢ Anchored & Stable (AS): The flame is attached to the burner exit.
* Lifted & Stable (LS): The reaction zone moves away from the burner but remains steady.
* Lifted & Unstable (LU): The flame becomes visually unstable with low-frequency pressure fluctuations.

 Lifted & Very Unstable (VU): Occurring near the lean limit, the flame periodically nears complete extinc-
tion, accompanied by strong pressure oscillations.
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Figure 3.3: Observed flames with variation of H, dilution [51]

The study revealed that H; addition acts as a strong stabilizing agent, shifting the stability limits of flame structures
towards leaner equivalence ratios. For instance, a 10% H, enrichment allowed the flame to remain anchored and
stable at equivalence ratios at which a pure kerosene flame would have already been extinguished.

In [50], experiments were conducted under engine idle pressure and temperature conditions, where OH chemilu-
minescence was used to identify the reaction zones. The results show that H, enrichment enhances combustion
intensity, particularly in the region near the injector exit. This enrichment effectively reduces the mean flame
length compared to pure kerosene, resulting in a more compact reaction zone as the H, energy contribution in-
creases. Furthermore, it is confirmed that H; addition extends the lean blow-off (LBO) limit.
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A major challenge in modern aero-engine design is maintaining flame stability at low ratios of atomization air
to kerosene mass flow, as encountered in airblast atomizers, since these conditions reduce the pressure drop
across the fuel nozzle. However, under such low atomization-air-to-fuel conditions, pure kerosene flames tend
to become unstable. In [52], it was shown that the addition of a small fraction of H; acts as a flame stabilising
agent. By injecting H;, the authors were able to maintain a stable flame structure under low ALR conditions
where kerosene alone would have failed. This effectively extends the stable operating window towards more
engine-relevant regimes.

Consider again [53], which investigates combustion under elevated inlet air temperatures. It was found that H;
addition extends the lean blow-off (LBO) limit across all inlet air temperatures, although the effect is not linear.
For H; contents up to 30%, the stabilisation effect remains relatively consistent across different T,;; conditions.
The authors attribute this to limited H, radial jet penetration and the continued dominance of Jet-Al in the com-
bustion process [53]. Once H, exceeds 30%, the higher reaction rates and diffusivity of the gaseous fuel lead to a
significant reduction in the LBO equivalence ratio. Interestingly, the study shows that a 90% H» blend can operate
at leaner conditions than pure H,. This is attributed to residual Jet-A1 modifying the local mixture distribution
and providing a stabilising effect that pure gaseous fuel does not exhibit. The flame topology was characterised
using high-speed OH* chemiluminescence imaging, with the lift-off height (LOH) defined as the axial position
where 5% of the total integrated intensity is detected. While higher temperatures increase flame speed and slightly
reduce LoH across all fuel blends, H, concentration is identified as the primary driver of flame shape changes. Up
to 15% H,, the reduction in LoH is minimal, as H> jets do not yet significantly penetrate the crossflow, resulting
in a flame structure similar to pure Jet-Al operation. Beyond 30% Hj, increased radial penetration leads to H;
accumulation near the nozzle walls, shifting the reaction zone closer to the burner exit and producing a more
compact, attached flame structure. This movement towards the nozzle indicates that, while H, improves stability,
it also brings the system closer to flashback limits. However, axial air injection was shown to maintain a safe

operating margin even at 100% H,. This behaviour of H, blending is illustrated in Figure 3.4.

Figure 3.4: Time-averaged OH: chemiluminescence images of flame for different H, and Jet-A1 fuel splits at air preheating temperature of
Tair = 473 K [53]
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3.3.2. Hydrogen-Blending Effect on Emissions

Now that the flame topology and stability characteristics have been clarified, a closer examination of the emissions
behaviour is presented. The same structure is maintained, following the chronological order and starting with the
first experiment [48]. Throughout this study, the total combustion heat release was kept constant. In the first
regime (R;, < 10%), the changes in soot and NOx emissions are relatively limited, although a slight increase in
NOx emissions was observed. A significant reduction in emissions occurs during the second regime (10% < Ry,
< 50%). While NOx emissions begin to decrease, the reduction in soot concentration within the exhaust gases is
particularly pronounced. In the third regime (R;, > 50%), where the flame behaviour approaches that of pure H,
combustion, NOx emissions show only a minor further decrease. In contrast, soot emissions continue to decrease
steadily due to the substantial replacement of carbon-based fuel with H;. The overall reduction in NOx emissions
throughout the study is primarily attributed to the leaner combustion conditions enabled by H, addition while
maintaining constant heat release.

The primary motivation for the next study was the reduction of pollutant emissions during the Landing and Take-
Off (LTO) cycle [49], particularly during low-power operating conditions such as taxiing and idling, where carbon
monoxide (CO) emissions are typically high. The results confirmed that H, addition is a highly effective strategy
for emission reduction under these conditions. The study found that even a modest H, energy contribution of
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1.4% resulted in a 50% reduction in CO emissions. This reduction is attributed to the replacement of carbon-
based fuel by H, as well as the increased concentration of hydroxyl radicals (OH), which promote the complete
oxidation of CO into CO,. However, unlike the clear trends observed for CO and soot reduction, the influence
on NOx emissions remained less certain. The study reported that, for a constant kerosene mass flow rate, NOx
emissions could increase due to higher local flame temperatures. Nevertheless, it was concluded that the ability
to operate at leaner equivalence ratios, enabled by the improved flame stability, could ultimately result in lower
NOx emissions.

Regarding the pollutant emissions reported in [51], the results confirmed that CO emissions decrease significantly
with increasing H; share at constant power. However, the behaviour of NO,, emissions was found to be governed
primarily by the equivalence ratio, largely independent of H, enrichment or combustion power. Therefore, the
main benefit of H, for NO, reduction in LPP systems is not necessarily associated with direct chemical effects,
but rather with its ability to sustain stable combustion at ultra-lean equivalence ratios, where NO, formation is
inherently lower.

Consider again the study conducted under engine idle pressure and temperature conditions [50]. The experiments
demonstrated that H, enrichment is highly effective in reducing CO emissions, which decreased significantly even
for relatively small H, energy contributions. This effect is attributed to the increased availability of OH radicals
provided by H, combustion, which enhances the oxidation of CO into CO,. However, the study also identified
an environmental trade-off regarding NO, emissions. While CO emissions were reduced, the H, injection mode
resulted in a notable increase in NO,, with differences observed between combustor configurations. The authors
concluded that the thermal NO, mechanism was the dominant contributor. The anchored pilot flames present
in the investigated combustor configuration created localised high-temperature regions near the injector, thereby
promoting thermal NO, formation.

Recall the innovative combustor design presented in [52]. The LEAF concept achieved near-zero soot emissions
at the exhaust. High-speed imaging revealed that, although soot was formed within the primary reaction zone at
low ALR conditions, the long residence times and high mixing rates associated with the azimuthal flow ensured
that these particles were fully oxidised before exiting the combustor. The simultaneously reduced NO and CO
emissions demonstrated that a novel swirling-flow combustor with H, injection can enable a clean and efficient
combustion regime for liquid fuels.

Consider again the study by [53], in which inlet air temperatures (Ty;;) up to 673 K were investigated. Regarding
pollutant emissions, the study identifies a complex and non-linear relationship between H, addition and inlet air
temperature. For H, shares up to 45%, an increase in Ty;; is observed to reduce NO,. emissions. This is attributed to
accelerated evaporation of the kerosene spray and improved premixing at higher temperatures, which reduces the
formation of local hot spots. However, beyond the 45% threshold, the high adiabatic flame speed and temperature
associated with H, become dominant, leading to a sharp increase in NO, emissions. In contrast, CO emissions
exhibit a consistent and rapid decline with increasing H, content; even a modest 15% H, fuel fraction was found
to significantly reduce CO emissions at lower power settings.

3.3.3. Summary of Experimental Findings

The results from the experimental studies are summarised in Table 3.5. The HSD (H, share definition) is pre-
dominantly defined based on power, although mass-based definitions are also used. There is no clear consensus
regarding NO, emissions. On the one hand, the higher adiabatic flame temperature of H, promotes thermal NO,
formation. On the other hand, H; extends the LBO limit, thereby enabling leaner combustion conditions and thus
suppressing thermal NO, formation. It can therefore be concluded that NO, emissions are highly dependent on
the combustion configuration and operating strategy. CO emissions are significantly reduced, even at small H,
blending ratios, due to the presence of OH radicals generated during H, combustion, which promote the con-
version of CO to CO,. CO, emissions are reduced as less carbon is introduced into the fuel mixture. Similar
trends can be expected for soot and UHC emissions, although these have not been extensively investigated in the
reviewed literature. In all cases, the LBO limit is extended, enabling operation at leaner equivalence ratios. This
shift towards leaner operation affects not only flame extinction behaviour but also flame topology in general.



3.4. Computational Research of Multi-Fuel Systems 23

Table 3.5: Emissions and Stability Characteristics of Experimental H,-Kerosene Blending (X = not mentioned, — = decrease, + = increase)
Reference  Year Author HSD Constant NOx CO CO, Soot UHC LBO
[48] 1980 Hiroyasu et al. p Power, Airflow - - - X X +
[49] 2006 Juste m Airflow X - - X X
[51] 2009  Frenillot et al. m Power - - - X X +
[50] 2011 Burguburu et al. p Power + - - X X +
[52] 2023  Miniero et al. p Power - X - - X +
[53] 2025 Singh et al. p Power, Airflow - - - X X +

3.4. Computational Research of Multi-Fuel Systems

The simulations performed in the multi-fuel context are discussed in the present section, focusing on the most rel-
evant studies involving gaseous H» and liquid kerosene. While a large number of studies have been conducted on
homogeneous gaseous fuel systems involving H,/C H4 blending [55], these are not the primary focus here, as the
emphasis remains on kerosene—H;, combustion systems and therefore liquid-gaseous fuels interaction. In 2013,
[56] numerically modified an oil-burning gas turbine combustor to operate with syngas and liquid kerosene. The
objective was to compare combustion flow fields and emissions between the two fuels using a newly developed
dual-fuel nozzle. In the same period, Zheng et al. [57] investigated three different dual-fuel nozzle configurations.
Later, in 2020, [58] performed a numerical analysis of n-decane (a kerosene surrogate)/H; blends in an academic
combustion chamber. This represents the first premixed case among the reviewed studies. Subsequently, [59]
conducted a multi-fuel simulation for marine power plants on Floating Production, Storage, and Offloading ves-
sels, simultaneously burning diesel and methane. In 2022, [60] focused on implementing Colourless Distributed
Combustion (CDC) for H,-enriched kerosene in industrial gas turbines. The main objective was to mitigate the
high flame temperatures and instabilities associated with hydrogen addition. In 2024, [61] investigated a mini-jet
engine as a test case for CDC implementation in aviation gas turbines, aiming to achieve CDC conditions with
Hj/kerosene blends. In the same year, [62] shifted the focus to the dynamic switching process between diesel
and natural gas in industrial combustors. Driven by energy security and fuel flexibility requirements for offshore
platforms, the study showed that a “fast-opening” strategy outperforms alternative fuel supply methods in main-
taining flame stability during transitions. Also in 2024, [63] conducted a theoretical two-dimensional numerical
study on n-dodecane/H, premixed flames. This work was motivated by the limited literature on fundamental sta-
bilization mechanisms, including Lewis number effects, in dual-fuel systems relevant to large-scale aero-engines.
A previous study within the HOPE project, conducted by [64, 65], utilized CFD-based scouting to support the
design of earlier combustor configurations. The latter work provided a deeper analysis of the selected combustor
design, involving more detailed analysis of the kerosene-H; interaction. A start has been made towards detailed
local flow interaction analysis, making use of the availability of high-fidelity LES data throughout the flow-field
to resolve internal flame structures. The work provides descriptive post-processing methods for multi-fuel CFD
simulations, highlighting the interaction between local equivalence ratio and the spatial distribution of H, and
kerosene combustion zones. The analysis shows that, in the considered combustion system:

» Multi-fuel flames exhibit strong spatial segregation, where local mixture composition governs where each
fuel burns.

 Flame structure and stabilization are primarily controlled by local mixing processes, shear layers, and re-
circulation zones rather than the global fuel split alone.

» Heat release is highly localized, with hydrogen and kerosene burning in distinct regions depending on the
local equivalence ratio.

* Flame transitions with increasing hydrogen content arise from changes in local flowfield conditions, leading
to the merging or separation of reaction zones.

Another recent multi-fuel study is that of [66] concerning an ammonia/H> gaseous combustor, however, introduc-
ing novel developments to the multi-fuel thickened flame model, particular through the use of an advanced flame
sensor. An overview of the reviewed multi-fuel CFD studies is provided in Table 3.6.
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Table 3.6: Overview of Multi-Fuel CFD Simulation Parameters

Reference Year Fuels (F1/F2) Phases Mixing Application
Pan et al.[56] 2013 Kerosene (surrogate) / Syngas 1/g non Gas Turbine
Zheng et al. [57] 2013 Kerosene (surrogate) / Syngas 1/g non Gas Turbine
Kozlov et al. [58] 2020 Kerosene (surrogate) / H, /g P Simplified
Serbin et al. [59] 2021 Diesel / Methane /g p Marine GT
Ilbas et al. [60] 2022 Kerosene (surrogate) / H /g non Gas Turbine
Alabas et al. [61] 2024 Kerosene (surrogate) / H, /g non Mini Jet
Vance et al.[63] 2024 Kerosene (surrogate) / H, glg pre Simplified
Hu et al. [62] 2024 Diesel / Natural Gas /g non Gas Turbine
Palanti et al.[64, 65] 2024/2025 Kerosene (surrogate) / Hy /g P Aeroengine
Vargas et al.[66] 2025 Ammonia / H, glg p Gas Turbine

Most of the multi-fuel simulation studies reviewed in this work employ RANS models due to their computational
efficiency. In addition, a DNS (Direct Numerical Simulation) approach was used by [63], as the study was per-
formed on a simplified academic domain. The first identified LES-based study is [62], where LES was required to
capture transient flow characteristics in a liquid—gaseous interaction system, although without hydrogen. A recent
LES-based study is [66], which includes hydrogen in combination with gaseous ammonia.

The remainder of this chapter discusses the modeling approaches employed in the reviewed studies. The key ele-
ments of (multi-fuel) combustion modeling are addressed individually. The first element is the turbulence closure
method. The second element addresses turbulence—combustion interaction modeling. The third subject addresses
the reaction mechanisms employed in the multi-fuel simulations. The following subject is the treatment of the
pollutants within the simulations. Finally, for simulations involving liquid fuels, the discrete phase models are
described. The section concludes with a discussion of the validation approaches used in the reviewed simulations.

3.4.1. Turbulence Model

The early RANS-based studies employed the Realizable k—e model ([56], [57], [58]). This model is widely
regarded as a robust formulation that provides improved numerical stability and higher prediction accuracy com-
pared to the standard k—e model, particularly for jet flows and mixing-dominated regimes. The Standard k—¢
model was also used in [60] and [61], where it served as a reference turbulence closure. The k—w SST (Shear
Stress Transport) model was employed by [64]. This two-equation model is frequently selected due to its improved
treatment of turbulent shear stress transport and its generally reliable performance in swirling flow configurations.
For LES approaches, different subgrid-scale (SGS) models are required. The WALE (Wall-Adapting Local Eddy-
viscosity) model was used by [62, 65] for subgrid-scale closure. WALE is suitable for a wide range of Reynolds
numbers at comparable grid resolutions and improves near-wall accuracy compared to classical Smagorinsky-type
models. In addition, the LES Sigma model was employed by [66] for ammonia—H; flames, due to its reported
robustness in swirling flow configurations.

3.4.2. Turbulence Chemistry Interaction

The following section outlines turbulence—chemistry interaction (TCI) modeling, the methods used to close reac-
tion source terms in turbulent reactive flows. Early studies primarily employed statistical PDF-based approaches,
such as the Flamelet Generated Manifold (FGM) framework. Both [56] and [57] utilised PDF-based methods
due to their computational efficiency for non-premixed combustion. Later, the Eddy Dissipation Concept (EDC)
was employed by [59], enabling the including detailed reduced chemical mechanisms directly within turbulent
flow simulations. The same approach was also adopted by [64], where EDC was selected due to its robustness in
handling simultaneous combustion of multiple fuel streams with varying compositions. EDC is also well-suited
for implementation in both RANS and LES frameworks, as it is based on species transport and local mixing
time-scale assumptions. For this reason, [62] also adopted the EDC model in the corresponding study. The
Thickened Flame Model (TFM) for kerosene—H, combustion is investigated in [65], representing a further step
toward CFD-based design, optimisation, and analysis in multi-fuel conditions, as it is considered a more advanced
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modeling approach as the flame is directly resolved on the grid. Further development of the Multi-Fuel Thick-
ened Flame LES (MF-TFLES) model was conducted by [66]. This framework employs passive scalar transport
to dynamically adjust both the flame thickening factor and the flame sensor in regions with strongly mixed multi-
fuel conditions, thereby improving flame resolution in blended regimes. For DNS, a Direct Arrhenius (laminar
chemistry) approach is used, as reported in [63].

3.4.3. Reaction Mechanism

The reaction mechanism describes the chemical interactions and is therefore of fundamental importance, as it
defines the reactions included in the simulation. Early studies did not explicitly report the employed reaction
mechanisms ([56], [57]). Detailed chemical mechanisms are computationally expensive; therefore, reduced mech-
anisms are often introduced, as demonstrated by [58]. An alternative approach is the use of simplified reaction
sets, as applied by [62], where five reactions were included for diesel combustion and two for methane. The DNS
study of [63] also requires a chemical mechanism, as it must explicitly resolve the underlying reaction pathways.
In that work, the selected mechanism was validated against experimental laminar flame speed data. In multi-fuel
systems, it is essential that the mechanism accurately represents all fuel components. In this context, [64] iden-
tified a suitable mechanism (Z77 mechanism), which is a reduced scheme for kerosene that includes a methane
base sub-mechanism and incorporates a detailed H, oxidation pathway, enabling accurate modeling of both fuel
streams. Another important constraint is the range of operating conditions covered by the reaction mechanism, as
validation and applicability are typically dependent on pressure and temperature ranges.

3.4.4. Pollutant Models

The species and major pollutants (CO, CO,, and unburned hydrocarbons) can be directly obtained from the govern-
ing equations when they are included in the gas-phase reaction mechanism, typically by tracking the corresponding
transported species and fuel depletion at the outlet. In contrast, NOx is commonly treated in post-processing be-
cause it is a trace species that has negligible influence on the flow, temperature, and overall combustion process,
while its formation depends on already computed fields such as temperature, oxygen concentration, and residence
time. Consequently, NOx is often evaluated in the post-processing using models such as the Zeldovich mecha-
nism (see subsection 2.4.1), as employed in [67, 64, 59, 60, 61], whereas only a limited number of studies directly
solve NOx within the governing reaction mechanism, as performed by [66]. Similar post-processing approaches
are commonly employed for soot, as it involves the formation of solid particulate matter that is generally not
represented within the gas-phase reaction mechanism [68].

3.4.5. Discrete Phase Models

In the early development of discrete phase models (DPM), the primary objective was to ensure that liquid fuel
droplets evaporate and reach the relevant regions of the combustor. For example, [56] adopted a Lagrangian
discrete phase model in which the liquid fuel is represented as discrete particles. In this framework, the particle
motion equation is solved by integrating the forces acting on each individual droplet to predict its trajectory
through the continuous air flow field. However, real fuel sprays do not consist of identical droplets, but rather
exhibit a distribution of droplet sizes. This size spectrum was incorporated by [59], where droplets ranging
from 5 to 75 pm (with an average diameter of 35 pm) were tracked, enabling a more realistic representation
of evaporation behaviour across different droplet sizes. To model the statistical distribution of spray sizes, [61]
employed the Rosin—Rammler distribution, which defines the probability of occurrence of droplets of a given
diameter within the spray. In addition, [64] used Lefebvre’s correlation to estimate the Sauter Mean Diameter
(SMD), which serves as input to the Rosin—Rammler distribution.

3.4.6. Validation Methods and Overview of Multi-Fuel Simulations

The early studies by [57, 56] validated their numerical models by simulating various operating conditions and
comparing the mean outlet temperature with experimental data. While this provides a general level of agreement
suitable for preliminary industrial assessment, it does not account for flame structure or internal flow field charac-
teristics. The validation approach used by [58] was based on outlet CO concentration, without spatial verification
of the flame topology. Another commonly used approach is the comparison of axial temperature profiles with
literature data, as reported by [60], although this does not constitute a direct experimental validation. Similarly,
[61] relied on outlet temperature comparisons with literature values, without resolving detailed flame features.
The CFD-based design study by [64] noted that no quantitative experimental data was available for the specific



3.4. Computational Research of Multi-Fuel Systems 26

configuration and therefore did not include a formal quantitative validation. In contrast, [65] performed a more
advanced validation using RMS velocity profiles and OH* chemiluminescence imaging, enabling comparison
of predicted and measured flame structures. Finally, [66] employed the most comprehensive validation strategy
among the reviewed studies. This included an initial chemical kinetics assessment, followed by comparison of
cold-flow velocity profiles with Laser Doppler Velocimetry (LDV) measurements, and a reactive-flow validation
using OH* chemiluminescence and NO-PLIF imaging. This multi-stage approach provided detailed agreement
in both flame structure and flow field characteristics.

Table 3.7 summarizes all considered studies together with their employed modeling approaches. Early studies
predominantly relied on RANS models coupled with PDF-based chemistry interaction models to manage com-
putational cost. Subsequently, research shifted towards species transport approaches using the Eddy Dissipation
Concept (EDC), while still operating within the RANS framework. More recent studies employ LES and SBES
methods, which offer improved accuracy by resolving large-scale unsteady flow structures and capturing the inher-
ently non-linear nature of combustion processes. In general, reduced reaction mechanisms are adopted to limit
computational cost while maintaining sufficient accuracy in the representation of chemical kinetics. Discrete
phase models are applied whenever inhomogeneous gas—liquid interactions are considered, typically formulated
within a Lagrangian framework.

Table 3.7: Overview of Multi-Fuel CFD Modeling Approaches and Sub-Models

Reference CFD-method Turbulence Model ~ Turbulence Chemistry Interaction ~ Reaction Mechanism Discrete Phase
Pan et al.[56] RANS (Steady) Realizable k-¢ PDF Not - specified DPM (Lagrangian)
Zheng et al.[57] RANS (Steady) Realizable k-€ PDF Not - specified -

Kozlov et al.[5S8] RANS (Axisymmetric) Realizable k-¢ Quasilaminar (QL) Reduced n-decane (33 sp, 185 rxn) —

Serbin et al.[59] RANS (Steady) RNG k-€ EDC 6-step Diesel/Methane DPM (Lagrangian)
Ilbas et al.[60] RANS (Steady) Standard k-¢ EDC Not - specified -

Alabas etal.[61] RANS (Steady) Standard k-e Non-premixed Not - Specified DPM (Lagrangian)
Vance et al.[63] DNS-like (Laminar) — (Laminar) Direct Arrhenius Lu-31 n-dodecane/H; (31 sp) -

Hu et al.[62] LES WALE Sub-grid EDC Skeletal (5 rxn Diesel, 2 rxn CHy)  DPM (Lagrangian)
Palanti et al.[64] RANS (Steady) k-w SST EDC-PaSR Z77 Kerosene (30 sp, 77 rxn) DPM (Lagrangian)
Palanti et al.[65]  SBES (Hybrid RANS/LES)  k-w SST/WALE TFM Z79 Kerosene (30 sp, 79 rxn) DPM (Lagrangian)

Vargas etal. [66] LES Sigma Sub-grid MEF-TFLES ARC NH3H,;N» (15 sp) -




Research Proposal

The current state of the literature has been reviewed in the previous chapter. This state of knowledge will now be
used to identify the research gap from which the research questions are formulated. Thereafter, the objective of
the research will be stated.

4.1. Research Gap

The literature review discussed the significant advancements in the field of multi-fuel combustion, with empha-
sis on kerosene-H, fuel blending involving inhomogeneous combustion of gaseous H» and liquid kerosene. In
general, the understanding of this H,-kerosene interaction can be improved and expanded.

The physical structure and stability of H,-kerosene flames have been explored, examining the effects of fuel
blending on luminosity, lift-off height, and blow-off. However, research on this topic is limited in scope, with
only a small number of dedicated studies available [51, 50, 30, 53, 65] actually concerning the physical flame
structure. The mixing of the gaseous H, and the kerosene spray and its associated influence on the stability and
structure can further be explored. The effect of H; blends on the spatial distribution of equivalence ratio, power
generation, evaporation, premixing and species within the combustor is touched upon by [65], however, it can be
much further explored. Furthermore, a dedicated study on flashback characteristics and prevention in kerosene-
hydrogen blended flames is absent. Premixed H, flames are prone to flashback, in critical conditions it might be
beneficial to provide more power from kerosene spray flames, however, a dedicated study is not present.

The emission characteristics of blended H,-Kerosene flames have been examined in several studies and significant
trends can be found as outlined in Table 3.5. The research showed that CO and CO, strongly decrease as carbon
is withdrawn from the fuel. Further, OH promotes CO to CO, conversion and hence a moderate addition of H»
results in a significant decrease of CO pollutants [50, 53]. The exact spatial distribution and interaction of this
CO-OH phenomena is unknown and might provide tools to further minimize CO emissions. Most notably, the
NOx emissions in Hj-kerosene flames showed to be dependent on specific design strategies as H, could lead to
localized hotspots [50], promoting thermal NOx. The exact hotspot formation locations within the combustor and
therefore thermal NOx formation and its influencing parameters could be further explored. Spatial and temporal
descriptions of species and pollutants formation for kerosene-H, blended spray flames remain scarce. Utilizing
local flow-field data to localize species formation spots and eventually leading to pollutant mitigation strategies
could be further expanded upon.

Numerically, several RANS simulations have been performed in the kerosene—H, context to estimate emissions,
and in some cases design changes have even been derived from these results (see Table 3.7). However, valida-
tion remains mostly restricted to global quantities such as outlet temperature or overall emissions, rather than
detailed flame shapes. Consequently, sophisticated validation against experimentally observed flame structure in
inhomogeneous H,—kerosene combustion has only been carried out in a small number of studies [65, 66]. There
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are therefore limited numerical efforts that explicitly describe flame topology itself. Furthermore, although LES
has demonstrated strong predictive capability in turbulent combustion [69], its application to multi-fuel reacting
flows in the kerosene-H, regime remains limited. Overall, the use of CFD for detailed multi-fuel combustion
analysis remains underutilized, and validation against experimental flame shape data is still scarce [65, 66]. The
thickened flame model (TFM) for multi-fuel combustion has been only sparsely tuned and validated and would
benefit from further systematic investigation and development.

The use of LES/SBES-TFM models for multi-fuel reacting flows in the gaseous—spray combustion regime remains
limited, despite their promising accuracy. Consequently, the potential of CFD, particularly its data-rich nature
and flexibility, is not yet fully exploited in multi-fuel combustion applications. A more detailed analysis of local
mixing characteristics and emissions could provide improved insight into H,—kerosene flame structure, stabiliza-
tion mechanisms, and pollutant formation pathways. Ultimately, this may enable improved flame stabilization
mechanisms and/or more effective pollutant mitigation strategies.

The data flexibility of CFD can further be leveraged to explore additional operating regimes in terms of pressure
and temperature. Regarding pressure effects, only a single experimental study [53] has addressed this aspect, while
investigations of inlet temperature effects remain scarce. In particular, the individual and combined influence of
inlet temperature, pressure, and power on flame characteristics and emissions in kerosene—H, blended flames has
been partially explored. However, a comprehensive understanding is still lacking, especially under engine-relevant
conditions involving elevated power, temperature, and pressure.

Despite significant progress in Hy—kerosene blended combustion research, important gaps remain regarding flame
topology, local mixing behaviour, pollutant formation, and numerical modeling. In particular, the local interaction
between gaseous Hj and liquid kerosene sprays, including flame stabilization mechanisms, species evolution,
and flame topology, remains insufficiently understood. Furthermore, experimentally validated LES/SBES-TFM
studies and investigations under engine-relevant operating conditions are still limited, highlighting the need for
further detailed experimental and numerical research.

4.2. Research Question

The interaction between multi-fuel H,—kerosene flames remains an active field of research. A deeper understand-
ing of this interaction regarding emissions and stability is fundamental to achieving the HOPE objectives. Current
research shows a gap, and LES/SBES simulations remain underutilized for describing flame topology and mixing
characteristics, despite their demonstrated accuracy. Unlike experimental measurements—which are typically
limited in spatial and/or temporal resolution—CFD provides access to detailed information throughout the en-
tire flow field. By leveraging the accuracy of LES/SBES and the data-rich nature of CFD, valuable insights into
H)—kerosene blended combustion can be retrieved. This thesis employs CFD-based LES/SBES simulations to
investigate multi-fuel kerosene—H, combustion processes. The central research question of this thesis is:

The main question will be investigated utilizing numerical simulation. The first step in the research is to obtain
accurate and representative simulations. In this research, LES/SBES and the TFM will be employed to utilize their
accuracy in predicting flame behaviour and combustion characteristics. The model performance will be explored
and applied to the full range of blend ratios, incorporating both pure hydrogen and pure kerosene as well as truly
blended regimes. Hence, the following question will be answered:

To what extent is the LES/SBES approach, coupled with the TFM model, able to capture the flame shape
for various kerosene-hydrogen blend ratios?

While the first part of the research assesses the accuracy of the CFD simulations, the second focuses on the use of
these results to describe the flame topology. In this part, the data flexibility and availability of CFD simulations
are intended to be used to describe the interaction of the kerosene-H, flames. Hence, the following question will
be answered:

How can the structural features and flow properties of kerosene-hydrogen blended flames be described and
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quantified for various blend ratios?

The ultimate aim of advancing knowledge on fuel blending is the development of practical aerospace systems.
Therefore, actual engine operating conditions should be considered. Currently, experimental data is only available
at the atmospheric conditions. Therefore, a scouting study will be performed to estimate the current performance
of the HOPE-combustor, eventually giving advice for modification and further development of the combustor.

What is the performance of the current combustor under the intended operating conditions, and which
modifications are recommended to improve the system?

4.3. Research Objective

The objectives of this thesis are derived from the research questions and are structured as follows. The first
objective is to contribute to the development and validation of LES/SBES CFD simulation frameworks, with
particular emphasis on the application of the TFM approach for modeling turbulence—combustion interaction in
kerosene-H>.

The second objective is to characterize flame topology and internal flow structures by exploiting the high-fidelity
data and flexibility offered by LES/SBES simulations. To this end, novel post-processing variables and diagnos-
tic methods will be developed to effectively identify, quantify, and visualize key features of flame topology of
kerosene-H, flames.

The third objective is to assess system performance under engine-relevant operating conditions. While experi-
mental facilities are often constrained in terms of achievable temperature, pressure, and power levels in test rigs,
CFD enables exploration beyond these limits, allowing systematic investigation of operating conditions relevant
to practical engine environments.



Modeling Multi-Fuel Combustion

This chapter introduces the modeling methodologies by breaking them down into three distinct areas. The first sec-
tion details the turbulence modeling. The second section discusses turbulent combustion modeling and explains
how multi-fuel handling is integrated. The final section establishes the framework for kerosene spray modeling.

5.1. Turbulence Modeling

The turbulence is solved using the Stress-Blended Eddy Simulation (SBES) model [70]. The method combines
URANS and LES to overcome the inherent limitations of both approaches. In LES, turbulent structures are
resolved. These structures are also referred to as eddies. This means that the simulation directly computes their
time evolution from the governing equations. They are therefore not represented through (statistical) modeling.
The smallest eddies that can be resolved depend on the grid resolution; flow structures smaller than this threshold
are represented by subgrid-scale models. LES is well suited for free shear layer (a flow region characterized by
a strong velocity gradient between adjacent fluid streams in the absence of solid boundaries) regions, because
the dominant turbulent structures are relatively large and can therefore be explicitly resolved. The size of the
eddies becomes smaller when approaching the wall, hence, even smaller grids are necessary. The grid should be
extremely refined in the three spatial directions near the walls to accurately capture the fine eddies in this region;
hence, the computational cost becomes in many cases unmanageable. On the other hand, URANS employs models
to incorporate the full turbulence scale, making it suitable for near-wall applications as it does not rely on very
fine grids to capture small turbulent structures in this region. However, it loses the ability to actually resolve
(instead of modeling) the eddies, inherently reducing accuracy. Therefore, SBES utilizes LES in the free shear
layer, benefiting from its accuracy in the region, while it adopts URANS near the walls to reduce computational
costs. The SBES model switches between URANS and LES based on a shielding function fsprs; the function
becomes unity in regions of URANS deployment and zero in the LES zone. The SBES stress tensor is therefore
determined as shown by Equation 5.1.

P = fepes 1y + (1= fspes) T (CRY
There are alternatives to the SBES model, such as Delayed Detached Eddy Simulation (DDES) [71]. In DDES,
the modeled/resolved scales use the same turbulence model, reducing the modeled turbulence away from the walls,
allowing more turbulent structures to be resolved by the governing equations. However, the SBES simulation has
been selected because the subgrid-scale-turbulence and URANS-turbulence are computed by two distinct models.
Consequently, this framework enables the selection of distinct turbulence models for the RANS and LES domains,
allowing each region to be treated with the most appropriate modeling approach in accordance with its anticipated
flow characteristics.

The URANS turbulence model is the k-w SST (Shear Stress Transport), as it has proven reliable for near wall
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regions [72]. For the LES subgrid-scale turbulence modeling, the WALE model is utilized [73]. A feature of the
WALE model is that the eddy viscosity naturally goes to zero near walls without requiring damping functions
or empirical tuning. This can be advantageous in SBES frameworks, since accurate near-wall decay of the eddy
viscosity could help to ensure a smooth RANS—LES transition. Moreover, its computational cost is comparable
to that of the commonly used Smagorinsky subgrid-scale-turbulence model.

5.2. Multi-Fuel Combustion Modeling

As discussed in previous chapters, the SBES model is coupled with the Thickened Flame Model. The imple-
mentation approach and multi-fuel treatment follow the methodology presented in [65] and are further clarified
in this section. First, additional variables required for multi-fuel combustion are introduced. Subsequently, the
Thickened Flame Model (TFM) and its adaptation for multi-fuel combustion are described.

5.2.1. Additional Variables for Multi-Fuel Combustion

The SBES-TFM formulation for kerosene—H, combustion requires the definition of the local (mass-based) fuel-
split parameter or hydrogen-fraction « and the local equivalence ratio ¢. In contrast to their global counterparts,
these quantities are defined throughout the entire flow field and therefore describe the local state of the system
rather than only its overall behaviour. The global power-split parameter HPS, based on the relative fuel power
contribution, is first introduced, followed by the hydrogen-fraction parameter o, and the global equivalence ratio
¢¢. The complete set of parameters to be defined is HPS,, ay, ¢4, @, and ¢.

To characterize the fuel composition in dual-fuel operation, a parameter based on the ratio of energy carried
by each fuel is introduced. Although various definitions are used in literature (see table 3.5), no standardized
parameter has been established. The most widely adopted approach relies on the energy carried by each fuel, and
accordingly, the global Hydrogen Power Share HPS, is defined as shown in Equation 5.2:

g, LHVH,

HPS, = — - 5.2)

mmy, LHVH2 + Higero LHViero

Here, LHV is the lower heating value. The parameter is defined such that HPS,=1.0 and HPS,=0.0 correspond

to pure hydrogen and pure kerosene operation, respectively. Alongside this global parameter, the global hydrogen

mass based fraction a, is defined as represented in Equation 5.3:
nH,

(5.3)

g = — .
mp, + Mkero

As the LHV of kerosene and hydrogen differ, the corresponding « will be lower for the same power setting (with
exception of HPSg=0.0% and HPSg=100.0%), meaning that HPSg=0.5 corresponds to approximately a,=0.26.
To assess whether combustion occurs under rich or lean conditions, the global equivalence ratio ¢, is introduced

in Equation 5.4:
_ AFRst

& AFR
where AFR is the air mass flow to fuel mass flow ratio, and AFR, accounts for the fuel-blend composition as
shown in Equation 5.5:

(5.4)

AFRst = agAFRsty, + (1 — ag) AFRStyero (5.5)

Having introduced the global quantities, the focus is now shifted to the corresponding local quantities required for
the SBES-TFM multi-fuel formulation. The local mass-based hydrogen fraction « is introduced first, followed by
the local equivalence ratio ¢.

Analogous to the Bilger mixture fraction [74], a local hydrogen mass fraction « is defined so that it is not affected
by the reactive process but solely by mixing of elements. as the parameter is based on elemental rather than species
mixing properties. The current parameters are specifically designed to operate with three distinct streams: air,
hydrogen, and kerosene. In cases involving multiple streams, the method proposed by [75] must be considered.
The method is used to identify the originating stream of each element.

The local @, as represented by Equation 5.6, is only valid in the unburnt mixture, as chemical reactions alter the
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species composition. This formulation is simply the ratio of the mass fraction of hydrogen to the total fuel mass
fraction (Y refers to the species mass fraction of the k’ h species).

Y,
a=— 12 (5.6)
YHZ + Ykero

The elemental mass fraction (Z;, elemental mass fraction of the i*# chemical element/atom) should be utilized, as
it is conserved throughout the flow field in both burnt and unburnt gases. The elemental mass fractions can be re-
constructed from the species mass fractions Yy, obtained from the CFD species transport equations. Subsequently,
Y can be converted to Z; by using Equation 5.7:

N.
5 ni e M;
k

Zi =

Yk, (5.7
=1

The parameter n; , denotes the number of atoms of element i in species k, M; is the atomic mass of element i,
and Wy is the molecular weight of species k. The quantity & can now be obtained using Z;. Hydrogen originating
from the H; fuel may be present either in unburnt H; or in its combustion products. The collection of these
hydrogen-containing contributions is denoted as Zg g, (hydrogen originating from the H, fuel or present as H»
itself). If instead the species mass fractions Y; were used directly, hydrogen present in combustion products
would not be consistently accounted for, since only H, itself would be considered. Equation 5.8 is analogous
to the formulation given in Equation 5.6, where the mass fraction of H, fuel with respect to the total fuel mass
(kerosene and hydrogen combined) is defined. In contrast, Equation 5.8 is formulated using the elemental mass
fractions, Z;.

Zu.m,

=——2 5.8
@ Zyg+Zc (5-8)

It can be noted that the oxidizer (air) does not contain any carbon or hydrogen, while the fuels do not contain
any nitrogen or oxygen; hence, the elemental mass fraction of total fuel can simply be determined by Zy + Z¢.
Thereafter, the elemental hydrogen fraction originating from hydrogen fuel Zy g, should be determined, which
is all the hydrogen in the domain except for the hydrogen originating from the Cy;H2;, the employed kerosene
surrogate; therefore, Equation 5.9 can be constructed:

ZH,H, = ZH — ZH kero (5.9)

To determine the hydrogen originating from kerosene, denoted by Zg kero, the hydrogen-to-carbon ratio of the
kerosene surrogate can be utilised. Therefore, a unity Lewis number assumption is introduced such that each car-
bon atom remains associated with its corresponding number of hydrogen atoms originating from kerosene. This
assumption suppresses preferential diffusion effects, ensuring that the hydrogen and carbon originating from the
kerosene fuel remain closely coupled within the continuum fields and do not separate due to differential transport.
It should be emphasized that this assumption is only employed for the retrieval of Zp yero, and, consequently, .
The governing equations themselves do not rely on the unity Lewis number assumption. Section 5.2.2 describes
how « is used in the TFM.

Since all carbon atoms originate exclusively from kerosene, each carbon atom can be associated with a fixed num-
ber of hydrogen atoms determined by the surrogate fuel composition. Under the unity Lewis number assumption,
this hydrogen remains linked to its corresponding carbon atom, allowing the hydrogen contribution originating
from kerosene to be inferred directly from the carbon content. Consequently, tracking the carbon content provides
a means of determining the corresponding hydrogen fraction originating from kerosene.

This relation is expressed in Equation 5.10, where a g kero and ac kero represent the number of hydrogen and carbon
atoms in the kerosene surrogate, respectively, while M denotes the corresponding atomic weights. Together, these
terms define a constant hydrogen-to-carbon mass ratio for the kerosene fuel. This ratio, shown within the brackets,
is subsequently multiplied by the retrieved carbon-based quantity Z. from the species transport equations to obtain
Zy kero-

a M
fkew 207 (5.10)
ac kero Mc

ZH,kero = (
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The local « is obtained by combining the contributions from Equations. 5.8, 5.9, and 5.10, leading to the final
formulation shown in Eq. 5.11.
Zy — aH,kerogH Ze
a
o= C keroMC (5'11)
Zy +Zc

Building on the definition of the local fuel-split parameter «, the local equivalence ratio ¢ is now introduced for
the multi-fuel model. It can be expressed as a function of the local mixture fraction & and its stoichiometric value
&5t as shown in Equation 5.12.

f l_é:st

=_> (5.12)
¢ 1- ‘f fst
The local mixture fraction is defined using the formulation proposed by Bilger [74], as given in Equation 5.13.
go P=Pox (5.13)
IBfuel - 180x
The calculation of 8 is performed by Equation 5.14:
acikYe 1~ am Yk ao,kYk
=2 : + = d - : 5.14
peag et )y g co 510

Here ac i, ag.r and ap  represent the total of carbon, hydrogen and oxygen atoms in the k*”* species, respectively.
Now considering the S, for the hydrogen-kerosene blending case. The local mass-based hydrogen share o can
here be utilized, providing an accurate fuel split representation.

ac.H, 1 aH,Hz) (ZaC,kero 1 AH kero

wel = |2 + + =
ﬂfuel ( WHZ 2 WHZ Wkero 2 Wkero

)(1 — ) (5.15)

The oxidizer contribution S, is then formulated as shown in Equation 5.16:

a0,0,Y0,
= 5.16
Box Wo, (5.16)

The stoichiometric mixture fraction is the only variable left from Equation 5.12. However, this can be calculated
using relation 5.17 with the AF Ry, retrieved again from Equation 5.5, using the local « instead of the a.

1

&t =TT AFR,,

(5.17)

The complete set of parameters to be defined comprises HPS,, oy, ¢, @, and ¢. With their respective definitions
and formulations established, the discussion of these quantities is now concluded.

5.2.2. Thickened Flame Combustion Modeling for Multi-Fuel

The thickened flame model artificially thickens the flame front to allow the flame to be resolved directly on the
LES grid to manage computational cost [76]. The thickening is done while preserving the laminar flame speed.
The flame can be thickened by artificially increasing the diffusivity. Based on laminar premixed flame theory, the
laminar flame speed S, and flame thickness 9; are related by Equation 5.18, where D is the molecular diffusivity
and @ is the mean reaction rate.

Sp ~VDa, &~ D (5.18)

St

To thicken the flame front ¢;, a thickening factor is applied, as represented in Equation 5.19, where N = 8 and
A denotes the local mesh size. The value N = 8 is adopted based on reference studies in which this factor was

successfully applied [65, 77].
_ NA

F=— 5.19
5, (5.19)
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The thickening factor is applied to the molecular diffusivity and therefore proportionally increases the flame-front
thickness. However, applying this thickening factor also increases the laminar flame speed. Therefore, the reaction
rate is corrected by dividing it by the same thickening factor, thereby preserving the original laminar flame speed,
as shown in Equation 5.20 where D’ denotes the molecular diffusivity of the thickened flame and w’ the reaction
rate of the thickened flame.

D' - FD, o — (5.20)

x| &

Flame thickening not only affects the laminar flame speed but also alters the interaction between the flame and
turbulence. A thicker flame front is less sensitive to turbulence; hence, the flame will be less wrinkled. Figure
5.1 illustrates the reduced sensitivity of the thickened flame front to wrinkling. Flamelet "a” is the original non-
thickened flame, showing significant disturbances by the turbulent eddies. On the other hand, the thickened flame
represented by ’b” experiences less deformation due to its broader flame front. The surface area of the flame
might therefore decrease, inherently lowering the reaction rate; a correction has to be applied.

flamelet

thickened flamelet

(a)

turbulent eddies

Figure 5.1: Schematic illustration of the reduced flame wrinkling resulting from artificial flame thickening [78]

To account for this reduced sensitivity to turbulence—flame interaction, the efficiency function E is introduced.
This function represents the ratio of flame wrinkling between the unthickened and thickened flame, as shown in
Equation 5.21, where E denotes the wrinkling factor.

E(o1)
= — 5.21
E((SITF M G20
The formulation of the wrinkling factor E, as proposed by Charlette, is employed [79].
(A (A uy B Ua
2(6) =1+ —,I'l—,=—].,Re,,— 5.22
(00 = 1 min £.0( .52 R 65.22)

where Sy, is the laminar flame speed, ¢; is the laminar flame thickness, Re, is the sub-grid scale Reynolds number,
B s the thickening factor exponent, u, is the characteristic turbulent velocity at the filter scale A, and I' is a function
accounting for the unresolved strain rate. The thickened-flame source term in the species equations, @/, is then
modified as shown in Equation 5.23. )
Wk
F
The thickened-flame approach is applied to the species transport equations, with flame thickening applied to each
species equation as well as the energy equation. Equation 5.24 shows the transport equation for the k' species.
In the thickened-flame formulation, the reaction rate is evaluated using the Arrhenius expressions defined in the
reaction mechanism, as discussed in Section 2.5 and Equation 2.9.

@, =E (5.23)

ﬁka
ot

+V. (pqu) =V. (pDVYk) + Wk (5.24)
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Now the thickening procedure is applied, resulting in Equation 5.25.

0pYi
ot

+V- (pu¥y) = V- (opDFEVY) + E% (5.25)

Now consider the multi-fuel H,-kerosene flames, the Sy and ¢; in Equations 5.19 and 5.22 are not solely func-
tions of the local equivalence ratio. In fully premixed single-fuel flames, these quantities are constant, whereas
in partially premixed single-fuel flames they depend on the local equivalence ratio. However, for Hp-kerosene
combustion, the non-uniform mixing of the two fuels must also be accounted for. Therefore, Sy and §; must
be computed as functions of both the local equivalence ratio ¢ and the hydrogen-to-kerosene ratio a. The novel
approach of [65] has been adopted to retrieve the §; and Sy.. A series of one-dimensional freely propagating flame
simulations have been performed in CANTERA to generate these quantities over a range of ¢ and «. The range
of ¢ is chosen sufficiently wide to ensure that the equivalence ratios corresponding to heat release, and thus flame
presence, are fully captured. The parameter a spans the full fuel composition range, from pure kerosene to pure
H>, from unity to zero. This resulted in two look-up tables from which the corresponding values for the quantities
could be retrieved using bilinear interpolation. The look-up tables are visualized in Figure 5.2.
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(a) Laminar flame thickness look-up table (b) Laminar flame speed look-up table

Figure 5.2: Contours of the look-up tables for laminar flame speed and laminar flame thickness as functions of equivalence ratio and
hydrogen-to-kerosene ratio for dual-fuel TFM deployment [65]

The freely propagating flame simulations are performed using CANTERA with the Z79 reaction mechanism
[29]. Z79 is a reduced kinetic scheme for kerosene combustion comprising 31 species and 79 reactions. It
maintains good agreement with detailed mechanisms while keeping computational cost manageable. Notably, Z79
includes a detailed hydrogen oxidation pathway through its base methane combustion sub-mechanism, allowing
it to accurately describe hydrogen oxidation even in kerosene-focused formulations.

The next consideration concerns the partially premixed regime. The thickened flame model was initially proposed
by [76] for premixed systems. In this formulation, flame thickening is applied inherently only when the gradient
of species mass fractions is non-zero in the species transport equations (see Equation 5.25); when VY = 0, the
diffusion term, including the artificial thickening contribution, vanishes and the flow field remains unaffected. In
fully premixed systems, VY is non-zero only within the flame front, as no additional mixing layers are present.
In partially premixed combustion, however, mixing layers coexist with reaction zones, and the model must be
adapted such that thickening is applied exclusively within the flame front. For this purpose, a flame sensor was
introduced by [80], leading to the Dynamic Thickened Flame (DTF) model.

The flame sensor acts as an indicator of the reaction zone. Its role in different combustion regimes is illustrated in
Figure 5.3a. The sensor is equal to zero in the cold gas region, thereby suppressing artificial diffusion and flame
thickening. It approaches unity within the flame zone, enabling the thickened flame formulation. Downstream of
the flame, in the burnt gas region, the sensor returns to zero, and thickening is again disabled. The flame sensor is
applied to the diffusivity terms and is represented by Equation 5.26. Here the D’ is again the molecular diffusion
term in the TFM, E the efficiency function, F the thickening factor and S the flame sensor, Dy, the turbulent
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diffusion term and Dy, the laminar diffusion term.

D’ = DpmE (1+ (F=1)S) + Dyrp (1 = 5) (5.26)

The flame sensor proposed by [80] is based on a tanh-function formulation (see Figure 5.3b), and is defined in
Equation 5.27, which is adopted in the present work.

S = tanh( %) (5.27)

The definition consists of a Q, the observed quantity for detection (i.e. heat release rate or reaction rates), £, the
reference value for the flame (in this work, the maximum obtained value of the observed quantity in the domain).
The tanh function maps the sensor between zero and unity (see Figure 5.3b). Also, only absolute values of both
Q and Q are used to bound the horizontal axis to positive values. The sensitivity of the sensor can be adjusted
with the B parameter, as also depicted in Figure 5.3. Regarding 8 = 1 as a reference, increasing the parameter
will make the sensor reach unity earlier, inherently making the sensor more sensitive, as can be observed by the
B = 2 sensor in the figure. The reverse can also be utilized to decrease the sensitivity; this is shown by the 8 = 0.5
sensor in the figure. In the present work, a 8 = 5 is implemented based on reference work [77, 65].
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(a) Schematic representation of the DTF model [81] (b) The flame sensor definition as proposed by [80]

Figure 5.3: DTF regimes and flame sensor implementation

5.3. Modeling of the Spray

The atomizer generates a droplet distribution through which liquid fuel is injected into the combustor. From this
point onward, the droplets interact with the surrounding flow field within the simulation domain. The Discrete
Phase Model (DPM) is adopted to describe the interaction between the liquid kerosene droplets and the gaseous
environment. However, before this interaction can be modeled, the spray boundary conditions must first be de-
fined, as they prescribe the initial conditions of the injected spray and thereby determine the effective atomizer
representation used in the simulations. These boundary conditions include several parameters such as the injec-
tion characteristics and the initial droplet properties. In particular, the initial droplet size distribution is described
using the Rosin—-Rammler method [24], also referred to as the Weibull distribution, and is represented by Equation

5.28: 4
1-0 =exp (— (%) ) (5.28)

Here, g is the spread parameter, Q is the cumulative volume fraction of droplets with a diameter smaller than D,
and X is a representative diameter. The parameter g governs the width of the distribution and thus the spread of
droplet sizes. The representative diameter X is estimated using the Lefebvre correlation [24], through the Sauter
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Mean Diameter (SMD) (defined in section 2.3).
SMD = 2.25 003105 m0- B Ap=03 57 0-23 (5.29)

The parameter o, is the surface tension of the liquid (N/m). The dynamic viscosity of the liquid is denoted by
ur (Pa-s). The mass flow rate of the liquid is given by m; (kg/s). The pressure difference across the atomizer is
represented by AP (Pa). Finally, p, is the density of the surrounding gas or air (kg/m?). X can be retrieved based
on the spread parameter and the SMD using Equation 5.30, where I" denotes the gamma function.

1
SMD _ [(1 _ l)] (5.30)
X q

This distribution introduced the liquid spherical Lagrangian particles, hence, neglecting initial primary breakup
(see section 2.3). Thereafter, the interaction between the droplets and surrounding gas are governed by a Reynolds-
number dependent drag coefficient method [82]. The trajectory of a droplet is determined by integrating the force
balance acting on the particle within a Lagrangian reference frame. In this formulation, the particle inertia is
balanced by the sum of all external forces acting on it. The resulting equation of motion can be expressed as
shown in Equation 5.31.
du i—i - o
mpd—tp:mp - P +mp§ppppp+F (5.31)

Here, m,, denotes the particle mass, i is the fluid-phase velocity, and ii,, is the particle velocity. Furthermore, p

and p,, represent the fluid and particle densities, respectively, while F denotes any additional external force acting
on the particle, for example, the Magnus lift force and the virtual mass force. The term m, (ii—iip,) /7, corresponds
to the drag force, where 7, is the particle relaxation time defined in Equation 5.32. The particle relaxation time
is the time required for a particle to adjust its velocity and match the speed of the fluid surrounding it.

ppds 24
T, =
18u CgRe

(5.32)

Here, ¢ denotes the dynamic viscosity of the fluid, d,, is the particle diameter, and Re is the particle Reynolds

number based on the slip velocity, defined in equation 5.33. The C; denotes the droplet drag coeflicient, which is

a function of the Reynolds number and a shape factor accounting for deviations from sphericity in non-spherical

particles.

_pdp |’7p - ﬁ|
7

Re (5.33)

Furthermore, the secondary breakup (see again section 2.3) is modeled by the methods proposed by [83]. This
model describes spray atomization as a random breakup process rather than a fixed deterministic rule. It uses a
statistical (Fokker—Planck) description to predict how droplet sizes evolve over time, with breakup rates linked to
the local Weber number and coupled to the gas flow. Instead of tracking only single “average” droplets, it allows
a full distribution of droplet sizes to develop while still remaining computationally efficient by grouping similar
droplets into parcels.

The droplet heating and eventually evaporation are considered by models introduced by [84]. A fuel droplet
injected into a hot gas initially undergoes a heating phase, during which heat is transferred from the surrounding
gas to the droplet mainly through convection (and, in some cases, radiation). In this stage, the droplet temperature
increases while its mass and diameter remain approximately constant. Once the surface temperature reaches
conditions where phase change becomes significant, evaporation starts and the droplet begins to lose mass. From
this point onward, the droplet continuously shrinks as liquid fuel is converted into vapour and transported into the
gas phase. The overall process is therefore characterised by a coupled evolution of droplet heating and evaporation
until complete evaporation.



Design, Measurement Equipment and
Numerical Setup

First, the design of the HOPE combustor is described, followed by a discussion of the installed measurement
devices. The numerical domain and mesh are presented next, prior to detailing the simulation setup. The primary
SBES setup is introduced first, followed by the RANS simulations, which are used to improve the high-fidelity
SBES simulation and to explore performance at engine operating conditions. Lastly, an overview of the simula-
tions, including their corresponding assumptions and limitations, is provided.

6.1. The HOPE-Combustor

The subject of the research is the HOPE-combustor, consisting of a chamber which is a 275 mm long quartz
cylinder with an inner diameter of 104 mm, connected to an outlet metal section of the same diameter, giving
a total length of 414 mm. At the chamber exit, a 3 mm thick plate with a 40 mm orifice is mounted. This
element helps suppress thermoacoustic instabilities by adding acoustic damping. Figure 6.1 shows the CAD of the
system, the combustor is supported by four rods and rests on a rectangular plate. The inlet types have a dedicated
ring (which contain the plenums), together forming the concentric rings shown in the figure. A swirl stabilized
concept has been adopted; hence, swirling is introduced on the largest ring. The second ring is dedicated to the
hydrogen injection. The third ring provides the axial air which is used to control the swirling intensity, providing
a mechanism for flashback prevention which is of fundamental importance in premixed H, flames. The central
pipe provides the kerosene injection. There are four inlets along the circumference of the system for each type
(swirl air, hydrogen, axial), except for kerosene as it is centrally injected.

38
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Figure 6.1: The external view of the HOPE combustor, illustrating the inlet configuration, including the swirling and axial air inlets as well
as the hydrogen and kerosene fuel injection ports.

The injector interior is shown in Figure 6.2. The quartz surfaces represent the inner chamber walls, and the
injection points are highlighted. It can be observed that swirl air, hydrogen, and axial air are routed through
dedicated channels toward the swirler, whereas kerosene is supplied via the SIMPLEX atomizer (see Section 2.3).
More specifically, kerosene is injected via a 60° solid-cone pressure-swirl atomizer (Fluidics Instruments FI-
0.15-60SF (FIO15), rated at 9.5 g/min at P = 10 bar-g). The swirler geometry is illustrated in the right-hand
figure. Swirling air passes through the vanes, which impart angular momentum to the flow. In contrast, axial
air is introduced through straight ports placed near the atomizer, providing an axial mass flow to the chamber.
Hydrogen is also injected in an axial configuration. Only one injection point is annotated, although multiple
identical locations are distributed along the circumference. The kerosene bypasses the swirler entirely as it is
injected through the atomizer.
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(a) Cross-sectional view of the injection system
(b) Perspective view on the swirler

Figure 6.2: The interior view on the HOPE-combustor denoting the main parts of the system.

The combustor is designed to operate in a partially premixed regime with respect to hydrogen. Hydrogen and
air mix downstream of the swirler in the nozzle section, such that fuel and oxidizer form a dominantly premixed
mixture before combustion. In contrast, kerosene is injected as a spray and does not necessarily mix with the
oxidizer before entering the combustor. However, mixing may still occur within the chamber prior to flame
stabilization. Premixed operation is employed to benefit from reduced NOx emissions compared to diffusion-
dominated combustion. However, premixed combustion is inherently susceptible to flashback, which imposes
constraints on the design. To mitigate this risk, the mixing tube length is limited, ensuring only partial premixing
is achieved. Furthermore, an important feature of the design is the axial air inlet (AAI) fraction, as defined in
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Equation 6.1.

AAT = 'ax1al air _ : axial 2'11r (61)
Miotal air Maxial air + Mswirl air
Increasing the axial air flow, corresponding to a higher axial air inlet (AAI) fraction due to air bypassing the
swirler, induces additional axial momentum within the combustor, which in turn provides push-back on the flame.
This pushback reduces the likelihood of upstream flame propagation and therefore acts as a flashback mitigation
mechanism.

6.2. Measurement Equipment

This design has been manufactured and tested in the TU-Delft Sustainable Propulsion Lab. The diagnostics
consist of DSLR-based flame imaging and OH*/CH* chemiluminescence measurements. Flame visualization
is performed with an Olympus OM-1 Mark II camera, while OH*/CH* signals are recorded using a LaVision
CMOS camera (imager M-lite 5SM) equipped with an IROx intensifier and a 308 nm bandpass filter. For each
operating condition, 1000 single-shot images are collected at 50 Hz, ensemble-averaged, and processed via an
inverse Abel transform to reconstruct the flame structure.
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6.3. Numerical Domain and Mesh

The numerical domain is constructed by retrieving only the fluid domain of the CAD from figure 6.1 and 6.2.
Figure 6.3 shows the full numerical domain. The outlet is located at the top of the orifice as represented by the
light red circle. The two blue circles denote air inlets, the circle with the smallest diameter corresponds to the AAI
and the other shows the swirl air. The hydrogen inlet is represented by the green circle in between the air inlets.
For kerosene, a discrete phase injection is placed on the top of the atomizer resulting in a spray as visualized in
yellow. Non-highlighted faces are considered as walls. The mesh can be observed in the close-up part of the
figure and is composed of polyhedral elements in the core of the domain and 10 prism layers in the near-wall
region to model the boundary layer. Progressive refinements down to 400 um are applied in the hydrogen and
kerosene flame front regions. This refinement is based on the anticipated locations of the shear layers, where
the flame is expected to stabilize according to preliminary simulations and reference work [65, 77, 30]. Also,
an extra refinement near the atomizer exit has been applied to accurately capture fluid-gaseous interaction in this
region. Eventually, the domain contains approximately 7.7 million cells. In case HPS;=0.0%, the hydrogen inlet
and its plenum are omitted from the simulation, slightly reducing the number of cells and preventing the potential
numerical errors originating from this compartment.
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Figure 6.3: SBES - numerical domain and mesh

The HOPE-combustor has a symmetrical domain; however, periodic boundary conditions should generally be
avoided in SBES of reacting flows because they artificially constrain the inherently three-dimensional and asym-
metric nature of turbulent combustion. By forcing the flow and flame structures to mirror across a plane, tur-
bulence flame interactions will be simplified losing significant accuracy of the SBES for which it was adopted
[69, 85]. Therefore, the potential reduction in computational cost cannot be exploited, as the domain cannot be
partitioned into six equivalent segments owing to asymmetric resolved turbulent structures in the instantaneous
flow field.

The computational cost of SBES is substantial, inherently limiting the research capability. Therefore, RANS is
adopted for computational efficiency. The turbulent structures are not resolved by the governing equations, as
they are entirely represented by the turbulence model, and unsteady effects are neglected, thereby improving com-
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putational efficiency. Furthermore, this also allows RANS to adopt the periodic boundary conditions, resulting in
an even more efficient method. Therefore, regarding computational cost, RANS is more efficient than SBES and
is preferred when computational efficiency is most critical. The RANS domain differs from the SBES domain as
it is only one sixth due to the periodicity, as can be observed by 6.4. Two periodic faces can be distinguished and
span over the radial and axial axes, with a 60° angle between the faces. The remaining faces are treated as walls.
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Figure 6.4: RANS - numerical domain and mesh

6.4. Simulation setup of the SBES

The atmospheric test setup is simulated with high-fidelity SBES for HPS ;=0.0%, HPS¢=30.0%, HPS;=60.0%
and HPS,=100.0%, covering approximately the full range of dual fuel power-split configurations. In Table 6.1,
the power across the simulations is kept at a constant 10kW. The pressure is specified on the outlet, ensuring
atmospheric pressure conditions. Mass flow rates are specified for all inlets (swirler air, hydrogen, AAI and
kerosene). The total air mass flow rate does not change across the various HPS, cases. The inflow air temperature
(swirling and AAI) as well as the hydrogen inflow temperature are fixed and are set to the same value (293.15K),
while a slight elevation of the inflow temperature has been applied for kerosene (300K), as the inlet kerosene is
slightly elevated, as the atomizer is located upstream of the air inlets, experiencing a small portion of pre-heating.
The walls are initially treated as adiabatic, under the assumption that heat transfer through the walls does not
significantly affect the flame shape. The no-slip condition is imposed on all the walls, allowing for boundary layer
development. Also, the walls are considered smooth. Regarding the spray, a solid-cone (SC) atomiser is placed
for all the cases. The cone-angle initialization will be 60 degrees regardless of the mass flow through the atomizer,
assuming that the atomizer performs under rated conditions. The spread parameter ’q” (see Equation 5.28) is also
kept constant at 3.0. For all cases, the Z79 reaction mechanism is employed as it is a reduced mechanism for jet-
Al containing a hydrogen pathway through its methane combustion sub-mechanism. The material properties are
derived from the thermochemical and transport data contained within this mechanism and its associated transport
database, providing the parameters required to characterize the gas mixture behaviour across the relevant range
of temperatures and pressures.
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Hydrogen Power Share [%0] 0.0% 30.0%  60.0%  100.0%
Constants
Thermal power [kW] 10.0 10.0 10.0 10.0
Outlet Pressure [bar] 1.0 1.0 1.0 1.0
Hgir (/8] 6.68 6.68 6.68 6.68
Inlet Turbulence Intensity [%] 5 5 5 5
AAI [-] 0.2 0.2 0.2 0.2
Air temperature [K] 293.15 293.15 293.15 293.15
H, temperature [K] - 293.15 293.15 293.15
Kerosene temperature [K] 300 300 300 -
Wall temperature ad ad ad ad
Wall shear no-slip no-slip no-slip no-slip
Wall roughness smooth smooth smooth smooth
Spray Cone solid solid solid -
Spray velocity magnitude [m/s] 20 20 20 -
Spray cone angle [deg] 60 60 60 -
Spray outer radius [mm] 0.58 0.58 0.58 -
Spray q [-] 3.0 3.0 3.0 -
Reaction Mechanism Z79 Z79 779 779
Variable Parameters
Equivalence ratio ¢ [-] 0.522 0.494 0.467 0.430
Kerosene mass flow rate [g/s] 0.232 0.162 0.093 -
H> mass flow rate [g/s] - 0.0251 0.0501  0.0835
Spray SMD [um] 13.6 18.44 29.4 -

Table 6.1: Operating conditions for different hydrogen power shares for simulating the experimental setup at atmospheric conditions for
SBES

Considering the variable parameters, the ratio of fuel mass flows determines the HPS, (equation 5.2) and is set
to match the HPS, cases. The global equivalence ratio decreases monotonically with increasing HPS,. As the
hydrogen share increases, less total fuel mass is required to maintain the same power due to the LHV difference
between kerosene and H, resulting in a leaner global mixture. All cases therefore operate under lean conditions
throughout the full HPS, range. Regarding the spray, the reduced pressure across the atomizer results in an
increase of the SMD (see equation 2.2), and the retrieved values are shown in the table for the various cases. The
retrieved agreement with the experiments will be discussed in section 7.1, this will be followed by a topology
description of the flame in section 7.2.
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6.5. Setup for the RANS-Simulations

This section presents the numerical setup of the additional RANS-based simulations used to complement the
high-fidelity SBES analysis. In particular, it covers the spray sensitivity study, the implementation of conjugate
heat transfer (CHT) derived thermal boundary conditions, and the extension towards engine operating conditions.

The spray structure plays a significant role in conventional combustion processes [28], and therefore an accurate
representation in the SBES simulations is expected to be essential. However, the exact spray boundary conditions
are not known, necessitating a sensitivity analysis to identify the most influential parameters. Due to the large
number of required simulations, a RANS-FGM (Flamelet Generated Manifold) approach is adopted for com-
putational efficiency, albeit at the cost of reduced predictive ability compared to SBES. The setup of the spray
sensitivity study is presented in Section 6.5.1, while the corresponding results are discussed in Section 7.3.2.

The high-fidelity SBES simulation was performed assuming adiabatic walls; however, this may be an overly
simplified assumption and could introduce errors. To this end, a Conjugate Heat Transfer (CHT) simulation is
employed, which solves for both the fluid and the conduction in the solids, thereby bypassing the need for assumed
wall temperature boundary conditions. Nevertheless, such a computation requires significant computational effort
within SBES, and RANS is therefore adopted for this purpose. The resulting wall temperature distributions are
subsequently retrieved from the RANS-CHT simulation and imposed on the SBES as a boundary condition. The
simulation setup is described in Section 6.5.2, while the corresponding results are presented in Section 7.3.1.

The previous setups aimed at simulating the laboratory test setup currently placed in the TU Delft Sustainable
Propulsion Lab. Eventually, as technology readiness levels evolve, the system must be able to operate under actual
engine conditions. Adopting SBES for simulating these conditions is computationally expensive; therefore, a
RANS approach is employed. The setup of this simulation will be further explained in Section 6.5.3, while the
corresponding results are presented in Section 7.4.

6.5.1. Simulation Setup: Spray Boundary Conditions Sensitivity

The spray sensitivity analysis is performed exclusively for the HPS;=0.0% case, as the pure kerosene configu-
ration eliminates the additional complexity associated with multi-fuel interactions. The same geometric setup
and operating conditions as used in the SBES simulations are adopted, as reported in Table 6.1, with the added
consideration of periodicity in the RANS domain. The spray boundary conditions of interest are then system-
atically imposed in the simulations to evaluate their influence on the solution. Accordingly, the cases listed in
Table 6.2 are defined and simulated. A Flamelet-Generated Manifold (FGM) approach is employed to account

Table 6.2: Overview of spray boundary condition sensitivity cases.

Case  Value Description

BASE Reference Baseline solid-cone SBES spray configuration

Al - Non-uniform injector mass-flow distribution

A2 - Spatial staggering of droplet injection

Bl - Hollow-cone spray model

B2 0.5 Hollow-Cone with Positive swirl fraction

B3 -0.5 Hollow-Cone with Negative swirl fraction

Cl1 30 ms~! Increased droplet injection velocity

Cc2 10 ms™! Reduced droplet injection velocity

D1 q=2 Lower spray spread exponent

D2 qg=4 Higher spray spread exponent

El 10.5 ym Reduced SMD, associated with AP=+25% across the atomizer
E2 18.2 um Increased SMD, associated with AP=-25% across the atomizer

for turbulence—chemistry interactions in the RANS simulations. The FGM is based on flamelets that provide
temperature and species mass fractions as functions of the progress variable, the mixture fraction, their respective
variances and enthalpy. Steady laminar opposed-flow diffusion flamelets are used at atmospheric pressure and
temperature.
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6.5.2. Simulation Setup: Conjugate Heat Transfer

The CHT simulations are applied to the HPS,=0.0% and HPS,=100.0% cases to improve the single-fuel agree-
ment prior to proceeding to the dual-fuel configurations. The objective of this analysis is to retrieve the temper-
ature on the backplate of the combustion chamber and the temperature distribution on the quartz. Similar to the
treatment of spray boundary conditions, a Flamelet Generated Manifold (FGM) approach is employed to account
for turbulence—chemistry interaction (TCI), using Steady laminar opposed-flow diffusion flamelets.

Although the conjugate heat transfer (CHT) framework eliminates the need for thermal boundary conditions di-
rectly imposed at fluid—solid interfaces, the thermal treatment of the newly introduced solid—solid interfaces re-
quires careful consideration, as thermal contact resistance (TCR) arises between contacting solid surfaces. Three
possible types of solid-to-solid conditions are represented in Figure 6.5. In the disconnected case, where two
surfaces are not in contact, no heat flux is exchanged between the solids and the interface is therefore treated as
adiabatic or having an infinite TCR. At the other end, when heat is assumed to flow freely through the materials,
no TCR is considered and the materials are treated as a single continuous solid.

Then there is the case of actual imperfect contact, containing a nonzero, non-infinite thermal contact resistance.
The actual value of the TCR varies with interface temperature, surface roughness, and contact pressure and is
investigated by [86] for practical engineering systems and conditions for contact between stainless steel surfaces,
which is relevant to the case at hand. The Thermal Contact Conductance (TCC) was actually examined by [86],
which is the inverse of the TCR. The experiments showed that a variety of possible values depending on the above
mentioned factors, however, the lowest and the highest TCC for these practical systems reported in [86] were
1000Wm 2K~ and 15000Wm~2K~! respectively.

Di fed Contact Full Solid
& tnected Resistance Lulkt voia
No Heat Flux TCR . Coupled

q-0 Ga=ap = —kVT

Figure 6.5: Solid-to-solid boundary conditions in the CHT-simulation

The CHT boundary conditions are represented in Figure 6.6, with the numerical mesh now including the solid
blocks. The thermal contact resistance (TCR) is applied at the horizontal solid-solid interfaces (red). The resis-
tance is incorporated by artificially adding wall thickness using Equation 6.5.2, where the thermal conductivity
k= 16.27, Wm~'K~! corresponds to the material property of stainless steel.

k

e (6.2)

wall =

The vertical solid-solid interfaces (green) contain negligible contact pressure and are therefore treated as discon-

nected parts (§=0). The solid—solid interface involving the quartz component (green) is also treated as a discon-
nected interface, as a thermal sealing layer is present between the contacting surfaces. The interface connected
with the ambient surroundings (blue) is handled using convection utilizing equation 6.3.

g =h(Ts - Teo) (6.3)

The heat transfer coefficient (h) is set to an appropriate value for natural convection, h= 5, Wm™2K~!. The T,
represents the ambient temperature, assumed to be 293.15 K. Further, the walls with a solid—fluid interface are not
highlighted in Figure 6.5, as the temperature is computed by solving the energy equation and conduction within
the solid, removing the need for thermal wall boundary conditions. The surfaces of the atomizer, plenums, ducts,
swirler and orifice are assumed to have a limited effect on the results and are treated as adiabatic.
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Figure 6.6: CHT wall boundary conditions and mesh

6.5.3. Simulation Setup: Engine Operating Conditions

The laboratory setup, currently, is only capable of investigating the system under reduced power settings and
ambient temperature and pressure conditions. Therefore, to explore the system’s performance in actual operating
conditions, the flexibility of CFD simulations is utilized. This exploration will be performed under the most critical
operating condition that the engine might have to endure: take-off at HPS,=100.0%. The engine is required to
provide (near) maximum thrust during take-off, eventually leading to the highest unburnt air temperature level out
of the compressor. Engine cycle simulations have determined compressor outflow conditions, and the relevant
parameters are listed in Table 6.3 for this H take-off condition. The conditions are preliminary, as the development
of the engine is still an active process. Furthermore, cooling flows are not incorporated.

Table 6.3: Preliminary compressor outlet conditions at HPSg = 100% during take-off for the complete engine

Parameter Symbol Value
Compressor outlet pressure (static) P3 5,391,392 Pa or 53.20 atm
Compressor outlet air temperature T3 980.5 K

m i (combustor inlet) W3 31.4 kg/s

H, temperature Ttuel 288 K

T, Wuel 0.3558 kg/s

The Reynolds number increases drastically from simulating the test setup to the limiting engine operating con-
ditions. The computational complexity scales with Reynolds number. This up-scaling is much steeper in LES
compared to RANS [87]. Furthermore, since 73 is significantly higher than 7,,pien:, the temperature of the un-
burned gases increases, leading to a considerable increase in the laminar flame speed S;. The flame front will
therefore become thinner, requiring a significantly higher thickening factor to have sufficient computational cells
within the flame front. Therefore, the SBES-TFM will not be used, and RANS-FGM is adopted, accepting the
associated compromises in accuracy.

The eventual targeted engine of the HOPE program is of an annular type, consisting of a finite number of swirlers.
The exact number of swirlers is yet undetermined; however, based on the geometry and the reference engine (CFM
International LEAP-1A), the number of swirlers was estimated (Nsy,;-; = 18). Only a single swirler has to be
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simulated. The swirler mass flow rates riy, and ;- are obtained by dividing the corresponding engine mass
flows by the number of swirlers.

The power per swirler can be determined from 71, by multiplying it by LHVg,. Since both riiy, and g, are
known, the equivalence ratio can be determined. The temperature and pressure correspond to the values reported
in Table 6.3. The retrieved swirler parameters are listed in Table 6.4. The elevated temperature and pressure

Table 6.4: Swirler operating conditions for pure H, take-off

Power [MW]  nigir [kg/s]  mip, [kg/s]  Tair [K]  Th, [K]  Pressure [atm] 1)
2.367 1.74 0.0198 980.5 288 53.20 0.390

require a reconsideration of the reaction mechanism, as a mechanism suitable for H, combustion at unburnt
conditions of 980.5 K and 53.2 atm must be identified. Two studies have been identified that compare reaction
mechanisms under elevated temperature and pressure for H,. The first to consider is [88], which aimed to improve
hydrogen mechanisms over the following conditions: temperature 800 K to 2500 K, pressure 0.5 bar to 50 bar, and
equivalence ratios (¢) from 0.3 to 5.0. A comparison within this range was performed among existing reaction
mechanisms to identify the best-performing one, which was then used as a starting point for further development.
The validated range almost covers the targeted simulation conditions. A thorough comparison was performed,
and the reaction mechanisms were evaluated against experimental data for the corresponding conditions. The
mechanisms were tested against ignition delay time (IDT), concentration profiles, laminar burning velocity mea-
surements, and overall performance across the full dataset. The most important parameter was considered to be
the flame speed, as the objective is to apply the mechanisms to steady RANS pure H, combustion. It was con-
cluded that the mechanism developed by Keromnes et al. [89] performed best in terms of flame speed, and the
overall performance was also optimal; therefore, it was selected as a base for further development.

The second study is [90]. A similar comparison of hydrogen mechanisms was performed using the same metrics
as [88]. Laminar flame speeds were validated for pressures from 0.3 atm to 25 atm. Most laminar flame speed
measurements were performed at room temperature (291-298 K), with some data points at 365 K and 393 K,
which is limited; however, elevated pressure and temperature conditions were also evaluated. Interestingly, the
reaction mechanism developed by Keromnes et al. was again found to perform the best. To further investigate,
laminar flame speeds are computed using several mechanisms under the targeted temperature and pressure con-
ditions. The mechanisms developed by Burke et al. [91], Hong et al. [92], San Diego [93], and Keromnes were
included in both [88, 90], while the Li mechanism [94] is only included in [88]. The C3MECH mechanism [95]
was not included in the previous comparisons; however, it includes validated S, data for temperatures up to 600 K
and pressures up to 10 atm. Similarly, the mechanism constructed by Boivin [96] reports validation over a broad
range of temperatures and pressures. The Z79 mechanism is used for the atmospheric SBES simulations and is
therefore also included.

Conditions: Py = 53.20 atm, T = 980.5 K Conditions: Py = 53.20 atm, T, = 980.5 K
Laminar Flame Speed Comparison for Different Mechanisms Laminar Flame Speed Comparison for Different Mechanisms
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Figure 6.7: Laminar flame speeds of hydrogen flames determined with various reaction mechanisms

In Figure 6.7a, the Sy, values are reported for various equivalence ratios and mechanisms, obtained from Cantera
1D freely propagating flame simulations. It can be observed that the Z79 mechanism deviates, as it is not specif-
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ically a hydrogen mechanism. In the topology analysis, it was concluded that most of the power is generated
near the global equivalence ratio; this is not expected to be different under engine operating conditions. The St
around the operating point, determined earlier (see Table 6.4), is therefore most critical, and Figure 6.7b shows a
clearer view around this point. The C3MECH mechanism deviates and will therefore not be further considered.
Zooming in further, it becomes apparent that the San Diego and Burke et al. mechanisms also deviate, under-
predicting and overpredicting Sy, respectively. Furthermore, San Diego and Burke et al. are ranked lower in the
comparison studies than Li et al., Hong et al., and Keromnes et al., while Boivin also predicts similar Sy values.
The differences between the Li et al., Keromnes et al., and the Boivin mechanisms are negligible around the op-
erating point, while Hong et al. shows a minor deviation. The Keromnes et al. mechanism has been chosen as
it shows agreement among the highest-ranking reaction mechanisms for hydrogen combustion, and it is regarded
as the most optimal by both [88, 90]. From the chemical kinetic mechanism of Keromnes et al., one-dimensional
counterflow premixed flame solutions are generated and subsequently tabulated to construct a FGM. This mani-
fold is then employed as turbulent combustion modeling framework to provide thermochemical state for the CFD
simulations.

6.6. Overview of Simulations, Assumptions, and Limitations

The present section provides an overview of the simulations with their assumptions and limitations. Two tables
are included: Table 6.5, which consists of two columns. The first column defines a tag that groups the associ-
ated assumptions and limitations listed in the second column. These tags are subsequently used in Table 6.6.
This second table presents a simulation matrix providing an overview of the simulations and their corresponding
assumptions/limitations, thereby offering a clear overview of the modeling framework.

The ”General” tag considers assumptions that are applicable across all simulations and cannot be attributed to
a specific model or methodology. The ”Z79 mechanism” and “Keromnes mechanism” tags contain assump-
tions related to the chemical kinetics, thermodynamic properties, and transport properties used to represent the
reacting mixtures. The assumptions and limitations associated with the combustion and turbulence modeling
approaches are grouped under the corresponding "FGM-RANS” and "SBES-TFM” tags. A distinction is made
between the ”Spray modeling” and ’Spray BCs” tags, the former refers to assumptions associated with the physi-
cal sub-models used to represent spray behavior in the flow, whereas the latter concerns the boundary-condition
specifications used to define the spray inlet conditions. Finally, the "CHT” tag contains assumptions associated
with the conjugate heat transfer simulations, for which the treatment of surfaces differs from that employed in the
other simulations and additional (solid) domains are considered.

Table 6.5: Consolidated modeling assumptions and limitations across all sub-models

Tag Assumption / Limitation
General The inlet turbulence intensity of all input streams is considered to be 5%.
General Wall surface roughness is not considered in the model and is therefore treated as hy-

draulically smooth.

General The solution is assumed to be independent of the mesh, with no significant numerical
errors arising from mesh resolution. The mesh quality is therefore considered suffi-

cient, with further assessment provided in Appendix A.

779 mechanism The reduced Z79 mechanism is assumed sufficient to reproduce the dominant combus-

tion behaviour of hydrogen—kerosene mixtures.

7779 mechanism Thermochemical and transport properties derived from the Z79 mechanism are as-
sumed to provide an accurate representation of the reacting flow physics within the

range of operating conditions considered.

7779 mechanism Liquid kerosene is represented by a single surrogate species (Cq1Hp;), which is as-
sumed to capture the dominant thermochemical behaviour of Jet-A fuel. [20]
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Tag

Assumption / Limitation

Keromnes mecha-

nism

The Keromnes hydrogen oxidation mechanism is assumed to accurately reproduce hy-
drogen combustion chemistry under engine-relevant conditions (P = 53.2 atm, T =
980.5 K).

Keromnes mecha-

Thermochemical and transport properties derived from the Keromnes mechanism are

nism assumed to provide a sufficiently accurate representation of hydrogen oxidation kinet-
ics across the relevant operating range.

SBES-TFM The limitations associated with the k—w SST turbulence model are confined to the
near-wall regions of the computational domain. [72]

SBES-TFM The limitations associated with the WALE subgrid-scale model are confined to regions
away from the wall, where LES treatment is applied. [72]

SBES-TFM The physical flame is artificially thickened to ensure that it is numerically resolved on
the computational mesh.

SBES-TFM Efficiency function assumed to compensate for unresolved flame wrinkling caused by
thickening. [79]

SBES-TFM Charlette flame wrinkling model used to estimate unresolved flame surface area. [79]

SBES-TFM Thickened flame representation assumed not to modify global flame structure when
corrected by the efficiency function and flame speed. [79]

SBES-TFM The hydrogen fraction () is retrieved under the assumption of a unity Lewis number;
however, the governing equations do not rely on this assumption.

SBES-TFM A representative Sy, and ¢; can be obtained from freely propagating premixed flame
simulations in CANTERA for 3D turbulent, partially premixed kerosene—hydrogen
blended flames using the Z79 mechanism.

RANS-FGM The limitations associated with the k—w SST turbulence model are applicable. [72]

RANS-FGM Turbulent reactive structures are assumed to remain locally flamelet-like, such that the
thermo-chemical state can be represented by laminar flame structures. [97]

RANS-FGM The manifold is generated from 1D laminar flamelets: counterflow diffusion flames for
HPS = 0.0% and premixed flames for HPS = 100.0%.

RANS-FGM Flamelets are computed at a user-specified constant pressure (e.g., ambient or repre-
sentative engine operating pressure); therefore, pressure-induced variations in species
composition and temperature are not accounted for within the flamelet solutions.

RANS-FGM The thermo-chemical state is parameterized using reduced scalar variables: mixture
fraction Z and reaction progress variable ¢, along with their statistical variances (e.g.
Z"2).

RANS-FGM For HPS=0.0%, the progress variable is defined based on pure CO,, whereas for HPS
= 100.0%, a definition based on pure H,O is used.

RANS-FGM Turbulence—chemistry interactions are modeled using a presumed PDF (Probability

Density Function) approach in Z—c space, with mean properties obtained via integra-

tion over the flamelet manifold.
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Tag Assumption / Limitation

RANS-FGM For HPS=0.0%, an appropriate scalar dissipation value is selected under ambient con-
ditions.

Spray modeling Liquid fuel represented using a Lagrangian discrete phase model. [82]

Spray modeling Primary break-up is not resolved directly and is represented through prescribed injector
parameters.

Spray modeling Rosin-Rammler distribution is used to represent droplet size statistics.

Spray modeling Sauter Mean Diameter is retrieved through the Lefebvre correlation [24].

Spray modeling The droplet dynamics is accurately captured using the method proposed by [82].

Spray modeling Secondary Break-up is consistent with the modeling approach of [83].

Spray modeling Classical droplet heat-transfer correlations are assumed to be valid [84].

Spray modeling The classical droplet evaporation model is assumed to be valid [84].

Spray modeling The spray is assumed to operate at rated mass flow, producing a 60° cone angle directly
downstream of the atomizer

Spray modeling Internal atomizer flow is not resolved.

Spray BCs Injector type spray is represented using a solid-cone injector model (baseline case).

Spray BCs Spray spread parameter is fixed at g = 3.

Spray BCs Droplet injection velocity is 20 ms™!.

Spray BCs The spray is assumed not to contain any swirl.

CHT Material properties Stainless-steel thermal conductivity assumed constant at 16.27
Wm KL

CHT Thermal contact conductance was estimated using literature-based correlations, ac-
counting for the predicted contact pressure, surface roughness, and material temper-
ature [86].

CHT Horizontal solid-solid interfaces are assumed to be thermally connected through pre-
scribed TCR values.

CHT Vertical interfaces are assumed to be thermally disconnected (¢ = 0).

CHT Quartz sections are assumed to be thermally disconnected due to the sealing layer (¢ =
0).

CHT Natural convection imposed on external surfaces.

CHT Constant heat-transfer coefficient of 5 Wm™2K~! assumed for natural convection of
external cooling.

CHT Ambient temperature fixed at 293.15 K.

CHT Atomizer, plenums, ducts, swirler and orifice are assumed adiabatic surfaces.

CHT Radiative heat transfer is neglected.

Adiabatic walls

All walls are treated as adiabatic (¢ = 0).

Table 6.6 provides an overview of the simulations with their associated assumptions and limitations based on
the previously defined tags. As discussed previously, the assumptions grouped under the “General” tag apply to
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all simulations. The ”Z79 mechanism” is employed for all the cases except the "Engine Operating Conditions”
case, for which the "Keromnes mechanism” is used instead due to its dedicated representation of H> combustion
chemistry. The assumptions and limitations associated with the ”SBES-TFM” tag apply exclusively to the High-
Fidelity SBES Simulation, which is considered the reference case. In contrast, the remaining simulations employ
the "TFGM-RANS” approach and are therefore subjected to its associated assumptions and reduced accuracy. The
assumptions associated with the ”Spray modeling” apply to all simulations involving spray injection. Conversely,
the dedicated Spray Boundary Condition simulations are designed to assess the sensitivity of the results to the
prescribed spray boundary conditions. As a result, the assumptions grouped under the ”Spray BCs” tag are not
applicable to these simulations. Finally, the assumptions and limitations grouped under the "CHT” tag apply
only to the Conjugate Heat Transfer simulations. Consequently, the adiabatic wall assumption used in the other
simulation cases is no longer applicable, as heat transfer through the solid domains is explicitly resolved.

Table 6.6: Applicability of modeling assumptions to the simulation cases

Tag High-Fidelity SBES | Spray Sensitivity | Conjugate Heat Transfer | Engine Conditions
General v v v v
779 mechanism v v v -
Keromnes mechanism - - - v
SBES-TFM v - - -
RANS-FGM - v v v
Spray model v v v -
Spray BCs v - v -
CHT - - v -
Adiabatic walls v v - v

Two additional SBES simulations are performed that are not included in the overview. Their objective is to
investigate specific model sensitivities. The first examines the influence of imposing non-adiabatic wall boundary
conditions within the SBES framework, as further detailed in subsection 7.3.1. The second evaluates the impact of
an alternative spray initialization strategy within the SBES setup, which is further discussed in subsection 7.3.2.



Simulation Results

This chapter presents the results of the simulations detailed in the previous section. First, the high-fidelity SBES
simulation is examined, and its agreement with the experimental data is assessed. This assessment is followed
by a flame topology analysis to further understand the characteristics of the H,-kerosene blended flames. The
discussion then explores improvements to the high-fidelity SBES model using RANS simulations. Finally, the
chapter extends the discussion to engine operating conditions, providing guidance for the future development of
the HOPE combustor.

7.1. Comparison Against Experiments at Atmospheric Pressure

The high-fidelity SBES agreement with the experiments is evaluated in terms of flame shape, providing a com-
parison of the overall flame structure. Subsequently, the agreement is assessed for the spray, with a focus on the
spray angle.

7.1.1. Flame Agreement with Experiments

The results of the high-fidelity SBES simulations are discussed in this section, comparing the heat release rate
(HRR) from CFD with the experimental OH* chemiluminescence for selected HPS, values. Comparison of the
OH* and HRR for CFD-EXP agreement is well established in literature. [98]. However, in multi-fuel conditions,
some additional considerations must be taken into account. The response of the heat release rate and HPS at
stoichiometric conditions has been simulated using freely propagating flames in CANTERA [77]. The OH* sub-
mechanism [99] was merged into the CRECK reaction mechanism for n-dodecane [100], which was preferred over
the Z79 because it already contained all the precursor species needed for OH* formation. This enabled plotting of
the OH* response, as this pathway is not originally included in the Z79 mechanism. The responses are shown in
Figure 7.1. It becomes evident that, although the peak heat release rate (HRR) of hydrogen is approximately three
times higher than that of kerosene, the OH* mass fraction does not follow the same trend and is nearly an order of
magnitude lower in the hydrogen case. The OH* signal is therefore more responsive to kerosene than to hydrogen.
This will create a mismatch between experiments and CFD, because experiments will mostly show the parts of
the flame fueled by kerosene, whereas hydrogen parts will produce less OH*, leading to an underrepresentation
of hydrogen in the signal. Furthermore, the OH* signal of hydrogen exhibits a spatial lag with respect to its HRR,
appearing slightly downstream of the corresponding heat release zone.
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Figure 7.1: The OH* response to the heat release rate location for both kerosene and hydrogen [77]

The average normalized OH* experimental data and the averaged normalized HRR retrieved from the simulation
are exhibited side by side for the selected HPS, settings in Figure 7.2. The experimental OH* signal is obtained
through an Abel inversion to reveal the inner structure of the flame, allowing the comparison against contours of
the CFD-data. The experimental data are retrieved from [54].

Considering the HPS;=0.0% and HPS,=30.0% cases, the experimental result reports similar characteristics, a
spray stabilized flame, anchoring in the inner and outer shear layer. The atomization in this region is effective;
however, the estimated SMD increases from 13.6um to 18.44 um between the two HPS, cases. Therefore, the
spray quality of the HPS,=30.0% deteriorates; hence, the droplets take longer to evaporate, causing the increase
in LoH (Lift-Off Height). Although the addition of H, has the potential to intensify the combustion process,
the observed increase in LoH indicates that the deterioration in spray characteristics is the dominant effect. Fur-
thermore, the influence of H, on the flame structure is negligible, as the overall flame shape remains largely
unchanged. The lean hydrogen mixture is not able to sustain combustion independently, and the flammability
limits are therefore not yet exceeded for hydrogen alone. As a result, combustion occurs predominantly within
the existing kerosene-dominated flame regions.

Considering the simulation results of HPS;=0.0%, a similar flame structure is found with the flame anchoring
in the inner and outer shear layer, inline with the experiments. However, in the simulation, the flame extends
downwards to the central part of the burner (around x = 0.0 mm), and HRR is present in the center, which is
not found in the experiments. The discrepancy in the central flame between the CFD and experiments may be
attributed to discrepancies in the simulated spray boundary conditions or fuel heating and evaporation character-
istics. Alternatively, it may arise from limitations of the Abel inversion near the centerline, which can lead to an
underrepresentation of the inner flame. In CFD simulations, the flame also extends slightly further toward the
quartz surface compared to the experiments.

For the HPS,=30.0% case, an additional structure is observed, as it can be seen that, besides the original CFD
flame structure of HPS=0.0%, a second flame region is formed, appearing at the edges of the mixing tube outlet
(located at x = 10 mm and x = -10 mm at y = 0 mm). This second region might be caused by the premature pre-
diction of independent hydrogen oxidation not occurring in the experiments. However, even without considering
this upstream region, the HRR along the central axis is anchoring too far upstream for the LoH to match between
the experiments and the simulation, as this central flame is still present.
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Figure 7.2: Agreement for different HPS levels (0%, 30%, 60%, and 100%), comparing the averaged CFD-HRR with the averaged
EXP-OH*

The experimental result of the HPS;=60.0% shows a shift towards a slightly more elongated V-shape, while the
LoH is significantly decreased. The elongation of the flame lobes might be due to the deterioration of the spray,
since larger droplets enter the domain, requiring a longer residence time to evaporate, thereby elongating the flame.
Simultaneously, the addition of H increases the reactivity, resulting in an upstream stabilization of the flame; a
tendency to reach the edge of the mixing tube can be observed. Considering the simulation results, HPS ;=60.0%
provides the same structure as HPS,=30.0%, however, the attached flame shortens as a result of the increased
reactivity due to H, addition. The HRR near the edges of the mixing tube can again be observed and is also
intensified.

Referring to the experimental result at HPS, = 100%, the flame shortens into a lean-premixed M-shaped structure,
anchored at the edges of the mixing tube exit. The inner region of the M-flame is sustained by the inner shear
layer, which stabilizes part of the H, flame along the axis. A small discontinuity is observed in this inner flame
region, which may be attributed to artifacts introduced by the Abel inversion. The CFD results show satisfactory
agreement in this case, as the experiments confirm that hydrogen combusts directly upon leaving the mixing tube
exit, consistent with the CFD predictions.

A quantitative comparison between experimental data and simulations is performed by evaluating the Lift-off
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Height (LoH) and the Flame Height (FH). In the simulations, the heat release rate (HRR) is utilized to determine
both quantities. Flame regions are identified by applying a threshold based on a percentage of the maximum heat
release rate, HRR,,,. Regions exceeding the selected threshold are classified as part of the flame. The LoH
is then defined as the most upstream axial location identified as part of the flame, while the FH is defined as
the axial extent of the flame, determined as the distance between the most downstream and most upstream flame
locations. The choice of threshold remains somewhat arbitrary, as no universally accepted definition is available
in the literature. In the present work, thresholds corresponding to 15% and 99% of HRR,,,, are considered. The
experimental LoH and FH values are retrieved from [54]. In the experiments, both quantities are determined
from OH*/CH* fields obtained through Abel-inverted intensity distributions using the 5% iso-intensity contour
threshold of the normalized Abel fields.

Considering the LoH, the trend with increasing HPS, cannot be captured, as the predicted LoH collapses to just
below the mixing tube exit for all HPS, > 0.0%, for both the 15% and 99% thresholds, as well as for all other
tested threshold values. This is attributed to hydrogen oxidation being predicted too far upstream, generating the
upstream heat release zone discussed in Figure 7.2. As a result, significant heat release is present near the swirler
exit across all threshold levels, including the 99% contour. Consequently, the analysis presented by [54], in which
the initial deterioration of the droplet spray increases the LoH, cannot be reproduced. In the experimental analysis
of [54], the CH* and OH* responses diverge around HPS,=60.0%, where the CH* response initially increases
again around HPS,=50%, while the OH* response decreases monotonically, reflecting the competing influence
of deteriorating atomization and hydrogen-induced reactivity in this region. Nevertheless, the CFD is unable to
capture this interaction, as premature flame anchoring is predicted.

Now, considering the FH, for HPS,>0.0%, the LoH is approximately zero; hence, the variation in FH is entirely
governed by the extent of the flame tip. Two distinct branches emerge depending on the chosen HRR threshold.
For the high-threshold branch represented by the 99% contour, the FH collapses to near 0 mm for HPS¢> 0.0%,
which is again attributed to the intense upstream HRR region present for HPS, > 0.0%. In the low-threshold
branch represented by the 15%-line, the kerosene flame is also included in the identified flame region, and no
such collapse is observed. In this case, the FH decreases monotonically with increasing HPSg, as hydrogen
addition reduces the overall flame length.
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Figure 7.3: Comparison of simulated and experimental lift-off height (LoH) and flame height (FH). In the CFD results, LoH and FH are
defined using the HRR/HRR,,,, x iso-intensity contours at 15% and 99.0%, respectively, while the experimental values are based on the 5%
iso-intensity contour of the normalized Abel-inverted OH* and CH* fields reported in [54]

For the low-threshold branch (HRR/HRR,,,,» < 14%), the analysis of the LoH and FH again shows that a major
discrepancy between the experiments and the CFD originates from upstream hydrogen oxidation. This is further
illustrated in Figure 7.4, which shows the region with HRR > 1x 107, Wm™? for the HPS,, = 30% case, which was
selected as the multi-fuel case with the lowest hydrogen content. The first sub-figure presents a perspective view,
revealing two distinct flame structures: a broad, lifted V-shaped ring flame, and a second, significantly shorter
structure anchored at the swirler outlet corners and extending around its circumference. A clearer view of this
upstream structure is obtained by zooming into the region indicated in the middle sub-figure, as shown in the
rightmost sub-figure.

It can be observed that the upstream flame structure appears considerably more intense than the lifted V-shaped
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flame. This is attributed to the nature of hydrogen combustion: hydrogen burns directly at the mixing tube exit,
where its high laminar flame speed and adiabatic flame temperature lead to a spatially compact but highly intense
reaction zone, resulting in significantly higher HRR compared to kerosene. This upstream oxidation is not ob-
served in the experiments and is therefore identified as the most significant discrepancy between the experimental
observations and the simulations.

Figure 7.4: Identified high HRR-zones at HPS 4 =30.0%, showing HRR > 1e+07 Wm™3 consisting of two structures, a V-shaped lifted
kerosene flame and an attached short hydrogen flame

7.1.2. Comparison of the Spray Cone Angle

The cone spray angle cannot be determined from the CFD results in the same manner as in the experiments, as
different data sources are available. Furthermore, the experimental cone angle depends on the chosen signal-to-
noise ratio (SNR) and axial position [54], making a direct comparison unattainable. Therefore, a normalization
is used, the variation of the cone angle with HPS, is compared for CFD and experiment. In the CFD, the cone
angle is determined from the spray volume fraction iso-lines at 10~#, 1076, and 10~8. Tangent lines are drawn to
each isoline, and the angle between these tangent lines represents the corresponding cone angle. A lower isoline
value results in a larger cone angle, as it captures the outer periphery of the spray.
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Figure 7.5: Liquid volume fraction field [-] retrieved from simulations, along with the method used to determine the spray angle based on
iso-lines at 10~4, 1076, and 108, annotated in the HPS¢=30.0% contour

Before discussing the results, it must be noted that the internal geometry of the atomizer and the primary breakup
process are not resolved in the simulations. Furthermore, it is assumed that the atomizer operates under rated
conditions for all cases, independent of the mass flow rate through the injector.

In Figure 7.5, the resulting spray angles obtained from the three iso-lines are presented, together with their vari-
ation as a function of HPS,. The experimentally measured spray angle is also included for comparison. The
experimentally observed cone angle falls between the 10™* and 107 iso-lines, suggesting that a 10> iso-line
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would correspond most closely to the experimental data. Both the 10~* and 107° based angles show a decreasing
cone angle with increasing HPS,, while the 1078 iso-line is too low to capture the trend.

For HPS, < 30%, satisfactory agreement is found between CFD and experiments. Nevertheless, the peak observed
around HPSz= 20.0% cannot be captured, as this operating point is not included in the CFD dataset; moreover,
it may represent an outlier in the experimental results. For 30% < HPS < 40%, general conclusions are difficult
to draw, as only the HPS;= 30% and HPS;=60% cases are available in the CFD results. For HPS,>40%, the
experimentally observed increase in cone angle is not reproduced.

The initial reduction in cone angle can be explained by the reduced pressure drop across the atomizer. In the
experiments, an increase in cone angle is observed from approximately HPS,=40.0%, which is associated with
upstream flame propagation stabilizing near the mixing tube outlet [54]. The resulting thermal expansion induced
by this upstream flame location likely enhances radial spray dispersion by exerting an outward momentum on the
droplets. In the CFD results, however, the flame is already anchored at the mixing tube exit for HPS;=30.0%.
This anchoring may limit radial spray development, as the predominantly axially oriented flame introduces a
momentum component that counteracts radial spreading.

In CFD simulations, the initial reduction in cone angle is attributed to an increase in droplet diameter, since the
initial cone angle is prescribed under the assumption that the atomizer operates at its rated mass flow rate, 71, 47¢4.-
In the experiments, however, the early-stage decrease in cone angle may result from operating the atomizer at a
non-rated 7z, as well as from interactions of larger droplets. The subsequent experimentally observed increase in
cone angle cannot be reproduced numerically, as in the simulations the flame is already anchored at the mixing
tube exit, limiting further evolution of the spray structure.
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Figure 7.6: Absolute spray characteristics predicted from simulations, compared with experimental values across the full range of HPS,
cases

7.2. Flame Topology Analysis

The flame topology analysis starts with a discussion of the flame sensor, as adjustments had to be implemented
for the successful deployment of the TFM. Thereafter, the flow-field contours are discussed. Subsequently, a
quantitative analysis is performed utilizing the flexibility of the CFD data.

7.2.1. Improvement of the Flame Sensor

The desired properties of the flame sensors has been formulated by [101]. It must correctly encompass the source
terms of the reaction zone. It must correctly encompass the density/temperature gradients on the cold side, pre-
venting numerical issues. In the post-flame region, it should rapidly vanish to avoid thickening.

The initial simulations indicated that the flame sensor required modification, as the default sensor available in



7.2. Flame Topology Analysis 58

ANSYS Fluent—based on the sum of all reaction rates—failed to correctly detect the flame front, as shown in
Figure 7.7. The heat release rate (left) provides an approximate indication of the flame location; for reference,
an iso-contour of the heat release rate (HRR=1e+7 Wm?) is included in the middle and right plots. The middle
contour shows the flame sensor (S) varying between zero and unity, while the right contour represents the effective
thickening (F s r) of the region.

From this comparison, it becomes evident that the flame is not properly captured by the current sensor definition.
Only small isolated regions are identified as flame zones, resulting in insufficient flame thickening. Consequently,
alternative flame sensor formulations were investigated.
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Figure 7.7: Flame sensor with Q defined based on all reaction rates in the reaction mechanism for atmospheric conditions and
HPS¢=60.0%. From left to right: the heat release rate (HRR), the flame sensor (S), and the resulting thickening factor (F 7). The
HRR-ISO value is 1 x 107, W, m=3.

However, the definition of Q (the flame sensor variable in Equation 5.27) can be based on different quantities. In
ANSYS FLUENT, the flame sensor € can only be defined in a straightforward manner using the reaction rates of
reactions included in the chemical mechanism (here the Z79 reaction mechanism, which will be used throughout
this work). The flame sensor must perform consistently for pure kerosene, dual-fuel operation, and pure H;. In
the latter case, no carbon is present and therefore any reactions involving carbon cannot be used. As a result,
only 19 of the 79 reactions in the Z79 mechanism remain applicable. These reactions were tested in CANTERA
using freely propagating flames for HPS ,=0.0%, HPS ;=60.0%, and HPS;=100.0%. This procedure reduced the
selection to only a few candidate reactions. The corresponding sensor definitions were then implemented in the
HPS;=60.0% case to evaluate their performance in the CFD simulations. Ultimately, it was found that the reaction
OH + HO; — O, + H,0 provided the most robust performance within this set of definitions (with 8 = 5). Figure
7.8 shows the flame sensor characteristics obtained when € is based on this reaction, corresponding to the same
case as in Figure 7.7.
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Figure 7.8: Flame sensor with Q defined based on OH + HO, — O, + H; for atmospheric conditions and HPS = 60.0%. From left to right:
the heat release rate (HRR), the flame sensor (S), and the resulting thickening factor (Fe s ). The HRR-ISO value is 1 x 107, W, m=3.

The current definition based on the reaction OH + HO, — O, + H,O appears to correctly capture the reaction
zone, while no numerical difficulties are observed on the cold-flow side. However, significant thickening may
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still be applied outside the actual flame region. Several alternative flame sensor definitions have been proposed
in the literature [101, 102, 103], including advanced techniques that allow for self-adaptive thickening [104]. An
interesting approach for multi-fuel applications is the method proposed by [66], in which the oxidizer source term
is used to define Q. This may provide a robust option for multi-fuel operation. In addition, Qg is dynamically
varied based on the local mixture conditions.

7.2.2. Flame Contours and Visualization

In Figure 7.9, the instantaneous contours of HRR are presented. The flame front of HPS ;=0.0% appears widespread,
as the relatively wide droplet distribution causes a broad flame front. The evaporation process is spread due to
the wide spray distributing the droplets over the whole region. The same broad distribution of the flame front can
be found for the HPS,=30.0%, however, in this case, the flame also propagates through the outer shear layer and
attaches on the mixing tube edge. Although, for this specific instantaneous flame, the upstream attached flame
appears relatively weak, as it is much more visible when examining the time-averaged field (see Figure 7.2). For
HPS,=60.0% the H, addition intensifies the combustion process shortening the flame, strengthening the attach-
ment to the mixing tube outlet edge. In the pure H, case, combustion is further intensified; the reaction zone no
longer spreads radially but instead propagates directly downstream from the mixing tube edges. This HRR region
eventually interacts with the inner shear layer, causing the heat release rate to propagate towards the central axis
of the combustor (x=0mm).
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(a) HPS¢=0.0% (b) HPS=30.0% (¢) HPSz=60.0% (d) HPS=100.0%

Figure 7.9: Instantaneous Heat Release Rate for the selected HPS g -cases

In Figure 7.10, the time-averaged mass fraction of CiH>, (the kerosene surrogate) is shown. As expected, the
mass fraction decreases with increasing HPS,, vanishing entirely for the pure H; case. The shape observed in the
HRR contour at HPS;=0.0% is also present in the C; H>; field and is a direct consequence of the evaporation and
mixing/consumption characteristics. Transitioning to HPS;=30.0%, the overall lobe length remains comparable
to that of HPS,=0.0%, suggesting that the increased reactivity of H, and the deteriorated spray largely balance
each other, resulting in a negligible net effect on the evaporation process and the consumption of the kerosene
surrogate. At HPS,=60.0%, the C11Hy; distribution shifts slightly downstream due to the further deterioration of
the spray quality. However, the increased presence of H» intensifies the combustion process. This substantially
enhances evaporation and likely promotes mixing of C11 Hyy, resulting in faster fuel consumption and a shortening
of the overall flame lobe length. Finally, at HPS,=100.0%, the C{H>> mass fraction vanishes entirely, consistent
with the absence of kerosene in the pure hydrogen case. It can further be observed that Cy; H», is absent in the
high-HRR zones located near the mixing tube corners in the dual-fuel cases, providing additional evidence of
exclusive H, oxidation in this region.
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Figure 7.10: Time-averaged mass fraction for the selected HPS 4 -cases

The time-averaged axial velocity profiles for the selected cases are shown in Figure 7.11. The contours remain
similar for all the HPS, cases with the exception for the pure H» case, where a noticeable increase in axial velocity
is observed. This increase can be attributed to two effects. The first is that the overall mass flow increases due to
the added H, mass flow. The second is that the axially oriented H, flames near the mixing tube exit push the flow
in the axial direction. The increased axial velocity with HPS, forms part of the inherent flashback prevention
mechanism.
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Figure 7.11: Time-averaged axial velocity for the selected HPS 4 -cases

The time-averaged temperature contours are reported in Figure 7.12. The V-shaped lobe structure is again ob-
served. The distributions for HPS;=0.0% and HPS,=30.0% show similar contours, although the HPS;=30.0%
case is slightly shortened and narrowed. This trend continues toward HPS;=60.0%. Finally, at HPS,=100.0%,
the lobes disappear entirely, consistent with the removal of the spray characteristics.
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Figure 7.12: Time-averaged temperature for the selected HPS ¢ -cases

To further understand the structure of the multi-fuel flame, several scalar fields are examined. For partially pre-
mixed H,—kerosene flames, the local mixture composition and combustion mode are not uniform throughout the
flow field, hence a more detailed analysis is performed. The first scalar to discuss is the progress variable c,
which characterizes the local state of the reaction, ranging from zero in the unburnt mixture to unity in the fully
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burnt products. It therefore provides insight into where combustion has occurred and how far the reaction has
progressed. Several definitions of the progress variable exist, and their suitability depends on the flame character-
istics and type [105]. Since H>O is acommon combustion product of both H; and kerosene, the progress variable
is defined based on its production. In Figure 7.13, the mass fractions of H>O (denoted as Y, ) are shown for the
selected cases. Approximately the same structures are identified in the Yp, o as in the HRR. Furthermore, Yg,0
increases with increasing HPS,. Although H>O is a product of both fuels, it is more dominant in H, combustion,
hence the post-flame Yy, o increases with HPS,.
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Figure 7.13: The instantaneous mass-fraction of H»O for the selected HPS -cases

The mass fraction of CO; or Yco, is the other product of complete kerosene combustion and should therefore
also be considered for the progress variable to capture kerosene specific trends. In Figure 7.14 it can be observed
that the CO, exhibits a reverse trend of the H,O as it becomes more dominant with decreasing HPS,, eventually
vanishing in the pure H, case.
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Figure 7.14: The instantaneous mass-fraction of C O for the selected HPSg-cases

Note that the same scale has been used for both the Yy,o and Yco,, revealing that they are of the same order of
magnitude. Also, in the unburnt gas both CO, and H,O are absent. The progress variable is hence defined as the
ratio of the linear combination of Ycp, and Yp,0 to their complete combustion state. The definition is suitable
for dual kerosene—H> flames as the contribution of H>O and CO; adjusts naturally to the HPS,-case (completely
H,0-based for HPS=100.0% and more dominantly CO, for kerosene). The definition of the progress variable
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is reported in Equation 7.1.
Yco, + Y0

c (7.1)

YHgO,complete +7Y CO;,complete
The mixture composition in multi-fuel partially premixed flames is continuously changing, in contrast to a pre-
mixed flame, for which a progress variable is native. Therefore, the complete combustion state should be deter-
mined from the local mixture properties, meaning that, for each cell in the domain, a dedicated value at complete
combustion is computed. In this complete combustion state, all carbon atoms are converted to CO», and the
same applies to H, being converted to H,O. Retrieving Yy and Y¢ from the species transport equations allows
determination of the complete combustion state using Equation 7.2.

Wh,0
Yoo = 2Vi; Yy
H (7.2)
Wco,
Yco, = We Yc

Note that the assumption has been imposed that every H, and carbon atom completes its oxidation process, which
is a valid assumption for the intended lean combustion regime of the design. The contours of the equilibrium states
of Yn,0 and Yco, are reported in Figure 7.15 and 7.16, respectively. The denominator in the progress variable
definition (Equation 7.1) scales naturally with the HPS, setting as well. It can be observed that Yp,0,.,,,p1er0 18
non-zero in the plenums due to the presence of unburnt H. The Yu,0,.,,,,10.. decreases at the point of H, mixing
with the swirling air. The Yp,0.,,,,.,. TéMains approximately constant through the mixing tube, increasing further
due to Cy1 Hy, addition from the spray. In the HPS;=0.0% case, Yi,0.,,,piere 18 Only due to the spray and hence
YH,0.ompiere = 010 the mixing tube. Although, for the HPS,;=100.0% case a further increase of Y, 0 can
be observed as H>O accumulates in the IRZ and ORZ.
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Figure 7.15: The instantaneous equilibrium mass-fraction of H»O for the selected HPS -cases

The Yc0,,eq sShows no contribution within the mixing tube, as carbon atoms are released directly in the chamber
via the spray. For HPS;=100.0%, the Y, eq vanishes entirely, consistent with the absence of carbon in the pure
H, case. Local hotspots are observed due to carbon mixing and accumulation at the top of the flame, after which
the mixture becomes more thoroughly mixed, converging towards a more homogeneous distribution. This pattern
is also visible in the Y, field.
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Figure 7.16: The instantaneous equilibrium mass-fraction of C O for the selected HPS-cases

The resulting progress variable can be observed in Figure 7.17 and ranges between zero and unity. The flame
shapes and structures reported in Figure 7.9 can be identified; however, in terms of the progression of combustion

products instead of HRR.
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Figure 7.17: The progress variable on the instantaneous flame for the selected HPS, -cases

The progress variable will be used to isolate the region of interest in the burner, allowing the subsequent scalar
fields to be shown within the relevant domain (0.01 < ¢ < 0.99).

Proceeding to the next scalar field, the local HPS, reveals the exact characteristics of the dual-fuel mixing. The
global HPS,, has been defined in Equation 5.2 based on the overall mass flows. A similar definition is constructed
for the local version based on «, as given in Equation 7.3. Since « is valid throughout the entire domain and is
only a consequence of elemental mixing, the local HPS is likewise unaffected by the combustion process itself.

@ LHVy,

HPS =
aLHVy, + (1 — @) LHV o

(7.3)

The HPS fields are reported in Figure 7.18, showing both the evolution of the scalar within the (0.01 < ¢ < 0.99)
region and the variation across the selected HPS, cases. For HPS=0.0% and HPS,=100.0%, the pure kerosene
and pure H, cases, respectively, a trivial solution is retrieved, as each case burns its respective fuel exclusively,
as expected. The multi-fuel cases are more complex, showing that H, combustion occurs downstream before
kerosene does. The evaporation process is enhanced by the H, combustion releasing the C; Ha,, promoting the
downstream kerosene combustion. Small pockets of H, combustion are also found in the downstream kerosene-
dominated region, along with a modest contribution of truly simultaneous combustion, indicated in white. Approx-
imately the same pattern can be observed when transitioning towards the HPS;=60.0% case, where H, promotes
downstream kerosene oxidation. The share of Hj is, as expected, more dominant; however, H, combustion ex-
tends towards the burnt side of the flame front. Another difference with the HPS,=30.0% case is that the contour
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appears more whitish, indicating more thoroughly simultaneous H, and kerosene combustion.

(a) HPS 4 =0.0% (b) HPS ¢ =30.0% (¢) HPS ¢ =60.0% (d) HPS ¢ =100.0%

Figure 7.18: Instantaneous local HPS for the selected HPS,, cases, clipped to the reaction zone (0.01 < ¢ < 0.99)

The next scalar field is the local equivalence ratio ¢, indicating whether combustion occurs under lean, stoichio-
metric, or rich conditions throughout the entire domain and is already defined using Equation 5.12. In Figure
7.19, the contours of the equivalence ratio for the selected cases are reported. In all the cases containing the
kerosene spray (excluding HPS,=100.0%), a clear pattern is retrieved. In HPS¢=0.0%, no C1H>; (and no H>) is
initially present; hence, the most upstream region contains no fuel, corresponding to an equivalence ratio of zero.
The spray flame will first burn richer; thereafter, mixing due to turbulence occurs, resulting in leaner combustion.
In the dual-fuel cases, it is identified that H, burns upstream of the kerosene; hence, it can be observed that H,
burns lean as intended by the design (minimizing NOx emissions). The upstream H; oxidation then promotes the
evaporation process and the downstream richer kerosene burn. In the HPS,=100.0% case, the spray is not present
and the pattern of upstream lean and downstream richer combustion is not observed. Instead, the atomizer edges
become richer fuel regions, whereas the central more upstream region of the flame exhibits more lean combustion.
A hypothesis therefore is that the increased axial velocity oxidizes and mixes the H; in the center, while the H,
accumulates in the lower-velocity regions behind the edge of the mixing tube outlet.

(a) HPS¢=0.0% (b) HPS;=30.0% (¢) HPS¢=60.0% (d) HPS;=100.0%

Figure 7.19: Instantaneous local equivalence ratio for selected HPS,, cases clipped to the reaction zone (0.01 < ¢ < 0.99).

The next scalar-field is the Flame Index (FI) or Takeno number (Ta), introduced by Yamashita, Shimada and
Takeno in 1996 as a method to distinguish the premixed and non-premixed (diffusion) flame regimes within a
combustion field [106]. As discussed, for premixed systems, the oxidizer and fuel propagate alongside each-
other while in diffusion flames the propagation occurs in opposing direction. This property can be utilized to
differentiate the combustion regimes. The propagation direction can be retrieved by taking the gradient of the
mass fractions (direct solution of the CFD-code). Thereafter, to define their orientation with respect to each-other,
the dot product will be applied resulting in the first definition (equation 7.4).

Gro =VYr - VYo (7.4)
The dot product is positive when the gradients propagate in the same direction indicating a premixed regime,

while a negative dot product indicates opposing directions of fuel and oxidizer making the flame regime diffusive.
The magnitude indicates how strongly the reactants are being “pushed” into one another by the local flow field.
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In further studies it became the standard to normalize the number against its magnitude as it is purely used to
describe the flame regimes. This method yields a clear mapping, where 1 corresponds to premixed flames and —1
to diffusive flames [107, 108, 109, 110, 111, 112].

VY - VY,
FIl=—Lf_*0 (7.5)
|VYE| VYol

Another normalization method is also widely adopted. The definition represented in equation 7.5 provides a
continuous number. However, in some studies a discrete value is preferred mapping negative values to -1 (diffusive
flames) and positive to 1 (premixed flames) discarding the complex partially-premixing regions. Discretizations
can be achieved by dotting the denominator as done in numerous studies [111, 110, 112], the latter differentiated
the regimes based on a probability density function and the flame index. In [109], it is noted that the continuous
definition might be the best option when describing the (complex) mixing characteristics and inner structure of
a flame and how it transitions through the combustion domain (as touched upon by [108], using the continuous
definition). The continuous flame index is even utilised in partially-premixed combustion LES models [107, 109].
The FI functioned as a bridge between premixed and diffusion combustion solvers, retrieving mass fractions or
the heat release rate. Considering the HOPE-combustor, its regime is not only partially-premixed, but also it is
dual-fuel, imposing direct difficulties in handling the gradients of the fuel mass fractions. Figure 7.20 shows the
non-conflicting and conflicting situations when considering the flame index in dual fuel mode. When the H, and
kerosene gradients are aligned, no conflict in the flame index definition occurs. However, gradient alignment does
not always occur, and conflicting situations must therefore be considered.

Non-conflicting non-premixed Non-conflicting premixed Conflicting situation
VY, \¢
—————p VW, —————p
VYo, = VY, VYo,
P R ¢ DI
VYt V¥, V¥e1i
T <Jpoooooooooos PR

Figure 7.20: The appearing conflicts when using the flame index in dual-fuel cases

The first intuition is to simply add the gradients of H, and C11Hy;, which is defined as the mass approach, consid-
ered by the left column of figure 7.21. The arrows represent the magnitude of the gradients. It becomes clear that
the situation on the top can be marked as ”"Non-premixed by mass” as the resultant vector opposes the oxidizer
gradient, since VYc,, u,, outweighs the VYg,. In reverse, the same can be considered for the premixed case as
represented in bottom figure of the same column. However, flame classification based solely on the mass fraction
does not account for the relative contribution of each fuel to the total heat release. Therefore, a power-weighted
definition seems more appropriate, as the thermal power originating from each combustion mode is ultimately
the most critical quantity from a flame perspective. The mass fractions can be converted to power, considering
the LHV of the two fuels. In the second column of figure 7.21 is the corresponding situation of the left column
displayed, where the arrows are scaled with the LHV. Consider the top row, the significantly higher LHV of H;
compared to kerosene, causes the resultant fuel gradient vector to reverse direction upon LHV scaling, switching
the classification from non-premixed by mass to premixed by power. The bottom row shows the reverse situation,
where a premixed classification by mass becomes non-premixed by power due to the same LHV scaling effect.
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Non-premixed by mass Premixed by power
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Figure 7.21: Dual-fuel flame index: interpretation and definitions considerations
The flame index definitions are given in Equation 7.6.
FI VYc, m, - VYo,
CiuHy =
|VYC11H22 | |VY02|
Flyy, = 1t VY0, (7.6)
H = oo oo .
IVYh, [ VYo,|
V(LHVkerO . YC“H22 + LI‘IVH2 . YHZ) . VYOX
Fl, =
mf =

|V(LHViero - Yoo 1y + LHVH, - Yi,) || VY0, |

Although, when considering the actual mixing characteristics, the multi-fuel definition should be used; however,
the single-fuel definitions isolate the mixing characteristics of the corresponding fuel. The Flc114,, shows that
kerosene first becomes available in a non-premixed form, with premixing occurring further downstream. In the
HPS;=30.0% case, downstream H combustion mixes the non-premixed kerosene in this downstream region
with the upstream gases, resulting in a more distributed field. This effect is enhanced with increasing H», as the
HPS;=60.0% case shows an even more distributed field. For the pure H; case, no kerosene is present and the
flame index therefore yields a trivial solution.

(a) HPS¢=0.0% (b) HPS ;=30.0% (¢) HPSz=60.0% (d) HPS;=100.0%

Figure 7.22: The instantaneous Flc,, u,, for the selected HPS-cases

The Flg, shows a field for the HPS,=0.0% as H» is a radical in kerosene combustion; the actual effect of the
H, radical is negligible for the behaviour of the flame and should not be considered. Moving to the cases with
actual H»-fuel contribution, the same pattern can be observed for the various cases. The H, first appears as a
premixed mixture leaving the mixing tube; then a transition point is reached, where a non-premixed regime is
observed. However, when consulting again the HPS contours (see figure 7.18), it appears that H, is mostly burnt
in the upstream region of the flame front, hence, in a premixed configuration.
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(a) HPS¢=0.0% (b) HPS ; =30.0% (¢) HPS ;=60.0% (d) HPS;=100.0%

Figure 7.23: The instantaneous Flp, for the selected HPS-cases

The actual dual-fuel mixing behaviour is represented in Figure 7.24. It can be observed that for HPS;=0.0%, the
contour converges to the Fl¢,, p,, definition, showing the insignificance of the H,. The pure H; case converges to
the HPS,=100.0% of the Flg;, definition. The dual-fuel cases are as expected a mix of the Fl¢,, f,, and Flg,. The
clear structure of the H, first premixed and subsequently non-premixed is observed, however, the field becomes
more disturbed by the spray flame mixing characteristics.

(a) HPS¢=0.0% (b) HPS ; =30.0% (¢) HPS;=60.0% (d) HPS;=100.0%

Figure 7.24: The instantaneous FI,,, 7 for the selected HPS4-cases

7.2.3. Flame Quantitative Analysis

To further investigate and characterize the flame, and to better understand the interaction between kerosene and
hydrogen as well as their mixing and combustion behaviour, three methods are employed: flame maps, scatter
plots, and line analysis.

The flame maps represent the interaction between the scalar fields HPS, equivalence ratio, progress variable, and
flame index within the flame region defined by the progress variable range (0.01 < ¢ < 0.99), and therefore
correspond directly to the previously discussed contours. The maps are weighted by the local power, inherently
revealing a more accurate picture than the contours alone, as the exact peaks of power generation within the flame

front can be distinguished more clearly.

Consider the interaction between the equivalence ratio and the HPS reported in Figure 7.25. For HPS =30.0%, the
map shows a concentration of power around the global equivalence ratio ¢,=0.494, with the power approximately
normally distributed around this value. Similarly, the power distribution is approximately normally distributed
around the global HPS value. Furthermore, the associated power distribution shows an inverse relationship be-
tween equivalence ratio and HPS. Regions with high HPS are associated with lower equivalence ratios, whereas
regions with lower HPS correspond to power generation by higher equivalence ratios, indicating that H;, enables
leaner combustion conditions. Increasing the hydrogen content to HPS;=60.0% shows a similar response on the
power distribution, the equivalence ratio and the HPS, retaining the inverse relationship between the two quan-
tities. However, in this case, two peak regions of power generation can be distinguished in the map. The first
corresponds to a very lean H, flame, significantly leaner than the global equivalence ratio ¢,=0.467. This may
be attributed to more dominant upstream H; oxidation. The second peak burns slightly richer than ¢,. Some of
the H is already consumed upstream under lean conditions, thereby increasing ¢ in the downstream combustion
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zone. The range over which power is actually generated is therefore much broader, in terms of both local HPS
and ¢, in the HPS¢=60.0% case compared to the HPS,=30.0% case.
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Figure 7.25: Map of the interaction between the local equivalence ratio ¢ and the HPS of the instantaneous flames where 0.01 < ¢ < 0.99
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Figure 7.26 shows the interaction between the HPS and the progress variable. Notably, the instantaneous HPS ;=30.0%
field shows an almost negligible contribution of hydrogen-dominated combustion; however, it is present. Al-
though the time-averaged field reveals a more dominant upstream attached hydrogen-dominated region (see Fig-
ures 7.2 and 7.4), the instantaneous field shows only weak attachment compared to the time-averaged contour (see
Figure 7.9). Since this upstream hydrogen-dominated region (near the edge of the mixing tube outlet) is weakened
in the instantaneous field, the flame map shows an almost negligible contribution of hydrogen-dominated com-
bustion. The reason for this apparent discrepancy between the instantaneous and time-averaged contour fields is
that, in the instantaneous field, the HRR is confined to a very thin region at a fixed location, making the upstream
attached flame appear relatively weak. In the time-averaged field, however, the averaging process combines many
instantaneous flame realizations over time. Consequently, a much broader spatial region contributes to the aver-
aged HRR signal, as multiple neighbouring regions experience intermittent heat release throughout the averaging
period. This causes the upstream flame structure to appear brighter and more dominant in the time-averaged
contours than in the instantaneous fields. Nevertheless, it must be considered that although the local HRR in
this upstream region may be considerable, the associated volume is very small, and hence the net power contri-
bution of this upstream region remains limited. Nevertheless, the main power generation appears to be initiated
by kerosene combustion, although some H; combustion is occurring further upstream. The local HPS remains
considerably low throughout the high-power-generating zone. In contrast, HPS;=60.0% clearly shows that com-
bustion is initiated by a hydrogen flame, corresponding to the upstream region near the mixing tube outlet edge.
As expected, most of the power is generated near the end of the flame front, where the flame is more developed.
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Figure 7.26: Map of the interaction between the progress variable (c¢) and the HPS of the instantaneous flame where 0.01 < ¢ < 0.99

The following interaction to discuss is between the HPS and the flame index. For HPS ,=30.0%, two main regions
are distinguished, corresponding to premixed and non-premixed power generation. The premixed contribution is
considerably larger than the non-premixed one, although a substantial partially premixed regime is also present.
The local HPS of the partially premixed and non-premixed regions centers around the global HPS ;=30.0%, while
lower local HPS values are found in the purely premixed region, as hydrogen is able to burn under even leaner
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conditions than kerosene. The same pattern is observed for HPS;=60.0%, however, the global shift towards a

higher hydrogen content results in a more dominant premixed contribution, consistent with hydrogen premixing
earlier within the mixing tube.
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Figure 7.27: Map of the interaction between the HPS and the flame index of the instantaneous flame where 0.01 < ¢ < 0.99
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In Figure 7.28, the interaction between the HPS, equivalence ratio, and flame index is illustrated. This is achieved
through a scatter plot with the equivalence ratio on the x-axis and the HPS on the y-axis. The data points are
colored according to the flame index, indicating the corresponding flame regime. The considered region is again
defined by (0.01 < ¢ < 0.99). In the HPS = 30.0% case, the inverse relation between HPS and equivalence ratio
is again observed. The H; burns in a premixed mode. As the H, content decreases and the equivalence ratio
increases, more non-premixed marked points are observed. The HPS = 60.0% case shows a similar trend, with
H; burning in a lean premixed mode; as the equivalence ratio increases, the HPS decreases. In the HPS ¢=60.0%
case, more premixed hydrogen is found at higher equivalence ratios, while non-premixed regions are observed at
higher HPS values.
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Figure 7.28: Interaction between the equivalence ratio, HPS, and flame index within region marked by 0.01 < ¢ < 0.99

In Figure 7.29, the relation between temperature, HPS, and equivalence ratio is shown for HPS;=30.0%. At
temperatures starting around 300K, only H, is present as fuel, kerosene has not yet evaporated and is only present
as liquid, hence C|| Hy; is not available. The temperature initially increases due to H; oxidation. This temperature
rise promotes droplet heating and consequently spray evaporation, releasing Cy1H>, vapour, thereby reducing
the local HPS. Therefore, upstream H, combustion promotes spray evaporation and thus downstream kerosene
oxidation. The transition between high and low HPS is gradual and smooth. The same interaction is observed
for HPS,=60.0%. However, the curve is much steeper at low equivalence ratios and temperatures, as more H»
oxidises upstream without significant carbon content. Pure kerosene is only observed slightly on the lean side of
the stoichiometric condition and in the hottest regions.

1800
1800 -
1600 A
1600 -

1400 A
1400

1200 A
1200

1000 4 1000 A

800 4 800 -

Static Temperature [K]
Static Temperature [K]

600 4 03 600

400 A 0.2 400 -

T T T T

0.2 0?4 016 0.8 1.0 0.2 0.4 0!6 0.8 1.0
Equivalence Ratio [-] Equivalence Ratio [-]
(a) HPS¢=30.0% (b) HPS ; =60.0%

Figure 7.29: Interaction between equivalence ratio, temperature and HPS within the region marked by 0.01 < ¢ < 0.99

As already established, most non-premixed characteristics are found downstream and hence later in the com-
bustion process. However, for the HPS,=30.0% case, some initial non-premixed flames are present, as can be
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observed in Figure 7.30a, where dark spots can be found in the region of low progress variable, indicating non-
premixing in this region. Advancing along the progress variable, it becomes apparent that a partially premixed
regime is established. Near the end of the combustion, a more non-premixed-dominated regime can be found;
this regime starts earlier for lower HPS values, around ¢ = 0.5 and HPS = 0.15. For the HPS,=60.0% case,
negligible non-premixed points are found at the start; only near the end non-premixed points are present, hence
the combustion is initiated by premixed flames. Similarly to the HPS;=30.0% case at ¢ > 0.5, the lower the HPS,
the earlier in the progression non-premixed points can be found.

0.8

0.6

HPS [-]
(=]
(=3
=3
Flame Index [-]

HPS []

0.4
—0.25

(=3
(=3
S
Flame Index [-]

—0.25
—0.50 024 » i ~0.50

- —0.75 o -0.75

004 = 004 =
T T T T T T T T T T T T
0.0 02 04 0.6 0.8 1.0 0.0 02 0.4 0.6 0.8 1.0
Progress Variable [-] Progress Variable [-]
(a) HPS¢=30.0% (b) HPS ¢z =60.0%

Figure 7.30: Interaction between the progress variable, HPS, and flame index within the region marked by 0.01 < ¢ < 0.99

In Figure 7.31, the evolution of the species along the central axial line is shown, which is indicated by the green
dashed line in the contour. The contour on the top right only shows the HPS;=60.0% case, however, this is only
for illustration purposes as the exact same line analysis is performed on the other selected HPS, cases. The line
is drawn in a 3D space, and variations arise due to evaporation, combustion, and mixing occurring in the full
three-dimensional flow field. The top left figure shows the temperature; the considered axial positions in the
constructed plots are set such that the temperature rise is captured, grasping the evolution of the species over the
flame front. The HPS;=100.0% reaches a slightly lowered final temperature and combustion starts slightly more
downstream. Hydrogen starts burning from the swirler exit edges and propagates straight, with a minor HRR in
the center, while kerosene, in the current simulation, contains a central flame increasing the temperature on the
central line. The HPS;=60.0% shows to be the most unsteady through all the plots, which is attributed to slightly
insufficient averaging.
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Figure 7.31: Time-averaged species evolution over the central, axial flame front; the species graphs show mass fractions

The second plot on the left considers the HPS along the axis. Since H; is already contained in the mixture,
the HPS is larger upstream and then starts to decrease once evaporation starts, leading to the release of CjjHy;.
When evaporation and mixing with Cj; Hy; occur, the HPS converges to its global value. In the second plot on
the right, the O, evolution shows an inverse relationship with temperature. It can be observed that lean conditions
are occurring, as O, remains at a nonzero value. The next row shows the two fuels: H> is readily available and
directly starts combusting. C| H», requires some evaporation distance. Both H, and Cy; H» are fully consumed,
again indicating lean conditions. The formation of products is shown in the following row. As discussed earlier, a
higher hydrogen content leads to higher H,O production and lower CO, production. The same trend is observed
in these plots. HPS,=100.0% shows the highest H>O production and no CO;, while HPS;=0.0% produces the
highest CO, levels and the lowest H>O levels. A similar conclusion can be drawn from the final row, showing the
CO and OH species. For all HPS, the final value of CO approaches zero, indicating complete combustion. The
OH values do not decrease to zero, and the HPS,=100.0% case has the lowest concentration of OH after the flame
front. This can be attributed to the slightly higher temperature of the kerosene flames, which causes slightly more
H,0 dissociation.

Opverall, the results demonstrate a consistent trend of lean combustion across all HPS, cases, with complete fuel
consumption and a clear transition in product distribution from CO,-dominated products under kerosene-rich
conditions to H,O-dominated products as the hydrogen fraction increases. CO is oxidized to CO; along the axis,
indicating complete oxidation of the carbon-containing fuel.

Furthermore, in both the HPS, = 30.0% and HPS; = 60.0% configurations, the flame structure is characterized
by an upstream lean hydrogen flame. As kerosene evaporates and mixes downstream, the local equivalence ratio
increases, leading to a richer combustion zone dominated by kerosene oxidation. Consequently, the upstream
hydrogen flame promotes downstream stabilization of the spray flame, which exhibits a mixed combustion mode
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with both premixed and non-premixed characteristics.

A clear shift in flame behaviour is observed when increasing HPS, from 30.0% to 60.0%. In the higher hydrogen
case, upstream hydrogen oxidation becomes significantly more dominant, resulting in an overall leaner and more
strongly premixed combustion regime. This enhanced hydrogen contribution strengthens the premixed flame
structure while reducing the relative influence of the downstream spray-controlled kerosene combustion region.

7.3. Improvements of the Simulation Framework

The agreement and topology analysis revealed discrepancies between the experiments and the SBES simulations.
The LoH is predicted too low for the HPS,=0.0% case, and with hydrogen addition, an attached flame is predicted
prematurely due to the intense upstream HRR region near the edge of the mixing tube outlet. Nevertheless, even
disregarding this upstream region, the HRR along the central axis is anchored too far upstream for the predicted
LoH to match the experimental data. The root cause of these discrepancies may be attributed to a variety of factors,
including errors induced by the reaction mechanism, turbulence, evaporation, radiation, CAD-experimental setup
alignment, and model limitations. Among these, the adiabatic wall boundary condition is considered a major
assumption, as it may cause wall temperatures to be significantly higher than in reality. Furthermore, the spray
boundary conditions remain uncertain, likely affecting the spray structure. The thermal wall boundary conditions
and spray boundary conditions are therefore further explored in this section.

7.3.1. Non-Adiabatic Boundary Conditions

The RANS-CHT simulation is performed for both HPS;=0.0% and HPS;=100.0% and the setup is clarified in
Section 6.5.2. Since the HPS,=100.0% case already shows satisfactory agreement in the SBES results, only the
HPS;=0.0% case is considered further in the SBES simulations and will therefore be discussed in this section.
However, the RANS-CHT results for HPS ;=100.0% showed that, within the practical TCC range [1000,Wm 2K !,
15000,Wm~2K~!] retrieved from [86], no significant changes in flame shape or the corresponding wall tempera-
ture distribution are observed. Therefore, for the RANS-CHT simulation of HPS = 0.0%, only TCC= 1000,Wm—2K"!
is considered, as this value is estimated to be the most feasible based on the expected contact pressure, interface
temperature, and surface roughness. The results for HPS,=100.0% are further reported in Appendix D.

The temperature profile along the quartz cylinder (from the backplate extending axially towards the orifice), re-
trieved from the RANS-CHT simulation, is overall colder than the adiabatic-SBES prediction, except in the axial
range of approximately 25-75mm where the two are comparable. The elevated temperature at an axial position
of Omm corresponds to the outermost radial position of the backplate, and the initially higher adiabatic-SBES
temperature is therefore most likely attributed to the elevated backplate temperature. The downstream decrease in
temperature in the RANS-CHT simulation is attributed to heat exchange with the ambient surroundings, whereas
in the adiabatic SBES case, no heat exchange is permitted and the thermal energy is therefore retained within the
domain. A smoothened version of the RANS-CHT temperature distribution is proposed as the new SBES bound-
ary condition. The smoothening provides a cleaner integration from a numerical perspective, and moreover, the
small deviations present in the original profile cannot be physical, as the simulation is not capable of resolving
this level of detail.
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Figure 7.32: Resulting thermal boundary conditions for the quartz at HPS ¢ =0.0%

The retrieved backplate temperature profile and the corresponding temperature contour from the CHT-simulation
can be observed in Figure 7.33. Two regions are highlighted using circles. At the dashed circle, radial/backplate
position of 10mm, a small jump in temperature is observed. This jump is caused by the rounded edge geometry.
The temperature is extracted along a straight line located on the backplate; however, due to the edge rounding,
the actual solid surface deviates from this line and locally bends away. As a result, the sampling point enters
the fluid region instead of remaining on the solid wall. Consequently, the extracted temperature is no longer
strictly representative of the backplate surface. Since the objective is to obtain the solid backplate temperature,
this small peak can be disregarded. Considering the solid circle, the radial/backplate position of 30mm shows a
steep increase, which is due to the TCR between the two solid blocks. It is observed that this temperature jump
does not occur in the adiabatic SBES case, where the backplate is represented as a single adiabatic surface. The
most significant result from this CHT-analysis is that the temperature profile on the backplate retrieved from the
CHT-simulation is more than halved compared to the adiabatic-SBES results, which is a significant difference.
The lowered backplate temperature increases the LoH, as a longer pre-heating distance is required. However, the
CHT model allows heat conduction through the solid blocks, potentially pre-heating the flow in the nozzle ducts,
swirler, and plenum, thereby reducing the required preheating distance. This LoH reduction will not be present
when applying thermal boundary conditions to the backplate and quartz only in the SBES-simulation. This effect
is, however, regarded as negligible, and further notes on this point can be found in Appendix D.2.

1400 (\
1200
)
3]
£ 1000 E..
< S 3
= ~
2, L)
.
g 5001 eras
=
2
s
w
600 -
2.,-1
400 - = RANS - Thermal Contact Conductance 5000 [Wm K ']
== Proposed Boundary Condition
= SBES - Adiabatic Boundary Condition

T T T T T T

0 10 20 30 40 50
Position on the Backplate [mm)]

Figure 7.33: Resulting thermal boundary conditions of the backplate at HPS;=0.0%
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The SBES simulation with thermal boundary conditions retrieved from the RANS-CHT is reported in Figure 7.34
for HPS ;=0.0%, alongside the adiabatic SBES results for comparison. The LoH increases slightly, attributed to a
longer pre-heating distance resulting from the cooler backplate. The flame also extends further radially, reaching
the quartz cylinder, likely due to the slightly elevated quartz temperature in the flame region. Most significantly,
the central part of the flame is weakened, which is more consistent with the experimental observations. This
central flame region extends downward, contributing to a reduction in LoH, and its complete elimination would
bring the predicted and experimental LoH into closer agreement. The weakening of the central flame is attributed
to the lowered backplate temperature, decreasing the reactivity in the region.

SBES-ADIABATIC SBES: RANS-CHT BCs
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Figure 7.34: The resulting heat release contour for HPS=0.0% with imposed set wall temperatures on the backplate and quartz, which are
retrieved from the RANS-CHT simulation

Although no RANS-CHT boundary condition analysis has been conducted for the dual-fuel cases, an interesting
observation can be drawn. The primary discrepancy between the experimental data and the SBES for the dual-
fuel cases was the premature flame attachment at the mixing-tube outlet edge. This upstream HRR region is
predominantly attributed to H2 oxidation, as kerosene still requires evaporation and hence no Cy{Hy; is present
in this region. In the adiabatic SBES (although for HPS,=0.0%), the backplate temperature was found to well
exceed the autoignition temperature of H, (approximately 850,K), and given the extremely broad flammability
limits of H, (4—75,vol% in ambient conditions), independent hydrogen combustion in this region is expected. In
the RANS-CHT simulation, however, the backplate temperature is considerably reduced to approximately 600,K,
dropping well below the autoignition temperature of H, (regarding HPS=0.0% and also for HPS,=100.0% in
Appendix D. Having this colder temperature would suppress independent H, combustion in the upstream region,
eliminating the upstream combustion and allowing the kerosene—hydrogen interaction observed experimentally
to be better captured in the CFD.

7.3.2. Spray Boundary Conditions

The structure of the spray has a significant influence considering conventional combustion [28] and hence it
is likely of utmost importance to have an accurate representation in the (SBES) simulation. The exact spray
boundary conditions remain unknown, and therefore a sensitivity analysis has first been performed to check which
parameters have the largest influence and which do not. The sensitivity analysis involves many simulations and
hence RANS-FGM had to be adopted for computational efficiency, compromising simulation accuracy. The setup
of these RANS simulations for exploring this spray influence is discussed in Section 6.5.1.

The LoH has been used as a convenient quantitative measure for tracking the influence of the spray boundary
conditions on the flame. In SBES, the HRR intensity contours were utilized to define the LoH. In RANS-FGM,
the HRR is solved as a post-processing step and hence a more native variable for RANS-FGM might be appropriate.
The reaction mechanism Z79 contains the OH concentration and this quantity can be a suitable definition for LoH
as used by [113, 114]. Nevertheless, the product formation rate also presents itself as a viable LoH definition, as
it directly marks the onset of reaction and is native to the RANS-FGM combustion model. The regions marked
as containing the flame for OH (blue) and PFR (yellow), visualized for various intensity contours, are reported in
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Figure 7.35. Both the OH and the PFR definitions might be suitable; however, a 2% OH also marks the post-flame
region as within the flame front and might therefore not be the most optimal choice. The PFR-based definition
with a threshold of 14% is selected as an appropriate value based on visual inspection of the flame, noting that the
contours remain largely unchanged in the range of 2-25%, making any intermediate value a reasonable choice.

OH | 2% OH | 14% OH | 25% OH | 50% OH | 95% PFR[2%  PFR|14% PFR|25%  PFR|50%  PFR|95%
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(a) Intensity contours (b) Product formation rate intensity contours

Figure 7.35: Intensity contours for the LoH definition

The actual spray boundary conditions, which may have a significant influence, are the SMD, spray velocity, spread
parameter (q), hollow-cone (and associated swirl fraction), mass-flow distribution, and staggering. Other defini-
tions are known from the geometry; however, it is still assumed that the spray produces an initial spray angle of 60
degrees, irrespective of the mass flow through the atomizer, as this is the angle it produces at its rated mass flow.
The tested SMD values result from a 25% increase in the pressure across the atomizer (SMD=10.5, um) and a 25%
decrease (SMD=18.2, um) with respect to the nominal, by [54] measured pressure used in the SBES simulations.
In Figure 7.36, the influences of SMD (7.36a), spray velocity (7.36b), and q (7.36¢) are shown. The x-axis dis-
plays both the parameter values and the simulation case labels, where each letter corresponds to a parameter and
the attached number refers to the specific case within that parameter set. The corresponding contours and spray
structures are reported in Figures B.1 and B.2, respectively. Clear trends can be observed: an increasing SMD
results in a larger lift-off Height, which is expected as droplets with a larger diameter take longer to evaporate and
the flame is pushed downstream. The spray velocity shows an approximately linear positive relation with the LoH,
which is consistent with expectations. A higher spray velocity causes the droplets to propagate faster through the
chamber, distributing the heating process over a longer distance and hence delaying evaporation spatially. The
spread parameter shows an approximate negative relation with the LoH; however, the effect is almost negligible
in comparison with the effects of SMD and spray velocity.
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Figure 7.36: Influence of key spray parameters on the LoH

The parameters defining different spray types are represented in Figure 7.37. First consider Figure 7.37a; here,
the influence of two distinct parameters, staggering and mass flow distribution, is represented. In real atomizers,
droplets are not initiated from constant streams, and hence staggering adds spatial randomness in the locations
from which droplets are released. Nevertheless, the influence of staggering is limited. The non-uniform mass
flow type, however, does have an influence.

24 Non-Uniform Mass Flow

Lift-Off Height [mm]

-6

No-staggef

-10 T T

& >

General Settings

% A

(a) Impact of injector staggering and mass flow distribution on the LoH.

Swirl-Tractio,
24 Swirl-Fraction, -0.5
04
Ey
!
=
g 4
Q
5
4
-10 T T T T
v‘:j‘(» P & >
N

THollow-Cone Type

.5

(b) Effect of hollow-cone configuration (with co-rotating, counter-rotating,

and non-swirled injection) on the LoH.

Figure 7.37: Influence of spray type on the LoH

Figure 7.38 illustrates the droplet release locations. It can be noted that the arrows are much denser in the center
of the cone as opposed to the outer perimeter. Therefore, providing the same mass flow results in a non-uniform
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initial distribution of the flow, with more mass flow in the center. Assuming uniform flow provides more mass to
the outer arrows, making the mass flow uniform on the cone surface.

Figure 7.38: Distribution of spray parcels over the cone

The resulting effect of this mass flow distribution on the spray and PFR can be observed in Figure 7.39. The
non-uniform distribution shows a downstream-extended saturated core in comparison with the uniform mass flow.
Therefore, the PFR follows the same trend, forming a W-shape and increasing the LoH. The non-uniformity is
purely due to the application of a constant mass flow along the parcel arrows and is therefore not an inherent
physical characteristic of the system (but rather a numerical simplification), and will not be further considered.

Uniform Non - Uniform Uniform Non - Uniform
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(a) Liquid volume fraction (b) Product formation rate

Figure 7.39: Influence of (non) uniform mass flow distribution

Consider the second sensitivity plot of Figure 7.37. In RANS-FGM, the HC shows a significant impact on the
LoH, as reported in Figure 7.37b. Remarkably, the swirl fraction has a major influence, increasing the LoH.
The swirl fraction is defined as the ratio of the tangential velocity component to the total velocity magnitude at
injection. In Figure 7.40, the contours of the different SC/HC configurations are represented. After reconsidering
the atomizer CAD and the swirler geometry, it can be concluded that the swirl is of the co-rotating type and hence
the counter-rotating one is not represented. For the SC, the flame cannot propagate towards the atomizer as the
region is too saturated by the liquid spray. For the HC without switl, the LoH is actually reduced in this case, as
the spray accumulates near the edges, allowing a gap that reaches the atomizer to exist. Therefore, evaporated
C11H>, can oxidize from these spray outer edges and burn due to the existing gap in the center. The oxidation is
rapid; hence, the V-shape is retained. The addition of a swirl fraction (considering a swirl fraction of 0.5) alters
the structure of the spray significantly and the LoH is increased. Adding swirl increases the cone angle due to
the higher tangential velocity. The cone angle becomes so wide at the mixing-tube outlet edge that it comes into
contact with the spray, thereby disrupting the natural flow of the HC and inducing the turbulent spray as observed
in the figure. The PFR field, and consequently the flame structure, is significantly altered. The direct interaction
between the spray and the swirler outlet edge causes the flame to anchor at the edge itself.
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Figure 7.40: Influence of the spray cone angle on the liquid volume fraction (top row) and product formation rate (bottom row) for the
solid-cone, hollow-cone and co-rotating hollow-cone

The HC justifies further investigation, as the SIMPLEX pressure atomizer employed in the experimental setup
produces at least a partially HC spray and significant differences are observed in the RANS exploration. The exact
swirl fraction remains unknown in the experiments and is therefore not considered here, in order to isolate the
effect of the HC configuration alone. Nevertheless, it should be noted that the HC reduces the LoH in the RANS
simulation, whereas an increase in LoH is desired for better correspondence with the experimental data. A high-
fidelity SBES simulation at HPS,=0.0% is performed with the setup as described in Table 6.1, now equipped with
an HC. The resulting spray characteristics from the HC simulation are compared with the previously obtained
baseline SC simulation. Before comparing the HC and SC, note that the SBES-retrieved spray characteristics
differ considerably from the RANS results. The “uniform” spray of Figure 7.39a and the SC of Figure 7.40 are
the RANS results of the SC part of Figure 7.41a. This difference between RANS and SBES is attributed to the
more sophisticated turbulence handling in SBES. The mixing in SBES is much more gradual compared to RANS.
Figure 7.41a shows a different initialization between the HC and the SC. The defining characteristic of the HC
can be found here, as the edge is much more saturated with liquid droplets compared to the SC, where the spray is
more spread out. Due to turbulent mixing, the SBES hollow-cone simulation shows high liquid volume fractions
throughout the region directly downstream of the atomizer, in contrast to the RANS result where almost no liquid
fuel is present in the central region immediately downstream of the atomizer. The mixing due to turbulence further
reduces the HC/SC differences downstream. Nevertheless, the liquid volume fraction of the HC remains slightly
narrower than that of the SC. The SMD shown in Figure 7.41b does not show significant differences. However,
the HC seems to have finer sprays near the outer edges of the spray. For both HC and SC, the largest droplets
are observed further downstream. These droplets appear to persist through the evaporation process; as the overall
number of droplets decreases, the average is calculated over a smaller population that increasingly includes these
larger surviving droplets. As a result, the SMD peak shifts further downstream.
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Figure 7.41: The averaged SBES results comparing spray characteristics of hollow-cone and solid-cone injectors for HPS ¢=0.0%

The different spray structures affect the distribution of Y¢,, i,,, as reported in Figure 7.42a. Yc, n,, becomes
available slightly further downstream in the HC case, which is attributed to the high liquid volume fraction of the
HC at the outer edges directly downstream of the atomizer. The HRR is also comparable; however, moderate dif-
ferences between the HC and SC are observed. The flame extends slightly further downstream, while propagating
along the quartz. More HRR seems to be present in the outer shear layer for the HC, showing a clearer M-shape.
Also, the flame is narrower in the HC. The most upstream region of the flame near the center axis has a steeper
profile in the HC case, which can be explained by the high liquid volume on the outer edges at the initialization
of the HC spray.
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Figure 7.42: The averaged SBES results comparing the Yc,, H,, and HRR characteristics of hollow-cone and solid-cone injectors for
HPS ¢ =0.0%.

Although no significant differences are found in the SBES results, the following summary can be drawn. The solid-
cone configuration is schematically represented in Figure 7.43a. The grey-shaded cone in the figure indicates the
SC-spray (no effects of mixing, evaporation etc.). Two flame lobes are connected by a central flame. The central
flame exists because evaporation has advanced sufficiently, with the liquid volume fraction low enough to prevent
droplet quenching. Further downstream, the IRZ and ORZ anchor the flame in the shear layers. For the hollow-
cone case, the HC-spray is indicated by the dashed line and the case is visualized in Figure 7.43b. No substantially
different behaviour is expected, as turbulence and evaporation dissolve the HC-spray structure early on. The HC
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and SC configurations differ only slightly in the most upstream flame region, where the HC propagates more
sharply towards the center.

Solid Cone Spray

1
3]

(a) Currently implemented HPS g = 0.0% solid-cone flame (b) Tested hollow-cone flame stabilization (HPSg = 0.0%).
stabilization.

A

Figure 7.43: Comparison of the currently implemented solid-cone and the proposed hollow-cone flame stabilization approaches.

7.3.3. Potential Improvements to the Simulation

The preceding sections investigated the influence of adiabatic wall conditions and spray boundary conditions on
the simulation results. Building upon these findings, the insights obtained are now integrated to provide potential
improvements for the high-fidelity SBES simulation.

Consider the HPS, = 0.0% case again, the SIMPLEX atomizer may exhibit both hollow-cone and solid-cone
characteristics (see Figure 2.5a). The combined hollow-cone and solid-cone configuration is visualized in Fig-
ure 7.44, where the solid-cone angle is drastically reduced, saturating the core and preventing the flame from
anchoring in the center. This central, most upstream part of the flame (in HPS;=0.0%) might already be weak-
ened if the non-adiabatic BCs are applied. Furthermore, the green arrows indicate the LoH-increasing effect of
the non-adiabatic boundary conditions retrieved from the previous section. An additional LoH-increasing effect
can be achieved by increasing the spray velocity, which remains an uncertain parameter; however, this is unlikely
to be as effective as the non-adiabatic boundary conditions. The SMD also has a LoH-increasing effect; however,
as it is approximated by the Lefebvre correlation, it may be more accurately constrained than the spray velocity.
Hence, the combination of the solid-cone, hollow-cone, and non-adiabatic boundary conditions is proposed as a
more accurate representation of the experimental setup, likely yielding improved agreement with the experimental
OH* chemiluminescence data.

Solid Cone Spray

Figure 7.44: Proposed improvement: combination of solid-cone/hollow-cone injection with non-adiabatic wall boundary conditions
(HPSg = 0.0%)

Now consider the multi-fuel cases. The HC/SC spray configuration is also recommended to improve agreement
with the kerosene flame. As discussed in the section on adiabatic wall boundary conditions, RANS simulations
with wall thermal conduction show significantly lower backplate temperatures compared to the adiabatic case.
The temperature falls below the hydrogen autoignition temperature. Consequently, imposing these lower wall
temperatures, especially at the backplate, may suppress upstream hydrogen oxidation and improve agreement
between experimental results and SBES simulations.
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7.4. Extension to Engine Operating Conditions

The pure H, take-off conditions are simulated, as these represent the most limiting operating conditions. The cor-
responding simulation setup is described in subsection 6.5.3. Prior to investigating the limiting engine operating
conditions, the simulation is first performed under atmospheric conditions to assess the correspondence between
the RANS predictions and the experimental data. The comparison between the RANS simulation and the experi-
mental measurements obtained from the test rig is presented in Figure 7.45. A satisfactory agreement is observed,
with both the flame length and flame position being captured accurately. As expected, the agreement between the
RANS simulation and the experimental data is inferior to that obtained with SBES, as the latter reproduces the
flame shape and thickness more accurately. Nevertheless, the RANS approach remains suitable for conducting

exploratory analyses.
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Figure 7.45: The agreement between the experimental data and the RANS simulation employing the Keromnes et al. mechanism under
atmospheric conditions at HPS=100.0%

The simulation of the actual engine operating conditions has been performed, and the pressure drop is evaluated
on the red plane/line represented in Figure 7.46. In the actual engine, the orifice will not be included, and therefore
taking the pressure drop there would include pressure losses associated with the orifice structure. The pressure
drop plane is positioned sufficiently far downstream to avoid flame influence, while maintaining adequate sep-
aration from the orifice structure and remaining within a region of relatively high mesh density. The reported
pressure loss in the system is 24.55%, while reference pressure losses of annular combustors are around 6% [22].
The current pressure drop across the swirler is therefore not feasible, as the system is too inefficient.
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Figure 7.46: Plane of pressure drop determination

Therefore, the swirler will be scaled, by enlarging the domain and thereby reducing the pressure drop. The scaling
factor is based on a similar flame condition, as reported in Equation 7.7. The axial velocity and the Sy balance
each other; therefore, setting them equal may reproduce similar flame behaviour.

(Vax) _ (Vax) 77
SL eoc SL atm

The equation is evaluated at the mixing-tube exit, which has a diameter of 20 mm in the non-scaled domain. This
location is selected to be upstream of the flame, as the flame is not allowed to propagate in the mixing tube,
and is hence representative of the Sy -Vax balancing. At this point, the highest velocities are expected, from the
continuity equation, considering the cross-sectional diameter and the mass flow. The swirler-exit area ratio of the
two conditions can be determined using Equation 7.7 and the (simplified) continuity equation. The ratio can be

written as shown in Equation 7.8, where the subscript eoc corresponds to the value in the scaled engine operating
conditions.

Acoc _ meocpathL,eoc

= 7.8
Aatm meucpe()cSL,e{)c ( )
The scaling factor is subsequently defined as the ratio of the two diameters, as given in Equation 7.9.
DCOC
= — (7.9)
¥~ Dum

The scaling factor can be obtained by substituting the scaling relation into Equation 7.8. The Sy, values for both
conditions are then evaluated using CANTERA premixed freely propagating flame simulations. The correspond-
ing mass flows are known from the simulation and can also be used in the ideal gas law, along with the known
temperatures, to retrieve the densities for their corresponding conditions.

¢= Deoc — ”i.’leocpathL,atm —1.61 (710)
Dam MatmPeoc SL,eoc

Hence, all parameters are known and the scaling factor is obtained (¢ = 1.61), allowing the computation of
the scaled diameter (D.,. = 32.2). The axial velocities of the regular domain (the non-scaled domain) and the
scaled domain are compared in Figure 7.47a. The velocities in the scaled domain are significantly reduced; hence,
the pressure drop is lowered to 6.64%, which is reasonable. However, the velocity magnitude is not sufficient to
prevent the flame from stabilizing in the mixing-tube nozzle, and it even propagates into the swirler vane channels,
as can be observed in Figure 7.47.
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Figure 7.47: Influence of scaling on flame stabilization; “regular” refers to the baseline atmospheric combustion system, while “scaled”
denotes the enlarged configuration intended to reduce the pressure drop.

Higher axial velocities are required to prevent flame stabilization in the mixing-tube, while the pressure drop
becomes unmanageable when downscaling is applied again. A possible solution is to introduce diffusive H;
inlets on the backplate, allowing flashback-resistant H, flames to partially supplement the thermal power. The
swirler region can then operate at a lower power output under leaner conditions, which reduces Sy, thereby re-
quiring a lower axial velocity to prevent flame stabilization in the nozzle and swirler. The diffusive H, flames are
accompanied by a significant NOx penalty.

The introduction of diffusive H, flames and a further down-scaling of the swirler represent two opposing effects
that can be balanced in an optimization framework. The swirler down-scaling increases the axial velocity, allowing
for a higher Sy, at the cost of an increased pressure drop, while the diffusive H, flames introduce a NOx penalty.
Balancing these two competing effects presents a direction for future design optimization. However, it must
be noted that this concerns the most limiting condition, HPS;=100.0% at take-off. The diffusive flames might
therefore only be activated in this condition, without compromising NOx performance in different regimes, while
scaling of the swirler imposes geometric constraints across all operating conditions. Furthermore, the operational
range of the engine also warrants consideration, as the most limiting condition of pure H; take-off may not be the
most frequently encountered operating point in practice. Designing for this condition may therefore compromise
the overall value of the design.



Conclusion and Recommendation

This chapter begins by presenting the general conclusions of the study. Subsequently, each sub-question is ad-
dressed to systematically answer the main research question. Finally, the chapter provides recommendations for
future work.

8.1. Conclusions

The first objective was to obtain a representative SBES-simulation for the hybrid-kerosene combustor with valida-
tion on the actual flame shape. The pure H; case shows good correspondence with the experiments, as the flame
is anchored in both. The general structure of the pure kerosene case is captured, with a central flame region absent
in the experiments, which propagates downward, thereby lowering the LoH compared to the experiments. For
the dual-fuel cases, the flame is predicted as anchored, while the experiments show a lifted flame. The premature
anchoring is attributed to independent H, oxidation near the swirler exit corners, where no or negligible kerosene
is present. As a consequence, the experimental LoH trend cannot be captured, as the flame is already anchored
from the 30% H; case onward. The flame height trend is only partially captured, although the decrease in flame
length with increasing H, content, attributed to the higher reactivity of H», is reproduced. The initial decrease
in cone angle in the experiments attributed to the spray deterioration is observed across the cases; however, the
subsequent widening associated with upstream flame propagation cannot be captured due to premature anchoring.

Although reasonable agreement was obtained between the SBES simulations and the experimental data, the simu-
lations could benefit from further improvements. The adiabatic wall boundary conditions and the spray boundary
conditions were identified as potential sources of significant uncertainty. The non-adiabatic boundary conditions
analysis revealed that the backplate temperature reaches approximately 600 K for the pure kerosene case, which
is below the autoignition temperature of H;. This contrasts with the adiabatic SBES prediction of approximately
1500 K, well above the autoignition temperature, suggesting that the non-adiabatic conditions may suppress the
premature upstream H, combustion observed in the adiabatic simulations. Furthermore, the non-adiabatic bound-
ary conditions weakened the central upstream flame in the pure kerosene case, improving agreement with the
experimental data, as no such flame is present experimentally. The elimination of this central flame would nat-
urally increase the LoH, as this region corresponds to the most downstream extent of the central flame. After
examination of the spray boundary conditions, it was found that the current modeled solid-cone spray might
not be representative of the experimental setup, as it was equipped with SIMPLEX pressure atomizers with at
least partially hollow-cone characteristics. A dedicated SBES-simulation equipped with a hollow-cone showed
minor differences; however, a combination of hollow-cone and solid-cone spray configurations, together with
the non-adiabatic boundary conditions, is proposed as a pathway toward further improvement. The non-adiabatic
boundary conditions weaken the central flame, while a solid-cone configuration with a reduced spray angle would
saturate the core, potentially eliminating the central flame entirely and bringing the SBES predictions into closer
agreement with the experimental data.
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The second objective was to describe the kerosene—H, topology using high-fidelity SBES data, thereby providing
improved insight into Hy—kerosene flame behaviour and the interactions between them. To this end, a suitable
progress variable has been constructed based on CO, and H,O for multi-fuel cases, as it provides an inherent
weighting of the local fuel-mixing conditions. A flame-defining variable for multi-fuel flames has been con-
structed, namely the Flame Index (FI). The multi-fuel Flame Index is formulated by weighting the fuel mass
gradients from the conventional definition by their corresponding lower heating values (LHV), thereby making
power, rather than mass, the defining characteristic. The flame transitions from a wide, lifted spray-dominated
structure in the pure kerosene case to a more compact, high-intensity anchored flame under pure hydrogen con-
ditions. When employing H, and kerosene simultaneously, it was found that H, combustion occurs upstream
of kerosene, promoting droplet evaporation and thereby assisting kerosene combustion downstream. Since Hj
requires no evaporation, it was immediately available and able to burn independently under leaner conditions,
resulting in lean premixed H, combustion in the upstream region. Nevertheless, it must be considered that the
early anchoring at the mixing-tube outlet edge due to independent upstream H; oxidation is not observed in the
experiments. As a consequence, this may lead to upstream H, combustion occurring before kerosene at the
more downstream located kerosene flame, as observed in the simulations. Therefore, this interaction must be
reconsidered after implementing the appropriate non-adiabatic boundary conditions (especially at the combustor
backplate), eliminating the early anchoring of the flame.

Further, a study was conducted to evaluate the performance of the current combustor under limiting engine oper-
ating conditions, thereby addressing the final research objective. Due to the computational complexity associated
with these operating conditions, RANS simulations were adopted, resulting in a compromise in predictive ac-
curacy compared to higher-fidelity SBES. Furthermore, no experimental validation data was available for these
cases, as the primary purpose of the study was to computationally explore operating conditions. Consequently,
the results should be interpreted as preliminary trend analyses rather than fully validated predictions. The cur-
rent HOPE-combustor shows an unfeasibly high pressure drop at the most limiting conditions, pure H, take-off.
Therefore, the swirler is scaled to reduce the pressure drop; however, the flame stabilises in the swirler due to the
lowered axial velocity.

8.2. Answer to the Research Questions

The objective of this study was to contribute to the advancement of multi-fuel combustion in general and the HOPE
combustor in particular. Liquid kerosene spray and gaseous H; fuel are simultaneously utilized in the HOPE
combustor; however, the current understanding of their interaction remains limited in the literature. Only a limited
number of studies have employed LES/SBES (Large Eddy Simulation/Stress Blended Eddy Simulation) for H,—
kerosene flames, despite their capability to resolve flame topology and reveal detailed fuel-mixing interactions.
Therefore, the following main research question was formulated:

To address this, sub-questions were defined. These sub-questions are addressed below before proceeding to the
main research question.

To what extent is the LES/SBES approach, coupled with the TFM model, able to capture the flame shape
for various kerosene-hydrogen blend ratios?

Answer: The LES/SBES + TFM approach captures the flame shape for pure H,, whereas for the pure kerosene
case a non-physical central flame is present. For dual-fuel cases, the model fails to reproduce the experimentally
observed lifted flame, instead predicting premature anchoring due to early and independent H, oxidation. Never-
theless, the trend of decreasing flame height with increasing Hy content is captured. Improvements are expected
through the implementation of non-adiabatic wall boundary conditions and more realistic spray modeling (hollow
and solid cone representations), which would likely weaken or eliminate the central flame and mitigate premature
anchoring at the mixing-tube outlet edge.

How can the structural features and flow properties of kerosene-hydrogen blended flames be described and
quantified for various blend ratios?



8.3. Recommendations 89

Answer: The flame transitions from a broad, lifted spray-dominated structure in pure kerosene towards a more
compact, high-intensity anchored flame in the pure Hy case. In dual-fuel operation, the flame topology analysis
shows that Hy combustion occurs upstream of kerosene, promoting droplet evaporation and thereby enhancing
downstream kerosene oxidation, which subsequently proceeds in a more diffusive mode at higher equivalence
ratios. For HPSg = 30.0%, the flame exhibits the most partially premixed character among the investigated cases,
with most power generated at intermediate flame index values. Increasing the hydrogen content to HPS, = 60.0%
results in two dominant regions of power generation: alean upstream H, flame and a second region slightly richer
than the global equivalence ratio with a stronger kerosene contribution.

What is the performance of the current combustor under the intended operating conditions, and which
modifications are recommended to improve the system?

Answer: The performance under engine conditions is evaluated for the pure H take-off case, as this represents
the most limiting condition. The system exhibits an unfeasibly high pressure drop. To mitigate this, the swirler
is enlarged using a scaling factor, which reduces the pressure drop; however, the resulting decrease in axial
velocity leads to flame stabilization within the swirler. This introduces a design challenge that requires further
investigation.

Finally, integrating the outcomes of the sub-questions allows the main research question to be addressed:

8.3. Recommendations

Based on the findings of the present work, several opportunities for further investigation and model improvement
have been identified. Recommendations for improving the simulations are outlined below, after which it is advised
to repeat the topology analysis performed in the current study using the improved simulation framework.

* Implement the proposed non-adiabatic boundary conditions and spray boundary conditions for HPS, =
0.0%, applying both the backplate and quartz temperature profiles and introducing a combined hollow-
cone/solid-cone spray. This is done to assess whether the central flame—identified as the region of largest
discrepancy between the experimental data and the CFD results—will be eliminated.

 The wall temperature, particularly on the backplate, should be reconsidered for the multi-fuel cases, as the
adiabatic boundary condition yields unrealistically high temperatures exceeding the hydrogen autoignition
temperature. This leads to upstream hydrogen oxidation that is not observed in the experiments.

* The OH*/HRR response was shown to differ between kerosene and H, combustion, likely compromising di-
rect comparison in dual-fuel flames. A correction function or alternative correction mechanism is therefore
recommended for further exploration.

* Alternative flame sensor definitions might be further explored. Basing the sensor on oxygen consumption
represents a promising option, as does retrieving €2y from tabulated values that dynamically adjust for local
mixture conditions, providing a more accurate reference. This, the flame sensor formulation is proposed by
[66] and is recommended as a candidate for evaluation.
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* It is recommended to investigate the influence of introducing an additional transport equation for the re-
trieval of @ (mass-based hydrogen fraction) in order to assess the impact of the unity Lewis number as-
sumption.

The engine operating condition study highlighted several limitations of the current HOPE combustor design,
particularly under the most demanding pure H, take-off conditions. The following recommendations are proposed
to address these limitations and guide future design iterations.

¢ Introduce diffusive H; inlets which are flashback resistant, allowing the flow through the mixing tube to
be leaner, lowering the laminar flame speed, and therefore the axial velocity requirement and with that the
pressure drop, however, against a NO penalty.

» Narrowing the swirler increases the axial velocity, which reduces the need for H; diffusive flames and there-
fore decreases NO , formation; however, this comes at the cost of an increased pressure drop. Consequently,
swirler down-scaling and the introduction of diffusive H, flames represent two opposing design strategies.
These competing effects on axial velocity, pressure loss, and NO, emissions warrant further investigation
in a dedicated optimization study. In this context, diffusive flame operation could be selectively activated
only under specific operating conditions, thereby limiting the associated NO, penalty to those regimes,
whereas swirler scaling imposes a permanent geometric constraint across all operating conditions.

* It should be noted that the considered engine condition represents the most demanding case of pure H; take-
off. However, since this operating point is unlikely to occur frequently in practice, it may be reasonable to
reconsider the requirement for full 100% hydrogen capability during take-off. Relaxing this constraint could
reduce system complexity and cost, thereby improving overall market competitiveness.

Simulate the take-off conditions for different Ho—kerosene blend ratios to assess the capability of the cur-
rent HOPE combustor to operate under kerosene-based conditions. In particular, identify the minimum
hydrogen fraction at which stable flame stabilization can be maintained, and determine the blend ratios at
which flame instability or, in the case of unsteady simulations, flashback occurs.
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Mesh Quality

The mesh quality is assessed using three complementary criteria: the SBES shielding function, the Pope criterion,
and the near-wall y* distribution.

Figure A.la shows the shielding function of the SBES model, highlighting that a LES approach is adopted in
the core region of the flow, while URANS is applied near the walls. For reference, the SBES stress formulation
introduced in Equation 5.1 is reproduced in Equation Equation A.1. The shielding function is represented by fsggs,
where fsggs = 1 corresponds to the URANS formulation and fsggs = O corresponds to the LES formulation.
Consequently, the value of fspgs determines the local blending between the two turbulence modeling approaches.

o85S = fopes TS + (1 - fopes) TS (A1)
Figure A.1b reports the Pope criterion [115], which is generally considered satisfied for values above 0.8. The
Pope criterion is a CFD mesh quality metric used to quantify how regular and well-shaped a computational cell
is relative to an ideal reference geometry. In the case of polyhedral cells, it provides a single scalar value that
represents how efficiently a cell fills space and how well-balanced its face distribution is around the centroid.
Values close to one indicate compact, isotropic cells with good numerical properties, while lower values indicate
increasing mesh distortion, such as skewness, stretching, or uneven face distribution. In practice, the criterion
is used as a general indicator of overall cell quality in unstructured meshes [115]. From Figure A.1b, it can be
concluded that the Pope criterion is sufficiently met within the burner and in the most critical combustion regions.

The non-dimensional wall distance y™* is defined as:

+ _ Puzy
u

(A2)

where y is the distance from the wall to the first cell center, u, is the friction velocity, p is the density, and u
is the dynamic viscosity. Values of y* =~ 1 are required for wall-resolved LES values [115]. The swirler is the
most critical region for resolving the near-wall boundary layer, as the strong velocity gradients lead to high wall
shear stress and consequently a high u .. Figure A.lc shows that relatively low y* values are obtained throughout
the domain, although they are not consistently below 1. Nevertheless, the overall y* level remains low, and is
therefore not expected to introduce a significant source of error in the present simulations. However, a dedicated
mesh sensitivity study is recommended as future work to further assess and quantify mesh independence.

99



100

Shielding function [-] Pope criterion [-]
[ — =
0.0 05 1.0 06 08 1.0 y+ [-]

0.0 24 4.7

(a) Shielding (b) Pope criterion (c) y* distribution HPS+60.0%

Figure A.1: Mesh quality and near-wall diagnostics: shielding, Pope criterion, and y*.



Contours and Sprays of the Spray
Sensitivity Analysis

The sensitivity of the flame to spray modeling assumptions is assessed through a series of RANS-simulations,
with the resulting flame contours and spray characteristics presented in Figures B.1 and B.2, respectively. The
BASE case represents the reference configuration, corresponding to the baseline spray settings used in the original
solid-cone SBES simulations.

Case Al investigates the effect of a non-uniform mass flow distribution among injector elements. This leads to
a noticeable change in flame topology, resulting in a W-shaped flame structure instead of the V-shaped flame
observed in the BASE case. In Case A2, the influence of staggering the droplet release position is evaluated;
however, this modification yields only negligible differences in both flame shape and spray dispersion.

Case B1 examines the impact of adopting a hollow-cone spray model. This change has a pronounced effect on the
flame structure, as the V-shaped flame extends further upstream and approaches the atomizer region, indicating
increased interaction between the spray and the recirculation zone. In Cases B2 and B3, variations in swirl
fraction are considered. These cases show a strong sensitivity of the flame topology to swirl intensity, with
significant deformation of the flame structure and direct impingement of the spray on the atomizer edges, leading
to a substantially altered combustion zone.

Cases C1 and C2 explore variations in injection velocity. An increased injection velocity (C1) slightly increases
the flame height due to enhanced spray penetration into the reaction zone, whereas a reduced velocity (C2) short-
ens the flame and weakens its axial development.

Cases D1 and D2 investigate the influence of the spray spread parameter (q = 2 and q = 4, respectively). These
variations have only a minor effect on the overall flame structure and product formation rate, indicating low
sensitivity to this parameter within the tested range.

Finally, Cases E1 and E2 assess the effect of the Sauter Mean Diameter (SMD). A reduced SMD (E1) leads to
faster evaporation and a marginally shorter flame, while an increased SMD (E2) delays evaporation, resulting
in a slightly elongated flame and increased flame height. Overall, the analysis highlights that the flame is most
sensitive to spray cone structure, swirl fraction, and mass distribution, whereas parameters such as droplet release
staggering and spread exponent have comparatively limited influence.
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Figure B.1: Contours of the sensitivity analysis with varying spray boundary conditions
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Figure B.2: Sprays of the sensitivity analysis with varying spray boundary conditions



Flame Sensor Performance for
HPS=100.0%

In this appendix, additional considerations regarding the flame sensor are presented. First, the performance of
the flame sensor is demonstrated for the pure hydrogen case. Figure C.1 shows the heat release rate (HRR),
flame sensor, and thickening factor for the pure hydrogen case. The corresponding contours for HPS=60.0% are
presented in Figure 7.8. It can be observed that, for HPS=100.0%, the flame sensor performs adequately and
correctly captures the flame region. Pronounced thickening is observed near the atomizer outlet edge, which
coincides with the region of highest heat release rate.

Sensor [—]

100
090
080
070

HRR-ISO 000

Figure C.1: Flame sensor with Q defined based on OH + HO, — O, + Hj for atmospheric conditions and HPS = 100.0%, left the heat
release rate in Wm ™3, middle the flame sensor [-] and right the resulting thickening factor [-].
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Additional Considerations and Results
for the Conjugate Heat Transfer
Simulations

Chapter D focuses on the HPS = 0.0% case, as the agreement between SBES results and experimental data
for HPS = 100.0% is already satisfactory. Nevertheless, the influence of different thermal contact conductance
(TCC) values on the flame structure is assessed for the HPS = 100.0% condition. In addition, the neglect of the
pre-heating effects of imposing the thermal boundary conditions on the SBES simulation will be discussed.

D.1. Conjugate Heat Transfer Results for HPS = 100.0%

The CHT method is applied for HPS = 100.0%, considering both disconnected and fully connected solid config-
urations, as well as the range of TCR values identified in [86]. The resulting temperature profiles are presented
in Figures D.1a and D.1b for the backplate and quartz, respectively. Within the practical TCR range of 1000 to
15000, Wm~2K~!, the differences between the retrieved temperature distributions are negligible for both surfaces.
When the thermal contact is treated as fully disconnected, a pronounced temperature peak appears near the axis
at a backplate coordinate of 0 mm, indicating flame anchoring within the injector and impingement on the atom-
izer. In contrast, the remaining CHT configurations do not exhibit this behaviour, as the central flame region is
displaced further downstream. A small temperature discontinuity is observed around the backplate position of
30 mm, which is attributed to imperfect thermal contact between the two solid blocks. The discontinuity intensi-
fies with decreasing TCC and vanishes completely in the full-solid case. Finally, the radially outer solid region
exhibits higher temperatures than the central region, consistent with the elevated thermal conditions in the outer
recirculation zone (ORZ).
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Figure D.1: Resulting thermal boundary conditions at HPS = 100%

The flame structure primarily governs the quartz temperature, and for 1000 < TCR < 15000, a comparable
flame shape is obtained, resulting in similar temperature distributions, as shown in Figure D.2. A value of TCC =

5000, Wm~2K ™! is ultimately selected based on estimates of contact pressure, surface roughness, and temperature
conditions.

TCC= 1000 [Wm™2K~?] TCC=5000 [Wm 2K 2] TCC=15000 [Wm™ 2K ~?]

l(wl I/(_\‘\l I(W‘I
‘I_II_II_II_I‘ ‘I—II_II_II_I’ ‘|—||—||—||‘|‘

Figure D.2: CHT result flame-shapes for HPS = 100%

D.2. Pre-heating Considerations

Figure D.3a illustrates the method used to impose the retrieved boundary conditions from the CHT simulation onto
the SBES case. The solid blocks are removed for clarity, revealing that the backplate temperature is significantly
lower than the surrounding fluid domain, as indicated by the predominantly blue on the surface. In this setup,
only the backplate temperature and quartz wall profile are retained, while solid-phase heat conduction effects
are neglected. As a result, pre-heating of the incoming flow is not represented in the SBES model, as no heat
conduction through the solid structures is accounted for, in contrast to the CHT results (see Figure D.3b). In the
CHT simulation, heat is conducted through the solid components towards the nozzle, switler, and plenum, leading
to measurable pre-heating of the incoming mixture. Although this effect is absent in the SBES boundary condition
treatment, its influence on the overall flame behaviour is expected to be limited, as the associated temperature

increase is spatially confined and not sufficiently extensive to significantly alter the global flame structure or lift-
off height (LoH).
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Figure D.3: Thermal boundary conditions application in SBES and pre-heating effects HPS=0.0%
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