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Science is more than a body of knowledge;
it is a way of thinking,

a process of questioning the universe with scepticism
and an understanding of human fallibility.

Wissenschaft ist mehr als eine Ansammlung von Wissen;
sie ist eine Denkweise,

ein Prozess, das Universum mit Skepsis
und dem Bewusstsein menschlicher Fehlbarkeit zu hinterfragen.

- Carl Sagan





SUMMARY

Human civilization must transition to more sustainable energy sources to meet the goals
of the Paris Agreement, which aims to limit the global temperature increase to well be-
low 2 ◦C above pre-industrial levels. However, hard to abate sectors such as aviation and
heavy industries will continue to rely on combustion for the foreseeable future. For these
industries, the development and deployment of alternative fuels are essential. One of the
most promising alternative fuels is hydrogen (H2), primarily because it enables carbon-
free combustion. Nevertheless, significant challenges remain regarding its production,
storage, and transportation, leading to uncertainties in its large-scale availability. As a
result, there is growing interest in fuel-flexible combustion systems that can operate ef-
ficiently on traditional carbon-based fuels, hydrogen, or any mixture of the two, while
maintaining combustion stability and low emissions across the full fuel range. Hydrogen
differs significantly from carbon-based fuels such as methane (CH4) in its combustion
characteristics. It has a much higher flame speed and higher adiabatic flame tempera-
ture at the same equivalence ratio. These properties can pose serious design challenges
such as increased risk of flashback and elevated NOx emissions.

In swirl-stabilized combustion, injecting non-swirled air axially on the centreline can
be a very efficient way to stabilize flames with high hydrogen content. This work investi-
gates the emissions and flame stability of a fuel flexible swirl-stabilized combustor that
can operate on fuel mixtures ranging from 100 % CH4 to 100 % H2. In this set-up, fuel is
injected in a jet in cross-flow configuration just downstream of the swirler exit. A mix-
ing tube is placed between the injection point and the combustion chamber to allow for
fuel-air mixing. The objective of this thesis is to identify the dominant parameters that
govern emissions and stability in fuel-flexible combustion systems. To support this aim,
several research questions are formulated and addressed in dedicated chapters.

The first part of the thesis examines the non-reacting flow field within the mixing
tube and combustion chamber. Geometric and operating parameters are systemati-
cally varied to assess their influence on the time-averaged and unsteady flow field. This
analysis provides insight into which parameters significantly affect the flow under non-
reacting conditions. Such understanding is essential for interpreting observations under
reacting conditions, as it enables a distinction between changes induced by flow field al-
terations and those caused purely by combustion processes. The results show that the
level of confinement, the outlet boundary condition, and the degree of Axial Air Injec-
tion (AAI) strongly influence the overall flow structure — primarily by altering the size
of the recirculation zones, the type of vortex breakdown, and the velocity distributions.
In contrast, operational parameters such as fuel composition and the momentum flux
ratio between fuel and air mainly affect the velocity distribution, while the overall flow
topology and unsteady features remain largely unchanged.

In partially premixed configurations, where fuel and air are not perfectly premixed
and the fuel is injected just upstream of the combustion chamber, the quality of mix-
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ing has a critical impact on flame stability and emissions. To assess mixing under non-
reacting conditions, the second part of this thesis uses helium/air mixtures as surrogates
for various CH4/H2 blends, using tracer droplets to visualize the mixing process with-
out combustion interference. The effects of fuel composition, inlet velocity, and swirl
intensity on mixing are systematically analysed. Results show that mixing quality is pri-
marily governed by fuel composition, with lighter fuels, such as hydrogen, enhancing
mixing. For a given composition, mixing improves with increasing momentum flux ratio
between fuel and air up to a critical threshold, beyond which no further improvement is
observed. Although AAI reduces mixing near the injection point, this effect can be offset
by sufficiently high swirl. These findings establish a baseline for interpreting emission
trends in the reacting flow experiments.

The third part of this thesis investigates the fuel flexibility of the partially premixed
combustor with AAI. This includes an assessment of the operational range, by identify-
ing the conditions for flashback and blowout across varying equivalence ratios (ϕ) and
hydrogen contents, as well as the influence of AAI on these limits. Flame stabilization
mechanisms derived from OH Planar Laser-Induced Fluorescence (PLIF) images and
flow fields are also analysed to explain the observed changes in operational range. Fi-
nally, an emission analysis investigates how fuel composition and the degree of AAI in-
fluence emission performance, and whether these effects can be attributed to changes
in mixing quality. The results show that AAI effectively extends the operational range
and increases the flashback limit for high hydrogen-content fuels. This improvement is
attributed to a shift in flame stabilization mechanism compared to cases without AAI.
However, higher levels of AAI also lead to increased NO emissions, likely due to reduced
fuel-air mixing.

NOx emissions are strongly influenced by local fuel-air mixing, the flow field and the
dominant NO formation pathways. The relative importance of these pathways changes
significantly when transitioning from methane to hydrogen, complicating the prediction
of NO distribution and total NO emissions in partially premixed, fuel-flexible combus-
tion. The fourth part of this thesis presents a detailed investigation of NO emissions in
partially premixed swirl-stabilized flames with AAI. Using NO planar laser-induced flu-
orescence (NO-PLIF), the spatial distribution of NO within the combustion chamber is
characterized alongside measurements of total NO concentration in the exhaust. These
data are analysed in relation to flame location and the flow field, providing insights into
the causes of NO emission trends and strategies for their reduction. Results show that
NO distribution is strongly affected by the level of AAI, which is linked to the changes in
the flow field and flame stabilization. Moreover, the flame lift-off height plays a critical
role in local fuel-air mixing and NO emissions, as well as in shifting the balance between
different NO formation mechanisms contributing to total NO production.

The fifth and final part builds on the insights from the previous chapters, which iden-
tified the momentum flux ratio as a key factor in fuel-air mixing. Accordingly, in this
chapter the effect of variations in the momentum flux ratio between fuel and air on com-
bustor stability and emissions is investigated. This ratio is adjusted by changing the fuel
inlet diameter. Emission analysis, including exhaust gas measurements and spatial NO
distribution, is performed to assess the effects on the NO emissions. These results are
interpreted in the context of fuel and air mixing behaviour, building on insights from the
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second part of this thesis. The findings reveal that increasing the momentum flux ratio
enhances mixing and reduces NO emissions. While the flame stabilization mechanism
remains unchanged, the flame position shifts closer to the injector at higher momentum
flux ratios, which lowers the flashback limits of the system.

In conclusion, this thesis delivers a fundamental understanding of the processes
and parameters that govern stability and emissions in a partially premixed, fuel-flexible
swirl-stabilized combustor. The findings provide valuable insights into the interplay be-
tween injector design, fuel composition, and flow field characteristics, and how these
factors influence stability limits, emissions, and overall combustor performance. Through
systematic investigation within a well-characterized geometry, clear trends and underly-
ing mechanisms were identified, laying a solid foundation for the future design and op-
timization of fuel-flexible combustors. The insights gained are broadly applicable and
highly relevant for the development of next-generation combustion systems.





SAMENVATTING

Om de doelstellingen van de Overeenkomst van Parijs te behalen, die gericht is op het
beperken van de mondiale temperatuurstijging tot ruim onder de 2◦C ten opzichte van
het pre-industriële tijdperk, moet de mensheid overstappen op duurzamere energie-
bronnen. Sommige sectoren, zoals de luchtvaart, zijn echter moeilijk te verduurzamen
en blijven voorlopig afhankelijk van verbrandingsmotoren. Voor deze sectoren is de ont-
wikkeling en toepassing van alternatieve brandstoffen van essentieel belang. Een van de
veelbelovendste alternatieve brandstoffen is waterstof (H2), voornamelijk omdat de ver-
branding ervan koolstofvrij is. Desondanks bestaan er aanzienlijke uitdagingen rondom
de productie, opslag en het transport ervan, wat leidt tot onzekerheid over de groot-
schalige beschikbaarheid. Daarom groeit de belangstelling voor brandstofflexibele ver-
brandingssystemen die efficiënt en schoon kunnen functioneren op zowel conventio-
nele koolstofhoudende brandstoffen als waterstof, of mengsels daarvan, met als doel
de verbrandingsstabiliteit en lage emissies over het volledige brandstofbereik te behou-
den. Waterstof verschilt echter aanzienlijk van methaan (CH4) in zijn verbrandingsei-
genschappen. Bij eenzelfde equivalentie-verhouding heeft het een beduidend hogere
vlamsnelheid en een hogere adiabatische vlamtemperatuur. Deze eigenschappen kun-
nen serieuze ontwerpuitdagingen met zich meebrengen, zoals een verhoogd risico op
flashback en verhoogde NOx-emissies.

Bij swirl-stabilized verbranding kan het axiaal en zonder werveling injecteren van
lucht op de middellijn van de verbrandingskamer een zeer effectieve methode zijn om
vlammen met een hoog waterstofgehalte te stabiliseren. In dit werk worden daarom de
emissies en vlamstabiliteit onderzocht van een swirl-stabilized verbrandingssysteem dat
kan functioneren op brandstofmengsels variërend van 100 % CH4 tot 100 % H2. In deze
configuratie wordt de brandstof vlak na de uitgang van de swirl-generator geïnjecteerd
in een straal dwars op de hoofdstroom. Tussen het injectiepunt en de verbrandingska-
mer is een mengbuis geplaatst die zorgt voor een menging van brandstof en lucht. Het
doel van het onderzoek is om de dominante parameters te identificeren die de emissies
en stabiliteit bepalen in brandstofflexibele swirl-stabilized verbrandingssystemen. Ter
ondersteuning van dit doel worden vijf onderzoeksvragen geformuleerd, die elk worden
behandeld in een afzonderlijk hoofdstuk.

Het eerste deel van dit proefschrift richt zich op het niet-reagerende stromingsveld
binnen de mengbuis en de verbrandingskamer. Geometrische en operationele parame-
ters worden systematisch gevarieerd om hun invloed op het tijdsgemiddelde en fluctu-
erende stromingsveld te bepalen. Deze analyse verschaft inzicht in welke parameters
het stromingsgedrag onder niet-reagerende omstandigheden significant beïnvloeden.
Dergelijke inzichten zijn essentieel voor het interpreteren van waarnemingen onder re-
agerende omstandigheden, omdat ze een onderscheid mogelijk maken tussen veran-
deringen die voortkomen uit aanpassingen in het stromingsveld en veranderingen die
veroorzaakt worden door verbrandingsprocessen. De resultaten tonen aan dat de dia-
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meter van de verbrandingskamer, de randvoorwaarde van de uitlaat en de hoeveelheid
axiale luchtinjectie (Axial Air Injection, AAI) een sterke invloed hebben op de algemene
stromingsstructuur; voornamelijk door veranderingen in de grootte van de recirculatie-
zones, het type vortex breakdown en de snelheidsverdeling. Daarentegen beïnvloeden
operationele parameters zoals de brandstofsamenstelling en de momentumfluxverhou-
ding tussen de brandstof en lucht met name de snelheidsverdeling, terwijl de algemene
stromingstopologie en fluctuerende stroming grotendeels onveranderd blijven.

In gedeeltelijk voorgemengde configuraties, waarbij brandstof en lucht niet perfect
zijn voorgemengd en de brandstof vlak vóór de verbrandingskamer wordt geïnjecteerd,
heeft de mengkwaliteit een cruciale invloed op de vlamstabiliteit en emissies. Om het
mengproces onder niet-reagerende omstandigheden te beoordelen, maakt het tweede
deel van deze studie gebruik van helium/luchtmengsels als substituut voor verschil-
lende CH4/H2-mengsels, waarbij tracer-druppels worden ingezet om het mengproces te
visualiseren zonder verstoring door verbranding. De effecten van de brandstofsamen-
stelling, inlaatsnelheid en swirlintensiteit op het mengproces worden systematisch ge-
analyseerd. De resultaten tonen aan dat de mengkwaliteit vooral wordt bepaald door
de brandstofsamenstelling, waarbij lichtere brandstoffen het mengen bevorderen. Voor
een gegeven samenstelling verbetert de mengkwaliteit met toenemende momentum-
fluxverhouding tussen brandstof en lucht tot een kritisch niveau, waarna geen verdere
verbetering wordt waargenomen. Hoewel AAI het mengen nabij het injectiepunt ver-
mindert, kan dit effect worden gecompenseerd door voldoende hoge swirl. Deze be-
vindingen vormen de basis voor het interpreteren van emissietrends onder reagerende
omstandigheden.

Het derde deel van dit proefschrift onderzoekt de brandstofflexibiliteit van het ge-
deeltelijk voorgemengde verbrandingssysteem met AAI. Dit omvat een beoordeling van
het operationele bereik, waarbij de condities voor flashback en blowout worden vastge-
steld bij verschillende equivalentie-verhoudingen en waterstofgehalten, evenals de in-
vloed van AAI op deze grenzen. Mechanismen voor vlamstabilisatie, afgeleid uit beel-
den en stromingsvelden van OH Planar Laser-Induced Fluorescence (PLIF), worden ge-
analyseerd om de waargenomen veranderingen in het operationele bereik te verklaren.
Ten slotte wordt in een emissie-analyse onderzocht hoe de brandstofsamenstelling en
de mate van AAI de emissieprestaties beïnvloeden en of deze effecten samenhangen
met veranderingen in de mengkwaliteit. De resultaten tonen aan dat AAI het operati-
onele bereik effectief vergroot en de flashbackgrens verhoogt voor brandstoffen met een
hoog waterstofgehalte. Deze verbetering wordt toegeschreven aan een verschuiving in
het mechanisme van vlamstabiliteit ten opzichte van situaties zonder AAI. Hogere ni-
veaus van AAI leiden echter ook tot verhoogde NO-emissies, waarschijnlijk als gevolg
van een verminderde menging van de brandstof en lucht.

NOx-emissies worden sterk beïnvloed door de lokale brandstof-luchtmenging, het
stromingsveld en de dominante NO-vormingsmechanismen. De relatieve bijdrage van
deze mechanismen verandert aanzienlijk bij de overgang van methaan naar waterstof,
wat de voorspelbaarheid van zowel de ruimtelijke NO-verdeling als de totale emissies in
gedeeltelijk voorgemengde, brandstofflexibele verbranding bemoeilijkt. Het vierde deel
van dit proefschrift presenteert daarom een gedetailleerd onderzoek naar NO-emissies
in gedeeltelijk voorgemengde vlammen met AAI. Met behulp van PLIF wordt de ruimte-
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lijke verdeling van NO in de verbrandingskamer in kaart gebracht, naast metingen van
de totale NO-concentratie in de uitlaat. Deze gegevens worden geanalyseerd in relatie
tot de vlamlocatie en het omliggende stromingsveld, wat inzicht biedt in de oorzaken
van trends in NO-emissie en mogelijke reductiestrategieën. De resultaten tonen aan dat
de NO-verdeling sterk afhankelijk is van de mate van AAI, die zowel het stromingsveld
als de vlamstabilisatie beïnvloedt. Bovendien speelt de lift-off hoogte van de vlam een
cruciale rol in de lokale brandstof-luchtmenging en NO-vorming, en verschuift deze de
balans tussen NO-vormingsmechanismen die bijdragen aan de totale NO-productie.

Het vijfde en laatste deel bouwt voort op de inzichten uit de voorgaande hoofdstuk-
ken, waarin de momentumfluxverhouding werd geïdentificeerd als een belangrijke fac-
tor in de brandstof-luchtmenging. Dit hoofdstuk onderzoekt daarom hoe variaties in de
momentumfluxverhouding tussen brandstof en lucht de stabiliteit van de verbrandings-
kamer en de emissies beïnvloeden. Deze verhouding wordt aangepast door de diame-
ter van de brandstofinlaat te wijzigen. De studie beoordeelt hoe deze aanpassingen de
vlamstabilisatie en het operationele bereik van het verbrandingssysteem beïnvloeden.
De emissie-analyse, gebaseerd op uitlaatgasmetingen en de ruimtelijke verdeling van
NO, beoordeelt de effecten op de NO-emissies. De resultaten worden geïnterpreteerd in
de context van het menggedrag van de brandstof en lucht, wat voortbouwt op de inzich-
ten uit het tweede deel van dit proefschrift. De bevindingen tonen aan dat een hogere
momentumfluxverhouding het mengen bevordert en de NO-emissies verlaagt. Hoewel
het mechanisme van vlamstabilisatie onveranderd blijft, verschuift de vlampositie bij
hogere verhoudingen dichter naar de injector, wat leidt tot een verlaging van de flash-
back-limieten van het systeem.

Dit proefschrift biedt een fundamenteel inzicht in de processen en parameters die
de stabiliteit en emissies bepalen in een gedeeltelijk voorgemengde, brandstofflexibele
swirl-gestabiliseerde verbrandingskamer. De bevindingen verschaffen waardevolle in-
zichten in de wisselwerking tussen brandstofsamenstelling, injectorontwerp en stromings-
veldkarakteristieken, en hoe deze factoren de stabiliteitslimieten, emissies en de alge-
hele prestaties van de verbrandingskamer beïnvloeden. Door een systematisch onder-
zoek binnen een goed gekarakteriseerde geometrie konden duidelijke trends en onder-
liggende mechanismen worden geïdentificeerd, wat een solide basis legt voor het toe-
komstige ontwerp en de optimalisatie van brandstofflexibele verbrandingskamers. De
verkregen inzichten zijn breed toepasbaar en van groot belang voor de ontwikkeling van
verbrandingssystemen van de volgende generatie.
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1
INTRODUCTION

The urgency of transitioning to sustainable practices has never been greater due to the
escalating effects of climate change. The Paris Agreement from 2015 represents a global
commitment to keep the temperature increase below 2°C above pre-industrial levels,
with the ambition to limit the increase to 1.5°C. Achieving this goal would have required
global greenhouse gas emissions to peak by 2025, followed by a 43 % reduction by 2050
[1]. However, with emissions still on the rise, reaching this target is becoming highly un-
likely. Carbon dioxide (CO2) emissions contribute approximately 76 % of global green-
house gas emissions, largely driven by the energy and transportation sectors [2]. While
efforts to decarbonize these sectors are ongoing, progress varies across applications.
Battery technology offers a promising solution for road transport, where electrification is
rapidly advancing. In contrast, sectors such as aviation and large-scale power generation
continue to rely on combustion engines due to their high energy density requirements.

At the same time, the aviation sector is growing fast, and is expected to continue to
grow around 4 % annually over the next 20 years [3]. Additionally, global power demand
is expected to rise sharply, driven by widespread electrification and the rapid growth of
renewable energy. A notable share of this increase will come from data centres, with
artificial intelligence emerging as the primary driver of their growing energy consump-
tion [4]. In this evolving energy landscape, high-efficiency gas turbine power plants will
play an increasingly important role. Their ability to provide flexible, dispatchable power
makes them essential for stabilizing grids that rely on intermittent renewables. Modern
gas turbines are a critical component of the transition toward a low-carbon energy fu-
ture, ensuring reliability while supporting the shift to sustainable energy sources, with
fuel efficiencies now reaching up to 63 % [5].

To meet the increasing energy demand while striving to meet the goals of the Paris
Agreement, there is a need for more sustainable fuels than conventional carbon-based
options. One of the most promising alternatives to carbon-based fuels is hydrogen (H2),
primarily because it burns without producing carbon emissions. Its combustion results
in water as the main by-product, making it a cleaner and more sustainable fuel option.
Hydrogen can be produced from various sources, each categorized by a colour code that
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reflects their production method (see Figure 1.1). Most hydrogen production methods,
except of green and pink hydrogen, rely on fossil fuels as energy source. As a result, sig-
nificant amounts of CO2 and methane (CH4) are emitted during the production process.
Green hydrogen, produced via electrolysis of water using renewable energy, is the most
sustainable production option. However, its production costs remain significantly high,
and it heavily depends on the availability of renewable energies. Currently, green hydro-
gen accounts for only about 1% of total hydrogen production, whereas coal-based hy-
drogen represents roughly 62%. By 2045, green hydrogen is projected to contribute ap-
proximately 45% of production [6]. In addition to production challenges, the low density
of hydrogen makes its storage and transport a significant technical hurdle [7, 8]. These
factors hinder the large-scale adoption of hydrogen production and introduce uncer-
tainty about its availability in the near future.

As a result, it is essential to develop combustion systems that can operate in a fuel-
flexible manner, capable of using a wide range of fuel mixtures, from conventional fossil
fuels to pure hydrogen.

Coal

Gasification
Steam Methane

 Reforming Gasification Pyrolysis Electrolysis Electrolysis

Natural Gas Natural Gas Natural Gas Renewable
Electricity

Nuclear
Electricity

Color

Process

Source

Brown
Hydrogen

Grey
Hydrogen

Blue
Hydrogen

Turquoise
Hydrogen

Green
Hydrogen

Pink
Hydrogen

Figure 1.1: Colours of hydrogen (H2) based on the production method.

1.1. MOTIVATION
Hydrogen has significantly different combustion characteristics than carbon-based fu-
els, making the design of fuel-flexible combustion chambers challenging. At the same
equivalence ratio, the higher adiabatic flame temperature for hydrogen compared to
carbon-based fuels leads to increased Nitrogen oxide (NOx) emissions. NOx emissions
are formed during combustion when nitrogen (N2) and oxygen (O2) in the air react. Al-
though the contribution of NOx emissions to global warming is considerably smaller
than that of CO2 [2], NOx still acts as an indirect greenhouse gas and contributes to cli-
mate change [9]. In order to minimize NOx, it has become standard in many power
generation processes using hydrocarbon fuels to fully premix the fuel and oxidizer be-
fore the combustion process. This guarantees a uniform temperature distribution in the
flame and consequently controls NOx emissions, which are strongly temperature depen-
dent. However, the high reactivity and flame speed of hydrogen can shift the position of
the flame in the combustion chamber, increasing the risk of flashback in fully premixed
cases, where the flame can move upstream into the premixing zone [10, 11]. Flashback
poses a serious safety risk by imposing a high thermal load on solid components.
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To avoid flashback, a more suitable option for hydrogen combustion compared to
fully premixing involves partial premixing of the fuel and the oxidizer by injecting the
fuel as late as possible upstream of the combustion chamber, while still ensuring a high
degree of fuel-air mixing. This is a widely used approach to keep the NOx emissions low
while minimizing the flashback risk. New combustion concepts or modifications to ex-
isting geometries are essential to enable partial premixing in fuel-flexible combustion
systems. One example of a new approach is the micro-mix concept, which shows great
potential for maintaining low NOx emissions for both methane and hydrogen flames
[12], while avoiding the risk of flashback, as the fuel enters the combustion chamber in
a non-premixed manner. This combustion concept is based on a cross-flow mixing of
gaseous fuel with air, which reacts in multiple small diffusion flames. By creating those
micro flames with a short residence time of the products in the flame region, this results
in a low NOx formation. Implementing the micro-mix concept requires substantial mod-
ifications to the combustion chamber geometry and introduces a high pressure drop
across the injector, which negatively impacts the gas turbine performance. This causes
adoption in short term not to be feasible. As a stopgap solution, existing geometries can
be modified to enable the accommodation of a range of fuel mixtures of conventional
fuel to hydrogen.

Swirl-stabilized combustion is the most conventional form of flame stabilization in
modern gas turbines and aero-engines. If the swirl number is high enough, a Central Re-
circulation Zone (CRZ) forms in the combustion chamber (see Figure 1.2), which aero-
dynamically anchors the flame away from the solid components [13]. This recirculation
of hot combustion products back into the reaction zone, combined with low velocity
regions in the Inner Shear Layer (ISL) and Outer Shear Layer (OSL), allows flames to sta-
bilize even under very fuel-lean conditions. Apart from the CRZ, the flow field features
a Outer Recirculation Zone (ORZ). The ORZ forms due to the sudden expansion of the
cross-section between the premixing section and the combustion chamber.
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Figure 1.2: Flow field of the high-swirl burner investigated in this thesis. The illustration highlights key features
such as the central and outer recirculation zones and the shear layers.

Stationary gas turbines are well-suited for fuel flexibility with hydrogen because they
operate in controlled environments and can be gradually adapted to burn hydrogen or
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hydrogen blends. Some modern heavy-duty gas turbines, like the GE B/E series [14], are
already capable of burning the full range from 100 % natural gas (or methane) to 100 %
H2 in a diffusion mode. Additionally, the Ansaldo GT36 can achieve 100 % H2 combus-
tion with a unique sequential combustion concept, one premix stage followed by an
auto-ignited second stage, overcoming the limits of traditional premixed combustion
systems [15]. For traditional (partially) premixed swirl-stabilized configurations, the GE
Vernova’s 9HA [16] (see Figure 1.3a) and the Siemens SGT5-9000HL [17] (see Figure 1.3b)
have demonstrated the capability to operate with hydrogen content up to 50 % in vol-
ume in the fuel mixture while maintaining low NOx emissions. However, no gas turbine
on the current market is capable of operating entirely fuel flexible up to 100 % H2 in a pre-
mixed mode. Therefore, further research is needed to understand the flame stabilization
mechanisms as well as pollutant formation in swirl-stabilized combustion chambers.

a) b)

Figure 1.3: Modern gas turbines operating designed for fuel-flexible up to 50 % H2 content in the fuel mixture
in premixed configuration. (a) GE 9HA gas turbine [16] (b) Siemens SGT5-9000HL gas turbine [17].

While much of the current development focuses on stationary gas turbines, also in-
terest in fuel-flexible combustion systems for aviation has grown in recent years. Several
projects, like the Clean Aviation CAVENDISH project [18], the APPU project [19], and
the HOPE HORIZON project [20] are looking into the feasibility of dual-fuel combustor
systems (capable of operating on 100 % H2 and 100 % Sustainable Aviation Fuel (SAF)).
However, testing dual-fuel combustion with hydrogen and SAF introduces challenges
due to their different combustion properties. While hydrogen burns in gaseous phase
and is therefore easier to inject, kerosene requires atomization and evaporation. Testing
dual-fuel combustion in real flight scenarios adds further complexity, since significant
changes to the aircraft are required, which raises the concern of safety and high costs. In
contrast, stationary gas turbines provide a more immediate and controlled platform for
advancing hydrogen combustion technologies, particularly with dual gaseous fuels such
as methane and hydrogen.

Exploring the extensive parameter space necessary to identify the effective combus-
tor design changes to achieve fuel flexibility, together with the need to understand fun-
damental phenomena like NOx formation and flashback mechanisms, presents a signif-
icant challenge. Real-scale gas turbine combustion chambers are often not suitable for
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such detailed investigations due to limited optical access, high costs, and safety con-
straints when handling hydrogen-rich mixtures. This makes laboratory-scale experi-
ments an essential and practical alternative. Laboratory-scale setups provide a cost-
effective and flexible platform for investigating fuel-flexible (CH4/H2) swirl-stabilized
flames under well-controlled conditions. They allow optical access to the combustion
chamber for detailed measurements and enable the safe exploration of innovative com-
bustion concepts, delivering fundamental insights at a low Technology Readiness Level
(TRL) before advancing to higher TRLs.

1.2. KNOWLEDGE GAP
Most laboratory studies investigating the effect of hydrogen enrichment in CH4/H2 swirl-
stabilized flames have not investigated hydrogen contents above 80 % H2 by volume [21].
Given the low molecular weight of hydrogen, transitioning from 80 % to 100 % H2 repre-
sents a significant change in fuel composition in terms of both mass and energy con-
tent. This alteration affects both the chemical and the physical processes occurring in
the reacting flow, thereby posing considerable challenges for the combustor operation.
To stabilize 100 % H2 flames, a suitable approach identified in the literature is Axial Air
Injection (AAI), where a portion of the total combustion air is injected as non-swirling
jets along the centreline of the swirling flow. Reichel et al. [22] demonstrated that AAI
can stabilize hydrogen flames up to stoichiometric conditions, while maintaining low
NOx emissions. Although bluff-body stabilization also can support stable combustion of
100 % H2 flames [23], AAI offers the additional benefit of aerodynamically stabilizing the
flame, which in turn reduces the thermal load on surrounding solid components.

H2 = 0% H2 = 30% H2 = 60% H2 = 100%

Figure 1.4: Flame shapes of the dual-fuel (CH4/H2) swirl-stabilized combustor investigated in this thesis for
different volumetric hydrogen contents at a constant thermal power.

Figure 1.4 presents several flames with varying hydrogen content in the fuel at con-
stant power, measured in the TU Delft swirl-stabilized burner studied in this thesis,
which deploys the concept of AAI [24, 25]. As the hydrogen content increases, the over-
all characteristics of the flame change noticeably. The flame becomes more compact
and stabilizes further upstream. Additionally, its shape transitions from a V-shape to a
shorter, wider structure. These differences highlight the distinct combustion properties
of H2 compared to CH4 and the challenges of designing a combustor capable of operat-
ing efficiently with both fuels.

Ensuring rapid mixing of fuel and oxidizer in partially premixed swirl-stabilized ge-
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ometries before entering the combustion chamber remains a significant challenge. The
most common ways to inject the fuel into the air are perpendicular to the swirling flow
(jet in cross-flow configuration) or parallel to the swirling flow (jet in co-flow configu-
ration). The jet in cross-flow configuration possesses a high potential to mix the fluid
streams more efficiently and faster than other configurations like the jet in co-flow con-
figuration [26]. Therefore, this injection concept is used in the injectors of many gas
turbines [27]. However, the mixing process in jet in cross-flow is complex, as it is sig-
nificantly influenced by a diversity of parameters, like the fuel jet momentum, the fuel
Reynolds number, and the fuel density [28]. This makes it challenging to predict the
degree of mixing in systems designed for fuel flexibility, where fuel properties can vary
significantly. Additionally, while mixing of a jet in cross-flow configuration with an axial
cross-flow has been studied comprehensively, the effect of a swirling cross-flow on the
mixing process remains largely unexplored.

Many aspects of the mixing behaviour, flow field, and combustion processes in par-
tially premixed swirl-stabilized combustion are not yet fully understood, particularly re-
garding their complex interactions. While certain individual features have been stud-
ied in detail, a comprehensive understanding of how they interact is still lacking. Swirl-
stabilized combustion using jet in cross-flow in combination with flow features like AAI
and a varying fuel composition of the fuel jets is inherently complex, requiring an exami-
nation of how various parameters interact. To date, the key design and operating param-
eters that determine combustor performance in a dual-fuel (CH4/ H2) swirl-stabilized
burner have not been fully established. In order to operate on both carbon-based fu-
els and hydrogen within the same combustion chamber, it is essential to identify the key
design and operating parameters that influence flame stability and emissions. These pa-
rameters provide essential input for developing design and operational considerations
when retrofitting existing combustor geometries.

1.3. RESEARCH AIM AND METHODOLOGY
In order to uncover the underlying parameters that determine combustor performance
in CH4/H2 fuel-flexible combustion chambers

Main research goal

This work aims to identify the governing parameters for flame stability and emis-
sions in partially premixed swirl-stabilized CH4/H2 flames with Axial Air Injection

The key design and operating variables that are hypothesized to influence flame sta-
bility and emissions based on the literature survey are outlined in Figure 1.5. These
include the fuel injection strategy (the fuel density ρ and the momentum flux ratio J ),
operating conditions (equivalence ratio ϕ, thermal power P th, and the volumetric hy-
drogen content in the fuel X H2), and the geometric design parameters, including the
swirl number and the level of AAI. Throughout this thesis, the impact of these variables
on flame stability (flashback and blowout) and emissions is evaluated. To achieve this,
their influence on stability and emission indicators—such as the degree of fuel-air mix-
ing and the flame front location—is assessed. These indicators are then compared with
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the measured emissions and stability limits of the combustor to identify correlations be-
tween the indicator values and the measured flame stability and emission levels.

From this analysis, the dominant design and operating variables that govern flame
stability and emissions are identified. These relationships provide insight into the funda-
mental causes of variations in combustor performance, thereby revealing the key mech-
anisms driving stability and emissions in a partially premixed swirl-stabilized combus-
tor. This understanding can contribute to the development of design considertations for
achieving flashback-free operation with low emissions.

The following specific sub-research questions are answered in this work:

Subquestion 1

What are the effects of the geometric parameters and the operating conditions on
the flow field in a non-reacting swirl-stabilized combustor with AAI and jet in cross-
flow fuel injection?

Subquestion 2

How do the momentum flux ratio, the density ratio, and AAI affect fuel-air mixing in
a jet in swirling cross-flow configuration?

Subquestion 3

What is the effect of AAI on the emissions and operational range of CH4/H2 swirl-
stabilized flames?

Subquestion 4

What is the effect of the flow field (AAI, fuel injection, CRZ) on the NO emissions?

Subquestion 5

What is the effect of the momentum flux ratio on the emissions and operational
range of CH4/H2 swirl-stabilized flames?

This research was conducted experimentally in a laboratory scale dual-fuel swirl-
stabilized burner that incorporates the concept of AAI for stabilizing hydrogen flames.
Given the extensive parameter space needed to isolate the dominant design and operat-
ing parameters and the large domain, computational studies employing Direct Numer-
ical Simulation (DNS) or Large Eddy Simulation (LES) would require long simulation
times. Experimental studies at a lab scale, on the other hand, allow for the exploration
of a wide range of conditions. This study relies on the application of several optical and
non-optical measurement techniques to measure the relevant parameters determining
emissions and flame stability. To address the knowledge gap identified in Section 1.1,
this study deploys Particle Image Velocimetry (PIV) and planar laser imaging to visual-
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Figure 1.5: Illustration of the research conducted to identify the dominant parameters affecting flame stability
and flashback, aimed at deriving design rules and an overview of the investigated variables.
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ize the flow field in the combustion chamber in reacting and non-reacting conditions, as
well as the mixing process in the non-reacting conditions. Additionally, the flame shapes
and spatially resolved concentration of minor species (OH & NO) are obtained by PLIF
and OH* chemiluminescence. Moreover, probe measurements are used to measure the
exhaust gas composition after combustion.

1.4. DISSERTATION OUTLINE
The dissertation structure can be seen in Figure 1.6 and is as follows:

CHAPTER 2 provides the theoretical background for this dissertation. It includes a re-
view of the relevant literature on swirl-stabilized CH4/H2 combustion, mixing in a
jet in cross-flow, NOx formation mechanisms, and flashback phenomena in swirling
flames. Furthermore, it presents research on the effects of hydrogen enrichment
on methane flames, focusing on emission characteristics and flame stability. The
chapter concludes with an overview of state-of-the-art burner geometries for swirl-
stabilized H2 combustion.

CHAPTER 3 gives an overview of the methodology used in this work. This chapter de-
scribes in detail the geometry and operating conditions of the experimental set-up
for the reacting and non-reacting studies. Additionally, it provides an overview of
the measurement techniques and post-processing methods used in this work.

CHAPTER 4 answers Subquestion 1, by examining the non-reacting flow field within
the combustion chamber under varying geometric parameters (AAI, swirl num-
ber, and confinement ratio) and different fuel compositions as well as the mo-
mentum flux ratio between fuel and air. This chapter presents an analysis of the
time-averaged flow field and explores the characteristics of the unsteady flow us-
ing Spectral Proper Orthogonal Decomposition (SPOD). The primary focus is on
the dynamics of the Precessing Vortex Core (PVC).

CHAPTER 5 answers Subquestion 2 by assessing how the mixing in a jet in cross-flow
configuration is affected by different parameters. The focus lies on the effects of
the momentum flux ratio and the density ratio of fuel and air, as well as the role of
AAI and the swirl number. The mixing is experimentally evaluated in non-reacting
conditions, by seeding a surrogate fuel stream with DEHS droplets and measuring
the droplet concentration in the premixing section by means of Mie scattering of
the particles. The mixing process for different fuel compositions is analysed for
varying levels of AAI and fuel jet compositions at two different swirl numbers.

CHAPTER 6 answers Subquestion 3 by examining how AAI affects the combustor per-
formance for two different swirl numbers across different levels of hydrogen in
the fuel mixture. This includes an analysis of the exhaust gas emissions at vary-
ing levels of AAI. Additionally, the operational range of the combustor is evaluated
to determine the effect of AAI on the flashback resistance and blowout limits of
the combustor. A flow field analysis and a comparison of the flame shapes and
stabilization mechanisms give insights into how the flames are anchored in the
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Figure 1.6: Layout of the dissertation.

combustion chamber and how the flame and flow field interact for the varying op-
erating conditions.

CHAPTER 7 answers Subquestion 4 by exploring how the flow field in the combustion
chamber relates to the NO emissions. The planar NO distribution within the com-
bustion chamber is compared with the planar flow field and the location of the
flames in the combustion chamber, to identify where NO is formed and to under-
stand the role of different flow features in this process. Additionally, the NO dis-
tribution inside the combustion chamber is compared with measured exhaust gas
values to assess how NO distribution impacts overall NO emissions in the exhaust.
This is assessed for varying levels of AAI and hydrogen content.

CHAPTER 8 answers Subquestion 5 by investigating the effect of the fuel injection strat-
egy (varying momentum flux ratio in jet in cross-flow configuration) on the emis-
sions and operational range of the dual-fuel combustor by means of an exhaust
gas analysis and OH and NO PLIF. This analysis aims to determine what the effect
of the momentum flux ratio on the NO emissions is and whether the flashback
resistance is affected across the full range of hydrogen concentrations.

CHAPTER 9 presents the overall conclusions, summarizing the findings of the previous
chapters into design recommendations based on the identified dominant param-
eters. They also highlight the key contributions of this work, discusses the limita-
tions, and provides an outlook for future work.



2
THEORETICAL BACKGROUND

This chapter provides the necessary background for the following chapters of this disser-
tation. It begins with an exploration of swirling flows, outlining methods for quantifying
swirl strength and describing the swirling flow aerodynamics. Next, it reviews literature
on swirl-stabilized combustion, focusing on the effect of the swirl number on the flame
characteristics as well as the effect of combustion on the PVC dynamics. The chapter also
summarizes the different NO formation mechanisms. This is followed by a discussion of
key mixing mechanisms in jet in cross-flow configurations. Subsequently, the combus-
tion characteristics and fuel properties of hydrogen as an alternative fuel are discussed.
Furthermore, the operational range of gas turbines is described, with particular empha-
sis on the mechanisms of flashback and blowout. Finally, the chapter concludes with a
review of relevant studies on the effects of hydrogen enrichment in methane flames, par-
ticularly regarding emissions and stability, and presents geometries that can be found in
literature for partially-premixed hydrogen swirl-stabilized flames.

2.1. SWIRLING FLOWS
Swirling flows play a crucial role in a wide variety of industrial applications. In non-
reacting scenarios, they are utilized in devices such as vortex amplifiers and heat ex-
changers. In reacting systems, swirlers are extensively employed in combustion applica-
tions, including gas turbines and industrial furnaces.

QUANTIFICATION OF SWIRL

The intensity of swirl can be defined with the non-dimensional swirl number proposed
by Beér et al. [29]. The swirl number given in Equation 2.1 is defined as the axial flux
of tangential momentum Gθ (Equation 2.2) divided by the axial thrust Gx (Equation 2.3)
times the outer radius of the swirl r 0

Sw = Gθ

r 0 ·Gx
(2.1)

13
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Figure 2.1: Left: High swirl flow field featuring a CRZ, Right: Low swirl flow field, figure taken from [30].

Gθ =
∫ R

0
(ρW r )(U 2πr )dr (2.2)

Gx =
∫ R

0
(ρU )(U 2πr )dr +

∫ R

0
p2πr dr (2.3)

In these equations, U denotes the axial velocity component, W the tangential veloc-
ity component, ρ the fluid density, and p the static pressure within any cross-section of
the swirling flow. Accurately determining the pressure distribution and precise velocity
components is complex. To circumvent this difficulty, Beér and Chigier [29] proposed to
disregard the pressure term in Equation 2.3, provided the outlet flow conditions of the
swirler are used to define the swirl number. Consequently, Equation 2.3 remains solely
reliant on the axial velocity profile at the swirler outlet.

Based on the swirl number, the swirling flow can be classified as high swirl (Sw >0.6)
and as low swirl (Sw < 0.5). Both regimes are shown in Figure 2.1. Introducing swirl
to a previously non-swirling jet generates a radial pressure gradient that significantly
influences the flow dynamics. As the jet expands downstream, the tangential velocity
diminishes, reducing the radial pressure gradient. Upstream, a stronger radial pressure
gradient induces a negative axial pressure gradient near the centreline, slowing the ax-
ial velocity along the jet core. With increasing swirl intensity (and above Sw = 0.6), this
velocity reduction becomes more pronounced, eventually reversing the flow and form-
ing a CRZ. Two main types of vortex breakdown have been observed. The bubble type
vortex breakdown is characterized by the presence of an approximately axisymmetric,
spheroidal recirculation zone (bubble) of size the same order as that of the vortex core.
The flow field surrounding the bubble closely resembles that of a spherical rigid body, re-
sulting in a shift from a jet-like profile upstream to a wake-like pattern downstream. The
cone type vortex breakdown is characterized by a CRZ with a conical shape, where the
swirling jet undergoes significant radial expansion downstream of the stagnation point.
This forms a thin conical sheet with a wide opening angle. This sheet extends over a
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considerable distance before eventually contracting again, which results in a large recir-
culation zone [31]. The size and position of the CRZ is dependent on the level of swirl [29,
32], with an increased entrained mass flow, increased jet opening angle with increased
swirl number and more upstream location of the CRZ. A detailed review of the vortex
breakdown mechanisms can be found in [13, 33]. Between 0.5 < Sw < 0.6 there is a tran-
sition swirl regime. During this transition phase, the swirl intensity is not high enough
for vortex breakdown to occur, but can still occur with the support of the chamber ge-
ometry and turbulence levels.

AERODYNAMICS OF SWIRLING FLOWS

The vortex breakdown pattern for aerodynamic flame stabilization in swirl burners with-
out a centre body is strongly governed by the vorticity transport equation. The inviscid
vorticity transport equation is given by:

Dω

Dt
= δ

δt
(ω)+ (u ·∇)ω= (ω ·∇)u −ω(∇·u)+ 1

ρ2 (∇ρx∇p) (2.4)

Where ω is the vorticity, u the velocity vector ρ the density and p the pressure. The
first term on the right-hand side of the equation represents the effect of stretching and
tilting of vortices, which is the only transport term present in isothermal conditions. The
second describes the vorticity transport term due to volume expansion due to heat re-
lease, and the third term accounts for the vorticity generation due to baroclinic torque.
In a steady, inviscid, and axisymmetric flow, the vorticity components are given by [34]:

ζ= 1

r

δ(r V )

δr
,ξ=−δU

δz
,η= δU

δz
− δW

δz
(2.5)

Where ζ, ξ and η are the radial, axial and azimuthal vorticity components, respec-
tively. U , V and W are the axial, radial and azimuthal velocity components, respectively.
The azimuthal vorticity induces in the case of rotational symmetry an axial velocity com-
ponent according to the law of Biot-Savart, which is given as follows [35]:

U ind(z) = 1

2

∫ ∞

−∞

∫ ∞

0

r ∗2 η(r∗, z∗)

[r ∗2 +(z − z∗)2]3/2
dr ∗d z∗ (2.6)

If a swirling flow passes through a diverging section, such as a combustion cham-
ber, the radii of the stream surfaces increase. This effect is driven by centrifugal forces
resulting from the swirling motion of the flow. Due to the conservation of angular mo-
mentum, the azimuthal velocity decreases in the axial direction, leading to a reduction in
azimuthal vorticity. If this decrease in azimuthal velocity is significant enough to cause
the azimuthal vorticity η to become negative, the stagnating core flow ejects fluid out-
ward, further increasing streamline divergence. As a result, the additional decrease in az-
imuthal velocity generates more negative azimuthal vorticity, initiating a feedback loop
that ultimately leads to abrupt vortex breakdown. In both the non-reacting case and all
reacting cases where the flame stabilizes within the combustor, the position of the up-
stream end of the recirculation bubble is determined by the balance between axial flow
and the induced velocity opposing the main flow.
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2.2. SWIRL-STABILIZED COMBUSTION
Swirl-stabilized combustion is state-of-the-art in most gas turbines. As explained in the
previous section, if the level of swirl is high enough, a toroidal CRZ forms, due to the
generation of a positive pressure gradient along the axial axis. This recirculation zone
plays a crucial in the flame stabilization process, by recirculating heat and active radicals
back into the reaction zone. Additionally, the low velocity region in the CRZ serves as an
aerodynamic flame holder, stabilizing the flame away from solid components, where the
local flow speed match the flame speed.

Finally, recirculating hot gases into the reaction zone and promoting rapid mixing
near the exit nozzle reduces the flame length, potentially reducing it to as little as one-
fifth of that observed in a non-swirling flame [29, 36]. The qualitative representation of
a swirl-stabilized flow field with the recirculation zones and shear layers, as shown in
Figure 1.2, applies to a wide range of Sw and Re numbers, including those typical of gas
turbine operating conditions [37].

EFFECT OF COMBUSTION IN SWIRLING FLOWS

The central recirculation zone (CRZ) is the most relevant flow feature for the flame sta-
bilization, by recirculating hot combustion products and radicals back to the unburnt
mixture, sustaining continuous flame ignition. The outer recirculation zone (ORZ) is
significantly influenced by high heat transfer rates to the combustion chamber walls,
making it less effective at sustaining the flame. The presence of combustion can have a
dominant effect on the swirling flow field. Under reacting conditions, both the size and
strength of the CRZ typically decrease [36, 38]. Here, the strength of the CRZ refers to the
ratio of reverse flow to inlet flow at a certain streamwise location, whereas the size de-
notes the extent of the region exhibiting negative axial velocity within the flow field. This
reduction occurs because heat release causes thermal expansion of the gas, increasing
the axial velocity more than the tangential velocity. The change in axial velocity depends
on both the overall amount of heat released and the location of heat release. When the
flame stabilizes close to the upstream end of the recirculation zone, it can strongly influ-
ence the velocity field. In contrast, if the flame stabilizes much further downstream its
impact on the velocity field becomes minimal [39]. The strength of the CRZ during com-
bustion is related to the effective swirl number, which accounts for combustion induced
changes in tangential and axial velocities [38]. In reacting cases, the negative axial veloc-
ities within the CRZ can be overall higher than in non-reacting cases. As a result, vortex
breakdown can appear in some reacting cases, whereas no vortex breakdown occurs in
the corresponding non-reacting case. This can be explained with the adverse pressure
gradient present in swirling flows

δp

δz
= δ

δz

∫ R

0
ρ[W 2/r ]dr (2.7)

This equation demonstrates, that when the gas density ρ decreases due to combus-
tion while the tangential velocity W remains relatively constant, the adverse pressure
gradient δp/δz will increase [39]. This adverse pressure gradient acts as a force in the
negative z-direction. Additionally, the previously mentioned baroclinic torque, which
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produced negative η in swirl-stabilized flames contributes to the generation of negative
axial velocity.

Figure 2.2 presents the non-reacting and corresponding reacting flow fields for a CH4

flame in the TU Delft swirl-stabilized burner with a swirl number Sw = 0.7, obtained
using PIV. In the reacting case (Figure 2.2b), the axial velocities within the swirling jet are
significantly higher compared to the non-reacting case (Figure 2.2a). Additionally, the
size of the CRZ is reduced in the reacting case, as indicated by the contour of zero axial
velocity. Furthermore, the regions of high negative velocity within the CRZ (dark blue
areas) extend further downstream in the reacting case, suggesting either an increased
generation of negative velocity due to baroclinic torque or the presence of a stronger
adverse pressure gradient.

a) b)

Figure 2.2: Average streamwise velocity fields of the swirl-stabilized burner investigated in this thesis for the
(a) non-reacting condition and (b) the corresponding reacting condition.

EFFECT OF SWIRL NUMBER

Many studies focused on the effect of the swirl number on the flame characteristics. In-
creasing the swirl number in the reacting case leads to a more upstream position of the
flame in the flow field, which significantly increases the flashback risk. This is caused
by an increase in adverse pressure gradient δp/δz due to higher tangential velocities,
which serves as a force acting in the negative z-direction. Additionally, increasing the
swirl number decreases the height of flame [39, 40]. Increasing Sw to Sw > 1 has shown
to not significantly influence the height any more [39]. Beyond the flame structure, many
studies also focussed on the effect of the swirl number on the emissions. Generally it
has been observed, that a higher swirl number reduces CO and unburned hydrocarbon
emissions, as higher swirl numbers prolongs the residence time in the reaction zone,
helps to achieve complete combustion [41, 42]. Regarding NOx emissions, different
trends have been observed. Several studies report a decrease in NOx emissions with an
increase in Sw , attributed to stronger mixing as the turbulence intensity increases [41,
43]. However, other studies observe an increase in NOx emissions, resulting from longer
residence times in the reaction zone [44]. As a result, the effect on NOx emissions reflects
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the balance between enhanced mixing, which tends to reduce emissions, and increased
residence time, which tends to promote them.

In summary, the impact of heat release on swirling flow fields is strongly dependent
on the specific flow and flame characteristics, and often requires case-by-case analysis
for each geometry. Combustion has a significant influence on the flow field, making it
insufficient to base combustor design solely on non-reacting studies. Nevertheless, non-
reacting flow field investigations can still offer valuable insights into the effects of op-
erating and geometrical parameters, without the added complexity introduced by heat
release.

PRECESSING VORTEX CORE

The formation of a CRZ is often accompanied by a precessing vortex core (PVC). The
PVC is a self-excited single helical (azimuthal wave number m = 1) vortex structure that
precesses around the central axis of the flow. Figure 2.3 shows the PVC structure illus-
trated with the p = 101200 Pa isoline in the TU Delft swirl stabilized burner for Sw = 1.1.
The PVC is wrapped around the central vortex breakdown bubble and the windings are
directed opposite to the swirl direction. The PVC originates from a region of absolute
instability in the ISL, then grows to the OSL, and finally might impose its frequency on
the whole flow field [45] in the combustion chamber.

The PVC can significantly influence the combustor performance. It can affect the
flame-vortex interaction, which can lead to global heat release oscillations, potentially
inducing thermoacoustic instabilities [46]. It also can enhance mixing by promoting
large-scale coherent structures. Early research showed that the PVC can improve flame
stability and reduce NOx emissions, by enhancing the vortex-induced fuel-air mixing
close to the combustion chamber inlet [47, 48]. Later research however, has shown that
the presence of the PVC might also increase NOx emissions, due to an increase in flame
surface in the ISL, which locally increases the residence time of hot products [49].

The presence and characteristics of the PVC in the non-reacting conditions depend
on various factors, including the swirl number and operating conditions. The PVC fre-
quency follows a linear trend with increasing mass flow rate [50], and the frequency in-
creases with increased swirl number [51].

For turbulent flows, at a constant swirl number, the Strouhal number is independent

of the Re number. The Strouhal number is defined as Sr PVC = f d MT
U∞ , where f is the fre-

quency of the PVC, d MT is the diameter of the tube and U∞ is the velocity of the incoming
flow. Sr increases linearly with increasing swirl number [51, 52]. The presence and type
of PVC is also dependent on the swirl number and the type of vortex breakdown. If the
swirl number is too low, e.g. Sw < 0.6, no vortex breakdown occurs, and consequently
no PVC is formed. If the swirl number is high enough, and a bubble type vortex break-
down occurs, the flow field typically exhibits a strong PVC at a distinct frequency. For a
cone type vortex breakdown the PVC is much less consistent, which can be seen in much
noisier shapes in the coherent structures of the flow field and varying PVC frequencies
[53].

In the reacting case, the PVC presence is strongly dependent on the flame shape. For
flames lifted off the injector (M-flames), the PVC is typically sustained in the reacting
case. For flames attached to the injector (V-flame), the PVC is suppressed [50]. If the
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Figure 2.3: PVC illustrated with the p = 101200 Pa isoline. Visualization from in-house LES simulations, Cour-
tesy of G. Ferrante [24].

flame is attached, there is a strong density gradient between the high densities in the
swirling jet of unburnt gas, and low densities in the burnt gas in the CRZ and ORZ. This
density gradient introduces a baroclinic torque, which crucially affects the growth rate
of the instability, which eventually leads to the suppression of the PVC instability [50].
The frequency of the PVC in reacting conditions is slightly higher than in non-reacting
conditions, but still follows a linear trend with increasing mass flow rate Q̇ [50, 54]. Un-
derstanding the dynamics of the PVC is crucial because it can strongly influence flame
stability, mixing, and pressure oscillations in swirl-stabilized combustors.

2.3. NOx FORMATION

Nitrogen oxides (NOx) are produced during combustion through the reaction of nitrogen
N2 and oxygen O2 in the air, significantly contributing to global warming as an indirect
greenhouse gas [9]. Additionally, it significantly impacts human health and biological
ecosystems, causing effects such as acid rain and ozone depletion [55]. NOx emissions
are mostly composed of nitric oxide (NO) emissions, with smaller contributions from
nitrogen dioxide (NO2) and nitrous oxide (N2O). The formation of NOx in combustion
systems is primarily influenced by the flame temperature, the residence time of the reac-
tants in the high-temperature zone, and the availability of oxygen. In the combustion of
fuels that do not contain nitrogen compounds, nitrogen oxides (NO) are produced from
molecular nitrogen N2 in the air through the breaking of the nitrogen-nitrogen triple
bond. This process occurs through four distinct pathways, each involving a different
mechanism for breaking the N2 bond. In the next subsections, those mechanisms are
briefly described.
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ZELDOVICH OR THERMAL NO MECHANISM

Thermal NOx is formed through the high-temperature reaction of N2 and O2 in the com-
bustion air. This mechanism is described by the extended Zeldovich mechanism [56],
which includes the two following main reactions [57]:

N2 +O −−*)−− NO+N− (2.8)

N−+O2 −−*)−− NO+O (2.9)

The reaction between OH and N is important in fuel-rich combustion zones, where
the [OH]>>[O] ratio is high. This reaction is described by the following equation:

N−+OH −−*)−− NO+H (2.10)

The rate of thermal NOx formation increases exponentially with temperature, mak-
ing it a significant concern in high-temperature combustion systems. The first reaction
(Equation 2.8) is considered to be the rate determining reaction, and it is the one that
requires the most activation energy. This allows the reaction to proceed only at high
temperatures (T > 1800 K), therefore the name thermal NO formation mechanism. This
makes fuels with a higher adiabatic flame temperature, such as hydrogen, more suscep-
tible to thermal NO formation compared to hydrocarbon fuels.

If assuming that the initial concentration of NO is low, the overall rate of thermal NO
formation can be expressed as

d [NO]zeldovich

d t
= 2k f 1(T )[O][N2] (2.11)

Where k f 1 is the rate constant for the first reaction k f 1 = 1.8 ·1014 exp(-318kJmol−1/RT),
[O] and [N2] are the concentrations of oxygen and nitrogen, respectively. In most air-fed
combustion cases, the molecular nitrogen concentration remains relatively constant. As
a result, the formation rate of thermal NO primarily depends on temperature, through
the reaction rate k f 1, and the concentration of atomic oxygen.

PROMPT MECHANISM

NOx formation through the prompt or Fenimore mechanism [58] is most prominent in
fuel-rich flames, where the concentration of hydrocarbon radicals is high, and flame
temperatures are low. It is produced by the reaction of hydrocarbon radicals with ni-
trogen in the combustion air.

The rate determining reaction for this NO formation mechanism [59]

CH+N2 −−*)−− HCN+N (2.12)

Once the hydrogen cyanide (HCN) and nitrogen N are produced they react rapidly to
form NO. The actual formation involves a complex series of reactions and many possible
intermediate species. The route now accepted is as follows [57]:

HCN+O −−*)−− NCO+H (2.13)
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NCO+H −−*)−− NH+CO (2.14)

NH+H −−*)−− N+H2 (2.15)

OH+N −−*)−− NO+H (2.16)

Since the prompt mechanism is dependent on the concentration of CH radicals and
is fast compared to the main combustion reactions, the NO via this pathway is mainly
produced in the reaction zone [60].

N2 O MECHANISM

NO can also be formed through the N2O mechanism via the following reaction [57]:

N2 +O −−*)−− N2O (2.17)

The N2O then reacts with atomic oxygen or hydrogen to form NO:

N2O+O −−*)−− 2NO (2.18)

N2O+H −−*)−− NO+NH (2.19)

The N2O mechanism is particularly relevant in low temperatures and lean condi-
tions. Therefore, apart from lean-premixed combustion applications, it only plays a mi-
nor role compared to the Zeldovich mechanism and the prompt mechanism.

NNH MECHANISM

In this mechanism, NO is formed through the reaction of nitrogen and hydrogen atoms
[61]

N2 +H −−*)−− NNH (2.20)

Afterwards, the NNH oxidizes with oxygen to form NO and NH:

NNH+O −−*)−− NO+NH (2.21)

The NNH mechanism has been proposed to be the dominant mechanism in fuel-
rich hydrogen flames [62], where the temperature is too low for NO formation via the
Zeldovich mechanism, and no carbon atoms are present for the formation of prompt
NO.

2.4. MIXING OF JET IN CROSS-FLOW
A high degree of fuel-air mixing reduces NOx emissions by creating a more uniform tem-
perature profile in the flame, which limits the NOx formation via the thermal pathway.
Rapid mixing of fuel and oxidizer is especially important in partially premixed combus-
tion, where there is limited time to achieve complete mixing. Jets injected perpendicular
to the cross-flow (jet in cross-flow) have strong potential for achieving rapid mixing. As a
result, this technique is widely used in applications where efficient fuel–air mixing must
occur within a short time, such as in scramjets [63]. The mixing process is highly com-
plex due to various vortical structures forming in the flow field and depends on a wide
range of parameters.
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Figure 2.4: Illustration of jet in cross-flow vortices [64].

2.4.1. AXIAL CROSS-FLOW

Figure 2.4 shows an example of the flow and vortex structure of a jet in axial cross-flow
configuration [64]. The jet is injected perpendicular to the cross-flow, resulting in the
formation of a horseshoe vortex, a counter-rotating vortex pair (CVP), and a vortex pair
in the wake of the jet. The horseshoe vortex is formed by the interaction between the
jet and the cross-flow. The counter-rotating vortex pair in the jet wake is formed by the
shear layer between the jet and the cross-flow. The vortex pair in the wake of the jet is
formed by the jet shear layer. The interaction of these vortices significantly influences
the mixing process in the jet in cross-flow configuration. The horseshoe vortex and the
counter-rotating vortex pair enhance the mixing process by entraining the cross-flow
fluid into the jet, whereas the vortex pair in the wake of the jet enhances the mixing by
entraining the jet into the cross-flow. Additionally, the interaction of the vortices with
the wall can lead to the formation of secondary vortices and the entrainment of the wall
boundary layer into the flow, further improving the mixing process [64].

The mixing of the jet with the cross-flow is depending on many parameters, namely
the jet to cross-flow velocity ratio R = U jet/U crossflow, the jet to cross-flow density ratio
S = ρjet/ρcrossflow, the jet to cross-flow momentum flux ratio J = SR2, the jet Reynolds
number Re jet =U jetD/ν and the jet kinematic viscosity ν. The level of mixing has been
linked to the jet penetration depth into the cross-flow [65], where a greater jet penetra-
tion depth is associated with a higher degree of mixing. For a high degree of mixing, J
needs to exceed J > 20, in some cases it even J > 100 [66]. Several studies concluded
that J is the most dominant parameter in determining the degree of mixing [28, 65].
Figure 2.4 shows the instantaneous mixing field visualized with acetone PLIF imaging
of a jet in cross-flow configuration for J= 41 (right) and J = 5 (left) [64]. As observed,
the jet with a higher J (J = 41) penetrates much deeper into the cross-flow, indicating
enhanced mixing. Additionally, the case with J = 41 shows weaker shear layer instabili-
ties, resulting in delayed and less coherent vortices, which causes the jet to spread less
near the inlet. In contrast, the case with J = 5 exhibits a significantly more distorted jet
with stronger shear layer instabilities. However, for mixing applications, the penetra-
tion depth remains the key parameter for determining mixing efficiency. At constant jet
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Figure 2.5: Instantaneous mixing field visualized with acetone PLIF imaging of a jet in cross-flow configuration
for J = 5 (left) J = 41 (right) [64].

Reynolds number (Re jet) and momentum ratio (J), decreasing the density ratio S—and
thus increasing the velocity ratio R—reduces the jet penetration depth. This effect is
especially pronounced at high J values. To maintain a fixed Re jet, both the jet and cross-
flow velocities must increase as S decreases, leading to a thinner boundary layer. A thin-
ner boundary layer allows the cross-flow to act more immediately on the jet, causing it
to turn earlier and reducing its penetration depth.

2.4.2. SWIRLING CROSS-FLOW
While the behaviour of jets in cross-flow configurations with axial cross-flows is well un-
derstood, there is a gap in research concerning the mixing of transverse jets in swirling
flows. Given that swirling flows are commonly used in gas turbines and jet in cross-flow
configurations are promising for achieving a high degree of mixing, understanding the
mixing characteristics of this configuration is crucial. When the cross-flow is a swirling
flow, the velocity of the cross-flow is composed of an axial and a tangential component,
adding further complexities to the flow field. The momentum flux ratio J between the
jets and the swirling flow has been proposed as [67]

J swirl =
ρjetu2

jet

ρswirlu2
swirl,xo

· 1

(1+4Sw2)
(2.22)

Where ρjet and ρswirl are the density of jet and swirling flow stream respectively,
uswirl,xo is the initial axial velocity of the swirling stream, and Sw the initial swirl number.
Early studies have shown that swirl decreases the jet penetration depth of the jet com-
pared to an axial cross-flow (air jet into an air cross-flow). For a swirl number of Sw =
2.25 this reduction of the jet penetration depth was around 5 times with respect to the
axial cross-flow, for values between 0.05< J swirl < 9.27 [68]. A similar study has been con-
ducted with a helium jet into an air cross-flow, for values up to J swirl = 1 [69]. It has been
concluded that that swirl has a negative effect on the penetration depth, consequently
reduces the level of mixing. However, this can be offset by a low density ratio of the jet
to the cross-flow ρjet/ρcrossflow ≪ 1. This favourable density gradient was shown to push
the light jet fluid into the centre of the swirling flow. It was also shown that the density
effect could overcome the negative effect of swirl, achieving the same degree of mixing
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Figure 2.6: Visualization of helium jets in swirling cross-flow in the mixing tube, shown with iso surface of a
helium mass fraction Y He = 0.2, coloured by the axial velocity U . Courtesy of G. Ferrante [70].

compared to an axial cross-flow [69]. Both studies concluded that even at high J swirl,
the jets follow a spiral path and advance in the same direction as the swirling cross-flow.
This is illustrated in Figure 2.6, which shows the jet-swirling flow interaction visualized
with in-house LES simulations by the isoline of a helium mass fraction of Y He = 0.2. As
shown, the fuel enters the swirling flow perpendicularly but is deflected immediately
after entering the mixing tube, and then follows the swirling flow in a spiral path.

The mixing of hydrogen jets into a swirling cross-flow also has been investigated by
Tan et al. [67]. Figure 2.7 shows the spreading areas experimentally determined for dif-
ferent J swirl (left) and different swirl numbers Sw (right). The inserts show the RMS val-
ues of schlieren intensity, which quantify temporal fluctuations in refractive index gra-
dients. The values are normalized to allow comparison between operating conditions.
An increase in spreading area indicates an increase in mixing. As it can be seen, the jet
spreading area increases with increasing swirl number, This is especially pronounced
for higher levels of J swirl (J swirl > 5). For lower values of J swirl, the effect of change on
spreading area is relatively slight. It also can be seen that the degree of mixing increases
for increasing J swirl for a fixed swirl number.

2.5. OPERATIONAL RANGE OF GAS TURBINES

The operational range of gas turbines is defined by static stability limits, which include
flashback and blowout phenomena. Flashback is defined as the uncontrolled upstream
movement of the flame front into the premixing section, as a consequence of a local
imbalance between the flow speed and the flame speed. Blowout, on the other hand,
occurs when the flow speed exceeds the flame speed, causing the flame to lift off and
be extinguished as it is carried out of the combustion chamber. In addition to static sta-
bility limits, certain operating points may also exhibit combustion instabilities caused
by thermoacoustic coupling. Thermoacoustic instabilities are self-excited pressure os-
cillations that arise from a feedback loop between flow perturbations, unsteady heat re-
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Figure 2.7: Spreading areas measured from experiments for different J swirl (left) and different swirl numbers
S0 (right), inserts show the normalized RMS schlieren intensities [67].

lease, and acoustic waves [71]. These instabilities can lead to mechanical damage and
reduced combustion efficiency. However, the focus of this work is on the static stability
limits, therefore the following sections will only focus on the mechanisms of flashback
and blowout.

2.5.1. FLASHBACK
The mechanisms for flashback in (partially) premixed swirl stabilized systems has been
extensively discussed in literature [30, 72, 73]. Five different types of flashback were iden-
tified, which will be discussed in the following subsections.

FLASHBACK IN THE CORE FLOW

The first type of flashback, driven by flame propagation in the core flow, occurs when the
turbulent flame speed st exceeds the local flow velocity u0, allowing the flame to prop-
agate upstream into the injector due to the resulting velocity imbalance. This type of
flashback can occur in swirling as well as non-swirling flows. This mechanism is rela-
tively straightforward and can typically be mitigated through injector designs that main-
tain sufficiently high bulk flow velocities. When taking a conservative estimate of turbu-
lence intensity ur ms in a gas turbine combustor of around 20 % of u0, the criterion for
flame propagation is then [30]

st/ur ms > 5 (2.23)

Typical velocity fluctuations ur ms in a swirl-stabilized burner are between ur ms =
9–18 m/s. Lieuwen et al. [30] derived an estimation for the turbulent flame speed by us-
ing the Damköhler relationship between the turbulent and the laminar flame speed st ≈
sl + ur ms . In the worst-case scenario (sl ≈ 2.5 m/s for H2 flames) this leads to st/ur ms <
1.5, which is significantly lower than the st/ur ms = 5 required for flame propagation, in-
dicating that flashback against the bulk flow is not the most critical type of flashback for
swirling flows if the bulk velocity is sufficiently high. However, it still might be relevant



2

26 2. THEORETICAL BACKGROUND

in poorly designed flow field (e.g. combustors where vortex breakdown occurs in the
mixing tube, or the existence of strong wake regions with low velocities, for example the
wake of swirler vanes). A well-designed flow field with uniform and high axial velocities
and free of strong wakes provides flashback resistance against this type of flashback.

WALL BOUNDARY LAYER FLASHBACK

Boundary layer flashback occurs when the flame propagates into the boundary layer
along the wall of the premixing section. This type of flashback is driven by the interac-
tion between the flame and the low-velocity region near the wall. When the local flame
speed exceeds the local flow velocity within the boundary layer, the flame can propagate
upstream along the wall, leading to flashback. This mechanism is particularly critical in
systems with high wall temperatures or low flow velocities near the wall. Flame propaga-
tion along the wall is hindered by quenching, a process where chemical reactions cease
within a certain distance from the wall due to heat losses and third-body recombination
reactions. This region, where the flame cannot sustain itself, is defined as the quenching
distance δq . The flashback limit in a laminar flow can be expressed with a critical veloc-
ity gradient [74], defined as the ratio of the quenching distance δq to the turbulent flame
speed sl:

g f = sl/δq (2.24)

In turbulent boundary layers, whether g f is higher than in laminar flow depends on
the ratio between the laminar sublayer thickness and the quenching distance δq [75].
For hydrogen, the risk of boundary layer flashback is significantly higher due to its high
laminar flame speed and thermal diffusivityα, which result in a much smaller quenching
distance compared to carbon-based fuels.

FLASHBACK DUE TO AUTOIGNITION

Autoignition refers to the spontaneous ignition of a combustible mixture without an
external ignition source. It can occur when the mixture is at or above its autoignition
temperature, which may be reached, for example, by preheating the mixture. If, under
these conditions, the residence time in the premixing section exceeds the ignition de-
lay time, the mixture ignites within the premixing section, resulting in flashback. The
ignition delay time is defined as the time interval between the start of injection and the
start of combustion. The ignition delay time decreases with an increase in temperature
and an increase in pressure [76]. Figure 2.8 shows the ignition delay times for methane
and hydrogen at p = 15 bar at different ϕ, while varying the mixture temperature [77].
It can be seen that for mixture temperatures below 800 K the ignition delay time for hy-
drogen is significantly higher than that for methane at the same ϕ. These temperatures
are relevant for laboratory scale applications, where real engine conditions might not
be achieved. At temperatures above 900 K, this trend is reversed, and the ignition de-
lay time of hydrogen is slightly lower than that of methane. This is explained with the
fact that for temperatures lower than T < 1000 K, ˙CH3 radicals are more active than the
Ḣ2 radicals, which results in methane being more reactive than hydrogen [77]. At lower
temperatures, the reactivity of hydrogen is inhibited due to the formation of HO2 radi-
cals, which can recombine to produce H2O2. This pathway favours chain propagation
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Figure 2.8: Ignition delay times for CH4 (a) and H2 (b) at different temperatures and p = 15 bar [77].

rather than branching, thereby slowing down the overall reactivity of hydrogen. In con-
trast, methane undergoes chain branching reactions, resulting in a comparatively higher
reactivity. However, at temperatures above 1000 K (T > 1000 K), this trend reverses. The
chain-branching reaction H + O2 <=> OH becomes dominant in the case of H2, signifi-
cantly accelerating its reactivity beyond that of methane [78].

At engine relevant conditions (T > 1000 K) the addition of hydrogen to methane re-
sults in a decrease of ignition delay time [79, 80], which has been attributed to enhanced
kinetic production of active species and preferential diffusion of hydrogen into the hot
oxidizer region [81].

FLASHBACK DUE TO COMBUSTION INDUCED VORTEX BREAKDOWN

Flashback due to Combustion Induced Vortex Breakdown (CIVB) significantly differs
from the other types of flashback mechanisms, as it is caused by the alteration of the
flow field due to heat release. CIVB occurs when the swirling flow undergoes a sudden
change in structure due to the interaction between the flame and the vortex breakdown
bubble. To explain this interaction, the vorticity transport equation (Equation 2.4) can
be used to describe the interaction between the flame and the vortex breakdown bubble.

A negative axial velocity can be generated by azimuthal vorticity via the law of Biot-
Sarvat (Equation 2.6), in the case of rotational axis symmetry. The baroclinic torque is
the main driver for the vortex breakdown. Due to a misalignment of pressure and density
gradient, negative azimuthal vorticity gets generated, which in turn generates additional
negative velocity. The effects leading to CIVB can be summarized as follows [82].

The heat release from combustion causes the flow to expand, which leads to a mis-
alignment between the pressure and density gradients and generation of negative vor-
ticity in the vortex breakdown bubble. This allows the flame to travel upstream with the
recirculation bubble, leading to flashback. If the flame is able to pass the stagnation
point of the recirculation bubble towards the upstream direction, the volume expansion
upstream of the recirculation zone generates positive vorticity and thereby it stabilizes
the flame and prevents flashback. The flow field inside the premixing section can be
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Figure 2.9: Flashback due to combustion induced vortex breakdown, stable flame (a) and flame moving up-
stream with the breakdown bubble (b), figure taken from [30].

tailored to improve the resistance against this type of flashback. Here, the gradient of
azimuthal vorticity (δωθ/δz) can be used as a measure of the resistance against flash-
back. A positive gradient of azimuthal vorticity works against the destabilizing negative
gradient caused by the baroclinic torque. Furthermore, for the flow field to be stable,
the azimuthal vorticity should be positive upstream of the combustion chamber. This
can be achieved with a converging nozzle upstream of the combustion chamber, with
leads to an increasing circumferential velocity, which creates a positive azimuthal vor-
ticity gradient [83]. A positive gradient of δωθ/δz can also be achieved with introducing
a non-swirling axial air jet (AAI) [84, 85]. For a swirling flow without AAI, the value of
ωz decreases in streamwise direction, leading to a divergence of the streamlines due to
a decrease in axial velocity on the centreline. For a swirler with AAI instead, this stream-
wise divergence is delayed, which moves the location of vortex breakdown further down-
stream and consequently increases the resistance against flashback [84].

FLASHBACK DUE TO THERMOACOUSTIC INSTABILITIES

In premixed combustion systems, thermoacoustic instabilities arise due to a feedback
loop between flow perturbations, heat release and acoustic oscillations, as illustrated in
Figure 2.10. If the energy from the driving mechanism (for example the energy addition
to the acoustic field by the flame) is higher than the energy dampening mechanism (for
example the energy dissipation due to viscosity) this results in an unstable feedback cy-
cle. This means that the oscillations grow, which leads to large amplitude pressure and
velocity oscillations. A detailed description of different driving and damping mecha-
nisms can be found in [71]. Those oscillations lead to a periodic drop of the flow velocity
below the time average, accompanied by the generation of large scale vortices. When
the frequency is sufficiently low so that the timescale of oscillations exceeds the chemi-
cal timescale, the flame can propagate upstream. High reactive fuels like hydrogen have
a higher critical frequency than methane to trigger flashback [30].

2.5.2. BLOWOUT
Blowout occurs when the flow moves faster than the flame, causing flame lift-off and
extinguishing it. Methods to develop correlations for the blowout limit for premixed
flames have been extensively studies in literature [86, 87], and most agree to relate the
blowout limit to a critical Damköhler number Da [73]. The Da number is defined as the
ratio of the residence time of the reactants in the high-temperature zone to the chemical
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Figure 2.10: Feedback process which is responsible for combustion instabilities in premixed conditions.

timescale. The Da number can be expressed as follows:

Da = τres

τchem
= sl

2d

αuref
(2.25)

Where τres is the residence time, defined as the ratio of a characteristic length scale
d and a characteristic velocity scale uref and τchem is the chemical timescale, defined as
the ratio of the thermal conductivity α and the square of the laminar flame speed sl [88].
For τchem, also the blowout residence time from a well-stirred reactor model can be used
to calculate the Da number. The appropriate choice of the reference velocity uref and
the length scale d are less clear. For swirl stabilized flames, uref is often chosen as the
velocity downstream of the flame front, as U ref = f (T 0,T b/T0), where u0 is the bulk flow
velocity upstream of the flame front and T b/T 0 the temperature change across the flame
front. For d , the diameter of the combustion chamber can be chosen. Although this
model has limitations, it still offers useful insights into how blowout limits change with
fuel composition. The Damköhler scaling has successfully captured the blowout trends
across a wide range of fuel composition for lean-premixed swirl-stabilized combustors,
if the local equivalence ratio is known [89].

2.6. FUEL PROPERTIES OF HYDROGEN
Hydrogen burns completely carbon-free due to its lack of carbon atoms, making it an
attractive fuel for eliminating carbon dioxide (CO2) emissions in combustion systems.
The combustion of hydrogen primarily produces water vapour (H2O) as a by-product.
However, hydrogen has significantly different fuel characteristics compared to carbon-
based fuels like methane.

Table 2.1 provides a summary of relevant fuel properties of hydrogen compared to
methane. Due to its low density, hydrogen poses challenges for storage and transport,
requiring either large volumes or high pressures. Additionally, the low density results in
a significant increase in volumetric flow rate compared to carbon-based fuels, which in
turn leads to higher velocities, an important consideration for injector design. The table
also highlights that the Lower Heating Value (LHV) of hydrogen per unit mass is around
2.5 times greater than that of methane. However, due to the low density of hydrogen
the volumetric LHV is significantly lower than the one for methane. The stoichiomet-
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ric air-to-fuel ratio is around twice as large for hydrogen, meaning that it requires twice
the amount of air to burn 1 kg of hydrogen. The wide range of flammability of hydro-
gen in air (4–75 %) increases the likelihood of a fire in the event of an accidental leakage
[90]. The autoignition temperature, where the fuel can spontaneously ignite without any
external ignition sources is similar for both fuels. Additionally, the quenching distance
δq, which is defined as the minimum separation between two parallel surfaces that al-
lows the propagation of a laminar flame in the space between them, is much smaller
for hydrogen with respect to hydrocarbons. This reduction in quenching distance has
implications for flashback phenomena, such as boundary layer flashback.

Figure 2.11: Effective Lewis number calculated using different formulations, heat released based ( ), volume
based ( ) and diffusion based ( ), figure adapted from [11].

Property Unit H2 CH4

Density ρ kg/m3 0.084 0.65
LHV (mass basis) MJ/kg 120 50
LHV (molar basis) kJ/mol 241 802
Stoichiometric air-to-fuel ratio - 34.33 17.23
Flammability limits in air vol% 4.0–75.0 5.3–15.0
Autoignition temperature K 858 813
Quenching distance δq mm 0.64 2.5
Mass diffusivity D 1×10−5 m/s2 77.9 22.4
Thermal diffusivity α 1×10−5 m/s2 159.4 24.6

Table 2.1: Fuel characteristics of H2 compared to CH4, values taken from [11, 22, 91].

The mass diffusivity, which is defined as the amount of fuel that diffuses across a
unit area in 1 s at a concentration gradient of unity, is roughly three times higher for
hydrogen. This makes hydrogen susceptible to leakages. The characteristics of the com-
bustion process and flame properties are significantly determined by the Lewis number
(Le), defined as the ratio of the mass diffusivity D and the thermal diffusivity α. The
thermal diffusivity, in turn, is defined as the ratio of the thermal conductivity divided
by the density and specific heat capacity at constant pressure. Thermal-diffusive insta-
bilities occur when Le ̸= 1. While for methane the Lewis number is Le ≈ 1, the one for
hydrogen is Le≈ 0.3. For fuel mixtures, the mixture Le number can be derived based
on volume, heat release or diffusion of the components within the mixture. Figure 2.11
presents the effective Le number for the three different formulations. For Le < 1, prefer-
ential diffusion of hydrogen to heat conduction causes an increase in flame temperature.
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This leads to a local increase in flame speed, amplifying the flame perturbations and as
a result leading to thermal-diffusion instabilities [11, 92].

a) b)

Figure 2.12: (a) Adiabatic flame temperature and (b) laminar flame speed for CH4 ( ) and H2 ( ) at different
ϕ, calculated with CANTERA using GRI3.0 mechanism [93].

The main factors affecting emissions and flame stability (flashback and blowout) are
the laminar flame speed (sl) and the adiabatic flame temperature (Tad), respectively. Fig-
ure 2.12 compares Tad and sl for methane (purple line) and hydrogen (green line) across
different equivalence ratios (ϕ), calculated using CANTERA with the GRI3.0 mechanism
[93]. As shown, Tad of hydrogen is significantly higher than that of methane at the same
ϕ. This elevated temperature can lead to increased NOx emissions through the thermal
pathway, as discussed earlier in Section 2.3. Moreover, sl of hydrogen is approximately
five times that of methane at stoichiometric conditions, significantly increasing the risk
of flashback. Notably, sl continues to increase beyond stoichiometric conditions for hy-
drogen, only decreasing at around ϕ = 2.

2.7. HYDROGEN-ENRICHMENT EFFECT ON METHANE FLAMES

2.7.1. STATIC STABILITY LIMITS

As previously discussed, both blowout and flashback limits are influenced by the fuel
properties. Variations in the hydrogen content notably affect these limits due to changes
in fuel characteristics such as laminar flame speed and quenching distance, as shown in
Table 2.1. Commonly, it has been observed that an increase in hydrogen content of the
fuel lowers the ϕ at which lean blowout occurs. Schefer et al. [94] demonstrated that in
premixed-swirl stabilized flames with a centre body, the addition of hydrogen increases
the peak concentrations of OH, O, and H in the flame. They also observed an increase in
strain resistance, which is thought to contribute to enhanced lean flame stability. Simi-
larly, Strakey et al. [95] found that increasing the hydrogen content in the fuel from 0 %
to 80 % reduced the blowout limit fromϕ = 0.46 toϕ = 0.30. The lean blowout limits were
effectively modelled using the perfectly stirred reactor (PSR) method, which assumes
that turbulent and molecular mixing occur much faster than the chemical reactions. In
this approach, flame anchoring depends on the residence time in the recirculation zone
being sufficiently long for combustion to occur. A critical Damköhler number can be
defined, and Equation 2.25 can be used to determine whether a given fuel composition
lies above or below this threshold.
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Flashback is a more complex phenomenon because it can occur in a wide range of
mechanisms, as described in Section 2.5 and is for most types a function of the ratio
of turbulent flame speed to the flow velocity. Since predicting turbulent flame speed is
challenging, forecasting flashback limits is also difficult. Due to the significantly lower
quenching distance compared to methane, hydrogen enrichment greatly increases the
likelihood of boundary layer flashback [96]. Additionally, the higher flame speeds of hy-
drogen increase the risk of flashback in the core flow and flashback due to combustion-
induced vortex breakdown [97]. Compared to its impact on blowout limits, hydrogen
has a much stronger effect on lowering the flashback limits, which narrows the overall
static operational range [89] compared to the one of CH4 flames.

2.7.2. FLAME STABILIZATION

Several studies have observed that increasing the hydrogen content in the fuel leads to
a more compact heat release distribution compared to a pure CH4 flame. [44, 94] This
is accompanied by a higher OH concentration [44], with increased intensity levels at up-
stream locations of the flame. For confined swirl-stabilized CH4/H2 flames with swirl
numbers higher than Sw > 0.6, four different flame shapes were commonly observed,
which are summarized in Figure 2.13 [98]. Their exact shape can depend on the combus-
tor geometry and the operating conditions. The first type is a V-flame shape, where the
flame trailing edge points towards the exhaust. The V-flame is commonly located along
the inner shear layer bounding the CRZ. An M-flame occurs if the trailing edge of the
flame points to the combustor dump plane, as combustion also takes place between the
outer shear layer and the outer recirculation zone. An M-flame can be either attached or
not attached to the exit rim of the premixing tube. For swirl-stabilized flames with a high
level of swirl, also a gradual propagation of the flame front into the outer shear layer has
been observed for increased hydrogen content, which reflects the transition from a V-
flame to an M-flame [21, 99]. This transition has been primarily attributed to the higher
strain extinction limit of flames with high hydrogen content. However, the flame shape
is also significantly influenced by the temperature of the combustor dump plane. When
the dump plane is cold, the V to M-flame transition probability is reduced compared to a
situation with a hot dump plane [99]. The last type is a Π-flame [98, 100]. For a Π-flame,
the flame front is stabilized within the OSL and anchors near the dump plane (entrance
plane) of the combustion chamber, resembling the behaviour of an attached M-flame.
However, the flame front on the centreline of the flow moves further downstream, which
results in a Π-shaped flame. This is a result of a change in the CRZ location caused by
the flame/flow interaction and the higher flame speeds due to hydrogen addition in the
fuel [98]. It has been observed that hydrogen addition triggers a shape transition from
M-flame to Π-flame. For methane flames, the flame stabilizes as an M-flame for all ϕ,
and as ϕ increases, the flame moves further upstream due to an increase flame speed.
For CH4/H2 mixtures at lower ϕ, the flame stabilizes as an M-flame, but transitions to a
Π flame beyond a critical ϕ. This critical ϕ decreases as the hydrogen content in the fuel
increases [98]. Consequently, the dominant flashback mechanism changes from flash-
back due to combustion induced vortex breakdown for an M-flame to boundary layer
flashback for a Π-flame.

For a low swirl CH4/H2 burner different flame shapes have been observed, as shown
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Figure 2.13: Illustration of different type of flame stabilization mechanisms typically observed in a swirl-
stabilized combustor with high swirl (Sw > 0.6), figure adapted from [98].
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Figure 2.14: Illustration of different type of flame stabilization mechanisms typically observed in a swirl-
stabilized combustor with low swirl (Sw < 0.6), figure adapted from [101].

in Figure 2.14 [101]. The bowl shape flame is enclosed by the ISL, with the flame sta-
bilizing on the centreline, depending on the equilibrium of turbulent flame speed and
local flow velocity. The W-flame exhibits a central bulge, which is also dependent on
the velocity balance between flame speed and flow speed. The outer edges however are
stabilized in the OSL. The Crown-flame shares a similar stabilization mechanism on the
centreline, but attached to the injector in the OSL.

Figure 2.15 shows typical flame shapes of hydrogen-enriched methane flames at dif-
ferent hydrogen enrichments between X H2 = 0 and X H2 = 1 [102]. It can be seen that
the flame shape changes significantly with increasing hydrogen content in the fuel. The
OH-PLIF images in the same study revealed that the pure CH4 flame is stabilized as a V-
flame. For increasing hydrogen content the flame protrudes more into the OSL, but does
not manage to attach to the rim below X H2 = 1. This represents the previously defined
unattached M-flame. For X H2 = 1, the flame is stabilized as aΠ-flame, which is attached
in the OSL to the rim of the injector, which is in correspondence with other flame shape
studies for pure H2 flames [98, 103].
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Figure 2.15: Flame shapes for different H2 contents in an H2 enriched natural gas flame, (a) X H2 = 0, (b) X H2
= 0.3, (c) X H2 = 0.6, X H2 = 1, images taken from [102].

2.7.3. NOx EMISSIONS

Many studies investigated the effect of hydrogen enrichment on the NOx formation in
laboratory scale CH4 flames. While the NOx levels observed in these studies may not
be fully representative of those in full-scale devices, the trends provide valuable insights
into what can be expected in larger systems. Although NOx emissions include both NO
and NO2, flame studies often focus solely on NO. This is because NO2 primarily forms
through the oxidation of NO in post-combustion regions [104]. Within the flame itself,
the high temperatures typically cause NO2 to decompose back into NO.

When hydrogen is burnt at the same ϕ as CH4, the adiabatic flame temperatures are
significantly higher, as previously discussed in Section 2.6. This leads to an increase in
NO formation through the thermal pathway. However, this can be compensated, since
the lean extinction limit is lowered for hydrogen enriched fuels. Increased NOx emis-
sions have been observed with higher hydrogen content in the fuel, despite operating at
lower ϕ to reduce the adiabatic flame temperature compared to a methane flame [102].
Kim et al. [44, 105] observed opposite trends in NO emissions depending on the swirl
number for low amounts of hydrogen in a perfectly premixed unconfined flame. For low
swirl numbers (swirler vane angle 30◦), an increase in hydrogen content in the fuel re-
duced the NO emissions. At stronger swirl strengths (swirler vane angle 45◦ and 60◦), the
NO concentration increases with increasing hydrogen content. This is based on the bal-
ance of the fact that hydrogen addition increases the local flame temperatures but also
reduced the residence time in the high temperature zone.

Hydrogen addition also has shown to significantly influence the pathway of NO for-
mation. For lean, freely-propagating flames at varying pressures and constant adiabatic
flame temperature (Tad = 1870 K), overall NO emissions (in ppm) have been found to
increase with rising hydrogen content, up to X H2 = 0.3 [106]. The NO produced via
the thermal NO pathway is the main contributor to the overall NO concentration in
that study. However, the increase in NOx formation in this configuration is primarily
attributed to prompt NO, which forms in the reaction zones where heat is released. This
increase in prompt NO is driven by an increase in the radical pool of OH and H for in-
creasing hydrogen content. Additionally, the formation of NO via the NNH pathway also
increases with higher hydrogen content, as it is highly sensitive to the presence of H-
radicals, which react to form NH—an intermediate species in the NO formation process.
On the other hand, NO formation via the N2O pathway is reduced due to the lower O2

concentration in the reactants.
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Figure 2.16: NO produced per unit power (EINO) for different hydrogen contents in volume, figure taken from
[107].

In an unconfined CH4/H2 swirl burner, hydrogen addition up to X H2 = 0.6 resulted
in an increase in the total NO emissions (Y NO) [107], when the thermal power was kept
constant. For a hydrogen content of X H2 = 0.6 the NO emissions increased by 40 % com-
pared to a pure CH4 flame. This has been shown with LES simulations with a novel pre-
diction model, incorporating an efficient NO reaction source term and tabulation ap-
proach. The increase is partially due to a slight increase in adiabatic flame temperature,
which increases the NO formation via the thermal pathway. Additionally, the contri-
bution of NO formed through the prompt pathway also slightly increases with higher
hydrogen content, as the mass fractions of H and OH increase in this configuration. This
likely promotes the formation of CH, further contributing to the overall NO formation.
However, the contribution of the prompt pathway to the total NO emissions decreases
with increasing hydrogen content. Nevertheless, at X H2 = 0.6 the prompt pathway still
contributes around 50 % to the total NO emissions. Additionally, NO formation via the
NNH route increases, due to a larger presence of H and O-radicals. For all hydrogen con-
tents, the NO formed via the N2O pathway is negligible, since it only contributes to less
than 6 % to the overall NO emissions. This is summarized in Figure 2.16, which shows
the mass of NO produced per unit power (EINO), for three different X H2 at the same
thermal power. They are separated by the contribution of the different NO formation
pathways [107].

For partially premixed CH4/H2 flames, the formation of NOx is highly dependent on
both the fuel composition and the degree of fuel-air mixing. As previously discussed, the
mechanism of NO formation varies with changes in fuel composition, making it particu-
larly challenging to accurately predict NOx emissions in these flames. Additionally, when
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changing the fuel composition from methane to hydrogen to maintain the same power
output, it is necessary to adjust the fuel flow rate to keep the volumetric heating value
constant. This results in a significant change in velocity profiles in the premixing section,
which can lead to a change in the mixing profile [11]. An increase in non-uniformity in
the mixing tends to decrease the NO emissions, as local hot temperature regions in the
flame will be formed. Consequently, a detailed emission analysis is typically required for
each specific burner geometry in order to determine how operating parameters and fuel
composition influence NOx emissions.

2.8. STATE OF THE ART PARTIALLY PREMIXED SWIRL-STABILIZED

HYDROGEN BURNERS
Several studies have focuses on the understanding of flashback and emissions in 100 %
partially premixed swirl-stabilized hydrogen flames and have proposed suitable approach-
es to stabilize pure hydrogen flames. Figure 2.17 shows an overview of the proposed
burner configurations identified from literature. While the HYLON and Ansaldo burners
have been developed and extensively tested with both 100 % CH4 and 100 % H2 flames,
the AHEAD burner was designed specifically to stabilize 100 % H2 flames. The following
section discusses the working principles of swirl-stabilized burners and summarizes the
key findings:

Figure 2.17: Overview of the partially premixed H2 burners obtained from literature. HYLON burner [108]
(left), Ansaldo conical burner [109] (middle) and AHEAD burner with AAI [85] (left).

HYLON BURNER

Recently, the HYLON injection system has demonstrated promising results in stabilizing
100 % CH4 and 100 % H2 flames for selected operating conditions [108, 110, 111]. The
set-up consists of an internal and an external swirler (see Figure 2.17). The methane and
air mixtures is sent through the external swirler. Hydrogen is injected either swirling or
non-swirling through a central pipe just a few millimetres before the combustion cham-
ber. Figure 2.18 shows the effect of hydrogen content on the flame stabilization mecha-
nism in the HYLON burner for the case with swirling hydrogen injection (Sw ̸= 0) and the
case with non-swirling hydrogen injection (Sw = 0). Changing the fuel results in a change
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of the momentum ratio J , defined as the ratio of momentum of the external (methane
and air) and internal (hydrogen) flow. For the non-swirling fuel injection, all the flames
are anchored to the central injector as a V-flame. Significant differences between the hy-
drogen contents are only observed close to the combustion chamber walls. For X H2 = 0,
the flame stabilizes in the OSL close to the chamber walls. This slowly disappears as the
hydrogen content increases. For the case with swirling hydrogen injection, the flames
look similar to the ones without swirling fuel injection for low hydrogen contents up to
X H2 = 0.2. Above that, the topology of the flame changes significantly. At X H2 = 0.6, the
flame is completely aerodynamically stabilized. For even higher hydrogen contents, the
flame attaches again to the injector rim, but the CRZ is pushed downstream which can
be seen by the reaction layer in the centre which is stabilized at the top of the CRZ.

Figure 2.18: Effect of H2 content on the flame stabilization mechanism in the HYLON burner [108].

NOx emissions have shown to increase with increasing hydrogen content for both
configurations, since ϕ is kept constant, which results in higher adiabatic flame tem-
peratures. For the cases without inner swirl, the NOx emissions increased much more
rapidly with respect to the cases with inner swirl. Additionally, flames which are attached
to the injector rim reached high NOx levels, while the aerodynamically stabilized flames
showed lower NOx emissions. This is expected due to the fact that the attached flames
possesses a diffusion flame front, while the lifted flames burn in a more premixed flame
front. It is expected that the swirl of the hydrogen stream significantly improves fuel air
mixing before combustion takes place, reducing the NOx emissions by more than two
times compared to a non-swirling fuel injection.

MODULAR CONICAL BURNER ALSTOM

The swirler in the modular conical Alstom burner features a thick-walled hollow cone
with four symmetrically arranged tangential slots positioned around its circumference.
These slots are oriented to direct the flow tangentially along the inner surface of the cone.
The majority of the combustion air enters the cone through these tangential slots, pro-
moting a predominantly tangential flow pattern. A part of the air enters on the centreline
of the cone.

The swirler is attached to a converging mixing tube, as it can be seen in Figure 2.17.
Fuel can either be injected through slots at the trailing edge of the swirler vanes, or ax-
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Figure 2.19: OH* images for varying H2 content with axial H2 injection in the Alstom burner [112].

ially through the centre of the swirler. For the pure hydrogen case, a part of the fuel is
injected axially through the centre of the swirler, while the rest is injected through the
vanes. Axial fuel injection changes the flame structure from the one of a classical vortex
breakdown flame to a more compact flame shape with no vortex breakdown. This allows
to operate the burner up to higher ϕ, before flashback occurs compared to the trailing
edge injection [109], due a lower risk of boundary layer flashback. Figure 2.19 shows
the Abel deconvoluted OH* images for axial hydrogen injection, for increasing hydrogen
content in the fuel mixture. It can be seen that the higher the hydrogen content, the less
the flame looks like the one of a swirl stabilized flame. Axial fuel injection also resulted in
higher NOx emissions [112]. This effect becomes stronger when the axial fuel injection
ratio increases. This is because for axial fuel injection, the fuel is concentrated in the
centre and consequently does not properly distribute over the entire mixing tube.

AHEAD BURNER ( TU BERLIN)
One of the most promising solutions to stabilize hydrogen flames, while keeping the in-
jector changes minimal is AAI, where a non-rotating air jet is injected on the centreline
of the swirling flow, to increase the flow velocity and to delay the streamline divergence
[84]. The AHEAD burner (TU Berlin) makes use of the concept of AAI. The hydrogen
stream is injected as well in axial direction, a high radius (r /D = 0.5), where it can di-
rectly interfere with the swirling air (see Figure 2.17). Boundary layer flashback in this
configuration is prevented by diluting the mixture close to the mixing tube wall with air.

Figure 2.20: Abel deconvoluted OH* images for different mixing tube lengths and swirl numbers for X H2 = 1,
χ = 12.5 % and T preh = 620 K [22].

With high amounts of AAI (12.5 %), no flashback was observed in the burner up to
stoichiometric conditions, with preheating temperatures up to 620 K. Figure 2.20 shows
the Abel deconvoluted OH* images for hydrogen flames at stoichiometric conditions
with χ = 12.5 %. The images are shown for different geometric configurations. Con-
figuration 1: Sw = 0.7, short mixing tube, configuration 2: Sw = 0.7, long mixing tube,
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configuration 3: Sw = 1.0, short mixing tube and configuration 4: Sw = 1.0, long mix-
ing tube. All the flames show the Π-shape, where the centre of the flame is lifted off the
injector. It clearly can be seen that the long mixing tubes result in a more uniform OH*
profile, which is due to the increase in mixing quality. For adiabatic flame temperatures
up to ≈ 2000 K, the NOx emissions stayed below 10ppm at 15 % O2. However, a suffi-
ciently high initial swirl number or mixing tube length is required to ensure a high level
of fuel-air mixing and consequently keep NOx emissions low. Summarizing, this concept
has shown excellent flashback resistance for partially premixed hydrogen flames, while
keeping the NOx emissions low.





3
METHODOLOGY

This chapter outlines the methodology followed in this dissertation. While the research
is primarily conducted experimentally, it is complemented by one-dimensional flame
simulations using the open source software CANTERA [93] to assess how variations in
fuel composition affect fundamental combustion properties. However, this chapter fo-
cuses solely on the experimental methodology of this work. The chapter begins with
a description of the partially premixed swirl-stabilized burner geometry. The operat-
ing conditions for both reacting and non-reacting experiments are discussed afterwards,
along with the modifications made to the set-up for non-reacting conditions. Next, the
chapter provides an overview of the experimental techniques employed, including gas
analyser, PIV, OH* chemiluminescence, and PLIF measurements. Each section covers
the general working principle of the technique, along with the specific setup used in this
study. Where applicable, the data processing methods used to analyse the experimental
results are also discussed.

3.1. EXPERIMENTAL SET-UP
Experiments, both non-reacting and reacting, were conducted in a lab-scale partially
premixed, swirl-stabilized combustor. The burner is equipped with a single-stage axial
swirler, a design commonly used in gas turbines due to its lower pressure drop and more
uniform radial velocity profile compared to radial swirlers [113, 114]. To enhance flash-
back resistance, the injector employs the concept of AAI, which, as discussed in Chap-
ter 2, is one of the most effective strategies for stabilizing flames with high hydrogen
content [85].

3.1.1. BURNER GEOMETRY REACTING STUDY
Reacting experiments were conducted in the partially-premixed TU Delft atmospheric
laboratory scale combustor at the Sustainable Aircraft Propulsion laboratory of TU Delft
[24, 115]. A schematic of the set-up is provided in Figure 3.1. The combustion air is
supplied through four inlets, which direct the airflow through an axial swirler. The AAI
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jet is positioned on the centreline of the swirling flow [85], and is injected through an
8 mm diameter port. The AAI flow rate is a part of the total air flow rate available for
combustion and is therefore always given as the percentage of the total air mass flow
rate

χ= ṁAAI/(ṁswirl +ṁAAI) (3.1)

The axial swirler, made from stainless steel 316, is designed with geometric swirl
numbers of 0.7 and 1.1 with straight vanes based on [29]

Sw = Gθ

Rn ·Gx
= 0.5

1

1−ψ
1− (Rh/Rn)4

(Rh/Rn)2 t an(φ0) (3.2)

Where Gθ is the axial flux of tangential momentum, Gx the axial thrust, ψ the block-
age factor, Φ0 the tip vane angle and Rn and Rh respectively the outer and hub radius of
the swirler vanes (Rn = 12 mm and Rh = 5 mm). The blockage factor ψ is defined as

ψ=
n

∫ Rh
Rn

t
cos(Φ) dr

(R2
n −R2

h)π
(3.3)

Where n is the number of vanes and t the thickness of the vanes. Gx and Gθ can be
obtained by solving the Equation 2.2 and Equation 2.3.

The burner operates in a partially premixed configuration with different fuel mix-
tures (CH4 and H2) injected through four nozzles with a diameter of d fuel = 3.5 mm in jet
in cross-flow configuration into the swirling flow, 6 mm downstream of the swirler exit.
The mixing process of fuel and oxidizer takes place in the mixing tube with a diameter
d MT = 24 mm and length l fuel = 60 mm.

Downstream of the mixing tube, the fuel-air mixture enters the optically accessible
quartz (ilmasil® PN) combustion chamber (d CC = 148 mm and l CC = 400 mm) with a wall
thickness of t = 3.5 mm. The fused silica has the advantage of having a transmission ef-
ficiency of around 75 % close to 230 nm and 85 % above 280 nm, which makes it suitable
for measurement techniques in the UV-range. The dimensions of the mixing tube and
the combustion chamber result in a confinement ratio (ratio of combustion chamber
area to mixing tube area) of c = 38. Compared to similar swirl-stabilized burners in liter-
ature [85, 108], this is a relatively large confinement ratio. However, it allows investigat-
ing the combustion process with fewer flame-wall interactions, which include heat loss
to the wall. The main swirl-stabilized flame is locally ignited by a remotely controlled
CH4/air Honeywell ZMI series pilot burner at a power of 1 kW and ϕ = 0.65. The mass
flow rates for all the fuel and air streams are controlled by Bronkhorst digital mass flow
meters with an accuracy of ± 0.5 % RD plus ± 0.1 % FS. The Piping and Instrumentation
Diagram (P&ID) diagram of the swirl-stabilized combustor can be found in Appendix A.

The combustion chamber is connected to flexible exhaust duct with a length of l exh ≈
2 m and a diameter of d exh ≈ 200 mm, which connects the set-up to the fixed exhaust
which is part of the infrastructure and directs the exhaust gases to a location outside
the lab. Before entering the fixed exhaust, the exhaust gases get diluted with a constant
flow of ambient air, to keep the exhaust temperature below 650 K. The combustor was
operated with an open outlet, without an orifice. This was decided after evaluating the
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Figure 3.1: Schematic TU Delft swirl burner with dimensions and a detailed view of the swirler with the AAI
port and the jet in cross-flow fuel inlets.

effect of the outlet contraction on the flow field in the combustion chamber. This will be
further discussed in Chapter 4. The burner is controlled via LabView software, and the
set-up temperatures and the location of the flame are monitored with K-type thermo-
couples and a Honeywell UV sensor.

3.1.2. OPERATING CONDITIONS IN REACTING STUDY
The burner is operated with mixtures ranging from pure CH4 to pure H2. Due to the
flow rate limitations of the CH4 mass flow controller, it was not possible to reach op-
erating conditions between 85 % and 100 % H2 at the design point of P = 12 kW. When
H2 is added to CH4, the thermal power P and the total air mass flow rate ṁair are kept
constant. The overall equivalence ratio for the mixture is calculated with

ϕ= s
ṁCH4 +ṁH2

ṁair
(3.4)

The stoichiometric ratio s is defined as:

s = (2−1.5X H2 )(W O2 +3.76W N2 )

X CH4W CH4 +X H2W H2

(3.5)

Where X H2 and X CH4 represent the mole fractions of H2 and CH4 in the fuel mix-
ture, and W the molar masses. At the design point the combustor operates with CH4 at
an equivalence ratio ϕ = 0.75 at a power of P = 12 kW (corresponding to a total air flow
of ṁair = 5.1× 10−3 kg/s and fuel flow ṁCH4 = 2.2× 10−4 kg/s). The Reynolds number
with respect to the mixing tube diameter is around Re = 16,000 for the conditions at the
reference case.

Table 3.1 shows an overview of the operating conditions at the design point of 12 kW
for different hydrogen contents X H2, including the equivalence ratio ϕ, the adiabatic
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a) b)

Figure 3.2: Fuel properties for different X H2 in the fuel at the design point of P = 12 kW calculated for a freely-
propagating flame with CANTERA [93] using GRI 3.0: (a) Mass-fraction YH2 and equivalence ratio
ϕ (b) laminar flame speed sl and adiabatic flame temperature Tad for different X H2 in the CH4/H2
fuel mixture.

flame temperature Tad, the momentum flux ratio J swirl for Sw = 0.7 (J swirl−0.7) and Sw
= 1.1 (J swirl−1.1), as well as the thermal expansion ratio. Tad and the thermal expansion
ratio ρreact/ρprod were calculated for freely propagating laminar premixed flames with
CANTERA [93] using GRI 3.0. Table 3.1 shows, that ϕ, Tad and the thermal expansion
ratio decrease for increasing X H2. Due to the increased volumetric flow rate of the fuel
for increasing X H2, the bulk velocity in the mixing tube increases. The highest value
for J swirl is for X H2 = 0.8. Due to a low J swirl [69] and a short mixing tube, the mixture
is anticipated to be partially premixed when entering the combustion chamber. Fur-
thermore, as it is shown later in Chapter 4, the mixing process is influenced by the ratio
ρjet/ρair as well as the level of AAI. Figure 3.2 shows the laminar flame speed sl and the
adiabatic flame temperature Tad as well as the mass fraction Y H2 for different X H2 in
the fuel mixture at the design point.

The points were tested at three different levels of AAI, 0 %, 10 %, and 20 % for the two
different swirl numbers. An overview of all the operating conditions in the set-up can be
found in Appendix B.

Design points at P = 12 kW and ṁair = 5.1 ·10−3 kg/s
Tag X H2 U MT

[m/s]
U fuel

[m/s]
ϕ Tad [K] J swirl−0.7 J swirl−1.1 ρreact/ρprod

A 0 10.45 9.92 0.75 1942 0.17 0.09 6.40
B 0.25 10.62 10.69 0.74 1930 0.19 0.09 6.33
C 0.4 10.75 12.76 0.73 1921 0.21 0.11 6.26
D 0.6 11.01 15.82 0.71 1908 0.24 0.12 6.13
E 0.8 11.44 20.96 0.68 1895 0.26 0.13 5.94
F 1 12.26 30.42 0.62 1858 0.25 0.12 5.60

Table 3.1: Operating conditions for the design points at constant air flow rate, H2 fraction X H2, the bulk ve-
locity in the mixing tube U MT, equivalence ratio ϕ, adiabatic flame temperature Tad, momentum
flux ratio J swirl for the swirl numbers Sw = 0.7 as well as Sw = 1.1 and thermal expansion ratio
ρreact/ρprod.
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3.1.3. BURNER GEOMETRY NON-REACTING STUDY

Non-reacting experiments were performed in a 3D-printed duplicate of the TU Delft par-
tially premixed CH4/H2 swirl-stabilized burner [24, 25]. The stainless steel axial swirler
is reused from the reacting swirl-stabilized set-up to maintain consistency in the injec-
tor geometry. The combustion chamber and mixing tube were made from clear acrylic,
to allow optical access. The diameter of the acrylic combustion chamber was d CC =
152 mm, slightly larger than that in the reacting case. The diameter of the mixing tube
was d MT = 24 mm, consistent with the dimensions used in the reacting studies. The wall
thickness of the combustion chamber is 3 mm, and that of the mixing tube is 0.9 mm.
For the mixing tube such a thin diameter was chosen to reduce reflections and distor-
tion close to the mixing tube wall. The non-reacting set-up with the optically accessi-
ble mixing tube can be seen in Figure 3.3. Due to the non-transparent baseplate of the
combustion chamber, the range between −11 mm< y <0 mm is not optically accessi-
ble. During the experiments, the mass flow rates for both air and fuel were controlled by
Bronkhorst digital mass flow meters with an accuracy of ±0.5 % RD plus ± 0.1 % FS.

Figure 3.3: 3D printed duplicate of the TU Delft swirl-stabilized burner used for non-reacting experiments,
with optically accessible mixing tube.

3.1.4. OPERATING CONDITIONS NON-REACTING STUDY

The mixing process in a jet in swirling cross-flow configuration is complex and influ-
enced by many parameters, especially considering configurations which operate on var-
ious mixtures of CH4 and H2. When studying mixing, it is advantageous to use a non-
reactive surrogate gas to avoid dealing with reactive fluids. Helium has been proposed
previously as a surrogate for H2. Although it does not replicate the micro-mixing char-
acteristics of H2 with oxidizers, it does exhibit a similar global mixing trend in a jet in
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cross-flow configuration with axial cross-flow [116]. Following the parameters outlined
in [117], it is desirable to match the jet velocity U jet, density ρjet, and Reynolds number
Re jet in non-reactive scenarios with those of reacting cases.

As a surrogate for the CH4/H2 mixtures, a He/air mixture was used to match both the
density ρjet and bulk fluid velocity U jet of the jet with the same fuel inlet diameter. When
the fuel composition changes, the thermal power of the reacting case and the air flow
rate were kept constant, consequently only the fuel flow rate changes. For replacing the
100 % H2 case, it is not possible to match the H2 density with He since He has a density
roughly twice as high. Consequently, it was decided to match the momentum flux ratio
J swirl between reacting and non-reacting case. To achieve this, the volumetric flow rate
is kept constant when exchanging H2 with He, and the diameter of the fuel inlet was
increased.

Table 3.2 shows the fuel compositions for the reacting case (Tag A - D) for the design
point at 12 kW and the corresponding fuel surrogates (Tag As - Ds) for the non-reacting
experiment. The X He in the surrogate fuel relates with the X H2 in the CH4/H2 mixture as
follows:

XHe = XH2 ·
WH2 −WCH4

WHe −Wair
+ WH2 −WCH4

WHe −Wair
(3.6)

where X is the mole fraction and W is the molar mass of the species. In addition
to examining the effect of fuel composition on the mixing, this study also explores the
impact of J swirl (see Equation 2.22) on the mixing. To calculate J swirl, U air is taken as the
mean mass axial velocity, due to the complex velocity distribution at the swirler outlet.
Additionally, the swirl number was taken as the geometric swirl number. In addition to
the conditions of the baseline case (J low) representing the surrogate conditions of the
reacting case, two higher momentum flux ratios were investigated (J mid and J high). This
is achieved by increasing the jet velocity through a reduction in the diameter of the fuel
inlet ports. The diameters for the different momentum flux ratios at the different fuel
compositions are summarized in Table 3.3. Figure 3.4a shows the momentum flux ratios
J swirl for the reacting cases (CH4/H2) and its surrogate (He/air at J low) for Sw = 1.1 and
Sw = 0.7. It can be seen, that the curves of the two mixtures match, since the density is
kept constant between the fuel mixture and the surrogate fuel. For both, the momen-
tum flux ratio increases up to X H2 = 0.8, and afterwards drops again slightly. Figure 3.4b
shows the J swirl for the two swirl numbers for all the diameters investigated (J low, J mid

and J high). Instead of maintaining a constant J swirl across the different cases, the fuel
inlet diameter was kept constant to better represent a realistic scenario. As mentioned
before, for the surrogate case of X H2 = 1, the diameter was increased. This adjustment
was necessary because the differing densities of the fuel and its surrogate would oth-
erwise result in a significantly higher momentum flux ratio. Figure 3.4c shows the Re
numbers for the same cases. Due to the higher viscosity of Helium compared to H2 and
CH4 some discrepancies are observed in the Re numbers between the reacting fuel and
its surrogate at the same value of J swirl. Additionally, as expected, decreasing the fuel
injection diameter results in an increase in the Re number. However, for all investigated
cases, the flow remains in the laminar or transition regime. Therefore, the change in Re
number between the different cases is not anticipated to affect the mixing significantly.
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a) b)

c)

Figure 3.4: (a) & (b) Momentum flux ratio for CH4/H2 mixtures ( ) and the surrogate conditions ( ) for Sw
= 1.1 (♦) and Sw = 0.7 ( ). (c) Re numbers in the fuel nozzles for CH4/H2 mixtures ( ) and the
surrogate fuel at different momentum flux ratios J swirl: low( ), mid ( ) and high ( ). (a) is a
zoomed version of (b).
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Table 3.2: Fuel mixtures for the reacting experiments and the corresponding surrogate fuel mixtures at p = 1 atm and T = 288.15 K

Fuel reacting case at P = 12 kW Surrogate fuel
Tag X H2 Q̇H2 [L/min] Q̇CH4 [L/min] ρmix [kg/m3] Tag Q̇He [L/min] Q̇air [L/min] ρmix [kg/m3]
A 0 0 21.21 0.678 As 11.01 10.58 0.684
B 0.4 11.17 16.76 0.441 Bs 22.27 7.82 0.442
C 0.8 39.2 9.13 0.204 Cs 42.87 2.25 0.222
D 1 71.8 0 0.085 Ds 71.80 0 0.169

Table 3.3: Diameter d fuel of the fuel injection ports and bulk velocities in the fuel port U fuel for the reacting case and the surrogate fuel for three different momentum
flux ratios J swirl (low, mid, and high). J low represents the surrogate conditions for the reacting case.

Fuel reacting case Surrogate fuel
Tag X H2 d fuel [mm] U fuel

[m/s]
Tag d J−low [mm] U fuel,J−low

[m/s]
d J−mid

[mm]
U fuel,J−mid

[m/s]
d J−high

[mm]
U fuel,J−high

[m/s]
A 0 3.50 9.92 As 3.50 9.31 1.64 42.58 1.40 58.44
B 0.4 3.50 12.75 Bs 3.50 13.03 1.64 59.35 1.40 81.45
C 0.8 3.50 20.96 Cs 3.50 19.54 1.64 89.02 1.40 122.16
D 1 3.50 30.42 Ds 4.07 22.01 1.96 99.13 1.64 141.64
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3.2. EXPERIMENTAL AND DATA PROCESSING TECHNIQUES
This dissertation uses a gas analyser probe to analyse the exhaust gas composition. Addi-
tionally, the work utilizes a range of laser-based diagnostics to investigate the flow field,
mixing and the combustion process within the mixing tube and combustion chamber.
The following section provides an overview of the fundamental principles behind the
diagnostics used, along with the measurement set-up which is specific to this work.

3.2.1. GAS ANALYSER MEASUREMENTS
Probe measurements are intrusive measurement techniques as the probe interacts with
the flow field and can influence both the flow dynamics and the flame chemistry. In this
work, an exhaust gas analyser probe placed at the outlet of the combustion chamber
is used to measure the gas composition of the combustion products. The exhaust gas
is measured with an ABB gas analyser, which is equipped with the modules Limas21
HW (NO and NO2 -accuracy 0.1 ppm), Uras26 (CH4 - accuracy 0.1 %vol, CO - accuracy
1 ppm, CO2 - accuracy 0.1 %vol), and Magnos28 (O2- accuracy 0.1 %vol). Both the Uras
and Limas units operate based on the UV photometry principle, where the sample gas is
passed through a cuvette and the light is absorbed according to the Beer-Lambert law

I1 = I0e−ϵ(λ)pL (3.7)

Where I0 is the intensity of the light, I1 is the intensity of the light after passing through
the sample, ϵ is the extinction coefficient, p is the pressure, L is the path length and
λ is the wavelength of the light. The Limas unit uses the UV-RAS (Ultra Violet Resonant
Absorption Spectroscopy) method to measure NO and NO2. NOx measurements are per-
formed hot-wet, this means the water is not condensing. This is achieved by keeping the
heated suction line at 180◦C and the analyser itself at 80◦C.

The remaining species are measured on a dry basis, meaning the water is removed
from the sample gas using a cooler before it enters the analyser. The Magnos28 measures
O2 using its paramagnetic properties, with ABB’s microwing technology.

A recalibration of the gas analyser with designated calibration gases was performed
before each measurement day, in order to reduce uncertainties due to zero drift and
sensitivity drift. For all three modules, the linear deviation is ≤ 2 % of the span and the
repeatability is ≤ 1 %.

The gas composition measurements are corrected to a standard value of 15 % O2 with
the following equation

X species,15%O2 = X species,measured

(
0.2096−0.15

0.2096−XO2, measured

)
(3.8)

Where X species,15%O2 is the mole fraction of a certain species at 15 % O2, X species,measured

is the measured mole fraction of the species and X O2,measured is the measured mole frac-
tion of O2.

3.2.2. PARTICLE IMAGE VELOCIMETRY

WORKING PRINCIPLE

Particle Image Velocimetry (PIV) is a widely used, non-intrusive technique for measur-
ing velocity fields by particle displacement. A typical 2D2C PIV setup is illustrated in
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Figure 3.5: Example of a 2D2C PIV set-up taken from SEIKA Digital image corporation.

Figure 3.5. For this technique, the flow is seeded with tracer particles that closely follow
the fluid motion, if the Stokes number, which is defined as the ratio of the character-
istic time of the particle to a characteristic time of the flow, is below St < 0.1 [118]. A
double-pulsed laser illuminates the test region, and particle images are captured using
a camera in double-frame mode with a short time interval δt. For a 2D2C PIV set-up the
sensor plane of the camera is oriented perpendicular to the laser sheet. A sufficiently
high laser power and a uniform seeding density are critical for obtaining high-fidelity
PIV data. This is because the scattering observed during PIV measurements generally
falls within the Mie scattering regime, where the effective diameter of the seeding parti-
cles are much larger than the excitation wavelength of the laser d p ≫ λlaser. In the Mie-
scattering regime, the side scattering is significantly weaker than the forward scattering,
making it challenging to collect a sufficiently high signal.

The acquired double-frame images are divided into interrogation windows, within
which two-dimensional cross-correlation is applied to determine the particle displace-
ment between the two frames. A multi-pass approach is employed, where the size of
overlapping interrogation windows decreases with each pass. This ensures that large
particle displacements are captured while maintaining the resolution of small-scale ve-
locity structures.

PIV SET-UP

PIV measurements in this work were taken using a high-repetition-rate PIV set-up. Two
laser systems were used: either a 527 nm Nd:YAG laser (Quantronix Darwin Duo 527-80-
M) with a pulse energy of 30 mJ, pulse width < 200 ns, and a maximum repetition rate of
3 kHz, or a 532 nm laser (MESA PIV 532-80-M) with a pulse energy of 13 mJ, pulse width
< 170 ns, and a maximum repetition rate of 30 kHz. Scattered light was recorded using a
high-repetition-rate double-frame camera with a sensor resolution of either 1024×1024
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Figure 3.6: PIV set-up used in this work for the non-reacting studies, the laser sheet illuminates either the
mixing tube or the combustion chamber. Depending on the study the surrogate stream (He/air) or
the swirling air stream is seeded with DEHS particles. The laser sheet is oriented perpendicular to
the camera sensor plane.

(Photron Mini AX 100) or 2016×2016 pixels (LaVision Imager Pro HS). The laser and cam-
era were synchronized using a DaVis PTU X. As the specific laser and camera configura-
tion varied between experimental campaigns, detailed descriptions are provided in the
respective chapters. All image processing and velocity calculations were performed us-
ing the commercial software DaVis versions 8.4.0 and 10.0.8.

In the non-reacting studies, either the mixing tube or the combustion chamber was
illuminated by the Nd:YAG laser (see Figure 3.6), depending on the specific experiment.
The laser sheet was oriented perpendicular to the camera sensor plane. For the PIV mea-
surements, the swirling air was seeded with DEHS droplets. Additionally, Mie scattering
imaging was performed to investigate fuel-air mixing of the jet in cross-flow configura-
tion within the mixing tube. For this purpose, the surrogate fuel stream (He/air) was
seeded with DEHS particles, enabling the visualization of particle distribution as an in-
dicator of the mixing quality. A deeper penetration of seeding particles into the centre
of the mixing tube corresponds to a higher degree of mixing. The optical set-up for laser
and camera was identical to that used in the PIV measurements, except that images are
acquired in single-frame mode rather than double-frame mode. The post-processing
procedure for the Mie scattering images is detailed in Chapter 5.

In the reacting studies, only the combustion chamber was illuminated by the Nd:YAG
laser (see Figure 3.7), as the mixing tube is not optically accessible. The swirling air was
seeded with TiO2 particles, and the laser sheet remained oriented perpendicular to the
camera sensor plane.

PIV SEEDING

To ensure the seeding follows the flow, the Stokes number (St ) should generally be less
than 0.1 [118]. The St number is defined as the ratio of the particle response time to the
characteristic timescale of the flow:

St = τp

τf
(3.9)

where the particle response time τp is given by
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Figure 3.7: PIV set-up used in this work for the reacting studies, the laser sheet illuminates the combustion
chamber, and the swirling air stream is seeded with TiO2 particles. The laser sheet is oriented
perpendicular to the camera sensor plane.

τp =
ρpd 2

p

18µ
(3.10)

and the characteristic timescale of the flow τf is given by

τf =
δ

U∞
(3.11)

Where ρp is the particle density, d p the particle diameter, µ the dynamic viscosity of
the fluid, δ the characteristic length scale of the flow and U∞ the velocity of the flow.

For the non-reacting studies, DEHS droplets generated with a PIVTEC PIVpart45 oil
seeder with a density of 912 kg/m3 and a diameter of 0.9µm were injected into the flow.
For the case where the droplets were injected into the He/air stream, the diameter of
the fuel inlet ports is used as δ, and the bulk fluid velocity in the fuel ports as U∞. The
exact calculation procedure for the Stokes number can be found in Appendix C. For the
fuel surrogate case at P = 12 kW (see Table 3.2), DEHS particles were injected into the
surrogate fuel (He/air) stream, resulting in a Stokes number St < 0.1. When the DEHS
particles are injected into the swirling air stream, the Stokes number is calculated using
the bulk velocity and the diameter of the mixing tube. As expected, this results in signif-
icantly lower St values compared to the case where the particles are introduced with the
high-velocity surrogate fuel stream.

For the reacting studies TiO2 seeding was used with a density of 4000 kg/m3 and a
diameter of 1µm, distributed with an in-house manufactures cyclone seeder. The Stokes
number is here calculated with the bulk velocity in the mixing tube and the mixing tube
diameter, resulting in a Stokes number of St << 0.1 for all cases.

SPECTRAL PROPER ORTHOGONAL DECOMPOSITION

Studying the unsteady flow field involves the calculation of the coherent structure or
modes from the flow field data. The most common method to extract coherent struc-
tures from the flow field is the Proper Orthogonal Decomposition (POD) [119]. The POD
is a statistical method that decomposes the flow field into a set of orthogonal modes,
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which are ordered by the amount of energy they contain. SPOD, first introduced by Lum-
ley [119], is preferred over POD for analysing flows with dominant frequency-dependent
structures, as it identifies modes that are coherent in both space and time and orthogo-
nal under a space–time inner product, whereas POD modes are orthogonal only in space
[120]. As a consequence, they are optimal at expressing spatiotemporal coherence in the
data. This makes the technique ideal for studying periodic or oscillatory phenomena in
the flow field, such as the PVC in swirling flows or combustion instabilities. A compre-
hensive overview of the SPOD methodology can be found in Schmidt et al. [121]. The
methodology is summarized in the following part for completeness, and can be seen in
Figure 3.8.

Figure 3.8: Schematic of spectral proper orthogonal decomposition SPOD modes using Welch’s method
(Colours represent discrete frequencies), figure taken from [122].

Considering a data matrix Q

Q = [q1, q2, ..., qM ] ∈RN xM (3.12)

Where N is the length of the single vector q and M is the number of snapshots. With
Welch’s method, the data matrix is divided into blocks of size ns with a possible overlap.

The blocks can be written as follows

Q(n) = [q (n)
1 , q (n)

2 , ..., q (n)
M ] ∈RN xN f (3.13)

with the kt h entry in the nt h block given by q (n)
k = qk+(n−1)(N f −No ). N f is here the

number of snapshots in each block, No is the overlap between the blocks and Nb is the
total number of blocks. The blocks are then multiplied with a window function w to
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reduce the leakage effect in the Fourier transform. The Fourier transform of the blocks
is then calculated as follows:

q̂ (n)
k =

N f∑
j=1

w j q (n)
i e−i 2π(k−1)[( j−1)/N f ] (3.14)

A new data matrix is formed at the kth frequency by collecting all the Fourier realiza-
tions of the blocks, shown by the equally coloured blocks in Figure 3.8.

Q̂ f k = [q̂ f k(1), q̂ f k(2), ..., q̂ f k(N )] ∈CN xM (3.15)

Each frequency now has a data matrix Q̂ f associated with it. For each Q̂ f , the cross-
spectral density matrix is calculated as follows:

Ĉ f =
1

N −1
Q̂ f Q̂ H

f (3.16)

The Eigenvalues can be calculated via the method of snapshots based on the tradi-
tional POD approach, see for example [123].

3.2.3. OH* CHEMILUMINESCENCE

WORKING PRINCIPLE

OH* Chemiluminescence is the result of emissions of the OH when transitioning from
the electronically excited state A2 ∑+ to its ground state X 2Π. The electronically excited
OH molecules are a short living intermediate species in the reaction zone of a flame, cre-
ated via several possible mechanisms. For carbon fuels, the main OH* formation mech-
anism is [124]

C H +O2 −→OH∗+CO (3.17)

For hydrogen flames, the main OH* formation mechanism is [125]

H +O +M −→OH∗+M (3.18)

where H-atoms combine with atomic oxygen involving a third collision partner M.
Chemiluminescence appears, when OH* transitions to its ground state OH, while emit-
ting light:

OH∗ −→OH +hv (3.19)

The wavelength (λ = c
v ) of the A-X transition lies in the near UV range, around 308 nm.

Most of the molecules however release their energy not via emitting light, but via a col-
lision with a third body partner. The amount of OH* which transitions to its ground
state via emitting light is so small that it can be neglected in chemical kinetics studies
[125]. However, the released light represents a simple form for qualitatively detecting
the location and shape of the flame [126]. Figure 3.9 presents the emission spectrum
of a premixed methane-air flame, highlighting the distinct emission peaks of OH* near
308 nm and CH* around 430 nm. A narrowband filter centred at the target wavelength
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Figure 3.9: Spectrum of a premixed methane-air flame, OH* and CH* signal is superimposed by broadband
CO2* signal [132].

is mounted on the camera to isolate the emission from the species of interest. However,
in hydrocarbon flames, the detected signals for OH* and CH* are always superimposed
with broadband emissions from CO2*, affecting the accuracy of species-specific mea-
surements.

For laminar premixed flames, the spatially resolved OH* chemiluminescence is seen
as a good approximation for the local heat release rate [127]. For turbulent flames how-
ever a spatially resolved heat release distribution can not be obtained by any direct sig-
nal from OH* and CH* due to the varying turbulence intensity in the reaction zone [128].
Although the OH* signal cannot be directly correlated with the heat release, it can still
provide valuable insights into the flame shape and location in the combustion chamber.

Chemiluminescence is a line-of-sight technique that integrates the luminescence
along the lines of sight viewed by the camera. A common way to approach the line-of-
sight problem for axisymmetric intensity distributions is to reconstruct the spatial field
with the so-called Abel transform [129]. This Abel inversion utilizes a Fourier-series-
type expansion to map the radial pixel intensity distribution onto a theoretical 2-D plane
through cosine expansions.

OH* IMAGING SET-UP

In this study OH* images where captured by an intensified sCMOS camera (LaVision IRO
X and a VC-Imager M-lite 5M, with 1216x1024 pixel resolution) equipped with a band-
pass filter centred around 310 nm (LaVision 1108760 VZ with 75 % average transmissiv-
ity). Images were acquired with the Davis 10.2.1 software and averaged over at least 200
images. Post-processing on the averaged images was initially carried out using the MAT-
LAB code provided by Cardiff University [130], which is a modification of the MATLAB
Abel transform open-source software developed by Killer [131]. After confirming that
the Abel transform algorithm by Davis yielded identical results, the built-in algorithm
was used to streamline the post-processing steps and save computational time.

3.2.4. PLANAR LASER INDUCED FLUORESCENCE

WORKING PRINCIPLE

Planar laser induced fluorescence (PLIF) is a technique used to detect the presence of
minor species in a flame. The species relevant for this work are the hydroxyl radical (OH)
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and the nitric oxide radical (NO). For this, a dye laser pumped by the second (OH-PLIF)
or third (NO-PLIF) harmonics of a Nd:YAG laser is used to excite the molecules from the
ground state to a high-energy state. In the linear regime, the Laser-Induced Fluorescence
(LIF) signal is directly proportional to the target species number density and inverse pro-
portional to the quenching rate [133]. A UV intensified camera with a filter mounted in
front of the lens then captures fluorescence emitted when the molecules transition back
to a lower energy state. A simplified schematic of the set-up can be seen in Figure 3.10.

OH is an intermediate species in the reaction zone and stays in the post-flame zone
when the temperature is high enough. OH in CH4/H2 flames is formed by several reac-
tions, but mainly via the two reactions [134]

H +O2 −→OH +O (3.20)

and

H2 +O −→OH +H (3.21)

Figure 3.10: Working principle and laser-camera arrangement for laser-induced fluorescence (LIF) used in this
work.

In the reaction zone, the formation rate of OH radicals significantly exceeds their
reaction rate, leading to a super-equilibrium concentration. Downstream of the reaction
zone, the OH concentration gradually declines in the post-flame region. As OH radicals
are indicative of high-temperature regions, they serve as markers for both the reaction
zone and the hot burnt gases. Due to the rapid increase in OH concentration within the
reaction zone, they effectively distinguish between burnt and unburnt gases, making
them a reliable indicator of the flame front [135].

Nitric oxide (NO) PLIF can be used as direct marker of the local NO concentration in
the flame. NO is formed through one of the following reactions:

NO +O → NO2 (3.22)

N +OH → NO +H (3.23)



3.2. EXPERIMENTAL AND DATA PROCESSING TECHNIQUES

3

57

N2 +O → NO +N (3.24)

PLIF SET-UP

The PLIF laser system in this study consisted of a Nd:YAG laser (Q-smart 850) pumping
a tunable dye laser (Sirah CobraStrech G 30) with a nanosecond pulse. The dyes used
were Rhodamine 590 (OH-PLIF) or Coumarine 2 (NO-PLIF). The output beam of the dye
laser was then steered into a collimator (LV 1108409), resulting in a 30 mm height usable
laser sheet. The fluorescence was captured by an intensified sCMOS camera (LaVision
IRO X and a VC-Imager M-lite 5M, with 1216x1024 px resolution). The intensifier was
equipped with a bandpass filter, depending on the species investigated (for OH band-
pass filter LaVision 1108760 VZ, with a width of 20 nm, centred at 308 nm with 75 % av-
erage transmissivity, for NO highpass filter LaVision 1108619 VZ (> 250 nm) with 92 %
average transmissivity). Images were acquired with the software Davis 10.2.1.

To obtain a fluorescence signal representative of species concentration (OH and NO),
the dye laser output wavelength has to be carefully selected to match energy transitions
with minimal temperature dependence. The intensity of these transitions is linearly cor-
related with the molecular population of the initial state, which follows a Boltzmann dis-
tribution [133]. The excitation wavelength was chosen based on the temperature depen-
dence and the intensity of the corresponding transition. Although collisional quenching
is also temperature dependent [136], it was assumed to contribute uniformly across all
excitation wavelengths, not influencing the line selection. Figure 3.11 shows the tran-
sition spectrum for the OH A-X(1,0) and the NO A-X(0,0) transition, including the tem-
perature dependence of each excitation wavelength. The figure was generated with the
open-source Matlab code LIFTempDependence [137]. The code is based on applying
the Boltzmann distribution to the electronic, vibrational, and rotational states of OH
and NO, assuming a harmonic oscillator and rigid rotator model, as described by Linne
[138]. The code also makes use of the coefficients for each energetic state from the NIST
database [139].

Excitation lines with relative intensities below 75 % for OH and 85 % for NO com-
pared to their respective spectrum maxima were excluded for selection. For OH PLIF,
the A2Σ+-X2Π transition (1,0) Q1(8) transition at 283.636 nm was chosen (see Figure 3.11,
zoomed area in the top graph). This is a common wavelength selected for OH-PLIF [140].
For this wavelength the measured output energy was 26.5 mJ/pulse. For temperatures
between 1300 K and 2000 K, which is the expected range of the temperatures in the com-
bustor, the fluorescence intensity varies by 3.98 %. This is less than other transitions,
while the signal remainings strong enough for OH-PLIF detection.

For the NO-PLIF, the A2Σ+-X2Π (0,0) Q2(20) transition line at 226.109 nm was se-
lected, with an output energy of 6 mJ/pulse. This resulted in a sufficiently high intensity
to detect NO, but came with the expense of an increase in temperature dependence of
12.32 %.
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Figure 3.11: Effect of temperature in (a) OH A-X(1,0) transition spectrum and in (b) NO A-X(0,0) transition
spectrum. Transitions with intensity lower than 75 % and 82.5 % were neglected for OH and NO,
respectively.
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4
NON-REACTING STUDIES IN A

SWIRL-STABILIZED COMBUSTOR

A detailed investigation of the non-reacting flow field is essential to differenti-
ate between changes in the flow field caused by inherent flow dynamics and
those resulting from heat release in the reacting case. In fuel-flexible systems,
changing the fuel from methane to hydrogen can significantly alter the flow field
in the combustion chamber due to changes in density and injection velocities.
However, geometric features, like the outlet boundary condition or the confine-
ment ratio, can also influence the velocity profiles in the combustion chamber.
In swirl-stabilized configurations, the flow is particularly sensitive to variations
in velocity, as these influence key features like vortex breakdown and unsteady
field features, like the PVC. Both of those flow field features are critical factors
in determining the combustor performance, including flame stability and NOx

emission characteristics. This chapter investigates how several operational and
geometric parameters influence the non-reacting flow field in a swirl-stabilized
combustor, with jet in cross-flow fuel injection. The investigated parameters in-
clude outlet boundary conditions, confinement ratio, AAI, fuel composition, and
the injection momentum of the fuel. The analysis focuses on how these param-
eters affect the mean flow field as well as and the dynamic behaviour associated
with the PVC. Understanding these effects under non-reacting conditions pro-
vides a baseline for distinguishing flow-driven phenomena from combustion-
induced changes in stability and emissions in subsequent chapters.

Parts of this chapter have been published in S.Link et al., Proceedings of the ASME Turbo
Expo, 2023, https://doi.org/10.1115/GT2023-101678
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4.1. INTRODUCTION
Studying flow fields in a combustion chamber under non-reacting conditions provides
essential insights into how geometric and operational parameters influence the flow,
without the added complexity of combustion. In swirl-stabilized combustors, the flow
field plays a critical role in determining flame stability and emission characteristics, as
discussed in Chapter 2. Key features of swirling flows include the central and outer re-
circulation zones (CRZ and ORZ). The inlet conditions, such as the swirl number, along
with the combustion chamber geometry, determine the type of vortex breakdown (see
Section 2.1) and the location of the stagnation point. These factors also influence un-
steady flow features, including the PVC, a helical (azimuthal wave number m = 1) self-
induced hydrodynamic instability originating from the ISL. The PVC plays a major role
in flame dynamics by influencing flame-vortex interactions [46] and potentially caus-
ing global heat release oscillations in asymmetric flow fields. Its interaction with ther-
moacoustic instabilities remains an open question, as contrasting behaviours have been
observed. Steinberg et al. [141] demonstrated that the PVC can excite thermoacoustic
instabilities in a fully premixed combustor. However, other studies suggest that actively
generating a PVC in conditions where it does not naturally occur can suppress thermoa-
coustic instabilities [142, 143]. Furthermore, the PVC increases turbulent kinetic energy
levels, enhancing fuel-oxidizer mixing in partially premixed configurations [144, 145].
The average flow field characteristics, such as the size and strength of the CRZ and the
dynamics of the PVC, are influenced by a range of parameters. The following section dis-
cusses the factors that are likely to affect the flow field in the investigated swirl-stabilized
burner.

One such factor is the outlet boundary condition of the combustion chamber. To
suppress thermoacoustic instabilities in reacting conditions, it is common practice to
modify the acoustic outlet boundary condition, typically by introducing an area contrac-
tion through an orifice or nozzle [146]. If the Mach number approximately matches the
nozzle area contraction ratio, the outlet can act as an anechoic termination for frequen-
cies below 1000 Hz [147]. However, such area contractions can significantly affect the
upstream flow field under both non-reacting and reacting conditions, particularly when
the flow is subcritical, where the mean flow field can sustain long inertia waves, therefore
perturbations can move upstream in the flow field. When the swirl number is low, the
impact of an outlet contraction is minimal, as the flow tends to recover to supercritical
conditions downstream of the vortex breakdown [33]. In contrast, if the swirl number
is sufficiently high, the flow remains subcritical, and the outlet contraction alters the
flow field throughout much of the domain. Whether this influence persists when mov-
ing from non-reacting conditions to reacting conditions depends on the flow remaining
subcritical after heat release, which is strongly influenced by the initial swirl number
and the amount of heat release [38, 148]. Overall it has been concluded, that when the
effective swirl number at the combustion chamber exceeds Sw > 0.2-0.3, the flow stays
subcritical, and consequently the outlet contraction has a significant influence on the
flow field [149].

Another key parameter affecting the flow field in the combustion chamber is the con-
finement ratio, defined as the ratio of the combustion chamber area to the premixing
section area. Confinement strongly influences the behaviour of swirling flows, primarily
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by promoting the formation of outer recirculation zones. A smaller combustion chamber
diameter results in a more compact and shorter CRZ in the streamwise direction [150],
which can shorten the flame and reduce stability. Higher confinement ratios enlarge
the CRZ, enhancing the recirculation of hot combustion products into the reaction zone
[36], thereby extending the blow-out limits of the flame [151]. Additionally, confinement
significantly increases turbulent kinetic energy, up to double that of unconfined cases,
with this effect becoming more pronounced as the chamber diameter decreases [151,
152].

Another important design parameter influencing the flow field in the investigated
configuration is AAI [22], where part of the total air is injected along the centreline of
the mixing tube without swirl. As the level of AAI increases, the effective swirl num-
ber decreases [53], thereby reducing the size and strength of the recirculation zone [85].
If the reduction of the swirl number is high enough, the swirl number may fall below
the critical threshold for vortex breakdown or change the vortex breakdown mode from
bubble-type to cone-type [53].

In fuel-flexible configurations, the fuel composition can also affect the flow field. For
instance, injecting a lower-density fuel such as hydrogen, compared to methane, results
in a significantly higher volumetric fuel flow rate to maintain the same thermal input.
This results in higher bulk velocities and modified velocity profiles in the premixing sec-
tion, potentially affecting the effective swirl number. Moreover, variations in fuel com-
position, and thus in flow rate and density, change the momentum flux ratio between
fuel and air (J swirl). When the fuel is injected radially or axially, these changes can im-
pact the swirl number and, in turn, the overall flow field in the combustion chamber.

A clear understanding of how operational and geometric parameters affect the non-
reacting flow field is essential before introducing combustion. It allows the separation
of flow-driven effects from those induced by heat release. For this reason, this chapter
focuses on the non-reacting flow field, exploring a wide range of operational and ge-
ometrical conditions, and identifying the parameters that cause significant changes in
the flow field. This chapter is structured as follows: Section 4.2 describes the experimen-
tal set-up and operating conditions. Section 4.3 presents the results of the non-reacting
studies, investigating the effects of the boundary condition, confinement ratio, level of
AAI, momentum flux ratio J swirl, and fuel composition variations on the flow field. Fi-
nally, Section 4.4 summarizes the key findings of this chapter.

4.2. CONFIGURATION SPECIFICATIONS

GEOMETRY & OPERATING CONDITIONS

Experiments were performed in the 3D printed duplicate of the TU Delft swirl-stabilized
burner, as described in Section 3.1.3. The set-up can be seen in Figure 4.1, and it com-
prises an axial swirler with a swirl number Sw = 1.1. Only one swirl number was inves-
tigated, as it was shown in the reacting cases that the Sw = 1.1 outperforms the Sw =
0.7 swirler in terms of emissions and flashback resistance (see results in Chapter 6). The
fuel gets injected downstream of the swirler through four fuel ports in jet in cross-flow
configuration. Downstream of the optically accessible mixing tube with a diameter of
d MT = 24 mm, the mixture enters an optically accessible cylindrical combustion cham-
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Fuel reacting Surrogate
Tag X H2 Tag d J−low

[mm]
J low d J−high

[mm]
J high

A 0 As 3.5 0.09 1.4 3.45
B 0.4 Bs 3.5 0.11 1.4 4.33
C 0.8 Cs 3.5 0.13 1.4 4.89
D 1 Ds 4.07 0.12 1.64 5.01

Table 4.1: Fuel mixture tags and hydrogen molar fractions for the reacting experiments and corresponding
surrogate fuels and the diameters for the fuel inlets for the different momentum flux ratios J swirl at
Sw = 1.1.

ber. The combustion chamber has a length of 400 mm and a variable inner diameter d CC

(152 mm, 100 mm, 68 mm), which results in three different confinement ratios c (c = 40,
17 and 8), defined as the ratio of the combustion chamber area to the mixing tube area:

c = ACC

AMT
(4.1)

For the cases with AAI, the total mass flow is kept constant and the percentage of AAI
is given with

χ= ṁAAI

ṁtotal
with ṁtotal = ṁair = 5.1×10−3 kg/s = 264L/min (4.2)

The CH4/H2 fuel mixtures are replaced with He/air mixtures according to the method
described in Section 3.1.3, with maintaining a constant mixture density. Table 4.1 presents
the tag nomenclature and corresponding hydrogen molar fractions used in this chapter,
along with the diameters of the fuel injection holes and the resulting values of J swirl.
Throughout this chapter, any reference to a hydrogen fraction X H2 denotes the surro-
gate case associated with that fuel composition, corresponding to cases As through Ds

as defined in Table 4.1.
Replacing the 100 % H2 case with helium does not allow for matching the density,

as helium has approximately twice the density of hydrogen. As a result, the momen-
tum flux ratio is maintained, which required an increase in the fuel inlet diameter when
substituting hydrogen with helium.

This chapter presents data from two experimental campaigns. The first part inves-
tigates flow conditions without fuel injection, focusing on the influence of confinement
ratio and outlet boundary conditions. The second part examines the flow field with fuel
injection in jet in cross-flow configuration, addressing the effects of AAI, fuel composi-
tion, and momentum flux ratio. Two different PIV set-ups were used, each with seeding
strategies adapted to the specific aims of each campaign. The specific experimental con-
figurations for both campaigns are described in the following section.

MEASUREMENT TECHNIQUES
For the cases without fuel injection, time-resolved PIV measurements with two cam-
eras were performed at the centre plane (see Figure 4.1a, dark red boxes). The field of
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view of the cameras overlapped by 1.5 cm, and data where stitched together during post-
processing of the data. The swirling air stream was seeded with DEHS droplets, which
results in a Stokes number of St ≪ 0.1, based on the diameter and bulk velocity of the
mixing tube. The specifications of the PIV set-up can be found in Table 4.2.
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Figure 4.1: Measurement planes and seeding locations for the PIV measurements.

Laser Nd:YAG Laser Continuum MESA (532 nm)
Camera 2 x Photron Fastcam SA-1
Lens 60 mm
Sensor size 1024× 1024 px
Interrogation window 24× 24 px, 50 % overlap
Spatial resolution 14.6 px/mm
Acquisition frequency 2 kHz
Seeding particles DEHS droplets (d ≈ 0.9µm)
δt 15µs

Table 4.2: Specifications PIV set-up without fuel injection.

One of the cameras looked at an angle of 11◦ at the field of view, which caused a slight
error of around 2 % in the absolute velocities. The velocity fields were averaged over N =
2000 image pairs and normalized with the bulk velocity U MT in the mixing tube. The ran-
dom error in the velocities is given by U r ms /

p
N , where U r ms is the root-mean-square of

the velocity. With the sample size of 2000 images this resulted in a velocity uncertainty
of around 2 % of U r ms . In addition to the PIV measurements, two differential pressure
sensors were installed on the combustor baseplate at r = 2.7 mm and r = −2.7 mm (see
Figure 4.1a). These pressure measurements provide insight into the PVC frequency and
can be used to validate the findings of the PIV measurements. The pressure data were ac-
quired with a HoneyWell TruStability differential pressure transducer (accuracy: 0.25 %
FS, sampling frequency: 2 kHz, range ± 0.6 kPa).
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Laser Nd:YAG Quantronix Darwin Duo 527-80-M
Camera 1 x Photron Fastcam Mini AX 100
Lens 105 mm
Sensor size 1024× 1024 px
Final interrogation window 16× 12 px (CC), 12× 12 px (MT), 75 % overlap
Spatial resolution 19.1 px/mm (CC, MT)
Acquisition frequency 1 kHz
Seeding particles DEHS droplets (d ≈ 0.9µm)
δt 15µs

Table 4.3: Specifications PIV set-up with fuel injection.

For the cases with fuel injection, the measurement plane was either in the combus-
tion chamber (plane 1 in Figure 4.1b) or in the mixing tube (plane 2 in Figure 4.1b). For
measurements in plane 1 the swirling air was seeded with DEHS droplets, while for mea-
surements in plane 2 the surrogate fuel stream (He/air) was seeded. Since this chapter
also investigates the effect of momentum flux ratio (for the definition refer back to Equa-
tion 2.22) on the flow field, the diameter of the fuel injection holes was varied to modify
the inlet velocity. For the large diameter (see Table 4.1), indicated as J low, the Stokes
number, calculated using the fuel bulk velocity and fuel inlet diameter, remains below
St < 0.1. For the smallest diameter (J high), Stokes numbers up to St < 0.2 were reached
due to the higher fuel inlet velocities. Nevertheless, since all values remain well below
St < 1, the particles are expected to follow the flow accurately [118]. Since the velocities
in the combustion chamber are significantly lower than the injection velocities it is as-
sumed that St < 0.1 holds in the combustion chamber. In the figures of this chapter, all
the length scales are normalized with the mixing tube diameter DMT. For all results the
systematic error was investigated with the correlation statistics method available in the
LaVision Davis software, and they were lower than 5 %.

DATA PROCESSING AND ANALYSIS

A spectral proper orthogonal decomposition (SPOD) was applied separately on the x-
component V (transverse) and y-component U (streamwise) of the velocity data ob-
tained from both experiments. The SPOD modes are presented in V velocity since the
helical (asymmetric) structure of the PVC can be identified easily by the axis-symmetric
patterns in the modes [153]. As demonstrated in Terhaar et al. [154], a POD of the
swirling flow field data in Cartesian coordinates results in a symmetric pattern when
analysing the PVC modes of the transverse velocity V or the through-plane vorticity ωz .
If they are computed in cylindrical coordinates, the modes become skew-symmetric.
The SPOD, derived from a space-time POD, has the advantage of capturing coherent
evolution of the modes in space and time. While SPOD applied to a two-dimensional
flow field can only provide an indication of the three-dimensional structure in the two-
dimensional view, it does offer insights into the spatial and temporal correlations in
2D. Characteristic PVC patterns in two-dimensional planes have been clearly identified
in previous studies [153]. Therefore, given the rotational symmetry of swirling flows,
meaningful conclusions on the PVC structure can be drawn from an analysis of the two-
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dimensional flow field.

The SPOD analysis was performed with the open-source MATLAB function SPOD
[121]. The data matrix of the fluctuating velocity component V ′ consists of m (number
of snapshots) columns and ns rows, with the dimension of ns = Nx ·Ny = 29 241 (number
of data points in x- and y-direction). The matrix V ′ of the fluctuating velocities gets
determined by removing the average velocities of every column from their respective
column in the velocity matrix.

V ′ =


v ′

11 ... v ′
1m

v ′
21 ... v ′

2m
... ...

v ′
ns 1 ... u′

ns m

= [v ′
1, v ′

2, ..., v ′
m] ∈Rns xm (4.3)

For the Discrete Fourier Transform (DFT) applied to the matrix V ′, the columns of V ′
got divided into blocks with a length of l = 512. Each nth block (size ns x l ) and its Fourier
transform can be written as

V ′(n) = [v ′(n)
1 , v ′(n)

2 , . . . , v ′(n)
l ]

DFT−−−→ V̂ ′(n) = [v̂ ′(n)
1 , v̂ ′(n)

2 , . . . , v̂ ′(n)
l ]

(4.4)

A 50 % overlap resulted in nb = 6 blocks with a size of ns x l . A Hanning window fil-
tering was applied to the data, which resulted in a frequency resolution of 4 Hz. After
the DFT, the data are present at 257 discrete frequencies f . The Eigenvalue analysis is
performed on one frequency at a time, with the data matrix written as following

V̂ ′
f = [v̂ ′(1)

f , v̂ ′(2)
f , ..., v̂ ′(nb )

f ] (4.5)

The cross-spectral density tensor is determined as

Ĉ = 1

nb −1
V̂ ′

f V̂ ′T
f (4.6)

Finally, the eigenvalues and eigenvectors are computed following the traditional POD
procedure [155]. For a more detailed description of the SPOD methodology, the reader
is referred to the work of Schmidt et al. [156].

For the pressure measurements, a Fast Fourier Transform (FFT) of ∆p = p2 −p1 pro-
vides the spectrum of the pressure fluctuations. Applying the FFT to the difference be-
tween the two pressure signals ensures that the pressure fluctuations are not caused by
a symmetric structure, but by an asymmetric structure such as the PVC. The pressure
signal recorded for 5 seconds was divided into blocks with a length of 4000 samples. A
Hanning window filtering with 50 % overlap resulted in a final frequency resolution of
2 %. The difference on the frequency of the PVC obtained from the pressure measure-
ments and the frequency obtained from the SPOD data is below 3 %.
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4.3. RESULTS
In this section, first the effect of the outlet boundary condition and the confinement
ratio on the average flow field and the PVC dynamics is evaluated. This analysis is per-
formed without radial fuel injection. The subsequent sections investigate the effect of
AAI, the surrogate fuel composition and the momentum flux ratio on the flow field and
PVC dynamics.

4.3.1. EFFECT OF OUTLET CONTRACTION
To evaluate the effect of the outlet contraction on the flow field, measurements were
conducted both with and without a nozzle at the largest confinement ratio, c = 40, and
an air flow rate of Q̇swirl = 264 L/min without radial fuel injection and without AAI. In
the case with the nozzle, the outlet diameter was set to d nozzle = 15 mm, to satisfy the
condition that the area contraction ratio approximately matches the Mach number in
the nozzle for the studied cases. This ensures the outlet contraction functions as an ane-
choic termination for frequencies below 1000 Hz. Figure 4.2 shows the time-averaged
streamwise velocity field in the combustion chamber for the two outlet configurations:
an open outlet (a) and a nozzle (b). The red dashed line in the figure indicates the zero
axial velocity line. The figure highlights that the CRZ is notably influenced by the pres-
ence of an outlet contraction. Up to y/DMT = 1.5, the velocities in the swirling jet and
the negative axial velocities within the CRZ remain largely unchanged. However, beyond
this axial location, the outlet contraction induces an accelerating centreline flow in the
forward direction, leading to a reduction in both the size and strength of the CRZ. More-
over, downstream of y/DMT = 1.5, the opening angle of the swirling jets decreases in the
presence of the outlet contraction. The red dashed line in the figure indicates the zero
axial velocity. According to the results of Terhaar et al. [149], the strong influence of the
outlet contraction on the flow field indicates that the swirl number at the combustion
chamber outlet exceeds the critical value of Sw = 0.2, meaning the flow remains sub-
critical downstream of the vortex breakdown. Under reacting conditions, the effective
swirl number generally decreases, which can reduce or even eliminate the influence of
the outlet contraction if it falls below a critical threshold. To ensure consistency and en-
able a direct comparison between reacting and non-reacting flow fields, an open outlet
configuration was adopted for all subsequent experiments.

4.3.2. EFFECT OF THE CONFINEMENT RATIO
This section investigates the effect of the confinement ratio on the flow field by vary-
ing the combustion chamber diameter. Three different chamber diameters, along with
an unconfined case, are examined. The experiments are done without radial fuel injec-
tion and without AAI. Figure 4.3 presents the time-averaged streamwise velocity fields at
Q̇swirl = 264 L/min for different confinement ratios c, including the unconfined case (c =
∞). Adding confinement to the swirling flow (from c = ∞ to c = 40) leads to a significant
increase in both the length and width of the CRZ, and also results in the formation of an
ORZ. These effects are attributed to increased pressure recovery in confined geometries,
which induces a stronger adverse axial pressure gradient. This, in turn, promotes ear-
lier and more abrupt vortex breakdown, resulting a wider CRZ with significantly higher
negative axial velocities in the CRZ, from around −2.4 m/s for c = ∞ to −7 m/s for c = 40.
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a) Open outlet b) Outlet contraction

Figure 4.2: Effect of orifice on the outlet of the combustion chamber on the non-reacting average flow field (a)
open outlet, (b) outlet contraction, dashed line indicates the zero axial velocity line.

Figure 4.3: Average streamwise velocity fields for different c at Sw = 1.1 without AAI and without fuel injection,
dashed lines indicate zero axial velocity line.

Confinement also influences the velocities within the swirling jet, causing it to spread
more radially and reduce its axial velocity. While the jet velocity generally decreases with
decreasing c, the lowest velocity is observed at c = 17 rather than at c = 8. This is at-
tributed to the slightly wider spreading of the swirling jet at c = 17.

A smaller combustion chamber diameter initially results in a broader and longer re-
gion of strong negative axial velocities in the CRZ (0 < y/DMT < 0.5). However, in the case
of c = 8, the CRZ quickly reaches its maximum width further downstream. This is due to
the swirling jets impinging on the combustion chamber walls at an angle close to 45°,
leading to a strong deflection and a predominantly axial flow with minimal radial veloc-
ity further downstream. In contrast, at higher confinement ratios, the CRZ continues to
expand radially downstream, extending beyond the field of view. While the magnitude
and extent of negative axial velocities near the mixing tube outlet (y/DMT = 0) are similar
across all confined cases, further downstream the extent and intensity of the reverse flow
increase with confinement ratio. Assuming rotational symmetry, the broader recircula-
tion zones and stronger negative axial velocities suggest an increased recirculated mass
flow. In the reacting case, this is expected to enhance flame stabilization by promoting
the entrainment of hot combustion products into the reaction zone.

Figure 4.4 shows the real part of the SPOD mode 1 (most energetic SPOD mode) at
f = 320 Hz for the normalized transverse velocity component for the different confine-
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Figure 4.4: Normalized transverse velocity component v̂ (real part) from the SPOD mode 1 at f = 320 Hz,
dashed lines indicates zero U line.

ment configurations at Q̇swirl = 264 L/min. The frequency corresponds to the highest
amplitude in the energy spectrum of the strongest SPOD mode. The alternating high and
low values of the normalized real part of the transverse SPOD mode component (Re(v̂))
reveal coherent helical structures along the streamwise direction, characteristic of the
PVC. This pattern provides insight into the size and shape of the structure. The open-
ing angle of the helix, indicating the PVC radius, increases with decreasing confinement,
consistent with the behaviour of the swirling jet shown in Figure 4.3. This correlation is
expected, as the PVC wraps around the CRZ, therefore reflects its shape. The streamwise
extent of the PVC is greatest in the unconfined case and shortest for the lowest value of
confinement c = 8. This is likely due to a wider helix radius at a moderate confinement
ratio c = 17, which, by conservation of angular momentum, reduces the angular velocity
in the axial direction and shortens the region where the CRZ can influence the flow field.
For c = 8, the PVC interacts with the combustion chamber wall already at around y/DMT

= 0.75, leading to a rapid decay of the coherent structures in streamwise direction. Addi-
tionally, the helix pitch decreases with decreasing confinement, which is consistent with
the findings of Favrel et al. [157]: at constant swirl number, a larger helix radius leads to
a smaller pitch. The PVC at c = 8 exhibits both a smaller radius and smaller pitch than
at c = 17, suggesting a reduction in swirl number due to strong wall interaction. These
observations suggest that reducing confinement initially increases the PVC radius and
lowers the pitch. However, below a critical confinement ratio (ccritical), wall interaction
becomes the dominant effect, suppressing the PVC and further reducing the effective
swirl number downstream.

In Figure 4.5 the PVC frequencies f are presented for different confinement ratios
with varying swirling air flow rates Q̇swirl, to evaluate how the frequency scales with the
air flow rate. The frequencies are obtained from the pressure measurements in the com-

bustion chamber. In addition, a line with constant Strouhal number Sr PVC = f ·d MT
U MT

of
0.78 is shown, calculated by fitting to the observed frequency trends. The unconfined
configuration follows this constant Strouhal number line almost perfectly. In the con-
fined cases, the frequencies slightly deviate below the theoretical predictions as Q̇swirl

increases. This shows that the frequency of the PVC is only marginally affected by the
level of confinement. This scaling aligns well with previous studies conducted under
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Figure 4.5: PVC frequencies obtained from pressure measurements at different swirling air flow rates Q̇swirl
and different c, ■c = 40, ▲ c = 17,  = c = 8, ■c = unconfined, dashed line indicates constant
Strouhal number line Sr = 0.78.

non-reacting conditions at a swirl number of Sw = 1.1, where a Strouhal number Sr PVC

of around 0.75 was reported [50, 158]. The observed constant Strouhal number with in-
creasing flow rate reflects Reynolds’ law of similarity, which states independence of the
Strouhal number from the flow rate at a given Swirl number for high enough Reynolds
numbers [158].

The large-diameter combustion chamber is particularly well-suited for the objec-
tives of the present study, which looks into the flame stabilization and emissions of lean
flames. The wider geometry helps reduce wall heat losses during combustion and pro-
motes the formation of a broader and stronger CRZ, which enhances flame stability.
This is especially advantageous for stabilizing lean CH4 flames, which are more prone
to blowout due to their lower reactivity compared to H2 flames. Additionally, the large
diameter enables the swirling jet and the development of the PVC with minimal inter-
ference from the walls. Since this work heavily relies on laser diagnostics, a larger com-
bustion chamber diameter also helps to minimize laser sheet reflections in the flame
region, which would otherwise complicate result interpretation. However, increasing
the diameter also introduces certain drawbacks. The expanded area of interest makes it
more difficult to obtain measurements at larger radial positions. Moreover, the reduced
bulk flow velocities resulting from the increased cross-sectional area lead to significantly
longer and more computationally expensive numerical simulations.

4.3.3. EFFECT OF AAI ON THE FLOW FIELD
This section examines the impact of AAI on the flow field. The measurements were con-
ducted at c = 40 and at a total air flow rate of Q̇ = 264 L/min. Furthermore, unlike the
previous sections, the measurements were performed using a helium-based surrogate
fuel mixture, as detailed in Table 4.1. Figure 4.6 presents the average streamwise velocity
fields in the combustion chamber and the mixing tube for the surrogate case As (X H2 = 0)
at varying levels of AAI. The AAI fraction is varied according to Equation 4.2. At χ = 0 %, a
low-velocity core and secondary flow structures are observed in the mixing tube, includ-
ing a wake region with reduced axial velocity near y/DMT = -2, just downstream of the
AAI duct. This pattern arises as high-velocity flow from the swirler vanes moves inward
to fill the low-momentum core, creating alternating regions of high and low axial velocity
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due to swirl-induced centrifugal effects and radial flow interactions, as explained more
in detail in Chapter 5. At χ = 10 %, the central low-velocity region is replaced by a high-
velocity jet upstream of y/DMT = -1.5, although a slight velocity deficit remains further
downstream compared to the velocity in the swirling flow. For χ = 20 %, the centreline
velocity increases significantly, surpassing the axial velocity of the surrounding swirling
flow. However, it can also be observed that the high-velocity region is slightly tilted to
the left, rather than perfectly aligned with the centreline of the mixing tube. Based on
the instantaneous images (not shown), this tilt appears to be a steady feature rather than
a fluctuating phenomenon. A likely cause is asymmetry in the swirler geometry resulting
from the chosen printing method or an inaccuracy in the injector alignment.

a) χ = 0 % b) χ = 10 % c) χ = 20 %

Figure 4.6: Average streamwise velocity fields in the combustion chamber and the mixing tube for surrogate
case As (X H2 = 0) and different levels of χ. Dashed line indicates the zero-axial velocity lines.

For the flow field in the combustion chamber, as the level of AAI increases from 0 % to
10 %, the negative axial velocities within the CRZ decrease. This reduction is attributed to
a lower effective swirl number, as described by Equation 2.1, due to the addition of axial
velocity and a reduction in tangential velocity. The decrease in tangential velocity leads
to a narrower CRZ opening angle, which is consistent with a lower swirl number. Both
the 0 % and 10 % AAI cases exhibit a bubble-type vortex breakdown, where the swirling
jet initially contracts downstream of the bubble and then re-expands. For χ = 20 %, the
shape of the CRZ changes from a bubble type to a cone type, characterized by the CRZ
undergoing a significant radial expansion downstream of the stagnation point (point of
zero axial and zero radial velocity), leading to higher opening angles of the CRZ com-
pared to the other two cases. This configuration further reduces the negative axial ve-
locities in the CRZ. These observations align with Terhaar et al. [53], who reported that
cone-type breakdown occurs below a critical swirl number, which can be achieved by
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increasing the level of AAI. At χ = 20 %, the AAI jet is clearly visible along the centreline,
forming a bulge of positive axial velocity near the mixing tube outlet. For this high level
of χ, the flow field exhibits a clear asymmetry in the CRZ. The bulge of high axial velocity
is consistently tilted to the left-hand side, leading to an asymmetric velocity distribution
in the central CRZ. In contrast, the cases with χ = 0 % and χ = 10 % do not display signif-
icant asymmetry, suggesting that the deviation observed at χ = 20 % originates from the
AAI jet itself and is independent of the fuel injection. The pronounced change in flow
field characteristics from χ = 10 % to 20 % highlight the nonlinear influence of AAI on the
swirl number, where higher AAI levels lead to stronger reductions of the swirl number
[53].

Figure 4.7: Axial U and transverse velocity V profiles at different streamwise locations y/DMT forsurrogate
case As (X H2 = 0) at different levels of AAI: χ = 0 % ( ), χ = 10 % ( ), χ = 20 % ( ).

Additional insight is provided in Figure 4.7, which shows axial and transverse velocity
profiles of the flow fields shown in Figure 4.6 at various streamwise positions for varying
χ. Near the mixing tube outlet (y/DMT = 0), the peak axial velocity at x/DMT = 0.5 sig-
nificantly decreases as AAI increases, from 15.9 m/s at χ = 0 % to 11.8 m/s at χ = 20 %.
The negative axial velocities associated with the CRZ reduce between χ = 0 % and 10 %,
from −6.5 m/s to −4.2 m/s and at χ = 20 %, they appear only at y/DMT = 0.5, indicating a
significant downstream shift of the stagnation point. While transverse velocity near the
outlet only slightly decreases with increasing AAI, it becomes noticeably higher for the χ
= 20 % case further downstream, consistent with the significantly wider opening angle of
the cone-type vortex breakdown.

Figure 4.8 shows the real part of the SPOD mode 1 for the normalized transverse
velocity component (v̂) for different levels of AAI. At χ = 0 % and 10 %, shown at the fre-
quency corresponding to the highest peak in the respective energy spectrum, the mode
exhibits the typical helical structure of the PVC. As AAI increases from 0 % to 10 %, the
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a) χ = 0 % b) χ = 10 % c) χ = 20 %

Figure 4.8: Normalized transverse velocity component v̂ (real part) from the SPOD mode 1 at frequency f for
surrogate case As(X H2 = 0) at different levels of χ, dashed lines indicates zero U line. Headers
indicate the frequency of the peak of the corresponding mode in the energy spectrum of the SPOD.

PVC frequency decreases from 329 Hz to 277 Hz, consistent with a reduction in the swirl
number [52]. For χ = 20 % (Figure 4.8c), no distinct peak is present in the energy spec-
trum of SPOD mode 1, indicative of the PVC frequency (see Figure 4.9). The mode shown
corresponds to the SPOD mode that appears most frequently across the energy spectrum
of the SPOD mode 1. No distinct PVC pattern is observed. Terhaar et al. [53] differenti-
ate between two types of PVC. Type I is a strong, self-excited global mode, characterized
by a distinct peak in the energy spectrum corresponding to a coherent PVC pattern, as
observed for the cases χ = 0 % and χ = 10 % in Figure 4.9.

This mode typically occurs in flows exhibiting bubble-type vortex breakdown, as ob-
served for χ = 0 % and 10 % (Figure 4.6a and Figure 4.6b). A type II PVC appears in flow
fields with a cone-type vortex breakdown, as a large-scale coherent structure with a less
defined, noisier signature. The mode shape shown in Figure 4.8c does not directly re-
semble typical type II PVC structures but instead reflects slow moving shear-layer dy-
namics in the ISL and OSL, as described by Terhaar et al. [53]. However, higher-order
SPOD modes of the investigated flow field, which are not shown here, do exhibit type
II PVC-like features, suggesting that these structures are present, though irregular, and
contribute only minimally to the overall Turbulent Kinetic Energy (TKE).

4.3.4. EFFECT OF THE FUEL COMPOSITION ON THE FLOW FIELD

This section examines the impact of radial fuel injection on the mean flow field and PVC
dynamics for different fuel compositions. Measurements are taken for c = 40, fuel in-
let diameters for the lower investigated momentum flux ratio J low (see Table 4.1) and
a total air flow rate of Q̇swirl = 264 L/min. For this analysis, the CH4/H2 mixtures are
represented by density-equivalent He/air mixtures, based on the set-points defined in
Table 4.1. The volumetric flow rate increases substantially from X H2 = 0 to X H2 = 1,
resulting in a higher bulk velocity in both the fuel inlet ports and in the mixing tube.

Figure 4.10 presents axial and transverse velocity profiles at various streamwise po-
sitions for different fuel compositions at χ = 0 %. The corresponding contour plots of
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Figure 4.9: The amplitude of the most energetic SPOD mode at each frequency for surrogate case X H2 = 0 at
different levels of AAI: χ = 0 % ( ), χ = 10 % ( ), χ = 20 % ( ).

the velocities are provided in Appendix D. From the velocity profiles it can be seen that
the overall flow topology remains largely unaffected by changes in fuel composition: all
cases exhibit swirling jets with comparable opening angles and a CRZ of similar width.
However, the increased volumetric flow rate associated with higher hydrogen content
leads to higher axial and radial velocity components. This effect is most pronounced in
the swirling jets near the mixing tube outlet (y/DMT = 0), at positions around x/DMT =
−0.5 and x/DMT = 0.5, where both the axial and transverse velocity significantly increase
for increasing X H2. Specifically, the maximum axial velocity increases from 17.2 m/s for
X H2 = 0 to 19.2 m/s for X H2 = 1, while the transverse velocity increases from 3.2 m/s to
5.1 m/s. Further downstream, these differences decrease as the velocity profiles flatten.
Overall, the swirling jet opening angle remains relatively constant across all fuel compo-
sitions. Notably, the CRZ, which can be identified by the zero axial velocity line, appears
slightly narrower for X H2 = 1.

Figure 4.10: Axial U and transverse velocity V at different y/DMT for different surrogate fuel compositions
(case As - Ds) at χ = 0 % and J low: X H2= 0 ( ), X H2= 0.4 ( ), X H2 = 0.8 ( ), X H2 = 1 ( ).
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Figure 4.11: Axial U and transverse velocity V at different y/DMT for different surrogate fuel compositions
(case As - Ds) at χ = 20 % and J low: X H2= 0 ( ), X H2= 0.4 ( ), X H2 = 0.8 ( ), X H2 = 1 ( ).

Figure 4.11 shows the axial and transverse velocity profiles at various streamwise po-
sitions for different fuel compositions at χ = 20 %. For hydrogen fractions up to X H2 =
0.8, both velocity components are only marginally affected by the change in fuel com-
position. In contrast, for X H2 = 1, the axial velocity profile at the mixing tube outlet be-
comes noticeably flatter compared to the lower hydrogen content cases. Consequently,
the bulge in axial velocity on the centreline due to AAI is less pronounced, therefore
the overall streamwise velocity magnitude increases within the region −0.25 < x/DMT <
0.25. Further downstream, at y/DMT = 0.5, the CRZ shows a wider and more asymmetric
opening angle for the X H2 = 1 case. Moreover, the bulge in the velocity profile due to
AAI is no longer clearly distinguishable, while it remains visible for the other fuel com-
positions. These observations indicate that the flow field becomes significantly more
sensitive to changes in fuel composition when AAI is present.

Figure 4.12: The amplitude of the most energetic SPOD mode at each frequency for cases As to cases Ds at AAI
= 10 %: X H2 = 0 ( ), X H2 = 0.4 ( ), X H2 = 0.8 ( ), X H2 = 1 ( ).

Figure 4.13 shows the PVC frequencies at J low for various surrogate fuel composi-
tions at χ = 0 % and χ = 10 %. At χ = 20 %, no PVC was observed. Frequencies for the J high
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Figure 4.13: PVC frequencies obtained from SPOD for different surrogate fuel compositions for J low at χ = 0 %
(■) and χ = 10 % (♦), and for J high at χ = 0 % ( ), dashed lines indicate constant Strouhal number
Sr PVC lines.

cases at χ = 0 % are also included but will be discussed later. Lines of constant Strouhal
number, Sr PVC = 0.75 and Sr PVC = 0.63, are included for reference. As observed, the PVC
frequencies for J low closely follow these constant Strouhal number lines, except of the
case X H2 = 1, where the PVC frequency is at Sr = 0.71, which is slightly lower than the
Sr = 0.75 observed for the other hydrogen contents. Given that the Strouhal number
typically correlates with the swirl number, and assuming this relationship remains valid
despite changes in fuel composition, the observed deviation suggests a slight reduction
in the effective swirl number for X H2 = 1, while the other cases appear largely unaffected.
The deviation in X H2 = 1 is likely linked to the sharp increase in volumetric flow rate as-
sociated with the change from X H2 = 0.8 to X H2 = 1. This jump to X H2 = 1 significantly
increasing the velocity of the fuel jets and therefore also increasing the bulk velocity in
the mixing tube, potentially affecting the swirl intensity despite the same injector geom-
etry. The corresponding Strouhal number for cases with X H2 = 0 to 0.8 is slightly lower
than the value observed without fuel injection (Sr PVC = 0.78, see Figure 4.5), further sup-
porting the interpretation that radial fuel injection reduces the effective swirl number.

For χ= 10%, all cases align with the lower Sr number line (Sr PVC = 0.63), consistent
with a reduction in effective swirl number by injecting AAI. Notably, for X H2 = 1 and χ

= 10 %, no distinct amplitude peak corresponding to the PVC frequency is observed in
the energy spectrum of the strongest SPOD mode, as shown in Figure 4.12. In contrast,
the remaining cases exhibit clear spectral peaks, although the peak amplitude decreases
with increasing X H2. The absence of a spectral peak for X H2 = 1 suggests that the swirl
number has fallen below the critical threshold necessary for the formation of a type I
PVC.

4.3.5. EFFECT OF THE MOMENTUM FLUX RATIO Jswirl ON THE FLOW FIELD

This section examines how variations in the momentum flux ratio J swirl affect the flow
field. By adjusting the fuel inlet diameter, the fuel injection velocity and consequently
J swirl are varied. Measurements are taken for c = 40 and a total air flow rate of Q̇swirl =
264 L/min at different levels of AAI. Figure 4.14 presents the axial and transverse velocity
profiles for X H2 = 0 and X H2 = 1 at the lowest (J swirl = 0.09) and highest investigated mo-
mentum flux ratio (J swirl = 3.45) without AAI, shown at various streamwise positions. For
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X H2 = 0, the momentum flux ratios are J low = 0.09 and J high = 3.45; for X H2 = 1, they are
0.12 and 5.01 (see Table 4.1). Corresponding contour plots of the velocity fields are pro-
vided in Appendix D. While the velocity profiles indicate that the general flow structure
remains consistent across cases, the magnitude of both axial swirling jet velocities and
the negative velocities in the CRZ are strongly influenced by J swirl. For X H2 = 0, increas-
ing J swirl leads to a reduction in peak axial velocity of around 2 m/s. At the same time,
the transverse velocities increase by almost 4 m/s, indicating a broader opening angle of
the swirling jet. The negative axial velocities associated with the CRZ are also reduced at
around 2 m/s at lower J swirl, particularly near the injector outlet (y/DMT = 0), suggesting
a weaker recirculation. In contrast, for X H2 = 1, the influence of J swirl is less distinct.
Around x/DMT = −0.5, the axial jet velocity is higher for the J low case by around 4 m/s,
whereas this trend reverses downstream at x/DMT = 0.5. This reversal is attributed to the
flow asymmetry observed in the J low condition. Additionally, the negative velocities in
the CRZ show little sensitivity to the level of J swirl for the surrogate case X H2 = 1.

The influence of J swirl becomes more pronounced with high levels of AAI, as shown
in Figure 4.15, which presents the axial and transverse velocity profiles for X H2 = 0.8 and
X H2 = 1 at different J swirl levels and χ = 20 %. The corresponding contour plots pro-
vided in Appendix D. In this analysis, the surrogate case with X H2 = 0.8 (orange lines) is
compared to X H2 = 1 (pink lines), as elevated AAI levels are particularly relevant for mix-
tures with high hydrogen content. At y/DMT = 0, no clear trend in velocity magnitude
changes is observed. However, at y/DMT = 0.5, the J high cases show an increase in trans-
verse velocities for both fuels. This indicates a wider opening angle of the CRZ than the
cases with J low. For X H2 = 0.8, the streamwise velocity within the swirling jets close to
x/DMT =± 0.5 decreases significantly, by around 3.5 m/s compared to the J low case. For
X H2 on the other hand the streamwise velocity component is not significantly affected.
The central bulge of positive axial velocity appears especially sensitive to J swirl, where
the maximum velocities decrease up to 30 %. While the J low cases exhibit negative axial
velocities at y/DMT = 0.5, indicating the presence of the CRZ, the J high cases maintain
positive axial velocities, suggesting the CRZ is pushed downstream.

The effect of J swirl on PVC behaviour was examined by comparing the PVC frequen-
cies at the highest and lowest investigated J swirl levels, as shown in the previous dis-
cussed Figure 4.13. The frequency differences are no greater than 5 Hz, indicating that
the PVC frequency is not significantly influenced by the level of J swirl. This is notable
given the significant impact of J swirl on the velocity magnitudes in the mean flow field.
However, it suggests that the overall swirl number remains largely unchanged, and that
the variation in J swirl primarily affects the internal velocity distribution within the mix-
ing tube. This observation holds for the cases with χ = 0 % and χ = 10 %. For χ = 20 %, no
PVC was detected, so a frequency comparison could not be made.

4.4. CONCLUSION
This chapter investigated how key geometric parameters (confinement ratio and outlet
boundary conditions) and operating parameters (air axial injection level, fuel composi-
tion, and momentum flux ratio) influence the non-reacting flow field in a partially pre-
mixed, swirl-stabilized burner with jet in cross-flow fuel injection. The CH4/H2 fuel mix-
tures used in the reacting case were replaced by surrogate He/air mixtures matched for
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Figure 4.14: Axial U and transverse velocity V at different y/DMT for different surrogate fuel compositions at
χ = 0 %: X H2= 0, J low ( ) X H2= 0, J high ( ) X H2 = 1, J low ( ) X H2 = 1, J high ( ).

Figure 4.15: Axial U and transverse velocity V at different y/DMT for different surrogate fuel compositions at
χ = 20 %: X H2= 0.8, J low ( ) X H2= 0.8, J high ( ) X H2 = 1, J low ( ) X H2 = 1, J high ( ).
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density, as detailed in Chapter 3. High-frequency PIV measurements in the combustion
chamber and mixing tube provided detailed flow field insights, while SPOD analysis of
this data facilitates evaluation of the PVC dynamics. Both the time-averaged flow struc-
tures and the dynamic behaviour linked to the PVC were examined. These non-reacting
studies establish a baseline for subsequent reacting studies, allowing differentiation be-
tween changes in emissions and stability caused by the flow field and those resulting
from heat release effects. The main findings are summarized as follows:

• The presence of a contraction at the combustion chamber exit significantly alters
the time-averaged flow field. Specifically, it promotes a region of positive axial
velocity along the centreline, thereby reducing the strength and size of the CRZ.
Due to this substantial influence on the flow field, all subsequent analyses, both
non-reacting and reacting, are performed without an outlet contraction.

• A decrease in confinement ratio, achieved by increasing the combustion chamber
diameter leads to a higher recirculated mass flow within the CRZ, which supports
flame stabilization, as shown in the following chapters. The PVC frequency re-
mains largely unaffected by changes in the confinement ratio, as it originates up-
stream inside the mixing tube. Additionally, a larger combustion chamber reduces
interactions between the swirling jets and the chamber walls, thereby minimizing
heat losses. For these reasons, subsequent reacting experiments were conducted
using the largest investigated confinement ratio (c = 40), which proved to be well-
suited for the study.

• AAI has a pronounced effect on both the shape and size of the CRZ and the overall
velocity distribution within the combustion chamber. At χ = 20 %, the flow un-
dergoes a transition from a bubble-type to a cone-type vortex breakdown, signifi-
cantly increasing the opening angle of the CRZ and simultaneously decreasing the
strength of the CRZ. The PVC frequency decreases from χ = 0 % to χ = 10 %, and
at χ = 20 % the PVC becomes less coherent and contributes minimally to the total
turbulent kinetic energy (TKE).

• When changing the fuel composition, the overall flow structure remains largely
unchanged. However, the absolute velocity magnitudes increase with higher hy-
drogen content, consistent with the increase in bulk velocity in the mixing tube.
The PVC frequency generally corresponds to a constant Strouhal number (Sr ) scal-
ing; however, the X H2 = 1 case deviates from this trend. Since a constant swirl
number typically implies a constant Strouhal number, this implies that the fuel
composition influences the swirl number in the mixing tube.

• The momentum flux ratio (J swirl) significantly impacts the mean flow field, espe-
cially for the cases with AAI. Lower J swirl values are associated with reduced axial
jet velocities and increased transverse velocities, indicating a broader jet spread-
ing. Despite these changes in the mean flow, the PVC frequency remains largely
unaffected for a given fuel composition, suggesting that the swirl number is pre-
served across different J swirl levels.
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In summary, this analysis offers a detailed understanding of how the non-reacting
flow field responds to changes in geometry and operating conditions. These insights
form an essential baseline for designing and interpreting the reacting cases, allowing for
a clearer distinction between changes in flame stability and emission caused by heat
release and those inherent to the non-reacting flow. Moreover, the results confirmed the
selection of the configuration for the reacting studies, which will be conducted using the
largest investigated diameter and an open outlet.





5
MIXING OF JET IN SWIRLING

CROSS-FLOW

The mixing of fuel and air is a key factor in determining NOx emissions and
flame stability during combustion. For fuels such as hydrogen, the high flame
speed makes full premixing impractical because of the increased risk of flash-
back. In partially premixed combustion, the fuel is injected further downstream,
so it is important to achieve the best possible mixing within the limited available
distance. In fuel-flexible combustion systems (e.g., CH4/H2), the mixing pro-
cess is heavily influenced by the fuel mixture properties, requiring a thorough
understanding of the mixing process to minimize NOx emissions. This chap-
ter investigates the mixing of fuel jets into a swirling cross-flow. Experimen-
tally, the fuel is represented by a helium/air mixture matched in density to the
methane-hydrogen mixtures, and the mixing process is visualized by seeding the
fuel stream with DEHS droplets. The experimental results are compared with LES
simulations. First helium is validated as a surrogate fuel for H2 mixing. Then,
the chapter explores how fuel composition and the momentum flux ratio J swirl

between the fuel jet and swirling cross-flow influence mixing performance, as-
sessed using a spatial unmixedness parameter. The impact of varying levels of
AAI at two different swirl numbers on mixing quality is also evaluated. Finally,
conclusions are drawn regarding the key parameters that govern mixing in this
jet in cross-flow configuration.

Parts of this chapter have been published in S.Link et al., International Journal of Hydro-
gen Energy, 910, 2025, 10.1016/j.ijhydene.2025.05.070
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5.1. INTRODUCTION
NO emissions in lean flames are mainly produced via the thermal pathway [106], making
them sensitive to local flame temperatures. As shown in the burner geometries discussed
in Section 2.8 in Chapter 2, the NO emissions are significantly influenced by design and
operating conditions. The injector investigated in this thesis operates in a partially pre-
mixed configuration, with jet in cross-flow (JICF) fuel injection. This introduces the
mixing level as a critical parameter affecting emission performance. Insufficient fuel-
oxidizer mixing can lead to locally high-temperature zones, which in turn elevate NO
formation. To improve emission performance, it is essential to identify the key parame-
ters governing fuel-air mixing.

For a given geometry and a non-swirling cross-flow, the mixing is primarily deter-
mined by the jet to cross-flow density ratio S = ρjet/ρcrossflow, the jet to cross-flow veloc-
ity ratio R = Ujet/Ucrossflow, the jet to cross-flow momentum flux ratio J = SR2 and the
flow Reynolds numbers [28, 66, 117]. Many studies conclude that the momentum flux
ratio J is the most significant parameter governing the degree of mixing [159, 160]. Effec-
tive mixing typically requires J to exceed 25, in some cases it even exceeds J > 100 [159].
At very high values (J > 100), the jet behaves more like a free jet in a static flow [161].
Conversely, for low values of J (J < 1), the jet adheres to the wall rather than penetrating
into the cross-flow, a behaviour commonly used for film cooling in turbine blades [162].

More complex cross-flows are swirling flows, which are often used to stabilize flames
in modern gas turbines. The mixing of transverse jets with a swirling cross-flow intro-
duces new complexities, as the flow additionally has a tangential velocity component
and a radial pressure gradient. Early research into this interaction focused on the mixing
of helium jets discharged transversely into a swirling flow [68, 69].

It was concluded that swirl has a strong effect on the jet penetration depth, reducing
it by a factor of 5 for a swirl number of Sw = 2.25 [68]. For momentum flux ratios 0.28
≤ J ≤ 12.6 the jets follow a spiral path and advance in the same direction as the swirling
flow. Part of the reduced jet penetration depth is counteracted by the low density of
helium (ρHe/ρair), which pushes the helium towards the flow centre [69]. More recently,
Tan et. al [67] explored the mixing mechanisms of hydrogen transverse jets in swirling
cross-flows. Their findings suggest that increasing the swirl number enhances mixing by
influencing the formation of a recirculation zone and altering the distribution of shear
layers within the flow.

While swirling flows and jet in cross-flow configurations with axial cross-flow have
been extensively studied individually, the combined influence of these parameters on
mixing efficiency in swirling cross-flow systems remains less understood. This chap-
ter presents an experimental investigation of the mixing characteristics of a fuel jet in
swirling cross-flow configuration. By varying the momentum flux ratio J swirl between
the fuel and the swirling cross-flow as well as the fuel composition, this research aims
to identify the key parameters for optimal mixing in fuel-flexible combustion systems
that can operate with a range of fuels. Additionally, the effect of geometric parameters,
which include the geometric swirl number and the level of AAI on the mixing quality is
assessed.

Section 5.2 presents an overview of the experimental design, along with a description
of the configuration specifications for this chapter. Section 5.3 describes the framework



5.2. CONFIGURATION SPECIFICATIONS

5

85

Fuel reacting Surrogate
Tag X H2 d fuel

[mm]
Tag d J−low

[mm]
J low d J−mid

[mm]
J mid d J−high

[mm]
J high

A 0 3.5 As 3.5 0.09 1.64 1.83 1.4 3.45
B 0.4 3.5 Bs 3.5 0.11 1.64 2.30 1.4 4.33
C 0.8 3.5 Cs 3.5 0.13 1.64 2.59 1.4 4.89
D 1 3.5 Ds 4.07 0.12 1.96 2.46 1.64 5.01

Table 5.1: Fuel mixture tags and hydrogen molar fractions for the reacting experiments and corresponding
surrogate fuels and the diameters for the fuel inlets for the different momentum flux ratios J swirl for
Sw = 1.1.

of the study and Section 5.4 describes the procedure how the mixing quality is evaluated.
Section 5.5 validates the usage of helium as a surrogate fuel for hydrogen to represent
the macro-mixing in a jet in swirling cross-flow. It also examines the mixing behaviour
under varying fuel densities and (J) at different swirl numbers and different levels of AAI.
Finally, Section 5.6 summarizes the most important findings of this chapter.

5.2. CONFIGURATION SPECIFICATIONS

GEOMETRY & OPERATING CONDITIONS
Experiments were performed in the 3D printed duplicate of the TU Delft partially pre-
mixed swirl stabilized burner [24, 25], as described in Chapter 3. Downstream of the
swirler exit, the He/air fuel surrogate mixtures, which aim at replicating the CH4/H2 fuel
mixtures get injected perpendicular to the swirling flow through 4 injection ports. The
investigated cases are summarized in Table 5.1, including the tag nomenclature used in
this chapter. More details about the fuel compositions and its surrogates as well as the
procedure can be found in Table 3.2 (Chapter 3). The size of the ports varies depending
on the investigated momentum flux ratio J swirl and the fuel composition. The diameters
of the fuel injection ports as well as the resulting J swirl are summarized in Table 5.1.

During the experiments, the mass flow rates for both air and helium were controlled
by Bronkhorst digital mass flow meters with an accuracy of± 0.5 % RD plus± 0.1 % FS. To
control the helium mass flow rate, a mass flow controller designed for air was used, ap-
plying a conversion factor provided by Bronkhorst, as no calibration curve was available
for helium. This introduces some uncertainties in the mass flow rates of helium.

MEASUREMENT TECHNIQUES
The mixing process was analysed via Mie scattering images acquired in the mixing tube.
The field of view in the optically accessible mixing tube can be seen in Figure 5.1, green
box. For the analysis, the surrogate fuel stream (He/air) was seeded with DEHS droplets
generated with a PIVTEC PIVpart45 seeder. Since the fuel stream is seeded, the Mie scat-
tering of the particles is a good approximation of the level of mixing between the fuel and
air stream. The DEHS particles in the surrogate He/air stream have a Stokes number of
St < 0.1 for all J low and J mid cases based on the fuel inlet diameter and the fuel bulk ve-
locity. For the J high cases, due to the high velocities, the Stokes number is St < 0.18. The
Stokes number indicates that the particle response time is sufficiently low to track large-



5

86 5. MIXING OF JET IN SWIRLING CROSS-FLOW

C
u
r
s
i
e
f

A
l
t
.
S
u
b
t
i
t
e

AAI

He/air

DEHS
Air

Figure 5.1: Field of view in the optically accessible mixing tube (green box) and seeding location.

scale flow structures, providing a reliable measure of the average macroscopic mixing
[118]. However, since the local Stokes numbers might be locally higher in shear layers,
small-scale turbulent mixing may not be accurately resolved. Additionally, the signifi-
cantly higher density of DEHS droplets compared to helium, combined with centrifugal
forces in swirling flows, may cause the DEHS droplets to move outward from the vortex
core. Moreover, DEHS droplets do not replicate the molecular diffusion behaviour of
helium, resulting in a significantly smaller Schmidt number for helium compared to the
DEHS droplets, which implies that helium spreads more efficiently at small scales, while
the droplets remain largely advected by the flow and do not capture fine-scale mixing.

The set-up parameters of the Mie scattering experiments are summarized in Table 5.2.
The flow fields in the mixing tube and the combustion chamber for comparison with LES
simulations were reused from Chapter 4, which were obtained using 2D2C PIV with the
same laser and camera set-up and the same acquisition parameters. The velocity fields
are averaged over 2000 images.

Laser Nd:YAG Quantronix Darwin Duo 527-80-M
Camera 1 x Photron Fastcam Mini AX 100
Lens 105 mm
Sensor size 1024× 1024 px
Spatial resolution 19.1 px/mm
Acquisition frequency 1 kHz
Seeding particles DEHS droplets (d ≈ 0.9µm)
δt 10µs

Table 5.2: Specifications Mie scattering imaging set-up.

5.3. COMBINATION OF EXPERIMENTAL AND NUMERICAL DESIGN
Figure 5.2 presents the flowchart of the combined numerical and experimental frame-
work described in [70]. This framework validates the use of helium as a surrogate for
studying hydrogen mixing and assesses the impact of various parameters on mixing per-
formance. Although this chapter focuses primarily on the experimental component of
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the framework, which represents the contribution of this dissertation to the combined
numerical-experimental work, it also discusses the validation of helium as a surrogate
fuel for hydrogen, carried out in collaboration with the numerical study. The results sec-
tion concentrates on the suitability of helium as a hydrogen surrogate, the influence of
surrogate fuel composition on mixing, and the effects of momentum flux ratio (J swirl),
level of AAI, and swirl number on the mixing process.

Within the framework, the experimental approach was selected to evaluate the influ-
ence of various parameters on mixing, due to the broad parameter space and the flexi-
bility of the set-up, which enables straightforward adjustment of the swirl number and
the fuel inlet diameters to achieve the desired momentum flux ratios. Some test cases
were investigated numerically in-house using LES, performed by G. Ferrante [24], em-
ploying a multi-component mixture model to simulate turbulent mixing [70]. The LES
was carried out in OpenFOAM v9 by solving the Favre-filtered Navier-Stokes equations.
The numerical results provide quantitative details about the fuel mass fraction distribu-
tion in the mixing tube and combustion chamber. The 100 % He case (case Ds for J low

in Table 5.1) was simulated to validate the numerical model through the comparison of
results with experimental measurements. Then, a comparison between case D (100 %
H2) and Ds (100 % He) allows assessing the suitability of helium as a surrogate tracer to
represent the macroscopic mixing features of hydrogen.

CH4/H2 fuel 
mixtures

LES 
simulations
case A - D

He/air

LES 
simulation 

case Ds

Experiments
case As - Ds

Validation 
LES for case 

Ds
Effect of AAI,
Jswirl and Sw

Effect of fuel 
composition 

surrogateHe/air

Effect of fuel 
composition 

Validation of 
He as H2
surrogate

Figure 5.2: Flow chart of the experimental and numerical framework to study the mixing in the TU Delft swirl
stabilized burner, purple boxes indicate the work performed by in-house LES [70] and blue boxes
indicate the work performed by experiments presented in this dissertation.

5.4. EVALUATION OF MIXING QUALITY
Figure 5.3 shows the experimental methodology to determine the particle concentration
from Mie scattering images acquired in the mixing tube. The raw images on the left show
the single shot data acquired for case As, J low (top) and case Ds, J high (bottom). Since the
fuel stream is seeded, the particle distribution within the mixing tube reflects the degree
of mixing. Greater penetration of seeding particles into the centre of the mixing tube in-
dicates a higher degree of mixing. It is evident that the raw image in the top row demon-
strates worse mixing compared to the raw image in the bottom row, as the particles do
not reach the centre of the mixing tube. After subtracting the minimum sliding back-
ground (filter length = 9 images), the noise floor was determined by the 10th percentile
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of the pixel intensities. A Signal to Noise Ratio (SNR) of 2.5 was chosen, in order to guar-
antee a sufficiently high signal. The noise multiplied with the SNR gives the threshold.
Pixel with an intensity below the threshold are set to 0, particles above this threshold are
set to 1 (second column of the figure, step binarization). Afterwards, the particles per
pixel were counted in a time-series of 200 statistically independent images. After calcu-
lating the average, the signal is normalized by its maximum value, and a smoothing filter
with a filter size of 25x25 pixels is applied.

Figure 5.3: Experimental methodology to determine particle concentration from raw Mie scattering images.
From left to right, the process involves identifying the noise floor on background-subtracted images
(first column), binarizing the image based on a signal-to-noise ratio (SNR) threshold of 2.5 (second
column), and after averaging over 200 images and applying a Gaussian smoothing calculating the
normalized particle concentration C∗. Examples illustrating a lower degree of premixing (top, case
As, Jlow) and a higher degree of premixing (bottom, case Ds, Jhigh).

The mixing quality of the configuration is evaluated with the spatial unmixedness
parameter Us, which is the ratio of the spatial variance in fuel concentration in a given
plane to the maximum spatial variance of the same quantity, and is defined as [163]

Us (y) = 〈(C (x, y)−〈C (y)〉)2〉
〈C (y)〉 · (1−〈C (y)〉)

(5.1)

C expresses the temporal average, and 〈C〉 expresses the spatial average of C . Conse-
quently, 〈(C (x, y)−〈C (y)〉)2〉 refers to the variance of the fuel concentration C and 〈C (y)〉
to the average of the concentration C at a given y-location. For the experiments, C refers
to the particle concentration. Since no three-dimensional data are available, the degree
of mixing is evaluated with planar data of the fuel distribution C .

Us lays between 0 for a perfectly premixed system and 1 for totally unmixed system.
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Besides this scalar parameter a spatial distribution of the normalized fuel concentra-
tion is used to show how the fuel distributes in the measurement plane

C∗(x, y) =C (x, y)/〈C (y)〉 (5.2)

Since C∗ represents the normalized fuel concentration, it is a useful parameter to
compare cases with different fuel mass fractions. In a perfectly premixed configuration,
C∗ is equal to 1 throughout the region near the mixing tube outlet. An example plot of
C∗ for the experimental data can be seen in the right column of Figure 5.3, which shows
the normalized particle distribution C∗, calculated after averaging the binarized images
(second column) over 200 images and applying a Gaussian smoothing.

5.5. RESULTS
The results chapter begins by validating the methodology through a comparison of ex-
perimental results for the helium surrogate with in-house simulations for both helium
and hydrogen. The second section explores how fuel composition influences the mix-
ing process by analysing the fuel concentration in the mixing tube for various surrogate
fuels. The third section examines the impact of the momentum flux ratio J swirl on mix-
ing. Finally, the chapter concludes by assessing how different levels of AAI and the swirl
number affect the mixing process.

5.5.1. VALIDATION OF THE METHODOLOGY
To validate the use of helium as a surrogate for hydrogen, the experimental results of
case Ds are compared with in-house LES simulations for both case D and case Ds, as
listed in Table 3.2 (Chapter 3) [70]. Figure 5.4 shows contour plots of the axial and trans-
verse velocity fields in the mixing tube and combustion chamber, obtained from both
PIV and LES. The LES results show good agreement with the experimental data, accu-
rately predicting vortex breakdown at the transition from the mixing tube to the combus-
tion chamber. As the swirling flow enters the combustion chamber, it expands due to the
sudden increase in cross-sectional area combined with centrifugal forces. This expan-
sion, together with an adverse axial pressure gradient and a low-pressure region along
the core, leads to the formation of a CRZ. At the current axial velocity and swirl num-
ber, the CRZ extends upstream into the final section of the mixing tube. The LES shows
the stagnation point around y ∼ −5mm, while PIV measurements, although limited by
optical access, suggest it lies between −10 mm and −5 mm, consistent with the LES pre-
dictions. A more detailed quantitative comparison of velocity profiles in the combustion
chamber is provided in [70].

The LES also captures secondary flow structures within the mixing tube core (see
Figure 5.4 LES), including a near-zero axial velocity wake and strong inward radial flow
downstream of the central AAI duct at approximately y ∼−60mm. These features result
from high-velocity flows exiting the swirler and converging toward a low-momentum
region at the centre. The combined action of radial inflow and centrifugal forces leads
to alternating zones of high/low axial and inward/outward radial velocity, forming sec-
ondary recirculation structures. This behaviour is also qualitatively observed in the PIV
data, particularly as a reduction in axial velocity near y ∼−50mm.
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Overall, the in-house LES successfully captures the main flow features including vor-
tex breakdown and jet expansion angle despite minor underpredictions in peak velocity
magnitudes.

a) b)

Figure 5.4: Average streamwise velocity flow field (a) and average transverse velocity flow field (b) in the mixing
tube and combustion chamber obtained experimentally by PIV (left) and numerically (right) for
case Ds at Jlow, Table 3.2.

Figure 5.5a shows the normalized fuel concentration C∗ for case Ds, derived from
the Mie scattered images as described in Section 5.4. The highest particle count occurs
near the fuel injection ports (y ∼ 50mm), where radially injected helium penetrates the
swirling flow toward the centreline.

Further downstream, both the magnitude and radial gradients of C∗ decrease as mix-
ing progresses. At the edge of the field of view (y ∼ −15mm), C∗ stays around 1.2 near
the wall but remains around 0.5 at the core, indicating a stratified fuel distribution. This
stratification results from the competing effects of inward convection caused by radial
injection and jet in cross-flow dynamics and outward transport driven by centrifugal
forces and radial flow components.

The time averaged helium mass fraction field YHe predicted by the LES for case Ds is
shown in Figure 5.5b. Consistent with the experiments, high helium concentrations are
observed near the injection ports, decreasing downstream as the fuel mixes with swirling
air. The LES also reveals isolated regions of high concentration near the fuel ports. This
aligns with the sectional view of the LES results shown in Figure 5.6, which illustrates the
development of the jet in swirling cross-flow through iso surfaces of helium mass frac-
tion, highlighting the formation of helical structures. These structures are less evident in
the experiments, likely due to limited spatial resolution or potential LES overprediction
of coherent jet features, suggesting weaker turbulent mixing and a persistent memory
effect extending to y ∼ −30 mm [164]. Downstream, experimental results show more
pronounced stratification than the LES, possibly due to centrifugal separation. While
the LES treats helium as a passive scalar, the DEHS particles used in the experiments
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a) b) c)

Figure 5.5: (a) Experimentally obtained C∗ of case Ds at Jlow, (b) He mass fraction of case Ds at Jlow (c) H2
mass fraction of the case D.

Figure 5.6: Visualization of He jets in swirling cross-flow structures in the mixing tube as predicted by LES of
case Ds by instantaneous iso-surfaces of helium mass fraction YHe = 0.25, coloured by axial velocity
ũ. Courtesy of G. Ferrante [70].
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have inertia, making them susceptible to centrifugal forces that can lead to increased
accumulation near the walls. The lean core, largely free of fuel, is evident in both LES
and experiments, though it appears wider in the LES up to the end of the field of view.
At the mixing tube exit, LES predicts helium mass fractions of about YHe ∼ 0.04 near the
wall and YHe ∼ 0.0286 at the core, roughly 10 percent higher and 21 percent lower than
the nominal value 0.0362, respectively.

The LES prediction for case D (100 % H2) is shown in Figure 5.5c and compared to
the helium results from case Ds to evaluate the suitability of helium as a hydrogen sur-
rogate. As shown in Table 5.1, the fuel inlet diameter for case Ds was increased to match
the jet momentum of hydrogen in case D. Both cases exhibit similar mixing characteris-
tics including fuel penetration and spreading, the extent of the lean core, and exit plane
homogeneity. However, case D shows greater stratification near the exit, with higher wall
concentrations YH2 ∼ 0.022 and leaner core values YH2 ∼ 0.013 compared to the nominal
0.0184. This indicates slightly less mixing than with helium. A more detailed quantitative
comparison of mixing behaviour in cases D and Ds is provided in [70].

In conclusion, the LES results for case Ds show strong agreement with experimen-
tal data for both velocity and mixing fields validating the numerical model. Moreover,
comparison between cases D and Ds confirms that helium is an effective surrogate for
hydrogen under the present conditions. Based on this validation, the following section
investigates how variations in fuel composition influence mixing characteristics using
the experimental methodology described here.

5.5.2. EFFECT OF THE FUEL COMPOSITION ON GLOBAL MIXING

Figure 5.7 presents the spatial unmixedness Us along the mixing tube for various fuel
compositions, determined from post-processed Mie-scattered images of the J low cases
outlined in Table 5.1. The spatial unmixedness, calculated using Equation 5.1, is eval-
uated at multiple y-locations to assess mixture homogeneity and its streamwise evolu-
tion, which reflects the rate of mixing. For cases As, Bs, and Cs representing CH4/H2 fuel
mixtures of increasing hydrogen content (0 %, 40 % and 80 % H2 in volume, respectively),
the unmixedness at the most upstream location (y = −50 mm) consistently measures ap-
proximately Us ∼ 0.24.

Figure 5.7: Spatial unmixedness Us at different y-locations for different surrogate fuel compositions: X H2 = 0
( ), X H2= 0.4 ( ), X H2= 0.8 ( ) and X H2 = 1 ( ) calculated with Equation 5.1.
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At the mixing tube exit, a distinct correlation between higher helium content and bet-
ter mixing quality is observed. Cases As and Bs, both representing similar methane mass
fraction in the fuel stream, yield nearly identical unmixedness values of Us ∼ 0.055, while
case Cs (representing 80 % H2 by volume) achieves a slightly lower value of Us ∼ 0.05. In
comparison, the full helium case (case Ds), which serves as a surrogate for pure hydrogen
fuel stream, exhibits the highest initial unmixedness value of Us ∼ 0.3 and experiences a
more rapid mixing, with respect to the other tested fuel compositions, reaching the low-
est unmixedness value Us ∼ 0.025 at the tube exit. As it has been shown in the numerical
part of the study on this set-up [70], the difference in mixing is a result of helium being
less affected by outward radial convection at the mixing tube outlet than methane (or its
surrogate gas) due to its lower density, resulting in reduced stratification. Additionally,
helium exhibits higher inward diffusive transport due to its greater molecular diffusivity.
However, since the DEHS droplets have a significantly different diffusivity than helium,
it is expected that the change in mixing homogeneity in the surrogate cases is due to a
change in convective transport.

a) Case As, χ = 0 % b) Case Bs, χ = 0 % c) Case Cs, χ = 0 % d) Case Ds, χ = 0 %

Figure 5.8: Normalized fuel concentration C∗ for case As to Ds at Jlow and χ = 0 %.

Figure 5.8 illustrates the normalized particle distribution C∗ for different fuel com-
positions at J low and χ = 0 %. As previously observed in the spatial unmixedness val-
ues near the mixing tube outlet, mixing homogeneity is higher for cases Cs and Ds than
for cases As and Bs. The latter two cases exhibit more pronounced stratification, with a
higher concentration of particles near the wall and a leaner core. The initial unmixed-
ness is slightly higher for case Ds compared to the other cases, which can be attributed
to the lower radial flux of convection near the fuel injection port in case Ds. This is likely
because the lighter density jet is more deflected compared to the heavier density jet, as
observed in other studies for axial cross-flows [64]. Downstream of y=−30 mm, case Ds

shows a lower spatial unmixedness value (see Figure 5.7), despite a slightly more fuel-
lean core compared to case Bs. This is probably due to the wider spreading angle of the
fuel jet, which facilitates faster mixing with the cross-flow, as also demonstrated in axial
cross-flow studies [64]. Furthermore, the lighter fuel jet is less influenced by centrifugal
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forces, allowing it to mix more efficiently with the cross-flow.

5.5.3. EFFECT OF THE MOMENTUM FLUX RATIO Jswirl ON GLOBAL MIXING
Figure 5.9 shows, on the left-hand side, the spatial unmixedness (Us ) for various jet to
cross-flow momentum ratios (J swirl) at different streamwise locations for the 100 % H2

surrogate (case Ds). The graph clearly shows that close to the fuel injection point the
value for Us decreases as J swirl increases. This trend is intuitive because higher values of
J swirl correspond to deeper jet penetration into the swirling flow, allowing more helium
to reach the centreline of the flow. This behaviour is also evident in the contour plot of
normalized fuel distribution C∗ (see Figure 5.9, right-hand side). At y =−45 mm, the dark
blue region, representing areas with few or no particles, narrows significantly as J swirl in-
creases. For J high, the value for Us drops below 0.1 upstream of y = −40 mm, and remains
nearly constant throughout the field of view. This is reflected in the contour plot, where
the particle distribution for J high appears nearly uniform by y = −40 mm. In contrast, for
J mid, Us decreases more gradually, reaching a similar value to J high around y = −20 mm.
This behaviour suggests that, as expected, mixing near the injection point is primarily
driven by convection, which is weaker at lower J swirl. However, the mixing tube is long
enough to ensure a low unmixedness value even if Jswirl is reduced to Jmid. For the low-
est investigated J swirl, the initial level of unmixedness is considerably higher compared
to the higher J swirl values. Nevertheless, as the flow progresses through the mixing tube,
the unmixedness steadily decreases. While it approaches the levels observed for higher
J swirl values, it does not achieve the same degree of uniformity within the field of view.
This suggests that for the lowest Jswirl, a longer mixing tube would be required to reach
the same unmixedness level as for the higher Jswirl values.

Figure 5.9: Left side: Spatial unmixedness obtained from normalized Mie scattering Images for X H2 = 1 (case
Ds) at different levels of J swirl, J low = 0.12 ( ), J mid = 2.46 ( ) and J high = 5.01 ( ). Right side:
Level of C∗ for J low = 0.12 and J high = 5.01, field of view indicated in yellow in the graph.

Figure 5.10 shows the spatial distribution of unmixedness and fuel concentration
(C∗) for the low hydrogen content case (Bs, X H2 = 0.4). Notably, the case with the higher
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momentum flux ratio (J high) displays shows higher unmixedness in the upstream region
(y = 50 mm) compared to J low. This is likely due to a thinner mixing layer in the case
with higher J swirl, whereas the case with lower J swirl exhibits a more gradual transition
between regions of high and low C∗, as shown in the C∗ contours on the right side of
Figure 5.10. Similar trends have been reported in studies of axial cross-flows [64], where
a higher J swirl leads to deeper jet penetration into the cross-flow but reduced lateral
spreading of the fuel jet, resulting in less effective mixing near the fuel inlets. However,
this behaviour was not observed in the studies by Gevorkyan et al. [64], under conditions
where the fuel jets had the same density as the cross-flow, and even high J swirl resulted in
broad jet spreading. This may explain why the observed increase in unmixedness near
the fuel inlets with rising J swirl is limited to case Bs in the present study. Due to its rela-
tively low hydrogen content, the density difference with the swirling air jet is significantly
smaller compared to that in case Ds.

Figure 5.10: Left side: Spatial unmixedness obtained from normalized Mie scattering Images for X H2 = 0.4
(case Bs) at different levels of J swirl, J swirl = 0.11 ( ), and J swirl = 4.3 ( ). Right side: Level of
C∗ for J swirl = 0.11 and J swirl = 4.3, field of view indicated in yellow in the graph.

Focusing on the range −11 mm < x < 0 mm, the fuel concentration C∗ for J high shows
a higher penetration depth compared to the case J low, evident from the region of high
particle density (dark red areas). Additionally, the length of these red regions in the
streamwise direction is reduced for the case with higher J swirl, suggesting that the mixing
process occurs more rapidly after the fuel enters the mixing tube. Further downstream
(beyond y = −30 mm), the unmixedness value Us shown on the left side of the figure is
lower for the case with higher J swirl, indicating that the mixture enters the combustion
chamber at a higher degree of mixing. This observation aligns with the trends shown
in Figure 5.9, where also a higher J swirl resulted in a lower Us close to the mixing tube
outlet. Comparing Figure 5.9 and Figure 5.10 it is evident that unmixedness close to the
mixing tube outlet is lower for all investigated J swirl in case Ds compared to Bs. Close
to the fuel injection ports (y = −50 mm), it is clearly visible that the case Bs for the J high

case initially penetrates deeper into the cross-flow compared to case Ds for J low, which
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is to be expected due to the significantly higher J swirl. However, faster fuel spreading is
also observed for case Ds, as indicated by the more gradual gradient from the low fuel-
concentration core region (dark blue) to the high-concentration region (dark red). This
is, in part, likely due, to the significantly thicker mixing layer associated with the high
hydrogen content, which enhances near-field mixing. Furthermore, as shown in [70],
the lighter fuel stream experiences reduced centrifugal forces further downstream, and
the helium-rich jet is less affected by outward radial convection. These effects combined
suggest that fuel composition has a more pronounced influence on mixing performance
than the momentum flux ratio J swirl, particularly when comparing a case with low hy-
drogen content to a surrogate representing pure hydrogen fuel.

5.5.4. EFFECT OF AAI ON GLOBAL MIXING

Figure 5.11 shows the effect of AAI (χ = 0 % and χ = 20 %) on the C∗ distribution for case
As (X H2 = 0) and case Ds (X H2 = 1) at J low. For both cases As and Ds, the fuel jet near the
injection ports (y = −50mm) is more strongly pushed towards the mixing tube wall in
the absence of AAI. This behaviour is attributed to the higher mass flow rate of swirling
air in the absence of AAI, which more strongly influences the trajectory of the fuel jets,
pushing them toward the mixing tube wall.

a) Case As, χ = 0 % b) Case As, χ = 20 % c) Case Ds, χ = 0 % d) Case Ds, χ = 20 %

Figure 5.11: Normalized fuel concentration C∗ of case As and case Ds at Jlow for χ = 0 % and χ = 20 %.

As previously shown in Figure 5.6, the fuel jets in the cases without AAI are deflected
shortly after injection and follow the spiral trajectory of the swirling flow. In contrast,
with AAI, the fuel jet penetrates the cross-flow with significantly less deflection. At ap-
proximately y ∼ −30mm, cases without AAI still exhibit significantly higher unmixed-
ness than those with AAI, as seen in the broader fuel-lean core along the centreline of
the mixing tube. By the end of the field of view, the values and distribution of C∗ still dif-
fer slightly between the cases with and without AAI, with higher levels of unmixedness
for cases with AAI, but the differences are much lower. This observation aligns with the
findings of Reichel [85], who reported that for sufficiently long mixing tubes and high
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swirl numbers, spatial unmixedness does not increase significantly with higher AAI lev-
els in coaxial fuel injection configurations. Nevertheless, in the present set-up, a rela-
tively fuel-lean core persists in both cases, which could negatively impact emissions and
flame stabilization, as discussed in Chapter 6. Overall, case Ds both with and without
AAI shows a more uniform distribution of C∗ than case As, which is consistent with the
findings in Section 5.5 that higher hydrogen content leads to better mixing.
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Figure 5.12: Instantaneous particle images for case Ds at χ = 0 % (a) and χ = 20 % (b) at J low and J high, re-
spectively. The images show the particle distribution in the mixing tube, with the dashed line
indicating the centreline of the mixing tube.

Moreover, as elaborated in Chapter 4, the cases without AAI show the presence of a
PVC, whereas the cases with χ = 20 % do not. In the presence of a PVC, the centrifugal
forces likely prevent particles from entering the vortex core, while the lighter helium,
being less affected by these forces, may still be able to enter the core. Figure 5.12 shows
instantaneous snapshots of the particle distribution in the mixing tube for χ = 0 % and
χ = 20 %. At χ = 0 %, a particle-free core is observed oscillating around the centreline,
which is expected to correspond to the PVC. In contrast, at χ = 20 %, the core remains
steady, resulting in a higher concentration of particles along the centreline, especially
close to the mixing tube outlet, which indicates a more uniform mixing behaviour. This
mechanism may lead to a slight underestimation of unmixedness in the case without
AAI, suggesting that the actual unmixedness is higher in the case with AAI.

Figure 5.13 illustrates the effect of AAI (χ = 0 % and 20 %) on the normalized fuel
distribution C∗ for cases As and Ds at J high. For case As, the values of C∗ in the mix-
ing tube are comparable to those at lower J low (Figure 5.11), indicating that the mixing
level is similar. A comparison of Figure 5.11a and Figure 5.13a shows a steeper gradient
between high fuel concentrations near the wall and lower concentrations in the core at
J high. This is likely due to reduced fuel jet spreading, leading to slower mixing near the
injection points, despite the increased penetration depth.

For case Ds, significantly lower C∗ values are observed throughout the field of view
compared to the J low case at both levels of AAI, attributed to deeper penetration into the
cross-flow and more rapid spreading of the low-density fuel jet. Case Ds also exhibits
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a) Case Cs, χ = 0 % b) Case Cs, χ = 20 % c) Case Ds, χ = 0 % d) Case Ds, χ = 20 %

Figure 5.13: Normalized fuel concentration C∗ of case As and case Ds at Jhigh for χ = 0 % and χ = 20 %.

better mixing homogeneity than case As, consistent with trends noted in Figure 5.8.
Additionally, case Ds has a higher J swirl compared to case As at the maximum investi-
gated momentum flux ratio (refer back to Table 5.1), which further enhances mixing.
In the presence of AAI (Figure 5.13b), no fuel reaches the centreline for case As until y
= −30 mm. In contrast, for case Ds, fuel appears more upstream along the centreline,
likely due to the lower-density fuel being less influenced by centrifugal forces and the
wider jet angle. Interestingly, while case As with AAI shows more fuel near the periphery
than the centre, this trend is reversed for case Ds. Downstream of y = −30 mm, higher
C∗ values are observed in the core than in the outer regions, suggesting that the fuel jet
penetrates deeply into the swirling flow. This implies that mixing predominantly occurs
in the shear layer between the swirling flow and the AAI jet, with insufficient time for full
mixing, leaving most of the fuel near the AAI jet.

a) J low b) J high

Figure 5.14: Spatial unmixedness Us at different y-locations for case As ( ) and case Ds ( ) for two differ-
ent J , χ = 0 % (Î) and χ = 20 % ( ).

The spatial unmixedness values Us for J low and J high at various y-locations are shown
in Figure 5.14. For case As, the unmixedness values close to the fuel inlet at J high is in-
creased, despite deeper fuel penetration into the cross-flow. This has been previously
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observed in Figure 5.10, and has been attributed to the lower jet spreading of the fuel jet,
and therefore a lower initial mixing. Further downstream, the unmixedness values for
J high reach similar values of the one for J low. For all As and Ds cases, the initial unmixed-
ness is higher with AAI than without. In cases As and Ds at J low, this effect is observed
despite the fuel jets being less deflected towards the mixing tube wall. This appears to re-
sult from the high-momentum AAI jet restricting the mixing of fuel with the air stream.
Evidence for this includes a sharper gradient in fuel concentration between high and
low concentration regions, indicating a thinner initial mixing layer, and a broader low-
concentration region along the centreline (see Figure 5.11).

Nevertheless, as observed previously, the unmixedness values near the outlet are
similar for χ = 0 % and 20 % across all cases. Interestingly, in case Ds at J low, AAI ini-
tially reduces unmixedness by pushing the fuel closer to the centreline. Likely due to the
high momentum of the fuel jets, the fuel penetrates far into the cross-flow and mixes
within the shear layer between the swirling flow and the AAI jet. Although Us at the out-
let is similar with and without AAI, the fuel distribution shifts noticeably, from a slightly
fuel-lean core to a slightly fuel-rich one, as the AAI level increases.

5.5.5. EFFECT OF SWIRL NUMBER ON GLOBAL MIXING
Figure 5.15 presents contour plots of the normalized fuel distribution C∗ for case Ds at
J low, comparing two swirl numbers (Sw = 0.7 and Sw = 1.1) and two levels of AAI (χ =
0 % and χ = 20 %). For Sw = 0.7 and χ = 0 % (Figure 5.15c), the fuel jet reaches far into
the cross-flow and initially mixes rapidly, with C∗ values around 1.2 near y ∼ −50 mm.
Under the same conditions, but with Sw = 1.1 (Figure 5.15a), C∗ exceeds 1.5, indicating
a more concentrated fuel distribution.

a) Case Ds, Sw = 1.1, χ =
0 %

b) Case Ds, Sw = 1.1, χ =
20 %

c) Case Ds, Sw = 0.7, χ =
0 %

d) Case Ds, Sw = 0.7, χ =
20 %

Figure 5.15: Normalized fuel concentration C∗ of case Ds at Jlow for two different swirl numbers for χ = 0 %
and χ = 20 %.

Further downstream, however, the fuel-lean core remains relatively wide. In contrast,
for Sw = 1.1, the core narrows considerably in streamwise direction, indicating more ho-
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mogeneous mixing with the cross-flow. A similar trend is observed at χ = 20 %: near the
fuel inlets, the C∗ distribution is comparable between the two swirl numbers, but further
downstream, the case with Sw = 1.1 exhibits significantly better mixing. Conversely, the
fuel-lean core remains broader at the end of the field of view for Sw = 0.7.

These trends are also reflected in the profiles of spatial unmixedness Us at various
y-locations shown in Figure 5.16. Near the mixing tube outlet, unmixedness values are
consistently higher for lower swirl numbers, regardless of the AAI level. As seen in the
contour plots, unmixedness remains lower up to y =−40mm for Sw = 0.7. This may be
due to the higher J swirl (J swirl = 0.23 for Sw = 0.7 and J swirl = 0.12 for Sw = 1.1), as defined
in Equation 2.22, resulting from the lower swirl number, which allows the jet to reach
more deeply into the cross-flow. However, further downstream, the case with Sw = 1.1
exhibits more homogeneous mixing. This agrees with previous findings that increased
swirl enhances TKE, thereby promoting turbulent mixing [165].

In the presence of AAI, the unmixedness Us is initially similar for both swirl numbers
but diverges further downstream, likely due to increased levels of TKE at higher swirl.
Notably, even the case with Sw = 1.1 and χ = 20 % shows lower unmixedness than the
case with Sw = 0.7 and χ = 0 %. This highlights the critical role of turbulence in the
mixing process and suggests that the final mixing quality is not solely determined by the
initial jet penetration depth.

Figure 5.16: Spatial unmixedness Us at different y-locations for case Ds, Sw = 1.1, χ = 0 % (Î) and χ = 20 % ( ),
Sw = 0.7, χ = 0 % (Î) and χ = 20 % ( ).

5.6. CONCLUSIONS
This chapter investigated the mixing of a jet in swirling cross-flow configuration, rep-
resentative of a lab-scale injector of a partially-premixed, swirl-stabilized burner. Mie
scattering images of the seeded fuel stream enabled particle count techniques to evalu-
ate the degree of mixing. The study focused on the influence of fuel composition, swirl
number, level of AAI and jet to cross-flow momentum flux ratio Jswirl on the mixing pro-
cess. Mixing performance is evaluated using a spatial unmixedness parameter Us, and
by examining the normalized fuel concentration C∗. To represent CH4/H2 fuel mixtures,
He/air mixtures with varying helium concentrations were employed, where the use of
helium as a surrogate for hydrogen was validated against LES simulations. The key con-
clusions are as follows:

• Helium is validated as a reliable surrogate for assessing macroscopic mixing trends
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in swirl-stabilized configurations with hydrogen, when keeping the momentum
flux ratio J swirl constant. Due to the higher helium density, equal jet momentum
(at constant mass flow rate) has to be achieved by adjusting the fuel inlet diameter.

• For similar values of J swirl, reducing the density of the fuel stream enhances mix-
ing. This improvement is attributed to the reduced influence of centrifugal forces
on the lighter fuel, allowing deeper penetration into the cross-flow. Moreover, the
lower-density fuel is expected to exhibit a wider jet spreading angle, further pro-
moting mixing with the cross-flow.

• The fuel density has a more significant influence on the degree of mixing than the
level of J swirl. This is due to the fact that lighter fuels are less subject to outward
convection, therefore less prone to stratification.

• A higher the J swirl results in lower unmixedness at the outlet of the mixing tube.
However, there is a critical J swirl value beyond which, at any given mixing tube
length, the final unmixedness level is insensitive to fuel injection momentum J swirl.

• AAI significantly affects the degree of mixing near the fuel injection ports, as the
cross-flow cannot easily mix with the high-momentum AAI jet. Further down-
stream this reduces, but the mixture generally enters the mixing tube with a higher
level of unmixedness compared to the case with no AAI.

• Increasing the swirl number reduces the degree of mixing close to the fuel inlets.
However, enhanced turbulence in the cross-flow results in higher mixing levels at
the mixing tube outlet.

The non-reacting results show that increasing the hydrogen content improves mix-
ing in fuel-flexible (CH4/H2) combustion systems with a jet in cross-flow configuration.
This enhanced mixing with higher hydrogen content can contribute to lower NOx emis-
sions when the adiabatic flame temperature is held constant by reducing the operating
equivalence ratio. Despite the reduction in ϕ, the significantly higher flame speed of
hydrogen compared to methane can cause the flame to anchor significantly further up-
stream, in regions with less fuel-air premixing, potentially leading to increased local NOx

formation. Additionally, as shown in the results of this chapter, the level of AAI and the
swirl number significantly influence the fuel-air mixing. Direct estimation of NOx based
on operating equivalence ratio and mixing information from non-reacting data alone are
therefore challenging. An increase in J swirl was found to improve mixing across all inves-
tigated hydrogen fractions, which would also favour reduced NOx emissions. Nonethe-
less, a critical value of J swirl was identified, beyond which further increases no longer sig-
nificantly enhance mixing. This finding is particularly relevant for reacting conditions,
as it implies the existence of an optimal mixing tube length for a given J swirl. Beyond this
point, additional length offers no mixing advantage and may increase the risk of flash-
back in H2-rich flames, mainly due to the growth of the boundary layer.

While non-reacting studies may not fully capture the mixing behaviour under react-
ing conditions, they are still expected to provide indicative trends that reflect the mixing
characteristics in the reacting case and can contribute to a better understanding of flame
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anchoring behaviour and emission characteristics. Chapter 8 will focus on validating
these non-reacting findings under reacting conditions. Specifically, the next steps will
examine whether the expected changes in mixing degree are reflected in the NOx emis-
sions, and whether variations in fuel distribution within the mixing tube influence the
flashback limits of the burner.



6
EXPERIMENTAL INVESTIGATION OF

FUEL FLEXIBILITY

The distinct combustion characteristics of H2, such as high flame speeds and
elevated adiabatic flame temperatures, present challenges when designing fuel-
flexible systems that can operate stably with low emissions across a wide range
of CH4/H2 mixtures. To enhance flashback resistance, it is desirable to inject the
fuel as close as possible upstream of the combustion chamber. Simultaneously,
minimizing NOx emissions requires achieving rapid and thorough mixing. This
chapter investigates the fuel flexibility of an atmospheric laboratory-scale, par-
tially premixed swirl-stabilized combustor. By injecting part of the combustion
air as an axial air jet (AAI) along the centreline of the swirling flow, the flashback
risk for fuels with high hydrogen content is reduced. The flashback and blow-
off limits of the combustor are determined for the full range of fuel mixtures at
various equivalence ratios (ϕ). Combined flow field and flame shape analyses
provide insight into how the flame is stabilized within the flow and how this sta-
bilization changes with varying hydrogen content and AAI levels. To investigate
the influence of swirl on the flow field and flame stabilization, the analysis is con-
ducted at two swirl numbers, Sw = 0.7 and Sw = 1.1. Additionally, to study the
effect of H2 enrichment, AAI and the swirl number on the emissions, an exhaust
gas analysis is performed.

Parts of this chapter have been published in S.Link et al., International Journal of Hydro-
gen Energy, 910, 2025, https://doi.org/10.1016/j.ijhydene.2024.12.286
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6.1. INTRODUCTION

When H2 is burnt in systems designed for conventional carbon-based fuels, its substan-
tially different combustion properties can have an adverse effect on the combustion
process and on the reliability of the combustor. Higher adiabatic flame temperatures
at the same equivalence ratio increase nitric oxide (NOx) emission. Moreover, the high
reactivity and flame speed of H2 can alter the position of the flame in the combustion
chamber. This can affect the mixing of oxidizer and fuel, potentially leading to flash-
back under unfavourable conditions [10, 11]. Partially premixed combustion, achieved
by injecting the fuel as late as possible upstream of the combustion chamber, while still
allowing some mixing length, is a widely used approach to keep NOx emissions low while
minimizing the risk of damage due to flashback. Adapting conventional swirl-stabilized
injector geometries for fuel flexibility could allow operation for the full range of fuel mix-
tures, from entirely conventional carbon-based gaseous fuels to entirely H2. However,
the low-velocity region in the core of the swirling flows increases the propensity to flash-
back, particularly for highly reactive fuels like H2. Axial air injection (AAI), where a part
of the combustion air is injected non-swirling on the centreline of the flow has shown
promise in reducing flashback risk [85]. By mitigating the centreline velocity deficit and
shifting the stagnation point of the recirculation zone further downstream, AAI allows
stabilization of high hydrogen-content flames [85]. Several studies on hydrogen enrich-
ment showed that increasing the hydrogen content in the fuel lowers the lean blow-off
and flashback limits, and makes the flames more compact, due to higher reaction rates
and flame speeds [94, 166, 167]. Flame shape studies showed [98, 101] that hydrogen ad-
dition triggers a flame shape transition from M-flame to Π-flame, where the flame front
on the centreline lifts off the injector. This changes the flashback mode from flashback
due to combustion induced vortex breakdown to boundary layer flashback. In the study
of Guo et al. [168] it has been shown that H2 addition increases the OH-radical concen-
tration and the overall reaction rate in the reaction zone. This is expected to reduce the
strength of CRZ [44, 105] due to a high acceleration of the flow, leading to increased tem-
peratures in the reaction zone. Consequently, this leads to rising NOx emission values for
increasing hydrogen contents, despite decreasing adiabatic flame temperatures and de-
creasing residence times in the reaction zone. It also has been shown numerically that
hydrogen addition can largely increase the NO formation via the NHH pathway [106],
which can contribute significantly to the overall NO emissions [107].

However, there remains a significant gap in the literature regarding the key param-
eters governing flame stability and emissions in fuel-flexible burners operating across
the full range of fuel mixtures within a fixed geometry. Existing studies on H2-enriched
CH4/air swirling flames have rarely explored hydrogen concentrations beyond 80 % by
volume [21]. However, the transition from 80 % to 100 % H2 involves substantial changes
in both energy content and flow characteristics due to the low molecular weight of hy-
drogen. These changes have a significant impact on both the flow field and the chemical
behaviour of the mixture, influencing parameters such as flame speed, quenching dis-
tance, and mixing characteristics, and therefore present major challenges for combus-
tor design. Therefore, addressing the challenges associated with burning in the whole
range from methane to hydrogen in conventional swirl stabilized geometries remains
an open research area. This chapter aims to advance the understanding of the feasibility
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and challenges of dual-fuel combustion for CH4/H2 mixtures in a swirl-stabilized com-
bustor, by experimentally examining the operational range and flame/flow interactions
for various CH4/H2 mixtures. The investigated burner operates at atmospheric condi-
tions and employs fuel injection in Jet in Cross-flow (JICF) configuration, as discussed in
Chapter 5. JICF, where fuel is injected perpendicular to the airflow, has emerged as one
of the most promising solutions to mix two fluids in a limited space [169].

This study uses AAI to stabilize flames up to 100 % H2 flames, and examines its effec-
tiveness for mixtures with lower hydrogen content. This chapter is structured as follows:
Section 6.2 presents an overview of the experimental set-up and the measurement tech-
niques. Section 6.3 discusses the effect of H2 enrichment and AAI on the operational
range, flame/flow interactions, and emissions. Finally, Section 6.4 summarizes the most
important findings of this study.

6.2. CONFIGURATION SPECIFICATIONS

GEOMETRY & OPERATING CONDITIONS
Experiments were conducted in the partially premixed, swirl-stabilized dual-fuel com-
bustor located in the Sustainable Aircraft Propulsion Laboratory at TU Delft. The set-up
comprises an axial swirler with a swirl number of Sw = 0.7 or Sw = 1.1. Downstream of
the swirler exit, fuel is injected into the swirling flow via a jet in cross-flow configuration
through four injection ports, each with a diameter of d fuel = 3.5 mm. The exact dimen-
sions of the combustor geometry can be found in Chapter 3. A schematic of the set-up
can be seen in Figure 6.1.

A range of fuel mixtures is tested, from 100 % CH4 to 100 % H2, while maintaining
constant thermal power and a fixed air mass flow rate of ṁair = 5.1 ·10−3 kg/s. The set
points are designed according to the procedure described in Chapter 3. Operating con-
ditions for the design point at P = 12 kW are summarized in Table 6.1, while the remain-
ing conditions are provided in Appendix B. The adiabatic flame temperature and the
thermal expansion ratio are calculated with CANTERA for a premixed freely propagating
flame. Six fuel compositions are tested, corresponding to hydrogen molar fractions X H2

= 0, 0.25, 0.4, 0.6, 0.8, and 1. These are denoted as cases A to F throughout this chapter.

Design points at P = 12 kW and ṁair = 5.1×10−3 kg/s
Tag X H2 U MT

[m/s]
U fuel

[m/s]
ϕ Tad [K] J swirl ρreact/ρprod

A 0 10.45 9.92 0.75 1942 0.09 6.40
B 0.25 10.62 10.69 0.74 1930 0.09 6.33
C 0.4 10.75 12.76 0.73 1921 0.11 6.26
D 0.6 11.01 15.82 0.71 1908 0.12 6.13
E 0.8 11.44 20.96 0.68 1895 0.13 5.94
F 1 12.26 30.42 0.62 1858 0.12 5.60

Table 6.1: Operating conditions for the design points at constant air flow rate, H2 fraction X H2, the bulk veloc-
ity in the mixing tube U MT, equivalence ratio ϕ, adiabatic flame temperature Tad, momentum flux
ratio J swirl for Sw = 1.1 and thermal expansion ratio ρreact/ρprod.
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AAI

CH4/H2 Air

TiO2

PIV & OH* 
PLIF

Gas analyser

Figure 6.1: Set-up with the measurement locations for the laser-based diagnostics and location of the probe
for the gas analyser.

MEASUREMENT TECHNIQUES

PARTICLE IMAGING VELOCIMETRY

Flow fields in the centre plane under reacting conditions were obtained using 2D2C PIV.
The PIV settings are summarized in Table 6.2.

Laser Nd:YAG Quantronix Darwin Duo 527-80-M
Camera 1 x LaVision Imager pro HS4M
Lens 180 mm
Sensor size 2016×2016 px
Final interrogation window 32×32 px, 50 % overlap
Spatial resolution 24.35 px/mm
Acquisition frequency 850 Hz
Seeding particles TiO2 (d ≈ 0.5–1µm)
δt 37µs

Table 6.2: Specifications PIV set-up reacting experiments.

The camera was equipped with a bandpass filter 532±10 mm, to avoid capturing the
luminescence of the flame during acquisition. The raw images were scaled using a cal-
ibration image and then background-corrected by applying a minimum sliding back-
ground subtraction over nine images. The velocity fields were computed with the cross-
correlation algorithm (LaVision, Davis 10 software). The data was filtered for outliers
(Davis 10 universal outlier detection with median filter) and interpolated from adjacent
interrogation areas. The velocity fields are averaged over 2000 images and normalized
by the bulk velocity in the mixing tube U MT.

The systematic error of PIV was examined by correlation statistics method (LaVision,
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Davis 10 software) and the results indicate that the estimated uncertainties of velocities
are lower than 5.0 %.

OH* CHEMILUMINESCENCE

The OH* signal was captured with a Tucsen CMOS camera, equipped with a UV lens and
an optical filter with a width of 50 nm, centred at 325 nm. The images were acquired
at a frequency of 10 Hz. The inverse Abel transform [129] was applied to time-averaged
OH* results (over 100 single shot images) so that the distribution of OH* signal on the
symmetric plane of the flame was obtained. This OH* distribution can be used as an
indicator of the location of heat release [170]. For the Abel transform, each image is
first normalized by the maximum pixel value of the image. After the Abel transform, the
signal is again normalized by its maximum value, and a smoothing filter with a filter size
of 25×25 px is applied. This reduces the noise caused by the Abel transform but does
not distort the shape of the flame.

OH-PLIF

Pump Laser Nd:YAG laser (Q-Smart 850 from Quantel)
Dye Laser Sirah Cobra Stretch
Dye Rhodamine 590
Camera LaVision Imager M-lite 5M
Intensifier LaVision IRO X , Gain 60 %, gate time 100 ns
Lens 85 nm
Filter LaVision 1108760 VZ (75 % transmissivity at 308 nm)
Sensor size 1216× 1024 px
Spatial resolution 9.6 px/mm
Acquisition frequency 10 Hz
Excitation wavelength 283.55 nm, Q1(8) transition

Table 6.3: Specifications OH-PLIF set-up.

The specifications of the OH-PLIF set-up can be seen in Table 6.3. A more detailed
description of the OH-PLIF set-up and the selection of the excitation wavelength is pro-
vided in Section 3.2.4. A laser sheet, approximately 100 mm high and 1.5 mm thick was
formed by steering the laser beam into a collimator. For each operating condition, 500
single-shot PLIF images were collected. The images were corrected for variations in laser
sheet intensity using the flat field function in Davis. Variations in the laser sheet within
the combustion chamber were mapped by filling the chamber with acetone vapour.

GAS ANALYSER

Emission measurements were acquired with the ABB AO2000 gas analyser at 3 Hz. The
exhaust gas was sampled in the centre of the outlet plane of the combustion chamber.
The emission values were averaged over a time span of at least 30 s, once stationary con-
ditions for the set point were reached. The averaged values were normalized by a volu-
metric fraction of 15 % O2 in the flue gases. CO and CH4 values were measured below
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4 ppm and 15 ppm, respectively, which are the detection limits of the gas analyser. Due
to their low values, these emission values are not discussed, and it is assumed that com-
plete combustion took place. NO2 for all points was below 2 ppm. In some cases, the
values of NO2 are not representative, because the dew temperature increased with in-
creasing concentrations of water vapour in the products. For high hydrogen content fu-
els, this temperature exceeded the product temperature in the gas analyser (80◦C). This
most likely led the water to condensate, creating significant uncertainties due to NO2

dissolving in water. Additionally, NO2 is well known to react with liquid water to form
nitric acid and nitrous acid [171]. NO on the other hand remains largely inert and has a
limited solubility in water. Given that, for 100 % CH4 the NO2 value is an order of magni-
tude lower than NO, it is assumed that NO is the primary contributor to NOx emissions.
Consequently, it was decided to compare combustion performance by focusing on NO
emissions.

6.3. RESULTS

The results chapter first explores the operational range of the proposed lean partially
premixed set-up, focusing on the flashback and blowout limits across various equiva-
lence ratiosϕ and hydrogen contents at different levels of AAI. Following this, flow fields
obtained by PIV are discussed, highlighting the effects of H2 enrichment on the average
flow fields within the combustion chamber. Next, OH* chemiluminescence and OH-
PLIF images illustrate the different flame stabilization mechanisms and the location of
the flame in the flow field. Finally, the combustor performance is evaluated under dif-
ferent operating conditions by analysing the measured emissions

6.3.1. OPERATIONAL RANGE

In this section, the operational range of the combustor is discussed. Only lean condi-
tions have been tested, as this is the intended operational regime for this set-up. The
selected operating conditions (between 8 kW and 12 kW) to allow exploration of a broad
equivalence ratio range for multiple hydrogen contents. Figure 6.2 presents the stabil-
ity map of Sw = 1.1 at a constant air flow rate of ṁair = 5.1× 10−3 kg/s, examining the
cases with χ = 0 % and χ = 20 %. The stability map indicates the stable region, the Lean
Blowout (LBO) limits, and the Flashback (FB) limits. The stability analysis in this chapter
focuses on static stability, thus excluding consideration of thermoacoustic instabilities
in the analysis. Therefore, even if a flame is classified as statically stable, it could still
manifest thermoacoustic instabilities. Static stable flames stabilize downstream of the
mixing tube exit. Flashback is typically defined as the uncontrolled upstream propaga-
tion of the flame front, caused by an imbalance of local burning velocity and local flow
speed [172]. In the current set-up, the short distance from the fuel injection location
to the combustion chamber prevents flames from travelling far upstream. Therefore,
in this study, flames exhibiting flashback are identified by the presence of an upstream
flame front within the mixing tube. The flame burning in the mixing tube is undesired,
as it can impose high thermal loads on the combustor components, potentially leading
to material failure.

The images above the stability map display the average natural emissions of the
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flame, captured with a Nikon 7500 DSLR camera fitted with an AF-S DX NIKKOR 18-
140 mm telephoto lens. Each image represents an average of 30 snapshots. An example
of a stable flame at χ = 0 % is marked with a ⋆. An example of a flame in flashback mode
can be seen marked with the red triangle ∆ for the χ = 0 % case.

For χ = 0 %, only a narrow operational range of stable combustion can be identified.
It is observed that increasing the hydrogen content reduces the critical ϕ for the LBO
limit. This decrease results from the increase in reaction rate, the increase in diffusivity
and burning velocity for H2-enriched flames. This can be seen as an advantage, as a
lower LBO allows the combustor to be operated at leaner conditions, thus lowering the
formation of thermal NOx. However, due to a higher flame speed, it also decreases the
equivalence ratio for the flashback limits, as shown in Figure 6.2. Flames above X H2 =
0.8 can not be stabilized without AAI, even at very lean conditions(ϕ = 0.38). When the
overall equivalence ratio is increased toϕ = 0.65, flames can only be stabilized up to X H2

= 0.4.
The introduction of AAI, instead, allows full operational range from 100 % CH4 to

100 % H2 (Figure 6.2). When a high level of AAI is introduced (χ = 20 %), flashback does
not occur within the investigated range of X H2 and ϕ. However, blowout occurs at lean
conditions for lower H2 contents, which limits the operable range to higher ϕ values
where stable combustion can be sustained for all fuel mixtures. For the case with X H2 =
0.4 (⋆), the flame is significantly lifted off the injector. With at least χ = 20 %, flames can
even be stabilized reliably up to X H2 = 1 across the entire range of investigatedϕ. Lower
levels of AAI have resulted in flashback when ϕ reached a critical value.

Figure 6.2: Stability maps for Sw = 1.1 at χ = 0 % and χ = 20 % at a constant air mass flow rate with average
images of natural emissions of example static stable and unstable flames.

Figure 6.3 illustrates the average images of the natural emissions of the flame for Sw
= 1.1 and χ = 20 % with varying hydrogen content. As the hydrogen content in the fuel
increases, the flame becomes compact and is located closer to the injector, due to the
higher flame speed and reactivity of hydrogen-rich fuels. Noticeably the reddish colour
resulting from H2O* Chemiluminescence [173] is more intense with increased hydrogen
content, due to the greater amount of water vapour in the products. The colour of the
reaction zone transitions from blue, for fuels with high methane content (CH* Chemi-
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Figure 6.3: Effect of H2 enrichment on the flame shape for at P = 12 kW, Sw = 1.1, AAI = 20 %. Natural emission
in the visible spectrum.

Figure 6.4: Effect of the swirl number on the flame shape for at P = 12 kW and varying X H2. Average image of
natural emission in the visible spectrum. FB = flames exhibiting flashback.

luminescence) to grey for 100 % H2 (presumably a result of H2O2* Chemiluminescence
[174]).

For the lower geometric swirl number of Sw = 0.7, less AAI is required to stabilize the
flame at high hydrogen contents. This is expected, as the swirl induces a radial pressure
gradient that balances the centrifugal force. As a consequence, a higher swirl number
also introduces a higher adverse axial pressure gradient, resulting in an upstream loca-
tion of the stagnation point. This behaviour is illustrated in Figure 6.4, which compares
flame shapes for Sw = 0.7 and Sw = 1.1 at a moderate AAI level of χ = 10 % and varying
hydrogen fractions (X H2). The intermediate AAI level was selected because, at χ = 20 %
for Sw = 0.7, the flame lifts significantly from the injector, leading to unstable condi-
tions close to blowout for the fuel mixtures with low hydrogen content. High AAI levels
are known to suppress the CRZ by reducing the effective swirl number below the critical
threshold for vortex breakdown (Sw = 0.6) [31]. For the lower swirl number, the burner
can be operated across the entire range of hydrogen contents, while for the higher swirl
number, the flame experiences flashback above X H2 = 0.6.

Notably, at the lower swirl number, the flame is attached to the outer radius of the
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a) Lift-off heights for Sw = 0.7 b) Lift-off heights for Sw = 1.1

Figure 6.5: Lift-off heights in y/DMT of the injector for two different swirl numbers, at χ = 0 % (■), χ = 10 % (♦)
and χ = 20 % ( ).

mixing tube, suggesting stabilization of the flame in the boundary layer of the mixing
tube. This is especially pronounced for X H2 > 0.4. Conversely, at the higher swirl num-
ber, the flame stabilizes more towards the centre of the swirling flow. This suggests
more fuel-rich conditions close to the periphery of the mixing tube for lower swirl num-
bers due to decreased mixing quality. This observation aligns with findings discussed in
Chapter 5, which showed that lower swirl numbers result in less effective mixing, caus-
ing the fuel to remain closer to the mixing tube periphery. Figure 6.5 shows the lift-off
heights for varying levels of X H2 at different levels of AAI and the two different swirl
numbers. The lift-off height is obtained from the OH* images, while assuming that the
flame front is at 20 % of the maximum OH*signal. For the same level of AAI, the lift-off
height from the injector is increased for the lower swirl number in all cases. This is due
to the lower adverse pressure gradient for lower swirl numbers, which results in a more
downstream stagnation point. Overall, the lift-off heights for Sw = 1.1 at χ = 20 % are
comparable to those for Sw = 0.7 at χ = 10 %. However, the flame shapes differ signifi-
cantly between the two swirl numbers. As shown in Figure 6.3 and Figure 6.4 (Sw = 0.7,
χ = 10 %), the flame significantly protrudes into the OSL. For X H2 > 0.4, the flame at-
taches to the injector rim within the OSL, while along the centreline it remains lifted off
the injector. In contrast, for Sw = 1.1, the flame stabilizes at a more uniform distance
from the injector across both the centre and outer regions. As previously discussed in
Chapter 5, the degree of fuel-air mixing near the mixing tube outlet is higher for all Sw
= 1.1 cases compared to Sw = 0.7, even when the level of AAI is high. This improved
mixing is reflected in the flame images by the more uniform stabilization of the flame
for the higher swirl cases. However, for cases with X H2 = 0.8 and X H2 = 1, the flame
also shows significant stabilization within the boundary layer of the mixing tube. This
may be attributed to the reduced velocity gradient near the wall at higher swirl numbers,
which can increase the risk of flame stabilization in the shear layer and boundary layer
flashback, especially for higher hydrogen content fuels [175].

6.3.2. FLOW FIELD ANALYSIS

In Figure 6.6 the average streamwise velocity plots are shown for Sw = 1.1 and χ = 20 % at
various hydrogen contents at the design conditions presented in Table 6.1. The scale of
the coloured background indicates the normalized streamwise velocity, with superim-
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posed streamlines calculated from the x - and y-component of the velocity. In a swirl-
stabilized burner with a high swirl number (Sw > 0.6), the flow field is usually character-
ized by a CRZ, which forms as a consequence of vortex breakdown, as shown previously
in Chapter 4. The CRZ serves as an aerodynamic flame holder, allowing flames to stabi-
lize away from the solid components of the combustor. The figure illustrates a notable
alteration in flow field shape with increasing hydrogen content. The case with X H2 = 0
(case A) exhibits a flow field featuring a CRZ, which can be seen as the area of negative
axial velocities in Figure 6.6. This feature fully disappears for the case with X H2 = 1 (case
F). For the cases with CH4/H2 mixtures, the strength of the CRZ diminishes with increas-
ing hydrogen content. The drastic change in flow field structure from case E to case F
results from the way fuel composition was defined. In case E, the fuel was specified by
a hydrogen volume of X H2 = 0.8, which corresponds to a mass fraction of only Y H2 =
0.33. This leads to a significantly lower hydrogen content than in the pure hydrogen case
(case F), causing substantial differences in fuel properties and consequently in the flow
field.

Additionally, the flow fields illustrate that increasing hydrogen content in the fuel
increases the maximum axial velocity magnitude. For case A, the maximum axial velocity
is around 1.3 U MT,CH4, while it reaches around 2 U MT,H2 for case F. Firstly, this is due to
the increased bulk velocities in the mixing tube, which also have shown increased peak
velocities in the non-reacting case, as discussed in Chapter 4. However, the even stronger
acceleration downstream of y/DMT = 0.5 in case F indicates more pronounced thermal
expansion due to heat release compared to the cases with lower X H2. This is consistent
with the observed reduction in size and strength of the CRZ in the reacting case as the
hydrogen content increases.

Increasing the hydrogen content can be seen to induce a strong axial feature to the
flow emerging from the mixing tube, as seen in Figure 6.6 from the streamlines (-0.5 ≤
x/DMT ≤ 0.5). For case A, this feature looks very similar to the one discussed in the non-
reacting flow field in Chapter 4, as a result of the AAI jet. For cases E and F the axial jet-
like structure at the mixing tube outlet becomes significantly stronger and suppresses
the CRZ seen prominently in the other cases.

When transitioning from CH4 to H2 as fuel, several factors influence the flow field.
First, the momentum flux ratio J swirl between the fuel and the swirling air changes. As
shown in Chapter 4, radial fuel injection reduces the effective swirl number. The results
of the non-reacting study further indicate that increasing X H2 leads to a reduction in the
effective swirl number, which notably influences the flow field, particularly in the high-
hydrogen cases. In addition, the thermal expansion associated with combustion has
been shown to reduce the swirl number, as it accelerates the flow more strongly in the
axial direction [176]. A similar behaviour also has been observed in the work of Shoji et
al. [177], where increasing the equivalence ratioϕ of a low-swirl H2 flame resulted in the
formation of widespread high-velocity regions. This is attributed to an increased thermal
expansion ratio due to an increase in ϕ and due to a reduced lift-off height of the flame,
which causes an intense thermal expansion of the gas very close to the injector. Table 6.1
summarizes the ratios for J swirl and the thermal expansion ratios calculated for perfectly
premixed conditions for the operating conditions at P = 12 kW. The thermal expansion
ratio decreases for increasing hydrogen content. However, as shown in Chapter 5, the
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Figure 6.6: Average streamwise velocity fields in reacting conditions with superimposed streamlines, obtained
from PIV at with Sw = 1.1, P = 12 kW for different X H2 at χ = 20 %.

mixture enters the combustion chamber under partially premixed conditions. Conse-
quently, the location of the flame front determines significantly the equivalence ratio at
which the reaction takes place. A flame front positioned upstream or even attached to
the rim, as in case F, is expected to burn in some regions under conditions much richer
than the nominal equivalence ratio. In a lifted flame configuration, such as in case A,
the additional distance between the injector and the flame front allows more time for
mixing between fuel and oxidizer before combustion occurs. As a result, the flame tends
to burn at an equivalence ratio closer to the nominal value. Additionally, the location
in the flow field determines the magnitude of the local flow speed perpendicular to the
flame front. A flame located close to the mixing tube outlet will consequently accelerate
the flow to higher axial velocities downstream of the flame compared to a lifted flame.
The flow field for case F is that of the low-swirl flame discussed in [177]. This similarity
suggests that the increased thermal expansion in case F reduces the swirl number to a
level typical of a low-swirl flame, resulting in the absence of a CRZ.

Figure 6.7 presents the average streamwise velocity fields for the same fuel compo-
sitions as shown in Figure 6.6, but at a lower swirl number, Sw = 0.7, and χ = 10 %. No
data is shown for case A, as the flame was highly unstable and close to lean blowout. At
this level of AAI, the axial jet is no longer visible along the centreline, in contrast to the
flow fields shown in Figure 6.6. This absence supports the interpretation that the strong
axial feature observed for the cases Sw = 1.1 at χ = 20 % is a result of the interaction be-
tween the flame and the axial jet. This interaction leads to flow acceleration through
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Figure 6.7: Average streamwise velocity fields in reacting conditions with superimposed streamlines, obtained
from PIV at with Sw = 0.7, P = 12 kW for different X H2 at χ = 10 %

thermal expansion, particularly at higher X H2, where the flame stabilizes further up-
stream. The absence of the AAI jet on the centreline also results in higher negative axial
velocities within the CRZ for the lower swirl number. As a result, a CRZ persists up to
X H2 = 0.8 (case E), although the stagnation point moves progressively downstream with
increasing X H2. The opening angle of the high-velocity jets as well as the axial velocity
magnitudes remain similar to the ones observed for Sw = 1.1 and χ = 20 % (Figure 6.6),
for cases up to X H2 = 0.8. For case F, the overall flow field structure is similar for both
swirl numbers, with suppression of the CRZ and significant acceleration within the jet.
The velocity magnitudes are similar in both cases, though slightly higher axial velocities
are observed in the lower swirl configuration, likely due to the higher axial momentum
associated with a lower swirl number.

To investigate the role of heat release in the disappearance of the CRZ, a 100 % hy-
drogen flame was studied at Sw = 1.1 and χ = 20 %, for two different equivalence ratios
while keeping the air mass flow rate constant. The first case, with ϕ = 0.62, corresponds
to a thermal power P th of 12 kW, and the second, with ϕ = 0.4, to P th = 7.5 kW. Figure 6.8
presents instantaneous OH-PLIF images of the flame (top row) and the average flow field
(bottom row) for both equivalence ratios. At the higher equivalence ratio (ϕ = 0.62), the
flame exhibits a jet-like flow field without a CRZ, with flame branches aligned more par-
allel to the main flow and not spreading radially. Additionally, the flame is attached to
the injector in the OSL. In contrast, for the lower equivalence ratio, the axial velocities
of the AAI jet can clearly been seen on the centre line, but the flow field still features a
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Figure 6.8: Instantaneous OH-PLIF images (top row) and average flow field (bottom row) for Sw = 1.1, χ = 20 %
at two different equivalence ratios ϕ.

CRZ. This is also reflected the OH-PLIF distribution, where the flame brushes follow the
opening angle of the swirling flow.

Some variations in the non-reacting flow field are expected with changes in equiv-
alence ratio, due to variations in J swirl and the total mass flow rate in the mixing tube,
as discussed in Chapter 4. However, the results presented in Chapter 4 indicate that the
non-reacting flow field is only moderately sensitive to these changes, and no disappear-
ance of the CRZ was observed under any of the investigated conditions. Therefore, it is
concluded that the disappearance of the CRZ is primarily driven by thermal expansion
effects.

6.3.3. FLAME STABILIZATION

FLAME TYPES

Figure 6.9 shows the instantaneous OH-PLIF images of the different flame shapes ob-
served in the experiment. The flame shapes are identified through single-shot OH-PLIF
images, providing clear insights into the mechanisms responsible for flame stabilization.
OH* Chemiluminescence images offer a less detailed, line-of-sight averaged perspective,
making it more difficult to distinguish specific flame features. The V-flame shape (X H2

= 0.25, χ = 0 %) is similar to the ones in literature. For a V-flame shape, the flame is sta-
bilized in the ISL and the flame trailing edge tip is pointing towards the exit of the com-
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Figure 6.9: Instantaneous OH-PLIF images of flame types observed in this study with Sw = 1.1 at P = 12 kW,
V-Flame: X H2 = 0.25, χ = 0 % | M-Flame: X H2 = 0.4, χ = 10 % | M/Π-Flame: X H2 = 0.4, χ = 20 % |
Π-Flame: X H2 = 0.8, χ = 20 %.

bustion chamber [99]. Additionally, the flame is attached to the rim in the ISL. For an M-
flame (X H2 = 0.4, χ = 10 %), the flame trailing-edge tip protrudes in the outer shear layer
(OSL), pointing towards the combustion chamber dump plane. When the fuel contains
a high amount of H2 or when the mixing is reduced due to an increased accumulation
of fuel close to the periphery of the mixing tube, the flame can stabilize in the OSL, due
to lower chemical time scales τchem. The flames in the OSL are strongly affected by heat
losses, which quenches the reactions for low hydrogen contents or lean conditions. In
contrast to the definition in literature, the flame in the outer shear layer is not attached
to the injector, presumably due to heat losses to the steel baseplate [178]. Nevertheless,
the flame will be classified as M-flame, as it is attached to the injector in the ISL, and is
clearly protruding into the outer shear layer. For a Π-Flame (X H2 = 0.8, χ = 20 %), the
flame front in the centre is pushed downstream, while the flame is attached to the outer
rim. This type of flame has been observed and described in Liu et al. [98]. In compari-
son to their work, however, for theΠ-flame presented here no reaction takes place on the
centreline of the swirling flow. Both, high axial velocities due to AAI and lean quenching
due to a fuel lean core of the swirling flow (as discussed in Chapter 5) on the centreline
partly contribute to this effect. This will be discussed later in this section. Since the flame
is attached to the outer rim of the injector, the risk of boundary layer flashback is signifi-
cantly higher compared to an M-flame. A flame, where the flame front on the centreline
is pushed downstream, but the flame is not attached to the outer radius will be called
M/Π Flame (X H2 = 0.4, χ = 20 %).

EFFECT OF AXIAL AIR INJECTION

The flame structure is initially investigated for a fixed hydrogen content to analyse the
effect of AAI. Images were taken in the emissions band λ = 320±25 mm, centred at the
OH* Chemiluminescence signal to study the reaction zone. The Abel deconvoluted im-
ages can be considered as a good indication of the location of a heat release zone in the
axial plane of the burner, and are therefore used to determine the location of the flame
in the flow field [170].

Figure 6.10 shows the Abel deconvoluted OH* images with superimposed stream-
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lines obtained from PIV measurements for different levels of AAI at X H2 = 0.4. The ap-
parent high signal along the centreline in Abel-transformed chemiluminescence images
is an artifact caused by the inversion. The flame in Figure 6.10 represents a V-flame shape
for χ = 0 %. Throughout the investigated range, for χ = 0 %, only V-flames occurred. The
stagnation point being inside the mixing tube and the low velocities on the centreline of
the swirling flow allowed the flame burn attached to the injector, even in the case with
no hydrogen in the fuel mixture. For the intermediate level of AAI (χ = 10 %), the flame
burns in the ISL but develops small branches in the OSL. The flame classification pre-
sented in Chapter 2 shows that this is an M-flame. This outcome is anticipated due to
reduced mixing, causing increased accumulation of fuel close to the periphery of the
mixing tube, thereby facilitating stabilization of the flame in the OSL. For χ = 20 %, the
flame is lifted off the injector and partially burns in the ISL and OSL, transitioning to an
M/Π-flame.

Figure 6.10: Abel deconvoluted OH* images for Sw = 1.1 at for case C at P = 12 kW for X H2 = 0.4 with different
levels of χ, with superimposed streamlines.

As it has been thoroughly discussed in [85] and shown in Chapter 4, increasing the
level of AAI shifts the location of vortex breakdown further downstream and reduces the
negative axial velocity on the centreline. For χ = 20 % in Figure 6.10, the flow field even
exhibits a region of positive axial velocity around the injector outlet section between -0.5
≤ x/DMT ≤ 0.5. The significant change in the flow field between χ = 10 % to χ = 20 % can
be explained by the non-linear effect of AAI on the swirl number. For lower levels of AAI,
the effect on the swirl number for increasing AAI is smaller than for high levels of AAI, as
confirmed in [53]. Additionally, it can be seen that the flame up to χ = 10 % is burning on
the centreline, while for χ = 20 % no reaction takes place on the centreline, despite low
velocities being present. As previously discussed in the mixing study in Chapter 5, the
cases for the fuel injector diameter d fuel = 3.5 mm results in a lean core region, with most
of the fuel concentrated near the periphery of the mixing tube. Although unmixedness
values near the outlet of the mixing tube appear similar across cases, it is assumed that
increasing AAI reduces the local fuel concentration on the centreline. This is likely due
to the insufficient mixing length, which prevents complete mixing between the fuel and
the high-momentum AAI jet.

The absence of reaction along the centreline at higher AAI levels suggests local flame
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extinction in that region, likely due to deteriorated mixing quality. However, since the
streamlines exiting the mixing tube reach the reaction zone indicated by high OH* sig-
nal and no CO or CH4 is detected in the exhaust gas, complete combustion still occurs.
Additionally, flames at higher AAI levels are observed to burn more in the outer shear
layer (OSL), further supporting the notion that increased AAI leads to a more fuel-rich
region near the mixing tube wall.

EFFECT OF HYDROGEN CONTENT

Figure 6.11 shows the Abel deconvoluted images for different hydrogen contents. Due
to the high level of AAI (χ = 20 %) the flames are lifted off the injector for almost all the
cases, except for 100 % H2 (Case F). When no H2 is present in the fuel (Case A), the flame
stabilizes at a location of y/DMT = 1 and stretches until y/DMT = 3. Since it is burning in
the inner and the outer shear layer, the flame is classified as a lifted M-flame. As it has
been discussed before, the flame is not burning on the centreline, close to the stagnation
point. Since a low-velocity region is present, this suggests that the flow features a core
with the mixture below the lean flammability limit.

Figure 6.11: Abel deconvoluted OH* images for Sw = 1.1 at P = 12 kW for different X H2 with χ = 20 %, with
superimposed streamlines.

When enriching the fuel with a small amount of H2 (X H2 = 0.25), the flame trailing
edge in the outer shear layer moves closer to the combustor dump plane, while the tip
in the inner shear layer moves further away. When the hydrogen content is increased
even more up to 80 %, both the inner tip and the outer tip of the flame move closer to the
combustor dump, while still featuring the shape of an M-flame. For 100 % H2 (Case F),
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the flame is a Π-flame attached to the outer rim of the injector. The flame for case F is
similar to the low swirl flame observed in the work of Cheng et al. [179], which together
with the flow field shown in Figure 6.6 suggests that the swirl number is significantly
decreased compared to the low H2 cases.

6.3.4. EMISSION ANALYSIS
Figure 6.12 shows the CO2 emissions for Sw = 1.1 at different X H2 and different power
settings P . As expected, CO2 emissions exhibit a reverse exponential trend with increas-
ing hydrogen content. This occurs because CO2 emissions (in vol%) are directly propor-
tional to the mass fraction of CH4 in the fuel. When the hydrogen content is expressed
in volume fraction, the mass fraction of CH4 decreases exponentially.

Additionally, lower values of P result in reduced CO2 emissions. This is because, in
this configuration, the flame burns overall leaner at lower P , leading to a lower concen-
tration of carbon atoms in the fuel mixture.

Figure 6.12: Average CO2 emissions and standard deviations at Sw = 1.1 for different P and X H2.

Figure 6.13 shows the NO emissions under various operating conditions for the two
different swirl numbers. The average NO values, including the standard deviation, are
plotted against the adiabatic flame temperature of the perfectly premixed case. The
measurements are presented for increasing power levels, keeping the air flow rate con-
stant, which increases the equivalence ratio ϕ. This results in increased NO emissions
due to increased NO formation via the thermal pathway. As flame shapes are strongly
influenced by the levels of AAI and X H2, no relation between the flame shape and emis-
sions can be established.

Increasing hydrogen content generally leads to increased NO emissions, contradic-
tory to what is expected from calculated adiabatic flame temperatures for the premixed
case, as shown in Table 6.1. As it has been shown in Chapter 5, the fuel-air mixing is ex-
pected to be higher for increasing X H2 in the fuel. This would further decrease the NO
emissions for increasing levels of X H2, contrary to what is observed.

The trend of increasing NO emissions for increasing hydrogen content is particu-
larly evident in the Sw = 0.7, χ = 20 % case. Two plausible explanations which combined
can explain this trend are proposed. Due to the partially premixed operational mode,
flames with a higher flame speed are attached to the injector (Case F), and have there-
fore less time available for mixing. As a result, the local fuel-air mixture is expected to
be richer than the nominal equivalence ratio ϕ shown in Table 6.1. This leads to lo-
cally high flame temperatures, and consequently an increased formation of thermal NO.
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Figure 6.13: Average NO emissions and standard deviations for Sw = 0.7 and Sw = 1.1 at different levels of AAI,
P and X H2.

In contrast, flames with lower flame speed are lifted further from the injector (case A),
and benefit from an additional length of y/DMT = 1 downstream of the mixing tube exit,
where mixing can take place. This allows for a more uniform flame temperature and a
fuel-air mixture closer to the nominal ϕ, thereby limiting the formation of thermal NO.
This means that due to the substantial increase in flame speed, the change in flame po-
sition appears to have a greater influence on the NO emissions than the improvement in
mixing quality for increasing X H2. Additionally, as observed in other studies [44, 105], a
weakened CRZ for increasing hydrogen contents can increase the actual flame temper-
ature. This happens due to less or no recirculation of colder products into the reaction
zone. Consequently, more thermal NO can form. This can outweigh the effect of a lower
residence time in the reaction zone for increasing hydrogen contents [105].

Overall, for the same level of AAI, the higher swirl number results in lower NO val-
ues compared to the lower swirl number (Figure 6.13 top row), a trend observed in other
studies as well [180]. Higher swirl numbers facilitate better mixing, thereby reducing the
locally rich zones. When comparing the plot with Sw = 1.1, χ = 20 % with the one of Sw
= 0.7, χ = 10 %, it can be observed that for the high hydrogen content cases (Case E and
Case F), the higher swirl number performs slightly better. Since the location of the flame
is similar for all flames for cases E and F (see Figure 6.3 and Figure 6.4) it is assumed
that the high swirl number with a higher level of AAI still ensures a better mixing of fuel
and air. This has also been confirmed in the results of the mixing study in Chapter 5.
For lower hydrogen content fuels, the change in swirl number does not show any signif-
icant difference in NO emissions, supporting the assumption that a considerable degree
of mixing still takes place within the combustion chamber. Since low hydrogen content
flames are lifted off the injector, (see Figure 6.4), the equivalence ratio at which the re-
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action takes place is less affected by the flow field and the level of mixing in the mixing
tube.

6.4. CONCLUSIONS
This chapter explored the fuel flexibility (CH4/H2) of a laboratory-scale swirl stabilized
combustor. The concept of AAI is utilized to stabilize flames with high hydrogen con-
tent. Various optical diagnostic techniques and emission gas analysis were employed
to investigate the flow field, flame stabilization, and emission performance. The oper-
ational range of the combustor was examined for different equivalence ratios (ϕ) and
H2 fractions (X H2) at two different swirl numbers. AAI significantly increases both the
lean blowout limit and the flashback limit. As expected, the low swirl number results in
flames that stabilize further downstream in the combustion chamber compared to the
high swirl number, thus requiring less AAI to prevent flashback. High levels of AAI (20 %
for Sw = 1.1) are necessary to stabilize 100 % H2 flames. A small operational window is
identified, covering the full range from 100 % of CH4 to 100 % of H2.

The flow field analysis revealed significant changes in the overall flow field structure
when changing the fuel from CH4 to H2 at χ = 20 %. While CH4 flames exhibit a CRZ,
which anchors the flame, the CRZ is completely suppressed for the H2 flame at the de-
sign point of P th =12 kW.

In terms of flame stabilization, introducing a high level of AAI changes the flame from
a V-flame to an M/Π-flame, which leads to local flame extinction on the centreline, and
consequently richer conditions in the reaction zone. This behaviour was observed for
all hydrogen contents investigated. The low momentum flux ratio between the fuel jet
and the air jet forces the fuel to remain near the periphery of the mixing tube. Addition-
ally, the introduction of AAI further impairs mixing, leading to a mixture in the core of
swirling flow below flammability limit.

Furthermore, switching from CH4 to H2 results in greater NO emissions, despite
lower theoretical adiabatic flame temperatures for perfectly premixed configurations.
This is expected, as the CH4 flame anchors further downstream in the combustion cham-
ber, providing more time for fuel and air to mix. In contrast, combustion in high-H2

flames occurs under less premixed conditions, resulting in regions with equivalence ra-
tios exceeding the nominal ϕ. The main findings of this chapter summarized are:

• AAI allows stabilizing flames throughout the full range of 100 % CH4 to 100 % H2.

• Despite allowing for fuel-flexibility, the current configuration does not achieve
good mixing. This results in higher NO emissions when compared to a perfectly
premixed system, but also in a high risk of boundary layer flashback, since fuel is
located close to the periphery of the mixing tube.

• Changing the fuel from 100 % CH4 to 100 % H2 significantly alters the flow field
structure. For 100 % H2, the inner recirculation zone is not established in the cur-
rent configuration.

It is concluded that AAI presents a promising approach for fuel-flexible combustion
chambers. However, for high hydrogen content fuels, the fuel injection strategy requires
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further optimization to ensure improved fuel-air mixing and to stabilize the flame away
from the mixing tube boundary layer. The NO emissions exhibit a non-linear trend with
increasing hydrogen content, generally rising as the H2 fraction increases. This high-
lights the importance of local fuel-air mixing, which is influenced by the flame lift-off
height as well as potential changes in the NO formation mechanism. Therefore, Chap-
ter 7 provides a more detailed investigation into the NO emission characteristics of the
swirl-stabilized burner. To address the challenges related to limited fuel-air premixing
and flame stabilization near the boundary layer, Chapter 8 evaluates the combustor per-
formance using reduced fuel injector diameters, to increase the momentum flux ratio
J swirl. Based on the findings in Chapter 5, these configurations are expected to enhance
mixing and thereby mitigate the aforementioned issues.



7
NO EMISSIONS OF

SWIRL-STABILIZED CH4/H2

FLAMES

One of the main challenges in fuel-flexible combustion systems is achieving low
NOx emissions while maintaining flashback-free operation, particularly for fuels
with high hydrogen content. AAI, despite being an effective strategy to stabilize
H2 flames, significantly alters the flow field and can reduce the degree of fuel-
air mixing, which in turn increases the NO formation due to locally high flame
temperatures. Higher flame speeds, associated with increased hydrogen con-
tent, shift the flame position closer to the injector within the flow field. In a par-
tially premixed configuration, this reduces the available mixing length, resulting
in spots with higher local equivalence ratios compared to flames that stabilize
further downstream. To effectively minimize NO emissions, it is therefore crucial
to understand how both the fuel composition and the level of AAI influence NO
emissions. This chapter investigates the NO emission characteristics of a par-
tially premixed swirl-stabilized burner for different fuel compositions and differ-
ent levels of AAI. The NO distribution within the combustion chamber is mea-
sured using NO-PLIF and validated against NO concentrations in the exhaust
gas. These measurements are complemented by OH-PLIF, OH* chemilumines-
cence images and PIV measurements to provide detailed insights into the flame
structure, flow field characteristics, and the link between flame location and NO
formation.

Parts of this chapter have been published as S.Link et. al. Proceedings of the Com-
bustion institute, 41, 2025, 10.1016/j.proci.2025.105964
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7.1. INTRODUCTION
Chapter 6 successfully demonstrated the feasibility of flashback-free operation in a par-
tially premixed swirl-stabilized set-up for flames up to 100 % H2, when using AAI. How-
ever, NO emissions increase with increasing hydrogen content in the fuel, a trend not
expected when looking at the theoretical adiabatic flame temperatures for the perfectly
premixed case. As discussed in detail in Chapter 2, formation of NOx is a complex mech-
anism involving multiple pathways, and it is highly influenced by the fuel composition
and local flame temperatures. Therefore, a detailed investigation of the NOx emission
performance of the injector is essential to assess its suitability for fuel flexibility. Many
studies have been carried out to experimentally examine the effect of H2 enrichment on
NOx emissions in CH4/H2 swirl-stabilized flames. In fully premixed flames, studies have
shown that adding hydrogen to the fuel can either increase or decrease NOx emissions,
depending on the swirl number. This happens despite an increase in adiabatic flame
temperature for increasing hydrogen contents X H2 [44, 105]. In partially premixed burn-
ers, such as the HYLON burner [108] and the SGT-700/800 Burner [102], increasing the
hydrogen content in the fuel has been associated with an increase in NOx emissions. The
authors suggested that H2 enrichment can result in locally elevated flame temperatures
due to increased flame speeds for higher X H2. These studies also highlighted the signif-
icant influence of geometrical features on NOx emissions, attributing these differences
to changes in fuel-oxidizer mixing [108]. For non-premixed swirl stabilized flames, it has
been observed that NOx emissions increase linearly up to 80 % hydrogen content in vol-
ume, and then decrease again when the volume flow rate of air and gas remain constant
[181].

It should be pointed out that, although NOx emissions are composed of NO and NO2,
for flame studies, NO2 is often disregarded as it is typically produced via NO in post-
combustion regions [104]. Furthermore, when present within a flame, NO2 decomposes
into NO due to the high temperatures. Therefore, many studies [106, 107, 182] con-
sider only the NO formation mechanisms. Due to changes in flame characteristics, the
temperature distribution within the flame is altered, resulting in different NO formation
pathways for various fuel mixtures. For an approach at constant power, increasing hy-
drogen content up to X H2 = 0.6 has been shown to increase the NO formation via the
thermal, the NNH and the N2O mechanism due to increasing flame temperatures and
the increasing availability of H-radicals. The prompt NO pathway is almost unaffected,
but slightly decreases due to the lack of CHi radicals [107]. Chemical kinetics models
have shown that, for perfectly premixed laminar flames at the same flame temperature
and equivalence ratio (ϕ), achieved by dilution with an inert gas, the addition of H2 de-
creases NO formation [106, 183]. This is explained by a weakening of the thermal NO
pathway, presumably due to a decrease in O radical concentration. [106, 184].

Most experimental studies rely primarily on point-wise exhaust gas analysis to estab-
lish emission trends, which can be challenging given the various time scales and tem-
perature sensitivity involved in NO formation. Laser-induced fluorescence (LIF) of the
NO molecule can provide valuable insights into the spatial distribution of NO within the
combustion chamber. This provides a deeper understanding of the causes behind vary-
ing emission levels in the exhaust for different fuel compositions and changing geomet-
ric features. This chapter investigates the NO emission characteristics of a fuel-flexible
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combustor with a jet in cross-flow fuel injection. The combustor is designed to operate
with fuel compositions ranging from 100 % CH4 to 100 % H2, using the concept of AAI
[85]. Through exhaust gas analysis, OH & NO PLIF measurements, and PIV, the chap-
ter investigates the relationship between the flow field, flame location, and emissions.
Additionally, the chapter assesses the effects of varying hydrogen content and AAI on
emissions.

This chapter is structured as follows: Section 7.2 presents an overview of the experi-
mental setup and the measurement techniques. Section 7.3 first discusses the suitability
of NO-PLIF to describe NO emission trends. After that, it evaluates the effect of H2 en-
richment and AAI on the NO emissions in the burner. Finally, Section 7.4 summarizes
the most important findings of this chapter.

7.2. CONFIGURATION SPECIFICATIONS

GEOMETRY & OPERATING CONDITIONS

Experiments were performed in the TU Delft partially premixed swirl-stabilized burner.
A schematic of the burner can be seen in Figure 7.1. Details on the design and the work-
ing principle are provided in Chapter 3. Experiments were performed with a swirl num-
ber of Sw = 1.1. Downstream of the swirler, fuel is injected into the swirling flow via a
jet in cross-flow configuration through four injection ports, each with a diameter of d fuel

= 3.5 mm. The set-up operates with different fuel mixtures, ranging from 100 % CH4 to
100 % H2. The optically accessible quartz combustion chamber (diameter d cc = 148 mm
mm and length lcc = 400 mm) is made from ilmasil® PN with a transmissivity of around
80 % at 226nm, which corresponds to the laser exciting wavelength for NO-PLIF.

Design points at P = 12 kW and ṁair = 5.1×10−3 kg/s
Tag X H2 U MT

[m/s]
U fuel

[m/s]
ϕ Tad [K] J swirl ρreact/ρprod

A 0 10.45 9.92 0.75 1942 0.09 6.40
B 0.25 10.62 10.69 0.74 1930 0.09 6.33
C 0.4 10.75 12.76 0.73 1921 0.11 6.26
D 0.6 11.01 15.82 0.71 1908 0.12 6.13
E 0.8 11.44 20.96 0.68 1895 0.13 5.94
F 1 12.26 30.42 0.62 1858 0.12 5.60

Table 7.1: Operating conditions for the design points at constant air flow rate, H2 fraction X H2, the bulk veloc-
ity in the mixing tube U MT, equivalence ratio ϕ, adiabatic flame temperature Tad, momentum flux
ratio J swirl for Sw = 1.1 and thermal expansion ratio ρreact/ρprod.

The mass flow rates for both fuel and air were controlled by Bronkhorst digital mass
flow meters with an accuracy of ± 0.5 % RD plus ± 0.1 % FS. Experiments were performed
at the reference point of P = 12 kW. For a constant air mass flow rate of ṁair = 5.1×
10−3 kg/s, the combustor operates for 100 % CH4 at ϕ = 0.75 (which corresponds to a to-
tal fuel flow ṁCH4 = 2.2×10−4 kg/s) and for 100 % H2 at ϕ = 0.62 (corresponds to a fuel
flow ṁH2 = 1.0×10−4 kg/s). The operating conditions are summarized in Table 7.1. The
value for the momentum flux ratio J swirl is calculated with Equation 2.22. The adiabatic
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flame temperature and the thermal expansion ratio are calculated with CANTERA for a
premixed freely propagating flame. However, it is worth noting that heat losses as well as
non-perfect mixedness of the fuel and air are expected to generate local flame tempera-
tures which differ from the adiabatic flame temperatures.

AAI

CH4/H2 Air

TiO2

PIV & OH* 
PLIF

Gas analyser

a)

NO PLIF 2

NO PLIF 1

b)

Figure 7.1: (a) Set-up with the measurement locations for the laser-based diagnostics, location of the probe
for the gas analyser and the seeding location (b) NO-PLIF measurement locations.

MEASUREMENT TECHNIQUES

The PIV images where reused from Chapter 6, and not acquired separately. For com-
pleteness, a summary of the PIV setup is provided again in Table 7.2.

Laser Nd:YAG Quantronix Darwin Duo 527-80-M
Camera 1 x LaVision Imager pro HS4M
Lens 180 mm
Sensor size 2016×2016 px
Final interrogation window 32×32 px, 50 % overlap
Spatial resolution 24.35 px/mm
Acquisition frequency 1 kHz
Seeding particles TiO2 (d ≈ 0.5–1µm)
δt 37µs

Table 7.2: Specifications PIV set-up.

The spatial distributions of the minor species OH and NO within the swirl-stabilised
flame were obtained using planar-laser induced fluorescence (PLIF). The set-up specifi-
cations of the PLIF set-up can be found in Table 7.3. A detailed description of the camera
and laser set-up as well as the selection of the excitation wavelength can be found in Sec-
tion 3.2.4 in Chapter 3.
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Pump Laser Nd:YAG laser (Q-Smart 850 from Quantel)
Dye Laser Sirah Cobra Stretch
Dye Rhodamine 590 (OH), Coumarine (NO)
Camera LaVision Imager M-lite 5M
Intensifier IRO X, gate 100 ns, Gain - 55 % (OH), 85 % (NO)
Lens 85 mm
Filter OH LaVision 1108760 VZ (75 % transmissivity at 308 nm)
Filter NO LaVision 1108619 VZ (92 % transmissivity at > 250 nm)
Sensor size 1216× 1024 px
Spatial resolution 9.6 px/mm
Acquisition frequency 10 Hz
Excitation wavelength OH = 283.55 nm - Q1(8), NO = 226.033 nm - Q2(20)

Table 7.3: Specifications OH & NO-PLIF set-up

The scaling factor of the acquired images is around 0.11 mm/px for both species, pro-
viding a field of view (FoV) as shown in Figure 7.1a. For each operating condition and
both species, 200 single-shot PLIF images were collected. For OH-PLIF, the laser sheet
was mapped by introducing acetone into the combustion chamber, which absorbs light
at the same wavelength as OH and emits light at a wavelength similar to that of CH. To
image the sheet, the camera was equipped with a bandpass filter with a width of 15 nm
and centred around 435 nm (LaVision 1108566 VZ-Image), with an average transmissiv-
ity of 40 %. For NO-PLIF, the laser sheet was corrected in vertical direction by estimating
a uniform NO distribution in the ORZ, far away from the reaction zone. Since the Field
of View (FoV) of the camera is much larger than the height of the laser, two separate lo-
cations within the FoV were mapped (see Figure 7.1b) by manually lifting the laser sheet
and repeating the measurements. OH* chemiluminescence was recorded using the LaV-
ision Imager in combination with the IRO X intensifier and an OH filter, as shown in
Table 7.3. The exposure time was set to 8 ms and the acq settings for the intensifier were
a gate time of 100µs and a gain setting of 65 %.

NO exhaust gas emissions were measured in the exhaust with an ABB AO2000 gas
analyser. To detect NO and O2, the gas analyser is equipped with the modules Limas21
(HW) (NO and NO2, accuracy 0.1 ppm) and Magnos 28 (O2, accuracy 0.1 %vol). The
NO emissions were averaged over a time span of at least 30 s, and then normalized by
a volumetric fraction of 15 % O2 in the flue gases. The measurement planes within the
combustion chamber can be seen in Figure 7.1a.

7.3. RESULTS AND DISCUSSION
This section begins with a discussion on the interpretation of the NO-PLIF results. The
section first explores how the spatial distribution of NO relates to other measurements,
such as the flame front location within the flow field. This provides a reference frame-
work for interpreting the results presented in the following sections. Furthermore, the
section includes a comparison between the NO-PLIF signal and the NO emissions mea-
sured in the exhaust, to evaluate the suitability of NO-PLIF to predict the NO emis-
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sions in the exhaust gas. As outlined in Chapter 3, the selected excitation wavelength
(226.033 nm) yields a stronger signal intensity than other excitation wavelengths, but
this comes at the cost of slightly higher temperature sensitivity. In the first part, the cor-
relation between the integrated NO signal downstream of the flame and the NO concen-
tration measured in the exhaust gas is analysed. Additionally, the relationship between
NO levels in the ORZ and those in the exhaust is examined. In the second part, the in-
fluence of AAI on both the total NO emissions and their spatial distribution within the
combustion chamber is evaluated. Lastly, it is investigated how varying the hydrogen
mole fraction (X H2) affects the NO distribution, considering both cases, with and with-
out AAI.

7.3.1. INTERPRETATION OF THE PLIF RESULTS

To analyse the subsequent results, the procedure and interpretation of the different mea-
surement techniques are discussed for a single representative case in this section (X H2

= 0.6, χ = 20 %). The OH-PLIF signal, unlike OH* chemiluminescence, does not provide
a direct visualization of the reaction zone, as the presence of OH radicals extends be-
yond the short duration of heat-releasing reactions. As a result, OH is also present in the
high-temperature post-flame region, making it an unreliable marker for the exact flame
location. However, flame fronts can still be estimated using OH-PLIF data. Previous
studies have shown that regions with strong gradients in the OH-PLIF signal correspond
to the reaction zone in premixed flames, enabling indirect identification of the flame
front [185].

Figure 7.2: Instantaneous OH-PLIF images for X H2 = 0.6, χ = 20 % (left and middle image). Edge detection by
Canny edge detection algorithm (red lines). Edge probability (right image).

Figure 7.2 presents two instantaneous OH-PLIF images (left and middle). The gra-
dients which exceed 17 % (number optimized based on trial and error) of the maximum
gradient where identified using a Canny detection algorithm and are indicated in the
figures by the red lines. Prior to edge detection, images were processed with [3×3] pixel
binning and a median filter to reduce noise. Among the detected edges, only the up-
stream edge is representative of the instantaneous flame front. The downstream edge,
although weaker, is occasionally detected by the algorithm in certain frames. However,
the edge is not representative of the flame front, but is a result of the OH gradient in
the post-flame region, where OH radicals are still present. The right side in Figure 7.2
shows the edge probability map, obtained by averaging the detected edges over all 200
individual frames. These edge lines were converted into a density distribution, provid-
ing a statistical representation of where edges are most likely to occur. Due to the highly
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wrinkled and dynamic nature of the flame, the flame front in the edge probability map
does not appear as a single line, but rather as a broad region of high edge probability.

Figure 7.3 presents, on the left side, the NO-PLIF signal overlaid with streamlines
obtained from the PIV measurements. The right side shows the OH-PLIF distribution.
Several reference lines are included in the left-hand image to facilitate the interpre-
tation. The green dashed line indicates the contour of the OH-PLIF signal, while the
purple dashed line shows the contour line of 20 % of the maximum of the OH* chemi-
luminescence signal, included for comparison. This value was chosen to suppress the
background noises, and is in line with values previously reported in literature [186]. The
blue dashed line connects the turning points of the streamlines, which mark the loca-
tions where the flow direction changes from predominantly radial to predominantly ax-
ial. In addition, the red line shows the approximate average flame front, derived from
the gradient-based detection method described in Figure 7.2. Although the instanta-
neous flame front is highly unsteady and wrinkled, resulting in a broad region of high
edge probability in the average image rather than a distinct line, it is shown here as a
single averaged line for clarity. This line aligns well with the location of the OH* contour
shown in the figure.
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Figure 7.3: Case X H2 = 0.6, χ = 20 %. Left side: NO-PLIF with superimposed streamlines from PIV, lines in-
dicate: turning points of the streamlines ( ), OH* signal ( ), OHPLIF signal ( ), estimated
flame front ( ). Right side OH-PLIF image.
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Figure 7.4: Case X H2 = 0.6, χ = 20 %. NO-PLIF with superimposed streamlines from PIV, illustration of the
mixing process in the OSL, located between the high velocity jet and the ORZ.

Discrepancies between the OH* and OH-PLIF contours are evident and expected.
As previously mentioned, OH* emissions are present in the reaction zone, making it a
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reliable indicator of heat release. In contrast, the OH-PLIF signal persists beyond the re-
action zone due to the longer lifetime of OH radicals in high-temperature post-flame re-
gions, resulting in a broader spatial distribution. Most of the NO appears downstream of
the flame front, consistent with its formation as a slow-forming species when produced
through the thermal NO pathway. Near the centreline, no NO signal is observed within
the field of view. This is attributed to the absence of reaction along the centreline, as
indicated by the OH-PLIF and OH* contour showing no signal in that region. The high-
est NO concentrations are observed in the ORZ, primarily because the flame stabilizes
in the OSL, causing most of the NO to be recirculated into the ORZ. Furthermore, the
recirculation of combustion products within the ORZ contributes to an accumulation of
NO in this region. Interestingly, the regions with high NO-PLIF intensity extend radially
up to the line which connects the turning points of the streamlines, the point where the
direction of the streamline changes. Moving horizontally from these turning points to-
ward the centreline, the NO signal gradually decreases, forming a gradient between the
high NO levels in the CRZ and the lower NO concentrations characteristic of the reac-
tant stream or the region just downstream of the reaction zone. This is likely caused by
the OSL that forms between the swirling jet and the ORZ. As shown in Figure 7.4, which
presents the NO distribution overlaid with streamlines for the case X H2 = 0.6 and χ =
20 %, the shear layer promotes mixing between the ORZ gases and the incoming reac-
tants or combustion products, particularly downstream of the flame front. Since thermal
NO forms relatively slowly, a significant portion is expected to form outside the field of
view, resulting in higher NO concentrations within the ORZ compared to the region im-
mediately downstream of the flame. As those two regions mix in the OSL, the NO number
density decreases radially from the ORZ toward the swirling jet centreline, resulting in a
corresponding drop in LIF signal intensity. This mixing process also explains the pres-
ence of OH radicals at radial positions beyond the flame front, as OH is partially trans-
ported into the shear layer. In addition to mixing, NO can be removed in carbon-free
fuels through reactions such as HO2 +NO ↔ NO2 +OH and NO+OH+M ↔ HONO+M
[187]. Since OH is observed in regions with lower NO concentrations, it is likely that
part of the NO is consumed through these reactions. However, since NO2 could not be
measured in the current analysis, the impact of the NO reburning mechanism cannot
be estimated. Although the relative contribution of mixing versus NO removal by re-
combination to the NO distribution remains uncertain, this is not critical to the present
analysis.

7.3.2. SUITABILITY OF NO-PLIF TO DESCRIBE NO EMISSION TRENDS

In order to assess the suitability of the NO-PLIF measurements to predict the measured
NO emission in the exhaust, Figure 7.5a compares the measured NO concentration, nor-
malized at 15 % O2 in the exhaust with the integrated values of the NO-PLIF signal in the
post-flame zone for different cases. For each case, the NO signal was horizontally inte-
grated at the edge of the field of view of the camera (62 mm < y < 68 mm), located down-
stream of the flame zone, as indicated by the red box in the inset of Figure 7.5a. Since
the NO distribution is largely uniform at this point, this location was chosen to correlate
measured NO exhaust gas emissions with NO PLIF intensity. Additionally, the NO PLIF
signal is expected to plateau in the final millimetres of the field of view as the curve of
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the integrated NO signal flattens, a trend previously demonstrated in [182], where the
NO signal sharply rises in the reaction zone before levelling off at a height of around
0.5 d CC. Furthermore, it is important to consider the temperature dependence of the
NO-PLIF signal. As noted in Section 3.2.4, the excitation wavelength used for NO-PLIF
shows a temperature dependence of approximately 10 % within the expected tempera-
ture range of the combustor (1300–1800 %). As a result, regions with significantly dif-
ferent temperatures will exhibit deviations in NO-PLIF signals for the same NO number
density. However, because the integration window for this comparison is limited to areas
with similar temperature ranges, just downstream of the reaction zone, the temperature
dependence is not expected to significantly influence the analysis.

Figure 7.5a shows a positive correlation between the measured NO values and the
integrated NO-PLIF intensities for the investigated cases. These cases include variations
in AAI, as well as cases with varying hydrogen content (X H2) where AAI is held constant,
either no AAI or 20 % AAI. Although the exact impact of heat loss on NO formation or
consumption in this burner is difficult to quantify, the trends observed downstream of
the reaction zone align with the measured NO values in the exhaust. The substantial
heat losses associated with the quartz tube are expected to suppress thermal NO forma-
tion, which is the dominant yet slowest NO pathway [184], to negligible levels further
downstream. Therefore, it is assumed that NO concentrations are comparably affected
under all tested conditions. This supports the use of the NO-PLIF signal for a qualitative
comparison of NO distributions across cases.

a) Integrated NO-PLIF signal downstream of the flame
vs. measured NO values

b) Integrated NO-PLIF signal in ORZ vs. measured NO
values

Figure 7.5: Integrated NO-PLIF signal at two different measurement locations for different scenarios (χ = 0 %
& varying X H2 (■), varying χ & X H2 = 0.4 (♦) and χ = 20 % & varying X H2 ( )) vs. measured NO
values in the exhaust, in ppm at 15 ms O2.

Figure 7.5b presents the integrated NO-PLIF signal within a defined integration win-
dow in the ORZ (as indicated in the figure inset) plotted against the measured NO emis-
sions in the exhaust. While the temperature range is likely wider than in the region just
downstream of the reaction zone due to significantly different stabilization mechanisms,
the differences in the NO-PLIF signal within the ORZ across different cases significantly
exceed 10 %, as shown in the following sections. Therefore, these differences cannot be
attributed solely to temperature variations within the expected temperature range. This
confirms that the NO-PLIF measurements are valid and reliably reflect variations in NO
concentration.
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Overall, a positive correlation is observed between the local NO-PLIF signal and the
exhaust NO levels. However, the scatter around the trend line is significantly higher com-
pared to Figure 7.5a, indicating that the NO concentration in the ORZ alone is not suffi-
cient to reliably predict the total NO emissions in the exhaust. This discrepancy is likely
due to the shift in relative contribution of NO formation in the CRZ with respect to the
one in the ORZ, driven by the significant changes in the flow field when either the fuel
composition or the level of AAI is varied. This aspect will be further discussed in the
following sections. It is important to note that the NO-PLIF signal is influenced by col-
lisional quenching with species such as N2, O2, H2, and H2O, which can be estimated
using the approach described in [188]. Variations in fuel composition, equivalence ra-
tio, and product species can therefore affect the NO-PLIF signal. However, due to the
partially premixed nature of the flame, it is difficult to accurately determine the local
composition of the mixture. As a result, collisional quenching effects are not accounted
for in the present analysis, and the results are instead compared quantitatively based on
the linear trends observed in Figure 7.5.

7.3.3. EFFECT OF AAI
In this section, the effect of AAI on the flame shape and NO formation is investigated.
The burner is operated at the design point for X H2 = 0.4 for three different levels of AAI
(0, 10 and 20 %). Average OH-PLIF with superimposed streamlines are shown in Fig-
ure 7.6 to assess the flame stabilization mechanism and the OH distribution for varying
levels of AAI. The OH signal rises sharply within the reaction zone and decreases ex-
ponentially in the post-flame zone, where initially elevated OH concentrations due to
super-equilibrium gradually relax toward equilibrium. The OH-PLIF images show that
with increasing levels of AAI, the flame lifts off from the injector. As previously discussed,
this is due to an increase in centreline velocity due to AAI, which alters the flow field and
leads to a noticeable shift in flame shape. At χ = 0 %, the flame exhibits a classic V-shape,
stabilized primarily in the inner shear layer [99]. When χ increases to 20 %, the flame
transitions to an M-shape, with its centre pushed downstream while remaining attached
to the injector rim in the outer shear layer [98]. The OH distribution within the flow
field also changes significantly with increasing AAI. Without AAI, the OH concentration
increases steeply in the CRZ, forming a narrow band of high intensity before declining.
At χ = 10 %, the maximum OH concentration is lower but more evenly distributed, with
a more gradual increase and decrease downstream of the flame front. This suggests a
lower temperature increase across the inner shear layer flame front compared to the χ =
0 % case, likely resulting in fewer H radicals and a suppression of O/H chain-branching
reactions. This is in line with a decrease in fuel-air mixing for increasing AAI observed
in the previous chapters, which reduces the local equivalence ratio of the flame close to
the centreline. Additionally, the lower and more distributed OH signal may result from
the lifted flame being significantly more unsteady than the V-flame, due to a weaker re-
circulation zone.

As discussed in Chapter 5, AAI reduces the amount of fuel reaching the centreline
of the swirling flow. Consequently, the flame burns leaner in the ISL and richer in the
OSL as AAI increases. This is reflected in the change in flame shapes from a V-flame to
an M-flame. While the flame is primarily stabilized in the ISL at χ = 0 %, it stabilizes
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predominantly in the OSL at χ = 20 %. The absence of OH signal along the centreline at
χ = 20 % supports the conclusion that the core mixture is below the lean flammability
limit. In contrast, the presence of OH at χ = 10 % indicates that the mixture, though lean,
remains within flammable limits.

a) XH2 = 0.4, χ = 0 % b) XH2 = 0.4, χ = 10 %

c) XH2 = 0.4, χ = 20 %

Figure 7.6: Average OH-PLIF images with superimposed streamlines obtained from PIV for X H2 = 0.4 at dif-
ferent levels of χ.

Figure 7.7 presents the averaged NO PLIF signal, with superimposed streamlines
(left) alongside the Abel deconvoluted OH* images (right) for X H2 = 0.4 at varying lev-
els of AAI. The OH* images are used for comparison since, as previously discussed, the
OH PLIF signal is more spatially distributed than the actual reaction zone, making it less
suitable for visualizing the flame shape. The NO PLIF images show that as AAI increases,
the region of highest NO concentration shifts from a uniform distribution between CRZ
and ORZ to most of the NO located in the ORZ. At χ = 0 %, where the flame features a
V-shape, the NO signal is evenly distributed between the CRZ and the ORZ. At χ = 10 %,
the OH* image shows the flame lifting off the injector. The NO distribution clearly high-
lights regions with absent or low NO signal corresponding to the reactant stream and the
reaction zone, followed by a sharp increase in NO levels just downstream of the reaction
zone. While NO is still present in the CRZ, its intensity is notably reduced compared to
the χ = 0 % case, whereas the signal in the ORZ remains roughly constant. This indicates
that although increasing the level of AAI decreases local fuel-air mixing, the additional
distance between the injector and the flame allows more time for premixing, resulting in
lower NO production in the CRZ. Additionally, increasing the level of AAI reduces the
strength of the CRZ. This leads to a reduced residence time of the gases in the CRZ,
which is expected to decrease thermal NO formation. At χ = 20 %, the flame is clearly
lifted and primarily stabilized in the OSL. With the stagnation point located outside the
mixing tube, there is no NO signal close to the injector outlet. Instead, NO is observed
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almost exclusively in the ORZ, with only a negligible amount remaining in the CRZ. This
is attributed to flame being extinct near the centreline at this high level of AAI, previ-
ously discussed in Chapter 6, which suppresses NO formation close to the centreline.
Additionally, the lower NO levels in the CRZ are partially due to a reduced axial velocity
deficit along the centreline, decreasing residence times and thereby limiting thermal NO
formation.

a) XH2 = 0.4, χ = 0 % b) XH2 = 0.4, χ = 10 %

c) XH2 = 0.4, χ = 20 %

Figure 7.7: NO-PLIF signal with superimposed streamlines obtained from PIV (left side in each graph) and
Abel deconvoluted OH* signal (right side) for X H2 = 0.4 at different levels of χ.

Figure 7.8: Left: Horizontally integrated NO-PLIF signal forX H2 = 0.4 at different y/DMT, inset shows the mea-
surement locations with respect to the flame. χ = 0 % ( ), χ = 10 % ( ), χ = 20 % ( ). Right: Corre-
sponding measured NO exhaust values with error bars in ppm at 15 ms O2.

In Figure 7.8 (left side) the horizontally integrated emissions are shown for the first
and the last y/DMT = 0.8 of the field of view of the camera. As mentioned earlier, due to
the limited sheet height of only 30 mm, the laser sheet had to be raised in order to illumi-
nate the last part of the FoV (2.1 < y/DMT < 2.9). The inset shows the laser sheet planes
with respect to the flame location. Notably, as it was evident from the quartz reflections,
this adjustment of the laser sheet to capture the final millimetres resulted in a change
of the intensity distribution in the sheet, which prevents direct quantitative comparison
with the intensity of the signals in the upstream measurements. However, the trends
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observed within each measurement window remain valid. Interestingly, between 0.5
< y/DMT < 0.8 the case with no AAI shows the highest integrated NO emissions, while
the case with χ = 20 % shows the lowest value. This appears despite the significantly
higher NO concentration in the ORZ for the case with χ = 20 %. Further downstream,
in the region 2.1 < y/DMT < 2.8 at the end of the field of view, the trend aligns with the
measured NO emissions in the exhaust shown in Figure 7.8 (right side). As AAI increases
from χ = 0 % to 10 %, NO emissions initially decrease, then rise again for χ = 20 %, where
they reach a maximum. Although AAI generally reduces mixing efficiency, the flame is
lifted off the injector at χ = 10 %, creating additional length for fuel-air mixing upstream
of the reaction zone. This is expected to create locally more premixed conditions and,
consequently, lower NO emissions compared to the case with χ = 0 %. At χ = 20 %, the
reduced mixing appears to be the dominant factor, leading to the highest NO emissions
measured across all cases.

7.3.4. EFFECT OF HYDROGEN CONTENT
In this section, first the effect of hydrogen addition on NO distribution in flames with-
out AAI is analysed. Chapter 6 showed that, in the absence of AAI, flashback occurs when
the hydrogen content exceeds X H2 = 0.4. This results in the absence of data for hydrogen
content higher than XH2 = 0.4. Figure 7.9 shows the change in NO distribution and the
OH* chemiluminescence when increasing the hydrogen content in the fuel up to X H2

= 0.4 at χ = 0 %. Across all cases without AAI, the overall flow structure remains largely
unchanged, consistently exhibiting a CRZ. The OH* images reveal that the flame main-
tains a V-flame shape but shifts progressively closer to the injector as X H2 increases,
ultimately attaching to the injector for X H2 = 0.4.

a) XH2 = 0, χ = 0 % b) XH2 = 0.25, χ = 0 %

c) XH2 = 0.4, χ = 0 %

Figure 7.9: NO-PLIF signal with superimposed streamlines obtained from PIV (left side in each graph) and
Abel deconvoluted OH* signal (right side) for different X H2 at χ = 0 %.

The NO distribution is uniformly distributed between the CRZ and the ORZ, with a
clear increase in NO intensity in both regions as the hydrogen content increases, leading
to a higher integrated NO signal for higher hydrogen content, as shown in Figure 7.10
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(left side). This trend continues throughout the field of view and is confirmed by mea-
sured NO emissions in the exhaust, as seen in Figure 7.10 (right side). This suggests that
higher hydrogen content leads to more NO formation, despite similar adiabatic flame
temperatures for the perfectly premixed cases (see Table 3.1 in Chapter 3).

For higher hydrogen content, the flame stabilizes more upstream, which is expected
to result in locally richer flame conditions and consequently more NO formation through
the thermal pathway. However, it is also assumed that NO formation pathway changes
with increasing X H2. As discussed in Chapter 2, increasing the hydrogen content in the
CH4/H2 mixture at a constant adiabatic flame temperature significantly increases the
NO formation rate through the NNH pathway [107], which has a significant contribu-
tion to the overall NO levels for fuels with high hydrogen content.

Figure 7.10: Left: Horizontally integrated NO-PLIF signal at χ = 0 % at different y/DMT, inset shows the mea-
surement locations with respect to the flame. X H2 = 0 ( ), X H2 = 0.25 ( ), X H2 = 0.4 ( ). Right:
Corresponding measured NO exhaust values with error bars in ppm at 15 ms O2.

Stabilization of the flame above X H2 = 0.6 requires high levels of AAI, as lower AAI
levels result in flashback. Figure 7.11 shows the average OH-PLIF images for different
X H2 at χ = 20 %, with superimposed streamlines. It can be seen that for increasing X H2,
the flame front shifts closer to the injector outlet due to the higher flame speed and be-
comes notably shorter. The flame transitions from a M/Π flame for lower hydrogen con-
tents to a Π-shape for X H2 = 1, with attachment to the boundary layer of the mixing
tube. Additionally, the intensity of the OH signal increases significantly with increasing
X H2, which is attributed to the higher concentration of hydrogen atoms in the fuel mix-
ture and is consistent with the enhanced reactivity of hydrogen-rich flames [181]. In all
cases, little to no OH is detected along the centreline of the combustion chamber. As
the hydrogen content increases, the horizontal OH gradient decreases, suggesting that
more fuel is burning near the centreline. As shown in Chapter 5, the higher diffusivity
of hydrogen and lower density ratio enhance mixing in a jet in cross-flow configuration
compared to higher-density fuels. Additionally, higher hydrogen content fuels have a
lower lean extinction limit, allowing reaction to take place at leaner conditions.

Figure 7.12 shows the effect of increasing X H2 at χ = 20 % on the NO and Abel de-
convoluted OH* distribution. The NO concentration in the ORZ increases up to X H2 =
0.8 but decreases again at X H2 = 1. For X H2 > 0.4, no NO is observed along the of the
combustion chamber, likely due to the AAI jet suppressing reactions in this region, as
confirmed by the OH-PLIF data, and the high velocity jet, which significantly reduces
the residence time in the hot region. At X H2 = 0.4, a small amount of NO appears along
the centreline, possibly due to the presence of a CRZ which increases residence time in
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a) X H2 = 0.25, χ = 20 % b) X H2 = 0.4, χ = 20 %

c) X H2 = 0.8, χ = 20 % d) X H2 = 1, χ = 20 %

Figure 7.11: Average OH-PLIF images with superimposed streamlines obtained from PIV for different X H2 at
χ = 20 %.

the high-temperature zone. Across all cases, most of the NO formation occurs signifi-
cantly downstream of the OH* signal, indicating that NO is primarily produced via the
thermal pathway, which dominates in the post-flame zone.

Figure 7.13 (left side) shows the integrated NO-PLIF signal at different positions in
the field of view. Unlike the case at χ = 0 % (see Figure 7.10), no consistent trend between
integrated NO-PLIF signal and X H2 is observed. Additionally, the trends vary between
the upstream and downstream integration windows. In the range 2.1 < y/DMT < 2.8,
the highest NO signal is seen for X H2 = 0.8, followed by X H2 = 0.4. The case with X H2

= 1 exhibits similar values to X H2 = 0.25. This trend matches with the measured NO
emissions in the exhaust (Figure 7.13 right side). In contrast, in the near-injector region
(0 < y/DMT < 0.8), the integrated NO signal for X H2 = 1 is almost equal to that of X H2

= 0.8 and significantly higher than for X H2 = 0.4. This suggests that for X H2 = 1, more
NO is formed close to the injector outlet, while for X H2 = 0.4, NO production primarily
occurs further downstream. This trend is reflected in the spatial distributions shown in
Figure 7.12, where higher NO concentrations appear just downstream of the flame front
for X H2 = 1 compared to X H2 = 0.4. This is likely due to the upstream shift of the flame
front at higher hydrogen contents, which alters the location of heat release and thereby
the location of NO formation. Additionally, as suggested by Wang et al. [107], hydrogen-
rich flames promote NO formation via the NNH mechanism within the reaction zone,
leading to elevated NO levels closer to the flame front compared to cases dominated by
the slower thermal NO pathway. When methane is present in the fuel (e.g., X H2 = 0.8),
prompt NO formation near the injector becomes more pronounced due to lower levels
of premixing. This is supported by the NO concentration observed just downstream of
the flame front in this case. As X H2 increases, the upstream flame front shifts closer to
the injector, modifying the heat release location and thereby affecting downstream NO
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production.
In summary, the observed non-linear trend in NO production, with peaks at X H2

= 0.8 and X H2 = 0.4, is driven by shifts in NO formation pathways, changes in flame
location, and differences in fuel-oxidizer mixing prior to combustion.

a) X H2 = 0.25, χ = 20 % b) X H2 = 0.4, χ = 20 %

c) X H2 = 0.8, χ = 20 % d) X H2 = 1, χ = 20 %

Figure 7.12: NO-PLIF signal with superimposed streamlines obtained from PIV (left side in each graph) and
Abel deconvoluted OH* signal (right side) for different X H2 at χ = 20 %.

Figure 7.13: Left: Horizontally integrated NO-PLIF signal at different y/DMT, inset shows the measurement
locations with respect to the flame. X H2 = 0 ( ), X H2 ( ), X H2 = 0.4 ( ), X H2 = 0.6 ( ), X H2 =
0.8 ( ), X H2 = 1 ( ). Right: Corresponding measured NO exhaust values with error bars in ppm
at 15 ms O2.

7.4. CONCLUSIONS
This chapter examined the NO emission characteristics of a partially premixed swirl-
stabilized dual-fuel CH4/H2 combustor. Flame stabilization was achieved through in-
jecting axial air (AAI). The chapter analyses the impact of varying AAI level and hydrogen
fraction (X H2) on NO emissions. Exhaust gas measurements of NO were combined with
NO-PLIF imaging to investigate the correlation between NO emissions in the exhaust
and its spatial distribution within the flame. Complementary OH-PLIF and PIV mea-
surements provided further insights into NO distribution and the flame location with
respect to the flow field. The analysis demonstrated that introducing AAI significantly
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alters the NO distribution within combustion chamber. In the absence of AAI, where the
flow field exhibits a CRZ, NO is evenly distributed between CRZ and ORZ. However, at
high levels of AAI, a substantially higher amount of NO can be found in the ORZ. This is
attributed to a decrease in mixing quality, which allows the flame to stabilize in the OSL
at conditions above the nominal ϕ.

Without AAI, increasing the X H2 in the fuel up to X H2 = 0.4 leads to higher NO emis-
sions. This trend is likely caused by the flame stabilizing further upstream at higher
X H2, which reduces local fuel-air mixing, leading to a less uniform equivalence ratio
distribution and consequently locally high temperatures. For the cases with χ = 20 %,
no linear trend is observed between X H2 and NO emissions. When hydrogen content
in the fuel is increased, the flow field transitions from the one featuring a CRZ to resem-
bling the one of a low swirl flame. This is expected to influence residence time in the
high-temperature regions, thus limiting the time available for thermal NO production.
Moreover, as previously mentioned, the fuel composition influences the flame lift-off
height, which in turn affects local fuel-air mixing and consequently the flame tempera-
ture distribution.Together with the anticipated changes in NO formation pathways with
increasing X H2, it is expected that the change in produced NO emissions is the result of
a complex interplay between mixing, change in flame temperatures, and a change in NO
formation mechanism. The main finding of this can be summarized as follows

• Axial air injection increases the overall NO emissions by decreasing mixing. This
changes the flame shape to a flame stabilized in the OSL, which promotes long
residence times of products in the ORZ

• In cases without AAI, increasing X H2 leads to an increase in overall NO emissions,
since the flame shifts upstream for increasing X H2, which decreases the local fuel-
air mixing and consequently affects local flame temperatures.

• For cases with high levels of AAI (χ = 20 %), the NO emissions are expected to be
an interplay between local fuel-air mixing and NO formation pathway, which is
non-trivial to predict.

Overall, the results indicate that the degree of mixing alone does not directly cor-
relate with NO emissions. While it can serve as a useful indicator when the fuel com-
position is kept constant, flame location plays a critical role in determining where and
how much NO forms. Changes in flame position affect the local fuel-air mixing at which
the flame stabilizes, which may deviate significantly from the predicted overall mixing
quality. Moreover, changes in the dominant NO formation pathways must be taken into
account. Although local fuel-air mixing provides insight into thermal NO production,
variations in the underlying mechanisms can substantially influence the relative con-
tributions of different pathways. A comprehensive assessment of these effects would
require detailed kinetic modelling, which is beyond the scope of this thesis.

Nonetheless, the findings suggest that enhancing fuel-air mixing, particularly at high
levels of AAI, offers potential for reducing NO emissions. This hypothesis will be further
examined in the following chapter.





8
EFFECT OF MOMENTUM FLUX RATIO

ON COMBUSTOR PERFORMANCE

Effective fuel-air mixing is essential for reducing NOx emissions by creating a
more uniform equivalence ratio distribution, thereby limiting thermal NOx for-
mation. As demonstrated in Chapter 5, increasing the momentum flux ratio J swirl

notably improves fuel-air mixing in the investigated swirl-stabilized configura-
tion with jet in cross-flow fuel injection. This improvement is directly connected
to the flow field changes induced by J swirl, including modifications to velocity
profiles and turbulence intensity, as detailed in Chapter 4. Changes in both fuel-
air mixing and flow field can influence flame stabilization within the combustor.
This chapter investigates the impact of varying J swirl on NO emissions and flame
stability across different CH4/H2 mixtures in the already introduced partially pre-
mixed, swirl-stabilized combustor. To gain a comprehensive understanding of
the emissions, NO-PLIF measurements are employed to map the spatial dis-
tribution of NO, complemented by exhaust gas analysis to accurately quantify
NO levels across various operating conditions. Furthermore, OH-PLIF and OH*
chemiluminescence imaging are employed to investigate flame structure, lift-off
height, and stabilization behaviour. Together, these diagnostic techniques offer
complementary insights into the relationship between flame topology and NO
emissions across various fuel compositions.
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8.1. INTRODUCTION
NO emissions in the examined burner geometry are strongly influenced by both the fuel
composition and the level of AAI, as demonstrated in Chapter 7. This is partly attributed
to variations in fuel-air mixing, as explored in the mixing study in Chapter 5. A greater
fraction of H2 in the fuel mixture initially improves fuel-air mixing; however, increased
levels of AAI are required to achieve stable combustion. These increased AAI levels sig-
nificantly reduce mixing, causing the mixture in the core of the swirling flow to become
significantly leaner than the nominal equivalence ratio. This leads to a higher amount
of fuel accumulating near the mixing tube wall compared to cases without AAI, result-
ing in a different flame stabilization mechanism, the formation of locally richer zones,
and consequently higher NO emissions. Maughan et al. [189] investigated how the ini-
tial distribution of gaseous fuel in the injection plane and the length of the premixing
section affect NOx emissions. Their results indicate that NOx emissions decreases with
longer premixing lengths and increased turbulence intensity. Additionally, optimizing
the fuel distribution at the upstream end of the premixing section reduces the require-
ments for the subsequent mixing process. Zajadatz et al. [190] found a strong correlation
between the spatial unmixedness, measured using LIF in a water test rig representative
of the burner, and the NOx emissions observed in the reacting conditions at atmospheric
conditions. This finding was further supported by Lacerelle et al. [191], who observed
that unmixedness values obtained in cold-flow investigations correlated well with NOx
emissions in the corresponding reacting cases. However, other studies have concluded
that spatial unmixedness alone is insufficient to explain NOx emissions, as temporal un-
mixedness (i.e., temporal concentration fluctuations) also plays a significant role in in-
creasing emissions [48]. According to the authors, if both the spatial and temporal un-
mixedness, defined as time-dependent variation in the composition or concentration of
species are known prior to combustion, NOx trends can be predicted.

Incomplete fuel-air mixing has been shown to reduce flame stability by increasing
the lean blowout limit and risk of combustion oscillations, thereby narrowing the stable
operating range [192]. However, other studies have found no direct correlation between
changes to the temporal unmixedness parameter, and the flame instabilities observed
under reacting conditions [191].

When a fuel jet is injected into the air in cross-flow configuration, the momentum
flux ratio J between fuel and the cross-flow has been identified as the key parameter gov-
erning mixing behaviour [69]. As demonstrated in Chapter 5, this also holds for swirling
cross-flows, where increasing J swirl leads to reduced unmixedness across various fuel
compositions. A logical step forward is to modify the fuel injection strategy by adjusting
the fuel inlet diameter of the combustor investigated in Chapter 6 and Chapter 7. This
chapter investigates how decreasing J swirl affects NO emissions and flame stability in the
TU Delft swirl stabilized burner. A change in J swirl has a significant impact on the mixing
quality and the flow field, thereby affecting the flame position and NO emissions. The
chapter is structured as follows: Section 8.2 describes the experimental set-up and the
measurement techniques. Section 8.3 presents the results of the experiments, includ-
ing the effect of Jswirl on the flame stabilization, operational range and NO emissions.
Finally, Section 8.4 summarizes the main findings and conclusions of this chapter.
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8.2. CONFIGURATION SPECIFICATIONS

GEOMETRY & OPERATING CONDITIONS

The experiments were performed in the TU Delft swirl-stabilized burner. For a detailed
description of the set-up description the reader is referred back to Section 3.1.1. Exper-
iments were performed with a swirl number of Sw = 1.1. Measurements were taken for
different fuel compositions at a constant air flow rate of ṁair = 5.1×10−3 kg/s. All mea-
surements were performed for the design point of P = 12 kW. The operating conditions
are summarized in Table 8.1. To investigate the effect of the momentum flux ratio, the
fuel inlet diameter was varied between 2 mm and 3.5 mm, which results in values for the
momentum flux ratio J high and J low in Table 8.1, respectively. The selected diameters
were based on the baseline case of d fuel = 3.5 mm and the second-largest diameter d fuel

listed in Table 3.2. Due to manufacturing tolerances, a diameter of d fuel = 2 mm was the
closest achievable to the d fuel = 1.96 mm used in the non-reacting studies. Although a
diameter of d fuel = 1.6 mm was also considered, it was excluded from testing because
the 2 mm case already significantly restricted the operational range, as discussed in the
results chapter. The choice of d fuel = 2 mm leads to lower J swirl values compared to those
investigated in Chapter 5, but still increases the momentum flux ratio by approximately
an order of magnitude relative to the baseline case. Figure 8.1 shows the schematic of
the experimental set-up with the locations of the different measurement techniques.

Design points at P = 12 kW and ṁair = 5.1×10−3 kg/s
Tag X H2 ϕ J low U J−low

[m/s]
J high U J−high

[m/s]
Tad [K]

A 0 0.75 0.09 9.92 0.80 28.20 1942
B 0.25 0.74 0.09 10.69 0.89 32.76 1930
C 0.4 0.73 0.11 12.76 0.99 39.10 1921
D 0.6 0.71 0.12 15.82 1.12 48.47 1908
E 0.8 0.68 0.13 20.96 1.22 63.73 1895
F 1 0.62 0.12 30.42 1.10 93.17 1858

Table 8.1: Operating conditions for the design points at constant air flow rate, H2 fraction X H2, equivalence
ratio ϕ, adiabatic flame temperature Tad, momentum flux ratios J swirl for Sw = 1.1 and the corre-
sponding velocities in the fuel nozzles U fuel.

MEASUREMENT TECHNIQUES

The spatial distributions of the minor species OH and NO within the swirl-stabilized
flame were measured using PLIF. The specifications of the PLIF set-up are provided in
Table 8.2.

For each operating condition and both species, 200 single-shot PLIF images were ac-
quired. For OH-PLIF, the laser sheet was characterized by introducing acetone into the
combustion chamber, as acetone absorbs at the same wavelength as OH and fluoresces
at a wavelength similar to that of CH. To image the sheet, the camera was equipped with a
bandpass filter with a width of 15 nm and centred around 435 nm (LaVision 1108566 VZ-
Image), with an average transmissivity of 40 %. The changes in laser sheet intensity were
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AAI

CH4/H2

Air

OH* 
PLIF

Gas analyser

Figure 8.1: Set-up with the measurement locations for the laser-based diagnostics and location of the probe
for the gas analyser.

corrected using the Davis flat field function. However, variations in pump laser power at
different measurement points caused fluctuations in both the intensity and profile of the
laser sheet. Since only one laser sheet image was available for correction, these fluctua-
tions introduced artifacts in some of the corrected OH-PLIF images. Nevertheless, since
the OH-PLIF images are primarily used to identify flame stabilization mechanisms and
the location of OH-rich regions, the image quality is considered adequate for these pur-
poses. For NO-PLIF, the laser sheet was corrected in the vertical direction by assuming
a uniform NO distribution in the ORZ, far from the reaction zone. OH* chemilumines-
cence was recorded using the LaVision Imager in combination with the IRO X intensifier
and an OH filter, as detailed in Table 8.2. The acquisition parameters were a gate time of
100µs and a gain setting of 65 %.

NO exhaust gas emissions were measured with an ABB AO2000 gas analyser at 3 Hz.
The NO emissions were averaged over a time span of at least 30 s, and then normalized
by a volumetric fraction of 15 % O2 in the flue gases. The measurement locations can be
seen in Figure 8.1.

8.3. RESULTS
In Chapter 5, the fuel-air mixing behaviour for different values of J swirl was investigated.
It was concluded that increasing J swirl enhances the degree of mixing at the outlet of the
mixing tube. This improved mixing is expected to reduce NO emissions, as it helps to
avoid the formation of local hot spots. Moreover, variations in fuel-air mixing are antic-
ipated to affect flame stabilization: with increased J swirl, more fuel tends to reach in the
core of the swirling flow, leading to flame stabilization under locally richer conditions in
the ISL compared to cases with lower J swirl. Overall, since the hydrogen content has a
stronger influence on the degree of mixing than J swirl in the investigated cases, the effect
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Pump Laser Nd:YAG laser (Q-Smart 850 from Quantel)
Dye Laser Sirah Cobra Stretch
Dye Rhodamine 590 (OH), Coumarine 2 (NO)
Camera LaVision Imager M-lite 5M
Intensifier IRO X, gate 100 ns, Gain - 60 % (OH), 80 % (NO)
Lens 85 mm
Filter OH LaVision 1108760 VZ (75 % transmissivity at 308 nm)
Filter NO LaVision 1108619 VZ (92 % transmissivity at > 250 nm)
Sensor size 1216× 1024 px
Spatial resolution 11.1 px/mm
Acquisition frequency 10 Hz
Excitation wavelength OH = 283.55 nm - Q1(8), NO = 226.033 nm - Q2(20)

Table 8.2: Specifications OH & NO-PLIF set-up.

of J swirl on NO emissions is expected to be less significant at higher hydrogen contents
and more pronounced at lower hydrogen contents. Furthermore, as shown in Chapter 5,
at the highest investigated value of J swirl for the surrogate case X H2 = 1, the core of the
swirling flow was found to be slightly richer than the outer regions of the mixing tube.
This stratification is expected to significantly affect flame stabilization and may also in-
fluence the stability limits of the combustor. In Chapter 4, it was shown that changes
in J swirl affect the non-reacting flow field. An increase in J swirl leads to a larger opening
angle of the swirling jets. This effect is observed across all levels of AAI, but becomes
more pronounced as AAI increases. Moreover, the effect becomes more significant with
increasing hydrogen content. The resulting changes in the flow field are expected to in-
fluence flame shape and potentially the stabilization location. These hypotheses will be
examined and discussed in the following sections.

The results chapter begins by examining the effect of the momentum flux ratio J swirl

on flame stabilization. This includes identifying the stabilization mechanism by deter-
mining which flame type occurs, using both instantaneous and time-averaged OH-PLIF
images. Additionally, the lift-off height of the flame relative to the injector is presented,
to evaluate the effect on the operational range. The second part of the chapter explores
how J swirl impacts NO emissions. This analysis is based on emission measurements
taken at the combustion chamber outlet for two different levels of J swirl and fuel compo-
sitions. Through NO-PLIF imaging, the spatial distribution of NO is correlated with the
flame position indicated by OH* chemiluminescence. Changes in overall NO emissions
are then linked to shifts in flame location and the associated NO distribution.

8.3.1. EFFECT OF MOMENTUM FLUX RATIO Jswirl ON THE FLAME STABILIZA-
TION

This section discusses the influence of J swirl on the averaged OH distribution. Figure 8.2
presents the average OH-PLIF images for the two different momentum flux ratios J swirl,
at X H2 = 0.25 and χ = 0 %. In both cases, the flames exhibit similar stabilization be-
haviour, with the flame anchored in the ISL near the outlet of the mixing tube and the
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flame tips predominantly oriented toward the combustor outlet. The configuration with
J high shows less OH concentration in the OSL, resulting in a flame shape more charac-
teristic of a lifted M-flame. In contrast, for J low the flame appears to protrude slightly
more into the OSL, giving it a shape more characteristic of an attached M-flame. This
shift in flame structure is likely related to differences in fuel-air mixing, where more fuel
is located close to the mixing tube wall for the lower level of J swirl. Additionally, the areas
of high OH signal for J high show an increased opening angle of around 40◦, compared to
25◦ for the case with J low. Since the flame stabilizes predominantly in the ISL, it adopts
a shape that reflects the opening angle of the swirling jets. This observation aligns with
the findings from Chapter 4, where higher values of J swirl were associated with a broader
opening angle of the high-velocity swirling jets within the combustion chamber. How-
ever, because only a slight change in opening angle is observed in the non-reacting (a
decrease of the opening angle from 24◦ to 31◦ when J swirl is increased from 0.1 to 3.5)
compared to that of the flame, it is expected that the presence of heat release signifi-
cantly amplifies this effect.

a) J high b) J low

Figure 8.2: Average OH-PLIF images for two different momentum flux ratios J swirl at X H2 = 0.25, χ= 0%.

Figure 8.3 and Figure 8.4 show the average OH-PLIF images for the two different mo-
mentum flux ratios J swirl for X H2 = 0.6 and X H2 = 0.8 at χ = 20 %. For both J swirl, the
flames adopt an M/Π-flame shape as discussed in Chapter 6, characterized by a flame
front that is lifted off the injector along the centreline and protrudes into the OSL without
attachment to the injector rim. The stabilization location in the OSL is not significantly
affected by a change in J swirl. However, the flame with J high stabilizes significantly closer
to the baseplate of the combustion chamber within the ISL, especially for the case X H2 =
0.6, as indicated by the red arrows in Figure 8.3. For X H2 = 0.8 the change in stabilization
location is less significant, but still present. This upstream shift of the flame centre is ex-
pected, as a higher level of J swirl promotes better fuel-air mixing. As a result, more fuel
reaches the core of the swirling flow, leading to a more uniform equivalence ratio dis-
tribution and a locally richer mixture in the core compared to configurations with lower
J swirl. Because more fuel reaches the centre of the flow, the mixture in the ISL becomes
richer and consequently exhibits a higher flame speed, which promotes flame stabiliza-
tion in the ISL closer to the injector. Similar to the observation in Figure 8.2, but more
pronounced, the opening angle of the flame lobes is also larger for J high. As previously
discussed in Chapter 4, J swirl has a strong influence on the non-reacting flow field, par-
ticularly in configurations with AAI. Generally, it was observed that an increase in J swirl
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a) J high b) J low

Figure 8.3: Average OH-PLIF images for two different momentum flux ratios J swirl at X H2 = 0.6 and χ= 20%.

a) J high b) J low

Figure 8.4: Average OH-PLIF images for two different momentum flux ratios J swirl at X H2 = 0.8 and χ= 20%.

increases the transverse velocity component, which is reflected in a wider opening angle
of the swirling flow. This is in line with the wider opening angle of the flame. This effect
is even more pronounced for the case X H2 =0.8, which is also consistent with the find-
ings in Chapter 4, where the flow field of the case with higher hydrogen content is more
affected by the level of J swirl compared to lower hydrogen content fuels.

Figure 8.5 presents instantaneous OH-PLIF images for the two different momentum
flux ratios J swirl at X H2 = 0.6 and χ = 20 %. This allows for a closer assessment of the OH
distribution on the centreline, which might not be clearly visible in the average OH im-
age. Notably, differences in OH intensity near the centreline are evident, as highlighted
by the red arrows in the figures. For the higher J swirl, at x/DMT = 0, all instantaneous
images display a significantly stronger OH signal along the centreline compared to the
cases with lower J swirl, where the OH signal is near zero. The positive gradient of OH
signal along the centreline indicates heat release in this region. As already discussed in
Chapter 7, for J low and χ = 20 %, no reaction is observed along the centreline, evidenced
the lack of OH radicals in this region. This is attributed to a fuel-lean core of the swirling
flow, which, according to the mixing study in Chapter 5, locally drives the mixture below
the lean flammability limit, especially for cases with high levels of AAI. The increased
OH concentration along the centreline at higher J swirl is consistent with the expected
improvement in mixing as the momentum flux ratio increases, as shown in Chapter 5.
Nonetheless, certain instantaneous frames reveal pockets near the centreline with little
or no OH concentration. Where OH is detected, its intensity is generally lower than in the
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a) J high

b) J low

Figure 8.5: Instantaneous OH-PLIF images for two different momentum flux ratios J swirl at X H2 = 0.6, χ =
20%.

outer flame branches, suggesting reduced heat release along the centreline compared to
the OSL. Although higher J swirl values increase the local equivalence ratio along the cen-
treline, fuel stratification remains, leading to leaner conditions there than near the outer
periphery of the mixing tube.

8.3.2. EFFECT OF MOMENTUM FLUX RATIO Jswirl ON THE OPERATIONAL RAN-
GE

The effect of varying J swirl on the operational range, which is defined as the range of
stable operation without flashback or blowout, is assessed based on the flame lift-off
height. Figure 8.6 presents the lift-off heights for the two momentum flux ratios J swirl

and hydrogen volume fractions at χ = 20 %. The lift-off height is defined as the distance

Figure 8.6: Lift-off height of the flames in y/DMT for two different momentum flux ratios J swirl ( - J high and
■ - J low) for different X H2 at χ = 20 %.
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a) J high at χ = 25 %
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Figure 8.7: OH* images for X H2 = 1 for (a) J high at χ = 25 % and (b) J low at χ = 20 %.

from the mixing tube outlet to the nearest point of the flame. The flame front is identi-
fied from Abel-deconvoluted OH* images, where it is assumed to correspond to 20 % of
the maximum OH* signal. As shown in the figure, the lift-off height decreases with in-
creasing X H2 for both J swirl, which is expected due to the higher laminar flame speeds of
hydrogen-rich mixtures. Additionally, for all tested conditions, the case with higher J swirl

leads to a lower lift-off height. At X H2 = 1, stable flame operation was only achieved with
the lower J swirl; with the higher J swirl, the flame consistently stabilized upstream of the
mixing tube outlet, which is considered flashback. As shown in Chapter 5, an increase in
J swirl results in a more uniform fuel distribution within the mixing tube. Thus, the core
of the swirling flow is richer compared to the cases with lower J swirl. This interpretation
aligns with previous observations at lower hydrogen contents (see Figure 8.3), where the
flame moves closer to the injector near the centreline of the mixing tube as J swirl de-
creases. For the case with X H2 = 1, assuming ur ms = 0.2× ubulk = 2.4m/s and a worst-
case laminar flame speed for H2 flames of sl = 2.5 m/s, the resulting ratio sl/ur ms = 2.1
remains below the critical flashback threshold of 5 in the core flow, as defined in Equa-
tion 2.23. This excludes flashback through the core flow as the responsible mechanism.
It is possible that the flame, which stabilizes closer to the mixing tube outlet, undergoes
flashback via the CIVB mechanism. As more fuel reaches the centreline, resulting in in-
creased heat release, greater negative azimuthal vorticity is generated. This can induce
negative axial velocities, potentially leading to flashback, as described in Section 2.5.1.
Alternatively, as observed in the lower hydrogen content cases (e.g. Figure 8.3), the flame
may still stabilize in the OSL near the outlet. Changes in boundary layer velocity profiles
could also contribute to flashback. However, due to the lack of time-resolved measure-
ments, a detailed analysis of the mechanism responsible for flashback cannot be per-
formed.

Figure 8.7 shows OH* images for X H2 = 1 at both J swirl. For J high, flame stabilization
required AAI levels as high as χ = 25 %. The image shows that under these conditions, the
flame for J high with χ = 25 % (Figure 8.7a) closely resembles the flame at χ = 20 % for J low

(Figure 8.7b). Both flames stabilize attached to the injector, with the central region of
the flame lifted off or showing no reaction along the centreline, resembling the Π-flame
structure described in Chapter 6. Stabilizing a 100 % H2 flame with a higher level of J swirl

requires higher levels of AAI. This increase in AAI makes the core fuel lean again and
helps reproduce conditions similar to those at a lower J swirl and a lower level of AAI.
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8.3.3. EFFECT OF MOMENTUM FLUX RATIO Jswirl ON THE NO EMISSIONS

a) J high b) J low

Figure 8.8: NO emissions in ppm with standard deviations for two different momentum flux ratios J swirl, vary-
ing X H2 and χ, χ = 0 % ( ), χ = 10 % ( ) and χ = 20 % ( ).

Figure 8.9: NO emissions in ppm at χ = 20 % for J high ( ) and J low ( ).

This section evaluates the effect of J swirl on NO emissions by analysing both exhaust
gas measurements and the spatial distribution of NO within the combustion chamber.
Figure 8.8 shows the NO emissions in ppm measured with the exhaust gas analyser, nor-
malized to 15 % O2, for the two different J swirl across varying hydrogen fractions (X H2)
and AAI levels. For χ = 0 % and χ = 10 %, the maximum investigated hydrogen mole frac-
tions are X H2 = 0.25 and X H2 = 0.4, respectively, as higher hydrogen contents lead to
flame stabilization upstream of the mixing tube outlet. Generally, increasing the hydro-
gen content leads to an increase in NO emissions. This observation contrasts with the
spatial unmixedness trends presented in Chapter 5, but can be explained by variations
in the lift-off heights of the flame. Lift-off height significantly influences local fuel-air
mixing, where a lifted flame burns closer to perfectly premixed conditions compared to
an attached flame, due to a longer mixing length. In all cases, J high (Figure 8.8a) leads
to higher NO emissions than cases with J low (Figure 8.8b). This difference is attributed
to the reduced spatial unmixedness associated with the increased J swirl, as discussed in
Chapter 5, which results in a more uniform temperature field and reduced thermal NO
formation. The effect is particularly pronounced at lower X H2 levels, as it can be seen
in Figure 8.9, which compared the NO emissions for the two different J swirl at χ = 20 %.
At X H2 = 0.8, the difference in NO emissions between the two levels of J swirl is minimal,
only a 0.4 ppm reduction is observed when increasing the level of J swirl from 0.13 to 1.22.
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This aligns with the OH-PLIF results in Figure 8.4, which show that for X H2 = 0.8, both
levels of J swirl exhibit OH signal along the centreline of the combustion chamber. In con-
trast, at lower hydrogen contents (e.g., X H2 = 0.6 in Figure 8.5), no centreline reaction is
observed for J low, while the case with J high still shows heat release in that region. This
indicates that at X H2 = 0.8, the mixing quality for J low is already sufficient to sustain re-
action on the centreline, which explains the negligible reduction in NO emissions when
increasing the level of J swirl. This is in line with the findings in Chapter 5, where it was
shown that at higher hydrogen the fuel-air mixing was already high, even for the lowest
investigated J swirl values.
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Figure 8.10: NO-PLIF signal (left) and OH* signal (right) for two different momentum flux ratios J swirl at X H2
= 0.25, χ = 0 %.

To further investigate the observed differences in NO emissions, the spatial NO dis-
tribution within the combustion chamber is analysed for a V-flame and an M/Π-flame.
Figure 8.10 shows the NO-PLIF and Abel-deconvoluted OH* images at XH2 = 0.25 and χ
= 0 %, for two different J swirl. The red contour indicates 20 % of the maximum OH* sig-
nal, serving as a reference for the flame front. Due to laser power fluctuations over the
course of the measurements, the absolute NO concentrations cannot be directly com-
pared; rather, the focus is on differences in the spatial distribution. Regarding the mea-
sured NO emissions in the exhaust, increasing the level of J swirl results in a decrease in
the emissions from 4.2 ppm to 3.0 ppm, as shown in Figure 8.8. The OH* images in Fig-
ure 8.10 show that the flame for the configuration with a larger J swirl has a wider opening
angle, which is also reflected in the wider opening angle of the region with no NO con-
centration (dark blue area). Additionally, while the case with J low produces a more uni-
form NO distribution across the outer and central recirculation regions (ORZ and CRZ),
the case with J high leads to higher NO concentration in the CRZ compared to the ORZ.
This confirms that increasing J swirl enhances mixing, leading to a more uniform equiva-
lence ratio distribution for J high. As a result, NO production increases in the ISL, which is
then recirculated into the CRZ. In contrast, for the case with J low, the flame partially sta-
bilizes in the OSL, as shown previously by the higher OH concentration in the OSL (see
Figure 8.2). This stabilization promotes more NO formation in the OSL, contributing to
the higher overall NO emissions measured in this configuration. Figure 8.11 shows the
NO and OH* distributions for X H2 = 0.6 and χ = 20 %. At this high hydrogen content, a
noticeable shift in the NO distribution is observed as J swirl varies. For the case with J high,
the flame stabilizes further upstream as previously shown with the lift-off height in Fig-
ure 8.6. This shifts the region where NO concentration occurs closer to the injector. This
is reflected in the reduced height of the NO region without any NO concentration (dark
blue region). Additionally, the NO distribution becomes more radially uniform as J swirl
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decreases. Whereas the case with J low configuration exhibits peak NO concentrations in
the ORZ, the case with J high leads to increased NO formation along the centreline. The
region associated with the AAI jet, which typically exhibits low NO concentrations at the
centre (see Chapter 7), shows a detectable NO signal in the case of J high. In contrast,
no NO signal is observed along the centreline for J low. This aligns with the expected in-
crease in fuel concentration along the centreline of the swirling flow, which enhances
reaction near the centreline and leads to increased local NO formation.
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Figure 8.11: NO-PLIF signal (left) and OH* signal (right) for two different momentum flux ratios J swirl at X H2
= 0.6, χ = 20 %.

8.4. CONCLUSIONS
This chapter investigated the effect of the momentum flux ratio (J swirl) between fuel and
air on flame stability and NO emissions in swirl-stabilized CH4/H2 flames with jet in
cross-flow fuel injection. Increasing J swirl was achieved by decreasing the fuel injection
diameter, based on the analysis presented in Chapter 5. Flame stabilization mechanisms
and lift-off heights were examined using OH-PLIF and OH* chemiluminescence imag-
ing, while NO-PLIF measurements and exhaust gas analysis were employed to investi-
gate the overall and spatial NO concentration and relate it to the flame location. The
results show that increasing J swirl leads to an increase in flame lift-off height across all
cases, as the flame moves closer to the injector along the centreline. More OH signal is
observed on the flame centreline as the level of J swirl increases, indicating a more uni-
form equivalence ratio distribution, as a result of improved fuel-air mixing. This en-
hanced reactivity on the centreline contributes to the observed reduction in flashback
resistance at higher J swirl values. NO emissions decrease with increasing J swirl, primarily
due to the improved mixing quality, which promotes a more uniform temperature dis-
tribution in the flame and thus reduces thermal NO formation. The reduction in NO is
more pronounced at lower hydrogen contents. This is because a higher hydrogen con-
tent in the fuel significantly enhances mixing, and therefore even cases with low J swirl

exhibit a high degree of mixing. The NO-PLIF results further confirm that for higher
J swirl, more NO is present along the centreline of the combustion chamber, consistent
with the expected improvement in mixing quality. The key findings of this chapter are
summarized as follows:

• Increasing J swirl leads to a reduction in NO emissions, attributed to enhanced fuel-
air mixing. This effect is more pronounced at lower hydrogen fractions, where
mixing quality is more sensitive to changes in J swirl



8.4. CONCLUSIONS

8

153

• An increase in J swirl leads to a reduction in flame lift-off height, particularly near
the centreline of the mixing tube, due to improved mixing quality. However, this
enhanced mixing also lowers the flashback limits of the combustor, as more fuel
reaches the centreline and promotes upstream flame propagation.

• The requirement to increase the AAI level at higher J swirl values in order to achieve
stable combustion, to levels exceeding those used at lower J swirl, counteracts the
benefits of enhanced mixing.
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9
CONCLUSIONS &

RECOMMENDATIONS

This dissertation explored emissions and flame stability in a partially premixed
fuel-flexible (CH4/H2) swirl-stabilized burner. The main objective was to iden-
tify the governing parameters influencing flame stability and emissions in a par-
tially premixed burner with axial air injection. To achieve this, the study began
by examining the influence of key operational and geometric parameters, such
as fuel composition and the swirl number on the non-reacting flow field. This
allowed a distinguishing of the aerodynamic effects of geometrical features from
those resulting from combustion on flame stability. The fuel-air mixing process
governs the equivalence ratio distribution and, consequently, the flame temper-
ature, which directly influences NOx formation. Therefore, the mixing behaviour
of a jet in a swirling cross-flow configuration was analysed, and the dominant pa-
rameters governing the mixing process were identified. These included the fuel
composition and the momentum flux ratio J swirl. The investigation then pro-
gressed to reacting cases, focusing on the flow field, flame stabilization mech-
anisms, and emission characteristics across different fuel compositions. A de-
tailed assessment of NO emissions was conducted to link observed variations in
NO levels to changes in mixing, the flow field and flame structure. Finally, the
influence of J swirl, identified as a key factor affecting fuel-air mixing, was inves-
tigated in detail. This analysis aimed to understand its impact on flame stability
and emissions, thereby linking insights from the non-reacting studies to poten-
tial design improvement strategies for the reacting cases. This chapter summa-
rizes the key findings by addressing the research questions presented in Chap-
ter 1 and brings the answers of the research questions into perspective of the
main research goal. The limitations of this work are then discussed. Finally, the
chapter presents recommendations for future work.

157
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Fuel flexibility (CH4/H2) is a key enabler for the transition toward more sustainable
power generation. Using H2 in gas turbines offers a promising solution to reduce CO2

emissions. However, the uncertainty about its availability due to ongoing challenges in
production and storage require fuel-flexible combustion systems. The markedly differ-
ent combustion characteristics of H2 compared to CH4 complicate efforts to accommo-
date both fuels in the same combustion chamber, while maintaining stable flames with
low emissions. Specifically, the addition of H2 to the fuel mixture in gas turbines de-
signed for CH4 can lead to increased NOx emissions due to high adiabatic flame temper-
atures and flame stability issues due to high flame speeds, creating significant challenges
on the combustor design.

The present dissertation aims to identify the key design and operating parameters,
such as the swirl number and fuel composition, that govern stability and NOx emis-
sions in a partially premixed, fuel-flexible, swirl-stabilized combustor with axial air in-
jection. This study was carried out experimentally using a laboratory-scale set-up and
included both non-reacting and reacting experiments. The fuel was radially injected
into a swirling cross-flow of air just downstream of the swirler outlet, resulting in par-
tially premixed conditions at the combustion chamber entrance. Throughout this work,
multiple aspects of the combustor were investigated, each chapter aiming to answer one
of the research questions presented in Chapter 1. Figure 9.1 summarizes the overall
contributions of this dissertation, categorized into three types: Type I (Methodology),
Type II (Mechanism), and Type III (Dataset). Type I - Methodology refers to the devel-
opment of new methods for investigating the flow field and mixing characteristics. Type
II - Mechanism involves identifying the underlying mechanisms driving the observed
trends, which are helpful for future designs of fuel-flexible combustion chambers. Type
III - Dataset encompasses the generation of new datasets, which are suitable for and
have been used in the validation of numerical models.

Chapter 4 presents an extensive dataset of non-reacting flow fields, providing a com-
prehensive baseline characterization of the aerodynamic behaviour of the combustor
geometry. The chapter also provides insights in how both geometric factors such as
combustion chamber and swirler design and operational parameters including momen-
tum flux ratio, surrogate fuel composition, and AAI influence the time-averaged and un-
steady flow dynamics. Chapter 5 introduces a framework for experimentally studying the
mixing characteristics of H2 and air. By validating a tracer method using helium seeded
with DEHS droplets, it establishes a versatile measurement approach applicable to fuel-
air mixing investigations in various combustor configurations. Furthermore, it explores
fuel-air mixing in a jet in cross-flow configuration and identifies the dominant parame-
ters controlling the degree of fuel-air mixing. Chapter 6 provides an extensive dataset of
reacting flow fields across a range of fuel compositions, AAI levels, and swirl numbers.
It also demonstrates the effectiveness of AAI as a control parameter for CH4/H2 flames,
highlighting the trade-offs concerning operational range and emissions. Chapter 7 iden-
tifies how variations in fuel composition and AAI influence the spatial distribution of
NO within the combustion chamber and relates these findings to the flow field, flame
position, and overall NO emissions. Chapter 8 reveals how changes in mixing driven by
increasing the momentum flux ratio between fuel and air affect flame stabilization and
emissions across different fuel compositions.
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The Type II contributions (Revealing Mechanism) are discussed in greater detail in
the following section, where the research questions introduced in Chapter 1 are ad-
dressed.

Non – reacting studies (Chapter 4)

Mixing of jet in cross-flow (Chapter 5)

Framework for investigating H2-air mixing (I)
Fuel-air mixing properties of jet in swirling cross-flow (II)  

Experimental investigation of fuel flexibility (Chapter 6)

Properties of swirl stabilized CH4/H2 flames - flow field, 
flame stabilization mechanism and emissions (II, III)

NO emission characteristics (Chapter 7)

NO emission properties within the combustion chamber, 
relationship with flow field and flame location (II)

Effect of J on combustor performance (Chapter 8)

Emission and flame stability with varying momentum 
flux ratio (II)

Properties of non-reacting flow field, influence of 
geometric and operational parameters (II, III)

Figure 9.1: Contributions of this dissertations, shown for each chapter. Type I: Methodology, Type II: Mecha-
nism, Type III: Dataset.

9.1. NEW FINDINGS
This section aims to clarify the key mechanisms governing flame stability and emissions
identified in this dissertation by addressing the research questions presented in Chap-
ter 1. In Chapter 4, this work first addressed the primary parameters governing the non-
reacting flow field through detailed analysis of flow field behaviour within the mixing
tube and combustion chamber. The parameters investigated included geometric fea-
tures such as confinement ratio and outlet contraction, as well as operational factors
like the level of AAI, fuel composition, and momentum flux ratio (J swirl). Understanding
how a change in these parameters affects the flow field is critical to distinguish flow-field
driven phenomena from those caused by combustion. Helium/air mixtures were used
as surrogates to isolate density effects. This chapter focused on answering the following
research question:

Subquestion 1

What are the effects of the geometric parameters and the operating conditions on the
non-reacting flow field in a swirl-stabilized combustor with AAI and jet in cross-flow
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fuel injection?

Variations in combustion chamber geometry, including changes in the confinement
ratio and the introduction of a nozzle at the outlet, have a significant impact on the
flow field, especially on the size and strength of the recirculation zones. Increas-
ing AAI weakens the CRZ and alters PVC dynamics in the non-reacting flow field
by affecting the effective swirl number. If the effective swirl number drops below
a critical level, vortex breakdown shifts from bubble to cone type, suppressing the
PVC. Changing the surrogate fuel composition does not alter the overall flow struc-
ture, but it does affect the absolute velocities due to an increased volumetric flow
rate with higher hydrogen content. The unsteady flow field is also influenced by in-
creasing the hydrogen content. The observed PVC frequency is lower than expected
based on Strouhal number scaling, demonstrating that fuel composition may influ-
ence the effective swirl number. The momentum flux ratio J swirl significantly af-
fects the non-reacting flow field, both with and without AAI. Higher values of J swirl

generally reduce the maximum axial velocity in the swirling jets while they increase
the radial velocity, resulting in a broader centreline recirculation zone. However,
the unsteady flow field remains largely unchanged, as indicated by the nearly con-
stant PVC frequency. Several features of the non-reacting flow field, including ve-
locity magnitudes and the opening angle of the swirling jets, can help explain the
observed trends in emissions and flame stability in the reacting cases. Since cer-
tain parameters, such as the level of AAI, the swirl number, and the momentum flux
ratio, already have a strong influence on the flow field without combustion, this en-
ables a distinction between changes already present in the non-reacting flow field
and those resulting from the combustion process.

Since fuel-air mixing strongly influences thermal NOx formation by influencing the
equivalence ratio distribution and consequently the temperature distribution, achiev-
ing a high degree of mixing is crucial—particularly in partially premixed configurations
where mixing must occur rapidly. A major focus of this thesis was thus to investigate
mixing behaviour in the partially premixed burner and to identify the key parameters
governing it. In Chapter 5, the influence of fuel composition, J swirl, AAI level, and swirl
number on mixing in a jet in swirling cross-flow configuration was examined. A method-
ology was developed to assess mixing by tracking the spatial distribution of a seeded
surrogate fuel with DEHS droplets through Mie scattering imaging. The chapter eval-
uated how the spatial unmixedness value and fuel distribution vary within the mixing
tube as operating conditions change. The following research question was answered in
this chapter:

Subquestion 2

How do the momentum flux ratio, the density ratio, and AAI affect fuel-air mixing in
a jet in swirling cross-flow configuration?

The degree of fuel-air mixing in a jet in swirling cross-flow is strongly governed by
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the interplay of J swirl, density ratio, and AAI. The fuel density appeared as the domi-
nant factor: lighter fuels experience less centrifugal forces, therefore they penetrate
deeper into the cross-flow. Heavier fuels convect towards the mixing tube wall. Ad-
ditionally, lighter fuels exhibit a wider fuel jet spreading angle at the fuel injection
points, which also contributes to enhanced mixing. As J swirl increases, mixing im-
proves up to a critical point, beyond which, further increase provide no additional
benefit at a fixed mixing tube length. High levels of AAI hinder mixing near the fuel
injection plane due to the high-momentum axial jet, which prevents the fuel from
entering the core of the flow, resulting in greater local unmixedness compared to
cases without AAI. If the swirl number is high (for example Sw = 1.1), increased tur-
bulence downstream partially compensates for the initial decrease of unmixedness
with AAI, leading to unmixedness levels at the outlet of the mixing tube compara-
ble to the case without AAI. In contrast, for lower swirl numbers (for example Sw
= 0.7), AAI leads to a consistent significant reduction in fuel-air mixing throughout
the mixing tube.

In Chapter 6, the partially premixed burner was evaluated under reacting conditions
at varying fuel compositions, AAI levels, and swirl numbers. Flame stability and emis-
sion characteristics were analysed and correlated to the results of the non-reacting stud-
ies. Also, the stability limits of the combustor were identified. The results highlighted
the complex interplay between flow dynamics, mixing, flame behaviour, and emissions
performance. The central question investigated in this chapter was:

Subquestion 3

What is the effect of AAI on the emissions and operational range of CH4/H2 swirl-
stabilized flames?

Axial air injection (AAI) has been identified as an effective approach to achieve sta-
ble, fuel-flexible combustion across the full range from methane to hydrogen un-
der lean partially premixed conditions. At sufficiently high AAI levels (χ = 20 % for
Sw = 1.1, χ = 10 % for Sw = 0.7), the flame is stable even with high hydrogen con-
tent, while lower AAI stabilizes methane flames but does not prevent flashback in
hydrogen-rich cases. These results show that flame stability depends on the inter-
play between AAI and swirl number, with higher swirl requiring higher AAI levels to
stabilize hydrogen-rich flames. However, increased AAI also raises the lean blowout
limit for methane flames. Flashback-free operation for hydrogen flames results from
shifting the flame stabilization mode from attached V-flames to lifted flame struc-
tures, including newly identified M/Π shapes, where the flame front near the centre-
line is pushed downstream of the injector. These changes relate to the AAI-induced
flow modifications that increase centreline axial velocity. The impact of AAI on the
flow field varies strongly with the fuel composition andϕ: methane flames and very
lean hydrogen flames keep a swirl-stabilized flow field with a CRZ, while hydrogen
flames at a higher ϕ values resemble low-swirl flames without a CRZ. This is due
an upstream shift of the flame, caused by higher flame speeds, resulting in a strong
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axial acceleration of the flow. Although AAI generally increases NO emissions due
to a decrease in fuel-air mixing, it also strongly influences the lift-off height of the
flame. A higher lift-off height can provide additional mixing length in the combus-
tion chamber, lowering peak temperatures and reducing NO formation compared to
an attached flame. Overall, the use of AAI in fuel-flexible systems presents a trade-
off. While high levels of AAI extend the operational range at high H2 contents, they
also reduce mixing quality, leading to increased NO emissions across all fuel compo-
sitions. Moreover, they slightly raise the blowout limits for fuels with low hydrogen
content. These findings highlight the need for careful optimization of AAI levels to
balance flame stability and emissions performance in fuel-flexible combustors.

NO emissions in partially premixed combustion are strongly influenced by the de-
gree of local fuel-air mixing, making accurate prediction challenging. This complex-
ity increases in dual-fuel combustion, where mixing quality and dominant NO forma-
tion pathways vary significantly between fuels. Chapter 7 investigated the NO emission
characteristics of the partially premixed swirl-stabilized burner. Detailed NO measure-
ments combined with flow and flame location analysis provided valuable insights into
the mechanisms driving variations in NO emissions and their spatial distribution within
the combustion chamber. The following question served as the basis for the analysis in
this chapter:

Subquestion 4

What is the effect of the flow field (AAI, fuel injection, recirculation zones) on the NO
emissions?

AAI significantly influences the NO distribution within the combustion chamber.
As AAI levels increase, the NO distribution shifts from a relatively uniform distribu-
tion between the CRZ and ORZ to being concentrated mainly in the ORZ. This shift
is directly tied to the change in flame shape caused by the different distribution of
equivalence ratio. AAI generally causes fuel to remain near the mixing tube periph-
ery, stabilizing the flame primarily in the OSL, which results in most of the NO being
produced in the OSL and then being recirculated into the ORZ. Notably, increasing
AAI at a constant hydrogen content does not always increase NO emissions, as an
increased flame lift-off height results in additional mixing length, compensating for
the decrease in fuel-air mixing in the mixing tube. Thus, NO emissions depend crit-
ically on local fuel-air mixing, influenced by both by the degree of fuel-air mixing
achieved in the mixing tube and flame lift-off height. This trade-off suggests the
existence of an optimal level of AAI to minimize emissions. While NO emissions
increase with rising hydrogen content at 0 % AAI, the emission trend becomes less
predictable for the CH4/H2 flames with AAI. Although the low density of hydrogen
enhances fuel-air mixing, this benefit is offset by a significantly reduced flame lift-
off height, creating locally richer conditions compared to lifted flames. Thermal
NO is expected to be the dominant formation pathway downstream of the reaction
zone; however, the non-monotonic trends observed suggest a shift in the relative
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contributions of different NO formation pathways to the overall NO emissions. This
is supported by findings in the literature. Overall, when the hydrogen content in the
fuel varies at a constant level of AAI, NO emissions are a result of a complex interplay
of mixing, flame stabilization location, and changes in NO formation mechanisms.

Building on earlier findings that increasing the momentum flux ratio (J swirl) effec-
tively reduces fuel-air unmixedness, the final part of this study applied this strategy un-
der reacting conditions by reducing the fuel inlet diameter to increase J swirl. Results
from emissions measurements and flame stabilization observations provided valuable
insights into how the combustor performs under more premixed conditions compared
to the baseline case. This chapter investigated the central question:

Subquestion 5

What is the effect of the fuel momentum on the emissions and operational range of
CH4/H2 swirl-stabilized flames?

Increasing the momentum flux ratio J swirl enhances fuel-air mixing, leading to a
reduction in NO emissions. This effect is most pronounced for flames with low
hydrogen content and reduces as the hydrogen concentration increases. This re-
duction is consistent with mixing experiments showing that higher hydrogen con-
tent achieves a high degree of mixing even at lower J swirl values, which reflects in a
small change in emissions across different fuel inlet diameters. An increase in J swirl,
which enhances mixing, results in a more pronounced NO signal along the flame
centreline. Although the flame stabilization mechanism (e.g., V-flame or M-flame)
remains the same, higher J swirl values cause the flame to move closer to the mix-
ing tube outlet. This shift is most prominent along the centreline and is consistent
with mixing studies that show increased fuel concentration in this region for higher
J swirl. Additionally, the opening angle of the flame widens significantly with increas-
ing J swirl, consistent with flow field behaviour in non-reacting cases. The reduced
lift-off height at higher J swirl also lowers the flashback limit if the bulk velocities are
not sufficiently high, thereby constraining the operational range with respect to ϕ

and hydrogen content.

9.2. COMMENTS ON THE MAIN RESEARCH GOAL
The answers to the sub-research questions directly support the main research goal: iden-
tifying the governing parameters for flame stability and emissions in partially premixed,
swirl-stabilized CH4/H2 flames with AAI. These identified mechanisms can form the ba-
sis for establishing design and operational considerations in the development of fuel-
flexible combustion systems that ensure low emissions and stable operation. There are
several main takeaways from this study.

The non-reacting flow field shows sensitivity to several of the investigated parame-
ters, and clear correlations have been identified between the flow field structure and the
flame shape and stabilization mechanisms observed in the reacting case. While the mag-
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nitude of changes in the non-reacting conditions may not directly reflect those in the
reacting conditions, the non-reacting flow field still offers valuable insight for predict-
ing key features of the reacting flow field. Additionally, non-reacting mixing studies have
proven valuable for identifying the key parameters that govern mixing, making them a
critical part of the injector design and characterization process. Therefore, a compre-
hensive investigation of the non-reacting flow field and mixing characteristics should
be considered an essential first step in assessing any new combustor geometry prior to
examining reacting conditions.

In jet in cross-flow configurations, increasing the value of J swirl enhances mixing for
both fuels CH4 and H2 up to a critical threshold, beyond which no further improvement
is observed. This threshold depends on several factors, including the fuel composition,
swirl number and Re numbers in the mixing tube and must therefore be determined
for each specific geometry and fuel blend to ensure optimal mixing. While H2 typically
mixes more effectively than CH4 due to its lower density and high diffusivity, excessively
high J swirl values can lead to H2 accumulation in the core of the swirling flow, underscor-
ing the need to carefully identify the optimal J swirl range.

However, the results showed that unmixedness values measured in the mixing tube
during non-reacting studies are not sufficient indicators of NO emissions in the react-
ing cases. Flames with high hydrogen content have a lower lift-off height compared to
methane flames, which significantly reduces the mixing length within the combustion
chamber. As a result, attached flames burn at locally higher equivalence ratios than lifted
flames. Therefore, for operation with high hydrogen content or pure hydrogen mixtures,
achieving a high degree of premixing in the mixing tube is essential. Methane flames,
with their larger lift-off height, allow for more downstream mixing even when the fuel-
air mixing level in the mixing tube is lower than that for hydrogen. Consequently, flame
lift-off height emerges as a key parameter linking fuel-air mixing, flame stabilization,
and NO emissions. Since lift-off height is influenced by both AAI and fuel composition,
it plays a critical role in designing fuel-flexible systems. However, because this parame-
ter can only be determined through experimental testing in the reacting conditions and
no predictive method is provided here, its consideration remains dependent on direct
measurements.

To summarize, AAI can be incorporated into the design of fuel-flexible injector ge-
ometries, as it shows strong potential for stabilizing flames across a wide range of fuel
mixtures. However, its effect on flame stability and emissions is complex. On one hand,
AAI can lift the flame off the injector rim, which reduces the risk of flashback, prevents
high temperatures near the injector, and increases the effective mixing length. On the
other hand, excessive levels of AAI reduce the degree of premixing in the mixing tube,
decrease the effective swirl number and can lead to higher emissions. There is a critical
level of AAI at which the benefits of flame lift-off are outweighed by the negative effects
on premixing. It is therefore essential to identify this threshold for each configuration.

Increasing J swirl remains an effective strategy for enhancing mixing and reducing
emissions for a given fuel composition and level of AAI. However, a change in fuel distri-
bution can change the flame stabilization location, which can increase the risk of flash-
back, especially if the local flow velocities near the injector are not sufficient to anchor
the flame downstream of the mixing tube outlet. While flames with different swirl num-
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bers and AAI combinations may exhibit similar lift-off heights and operational ranges,
their emission characteristics can vary significantly. These factors highlight the com-
plexity of burner design and optimization for both emissions and flame stability. Over-
all, balancing flame stability and emissions requires careful adjustment of swirl number,
AAI, and J swirl.

Together, the findings in this work lead to several important design insights. For each
new combustor geometry, a non-reacting analysis should be performed to characterize
the influence of geometry and operating conditions on the flow field. Additionally, for
partially premixed combustion, this involves analysing the mixing process. The opti-
mal J swirl should be determined through a mixing analysis tailored to the specific fuel
blend, since further increase of J swirl offers no additional benefit. In the reacting case,
the degree of AAI should be optimized to ensure the flame is lifted off the injector while
maintaining a high degree of fuel-air premixing. Particular attention must be paid to
the operation with full hydrogen, which requires a high degree of fuel-air premixing and
careful control of flame stabilization to avoid flashback or increased emissions.

This dissertation makes a significant contribution to the understanding of flame sta-
bility and emissions in partially premixed, swirl-stabilized CH4/H2 flames with AAI.
Through detailed experimental analysis, it identifies the key mechanisms and govern-
ing parameters that influence flame stability and emissions. The findings offer valuable
insights into how fuel composition, injector design, and flow field characteristics inter-
act to affect stability limits, emissions, and overall combustor performance. A major
strength of this work is its systematic investigation within a well-characterized combus-
tor geometry and under a controlled range of operating conditions. This focused ap-
proach enables a clear identification of trends and underlying mechanisms, providing
a solid foundation for the future design and optimization of fuel-flexible combustors.
While some of the results are specific to the tested configuration, they offer a robust base-
line and a conceptual framework for understanding more complex systems. Addition-
ally, due to the limited availability of data in fuel-flexible configurations, these results can
serve as valuable references for improving the knowledge of fundamental concepts and
for validating computational models. It is recognized, however, that changes to the com-
bustion chamber geometry or operating conditions, such as thermal power or injector
design, can significantly alter flow structures, turbulence levels, and mixing behaviour.
Many trends observed in this study are non-linear, which is expected to complicate scal-
ing to different geometries or operating conditions. Therefore, any such modifications
must be carefully analysed, as they may affect the extent to which the relationships iden-
tified in this study remain valid. Nonetheless, the insights gained from this study are
broadly applicable and highly relevant to the development of next-generation combus-
tion systems. They emphasize the need for configuration-specific investigations, par-
ticularly when targeting low-emission, hydrogen-enriched combustion across different
scales.

9.3. RECOMMENDATIONS FOR FUTURE WORK
This dissertation establishes a strong foundation for understanding dual-fuel combus-
tion in a swirl-stabilized configuration. The inherent complexity and numerous inter-
acting processes in partially premixed combustion present additional opportunities for
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research directions. These topics lie beyond the scope of the present work but offer valu-
able directions for future research. The following section presents recommendations for
further investigation based on the insights gained in this study. The main recommenda-
tions are as follows:

• Increase of thermal power output The thermal power output of the combustor
was constrained by infrastructure limitations, which in turn restricted the opera-
tional window—particularly for fuels with a high hydrogen content. In these cases,
the burning velocity exceeded the flow velocity, leading to flashback. The combus-
tor design resulted in relatively low bulk velocities of approximately 11 m/s, which
is about one-tenth of the velocities typically found in conventional combustors.
The Mach numbers at the air and fuel inlets are 0.06 and 0.02, respectively, both
significantly lower than the values commonly encountered in conventional con-
figurations. Increasing the bulk velocity would likely raise the flashback threshold,
enabling the exploration of a broader range of equivalence ratios to better assess
how emissions and flame stability evolve in a fuel-flexible system.

• Changes in the confinement ratio: Some of the results presented in this disserta-
tion are highly specific to the chosen geometry, such as the confinement ratio. As
demonstrated in Chapter 4, the confinement ratio has a notable impact on the flow
field in the combustion chamber, particularly influencing the size and strength
of the recirculation zones. In this study, a large confinement ratio was selected
to ensure full optical access and minimize wall heat losses. However, future re-
search should explore the effects of a smaller confinement ratio on the flow field
and flame stabilization to assess the broader applicability of these findings across
different geometries.

• Further investigation of the influence of the momentum flux ratio on emissions:
The results of this thesis highlight the momentum flux ratio as a key parameter for
enhancing mixing and reducing emissions. However, its effect on emissions was
examined only within a limited range of swirl numbers and momentum flux ratios,
allowing only indicative trends to be identified. Future research should extend this
investigation across a broader range of swirl numbers and fuel mixtures to gain a
more comprehensive understanding of how to optimize the momentum flux ratio
under varying operating conditions.

• Determining the local equivalence ratio: While the mixing study provided in-
sights of the local fuel mixing close to the mixing tube outlet, the subsequent chap-
ters have shown that it is not sufficient to only look at the fuel-air mixing at the
mixing tube to predict NO emissions. Since the location of the flame stabilization
is highly dependent on the fuel composition, it is crucial to determine the local
equivalence ratio at the flame stabilization location. This would allow for a more
accurate assessment of the combustion conditions and their impact on emissions.
Future work should focus on developing experimental methods, like Raman scat-
tering or numerical models to estimate the local equivalence ratio at the flame
anchoring location in partially premixed configurations.
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• Mixing analysis with Lagrangian Particle Tracking: Since DEHS droplets have a
significantly different density than helium, their presence is expected to influence
the observed mixing behaviour. Although the overall trends of helium and air mix-
ing from LES and from the experiments, where the air stream is seeded with DEHS
droplets, appear similar, a more accurate assessment of the experimental mixing
could be obtained by validating the use of DEHS particles through Lagrangian Par-
ticle Tracking in LES. This approach would allow quantification of particle inertia
effects on the mixing behaviour and provide correction factors if needed.

• Adjustments to measure NO2 emissions: Although NO2 concentrations are of-
ten small, including its contribution is necessary to accurately quantify total NOx

emissions. Due to the gas analyser maximum temperature limit of 80◦C, water
condensation cannot always be prevented in some test cases. Condensed water
can cause NO2 to dissolve, but more importantly, it can lead to a significant over-
estimation of NO2 measurements. This happens because condensation changes
the refractive index of the sample gas, reducing the transmitted light through the
measurement cuvette. The only way to prevent condensation is by diluting the ex-
haust gas with an inert gas, such as nitrogen, and correcting the measured concen-
trations based on the dilution ratio. This method allows for more accurate mea-
surement of NOx emissions as the sum of NO and NO2 concentrations. Addition-
ally, this would provide more insight into the strength of the NO reburning effect,
that is, the oxidation of NO to NO2, and would help in interpreting the observed
NO emission trends.
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Operating points at ṁair = 5.1 ·10−3 kg/s
P th

[kW]
X H2[-] Q̇CH4 [L/min] Q̇H2 [L/min] U MT [m/s] ϕ

8

0 14.1 0 10.23 0.51
0.25 12.85 4.28 10.24 0.50
0.4 11.78 7.85 10.43 0.49
0.6 9.75 14.61 10.61 0.48
0.8 6.42 25.68 10.89 0.46
1 0 44.03 11.44 0.42

9

0 15.91 0 10.29 0.58
0.25 14.46 4.82 10.42 0.57
0.4 13.25 8.84 10.53 0.56
0.6 10.96 16.45 10.72 0.54
0.8 7.22 28.89 10.89 0.52
1 0 52.91 11.66 0.48

10

0 17.68 0 10.36 0.64
0.25 16.07 5.36 10.50 0.63
0.4 24.54 9.81 10.61 0.62
0.6 12.18 18.27 10.83 0.60
0.8 8.03 32.10 11.18 0.58
1 0 58.79 11.88 0.53

11

0 19.45 0 10.42 0.70
0.25 17.67 5.89 10.58 0.69
0.4 16.20 10.80 10.71 0.68
0.6 13.40 20.10 10.94 0.67
0.8 8.83 35.31 11.33 0.64
1 0 64.67 12.09 0.58

12

0 21.21 0 10.49 0.77
0.25 19.28 6.43 10.66 0.76
0.4 16.67 11.17 10.80 0.75
0.6 14.62 21.93 11.06 0.73
0.8 9.13 39.21 11.49 0.70
1 0 71.8 12.31 0.64

Table B.1: Operating conditions for the design points at constant air flow rate, H2 fraction X H2, the CH4 and
H2 volumetric flow rates at T = 288.15 K and p = 1 atm, the bulk velocity in the mixing tube U MT and
equivalence ratio ϕ
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STOKES NUMBER CALCULATION

The Stokes number determines how well the particle follows the flow, and is defined as
the ratio of the particle response time to the characteristic timescale of the flow

St = τp

τf
(C.1)

where the particle response time τp is given by

τp =
ρpd 2

p

18µ
(C.2)

and the characteristic timescale of the flow τf is given by

τf =
δ

U∞
(C.3)

For the cases where the DEHS droplet are seeded into the fuel stream, the fuel in-
let diameter and the fuel inlet velocity are used to calculate the flow timescale. For the
particle timescale, a droplet diameter of 0.9µm is assumed and a density of 912 kg/m3.
The viscosity of the fuel mixture is calculated with the equation of Herning and Zipperer
[193]:

µmix =
∑

(µi ·Xi ·
p

Wi)∑
(Xi ·

p
Wi)

(C.4)

where µi is the dynamic viscosity, Xi the mole fraction and Wi the molar mass of the
component i . The resulting Stokes numbers for different surrogate cases are presented
in Figure C.1, with flow rates defined in Table 3.2 in Appendix 3. It should be noted
that not all surrogate cases were experimentally tested for every diameter, but the values
are provided here for completeness. The smallest investigated fuel diameter for X H2 is
d fuel = 1.64, corresponding to a Stokes number of approximately St = 0.18. Similarly, the
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Figure C.1: Stokes numbers for surrogate X H2 cases at different fuel diameters d fuel: d fuel = 1.4 mm ( ), d fuel
= 1.64 mm ( ), d fuel = 1.94 mm ( ), d fuel = 3.5 mm ( ) and d fuel = 4.17 mm ( )

case with X H2 = 0.8 at d fuel = 1.4 shows comparable values. Since these Stokes num-
bers remain well below St = 1, it is expected that the particles closely follow the flow,
particularly the large-scale structures, which are the primary focus of this study.

For the reacting cases, TiO2 is used as a tracer and is introduced via the swirling air
stream. Assuming a droplet diameter of 1µm and a density of 4000 kg/m3, the particle
timescale is calculated. Using the bulk velocity and diameter of the mixing tube, this
results in a Stokes number of St = 8.5·10−5, based solely on the air flow rate in the mixing
tube. Since this value is significantly below 1, it is assumed that the particles closely
follow the flow, even in regions of higher shear or velocity.



D
NON REACTING FLOW FIELDS

Complementary to the results presented in Appendix 4, this appendix provides addi-
tional information on the non-reacting flow fields, which include the contour plots for
both axial and transverse velocity.

EFFECT OF FUEL COMPOSITION
Figure D.1 and Figure D.2 show the streamwise and transverse velocity fields for sur-
rogate cases As-Ds at χ = χ = 0 %, respectively for J low. It can be seen that the overall
flow field structure is not affected, all flow fields have a CRZ of similar size and shape.
The main difference is the change in velocity magnitudes of both components, which
increases with increasing X H2, as expected due to the higher flow rates.

Figure D.1: Streamwise velocity fields for surrogate cases As-Ds at χ = 10 %

EFFECT OF Jswirl
Figure D.3 shows the streamwise velocity fields for surrogate cases As (X H2 = 0) and Ds

(X H2 = 1) at χ = 0 % for varying J swirl. While the overall flow structure stays similar, the
changes are more pronounced compared to Figure D.1. The CRZ is wider for higher
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Figure D.2: Transverse velocity fields for surrogate cases As-Ds at χ = 0 %

Figure D.3: Streamwise velocity fields for surrogate cases As (X H2 = 0) and Ds (X H2 = 1) for varying J swirl at χ
= 0 %

J swirl, which is in line with the wider opening angle of the swirling jets, and also reflected
in the transverse velocity plots shown in Figure D.4.

Figure D.5 and Figure D.6 show the streamwise and transverse velocity fields for sur-
rogate cases Cs (X H2 = 0.8) and Ds (X H2 = 1) at χ = 20 % for varying J swirl. It can be seen
that the overall flow field structure is significantly more affected compared to the previ-
ously investigated cases. For both surrogate cases, the spreading of the CRZ is delayed
in streamwise direction as J swirl increases, which is reflected in the transverse velocity
fields. Further downstream, however, the CRZ for the cases with higher J swirl is signifi-
cantly wider.
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Figure D.4: Transverse velocity fields for surrogate cases As (X H2 = 0) and Ds (X H2 = 1) for varying J swirl at χ
= 0 %

Figure D.5: Streamwise velocity fields for surrogate cases Cs (X H2 = 0.8) and Ds (X H2 = 1) for varying J swirl at
χ = 20 %

Figure D.6: Transverse velocity fields for surrogate cases Cs (X H2 = 0.8) and Ds (X H2 = 1) for varying J swirl at
χ = 20 %
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