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A B S T R A C T

Rapid decarbonization of the power generation industry is inevitable in the
fight against climate change. While there is public consensus that introduc-
ing and spreading renewable energy sources in the energy mix is the most
important solution, this also poses significant problems, such as the volatil-
ity of renewable energy sources and the lack of large-scale energy storage
systems. One of the most promising ways to address these issues is to gen-
erate sustainable hydrogen gas from surplus renewable energy through the
electrolysis of water. This hydrogen can then be stored and subsequently
burned as fuel in gas turbines to generate electricity, as these systems have
proven to be a reliable solution to fluctuations in power grids. However, the
introduction of hydrogen as a fuel presents a major technological challenge
for the operation and retrofit of current gas turbine systems. Multistage
combustors have proven to be very efficient in terms of operational flexi-
bility and emission reduction. In addition, their high fuel flexibility also
makes them a promising technology for hydrogen introduction. Current
multistage gas turbines successfully burn up to 70% of hydrogen on an
industrial scale, but much higher levels (90 - 100%) are needed to achieve
emissions neutrality. However, with current technology, achieving such
high hydrogen levels is impossible without severe efficiency losses and in-
creased emissions. In the present work, the combustion process of pure
hydrogen and hydrogen-enriched fuels in multistage combustion systems
is investigated using experimental, numerical, and modeling approaches.
Two types of sequential configuration geometries are analyzed using mod-
els of industrial examples in both stationary and transient operation. The
study focuses on the effects of hydrogen addition on flame stabilization
and anchoring mechanisms, the complex balance of the dominant combus-
tion regimes in the sequential flames, the development of predictive tools
that can be used to map the operating conditions of the combustor, and the
effects of variations in flow thermochemical properties on the sequential
flame.

The first multistage concept models a reactive jet in a hot vitiated cross-
flow (RJICF) configuration. An experimental work investigates the effect of
hydrogen addition in a natural gas/hydrogen/air flame at stationary oper-
ation. Different amounts of hydrogen are added to the fuel to analyze its
effects on flame morphology and anchoring properties. The results show
that with increasing hydrogen content, the flame becomes shorter and more
compact. In addition, the flame front is re-anchored on the windward side
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of the jet, resulting in strong anchoring to the jet nozzle. Furthermore, it
is shown that the addition of hydrogen induces larger coherent structures
in the windward shear layer that determine the aerodynamics of the RJICF
configuration. These results provide important insights into the effects that
the addition of hydrogen has on the overall symmetry of these sequential
systems and how the temperature fields at the turbine inlet might be af-
fected. Second, a numerical study using 3D Large Eddy Simulations (LES)
is performed to investigate the transient self-ignition process of a similar
RJICF configuration burning ethylene. It is shown that spontaneous igni-
tion occurs in the form of reactive patches that appear in the windward jet
mixing layer in regions that are leaner and hotter than the most reactive
mixture fractions. This is explained by the fact that scalar dissipation is
significantly lower in these very lean regions, which favours the ignition
process. Eventually, the maximum heat release shifts toward the richer re-
gions, and a self-ignition cascade determines the anchoring of the flame
at steady state. Chemical explosive mode analysis (CEMA) confirms these
results.

The second multistage concept models a sequential combustor configura-
tion. Two experimental works are performed with this concept to study it in
both stationary and transient operation. First, the stationary operation anal-
ysis focuses on the effects of the thermochemical properties of the flow on
the sequential flame. The transition from a flame anchored in the sequen-
tial combustor to a situation where the flame stabilizes upstream in the
mixing section is investigated as the inlet temperature increases. Further-
more, the effect of the mixing quality between the different streams in this
complex turbulent flow is also analyzed during stationary operation. For
this purpose, two injector geometries are used to modify the mixing process
and the results are analyzed at different operating conditions. The results
show a complex balance between autoignition and propagation combustion
regimes that stabilize the sequential flame and the great importance of mix-
ing quality for these regimes. These results are also confirmed by 0D and
1D reactor simulations. Second, during the transient operation analysis, a
rapid transition of the combustion mode is achieved by a sudden increase
in the flow temperature. Tunable diode laser absorption spectroscopy (TD-
LAS) is shown to successfully measure small temperature fluctuations in
the vitiated flow associated with imperfect mixing of the different streams.

Overall, this research provides important insights into the characteristics
of hydrogen combustion in multistage combustor configurations at atmo-
spheric conditions and establishes a fundamental basis for further research
at high-pressure and gas turbine-relevant conditions.
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Z U S A M M E N FA S S U N G

Eine schnelle Dekarbonisierung der Stromerzeugungsbranche ist im Kampf
gegen den Klimawandel unvermeidbar. Zwar besteht öffentlicher Konsens
darüber, dass die Einführung und Verbreitung erneuerbarer Energiequel-
len im Energiemix die wichtigste Lösung ist, doch wirft dies auch erhebli-
che Probleme auf, wie z. B. die Volatilität der erneuerbaren Energiequellen
und der Mangel großangelegter Energiespeichersysteme. Eine der vielver-
sprechendsten Möglichkeiten, diese Probleme zu lösen, ist die Erzeugung
von nachhaltigem Wasserstoffgas aus überschüssiger erneuerbarer Ener-
gie durch die Elektrolyse von Wasser. Dieser Wasserstoff kann dann ge-
speichert und anschließend als Brennstoff in Gasturbinen zur Stromerzeu-
gung verwendet werden, da sich diese Systeme als zuverlässige Lösung für
Schwankungen in den Stromnetzen erwiesen haben. Die Einführung von
Wasserstoff als Brennstoff stellt jedoch eine große technologische Heraus-
forderung für den Betrieb und die Nachrüstung derzeitiger Gasturbinen-
systeme dar. Mehrstufige Brennkammern haben sich in Bezug auf Betriebs-
flexibilität und Emissionsminderung als sehr effizient erwiesen. Ihre hohe
Brennstoffflexibilität macht sie außerdem zu einer vielversprechenden Tech-
nologie für die Einführung von Wasserstoff. Derzeitige industrielle mehr-
stufige Gasturbinen verbrennen bis zu 70% Wasserstoff, doch um Emissi-
onsneutralität zu erreichen, sind wesentlich höhere Werte (90- 100%) erfor-
derlich. Mit der derzeitigen Technologie ist es jedoch nicht möglich, so hohe
Wasserstoffanteile zu erreichen, ohne dass es zu erheblichen Effizienzverlus-
ten und erhöhten Emissionen kommt. In der vorliegenden Arbeit wird der
Verbrennungsprozess von reinem Wasserstoff und wasserstoffangereicher-
ten Brennstoffen in mehrstufigen Verbrennungssystemen mit Hilfe von ex-
perimentellen, numerischen und Modellierungsansätzen untersucht. Zwei
Arten von sequenziellen Konfigurationen werden anhand von Modellen in-
dustrieller Beispiele sowohl im stationären als auch im transienten Betrieb
analysiert. Die Studie konzentriert sich auf die Auswirkungen der Wasser-
stoffzugabe auf die Flammenstabilisierung und die Verankerungsmechanis-
men, das komplexe Gleichgewicht der dominanten Verbrennungsregime
in den sequenziellen Flammen, die Entwicklung von Vorhersageverfahren,
die zur Abbildung der Betriebsbedingungen der Brennkammer verwendet
werden können, und die Auswirkungen von Variationen der thermochemi-
schen Eigenschaften der Strömung auf die sequenzielle Flamme.

Das erste mehrstufige Konzept modelliert einen reaktiven Strahl in ei-
ner heißen Querströmung (reactive jet in hot vitiated crossflow, RJICF). In

vii



einer experimentellen Arbeit werden die Auswirkungen der Wasserstoff-
zugabe in einer Erdgas/Wasserstoff/Luft-Flamme im stationären Betrieb
untersucht. Dem Brennstoff werden unterschiedliche Mengen Wasserstoff
zugesetzt, um seine Auswirkungen auf die Flammenmorphologie und die
Verankerungseigenschaften zu analysieren. Die Ergebnisse zeigen, dass mit
zunehmendem Wasserstoffgehalt die Flamme kürzer und kompakter wird.
Zusätzlich wird die Flammenfront auf der Windseite des Strahls verankert,
was zu einer starken Verankerung an der Strahldüse führt. Darüber hin-
aus wird gezeigt, dass die Zugabe von Wasserstoff zu größeren kohärenten
Strukturen in der windseitigen Scherschicht führt, welche die Aerodyna-
mik der RJICF-Konfiguration bestimmen. Diese Ergebnisse geben wichtige
Einblicke in die Auswirkungen, die die Zugabe von Wasserstoff auf die
Gesamtsymmetrie dieser sequenziellen Systeme hat und wie die Tempera-
turfelder am Turbineneintritt beeinflusst werden könnten. Zweitens wird
eine numerische Studie mit 3D Large Eddy Simulations (LES) durchge-
führt, um den transienten Selbstentzündungsprozess einer ähnlichen RJICF-
Konfiguration bei der Verbrennung von Ethylen zu untersuchen. Es wird
gezeigt, dass die Selbstentzündung in Form von reaktiven Flecken auftritt,
die in der windwärts-gerichteten Strahlmischungsschicht in Regionen auf-
treten, die magerer und heißer sind als die reaktivsten Gemischanteile. Dies
wird dadurch erklärt, dass die skalare Dissipation in diesen sehr mageren
Regionen deutlich geringer ist, was den Zündvorgang begünstigt. Schließ-
lich verschiebt sich das Maximum der Wärmefreisetzung in die fetteren
Bereiche, und eine Selbstzündungskaskade bestimmt die Verankerung der
Flamme im stationären Zustand. Die Chemical Explosive Mode Analysis
(CEMA) bestätigt diese Ergebnisse.

Das zweite mehrstufige Konzept modelliert eine sequenzielle Brennkam-
merkonfiguration. Mit diesem Konzept werden zwei experimentelle Arbei-
ten durchgeführt, um sie sowohl im stationären als auch im instationären
Betrieb zu untersuchen. Zunächst konzentriert sich die Analyse des statio-
nären Betriebs auf die Auswirkungen der thermochemischen Eigenschaften
der Strömung auf die sequenzielle Flamme. Untersucht wird der Übergang
von einer in der sequenziellen Brennkammer verankerten Flamme zu einer
Situation, in der sich die Flamme stromaufwärts im Mischabschnitt stabili-
siert, wenn die Eintrittstemperatur steigt. Darüber hinaus wird der Einfluss
der Mischungsqualität zwischen den verschiedenen Strömen in dieser kom-
plexen turbulenten Strömung im stationären Betrieb analysiert. Zu diesem
Zweck werden zwei Injektorgeometrien verwendet, um den Mischprozess
zu modifizieren, und die Ergebnisse werden bei unterschiedlichen Betriebs-
bedingungen analysiert. Die Ergebnisse zeigen ein komplexes Gleichge-
wicht zwischen Selbstzündungs- und Ausbreitungsverbrennungsregimen,
die die sequenzielle Flamme stabilisieren, und die große Bedeutung der
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Mischungsqualität für diese Regime. Diese Ergebnisse werden auch durch
0D- und 1D-Reaktorsimulationen bestätigt. Zweitens wird bei der Analy-
se des instationären Betriebs ein schneller Übergang des Verbrennungsmo-
dus durch einen plötzlichen Anstieg der Strömungstemperatur erreicht. Mit
Hilfe der abstimmbaren Diodenlaser-Absorptionsspektroskopie (tunable di-
ode laser absorption spectroscopy, TDLAS) lassen sich kleine Temperatur-
schwankungen in der Strömung, die mit einer unvollkommenen Durchmi-
schung der verschiedenen Ströme einhergehen, erfolgreich messen.

Insgesamt liefert diese Forschungsarbeit wichtige Einblicke in die Eigen-
schaften der Wasserstoffverbrennung in mehrstufigen Brennkammerkonfi-
gurationen bei atmosphärischen Bedingungen und schafft eine grundlegen-
de Basis für weitere Forschungen unter Hochdruck- und gasturbinenrele-
vanten Bedingungen.
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1
I N T R O D U C T I O N

1.1 the climate challenge

The �ght against climate change has become one of the most global efforts
humanity has ever undertaken, where countries from all around the planet
have united on a common goal to reduce the human footprint on nature and
climate. Countries from around the world have joined together in a com-
mon goal to reduce the human footprint on nature and the climate. The
most important achievement of this common struggle is the signing of the
well-known Paris Agreement [ 1], a document signed by nearly 200 coun-
tries around the world by January 2023. Adopted in December 2015, the
document serves as the successor to the outdated Kyoto Protocol [2], which
aimed to control global warming by imposing binding national emissions
reduction commitments on developed countries. However, as the develop-
ing world's share of global greenhouse gas (GHG) emissions has increased
sharply in recent decades and the United States, one of the largest contribu-
tors to GHG emissions, never rati�ed the Kyoto Protocol, a new agreement
became urgently needed to effectively address the problem of global warm-
ing. The Paris Agreement has three stated goals: (1) to keep the increase
in global average temperatures well below 2� C above pre-industrial levels
and to continue efforts to limit it to 1.5� C, (2) to improve adaptive capacity
to the adverse effects of climate change, (3) and to bring funding �ows into
line with the previous two points [ 1]. The main goal is to achieve emissions
neutrality in the second half of this century through mitigation actions and
scaling up carbon sinks. Although there have been global variations in av-
erage temperatures on Earth in the past, scientists agree that the current
scenario is very different in terms of the time scale of these changes, as the
current change is much faster than any previously observed. There is also
broad consensus on the strong link between current global warming and an-
thropogenic greenhouse gas emissions, as shown in Figures1 and 2. Figure
1 shows the total annual global net increase in anthropogenic greenhouse
gas emissions over the past two decades by gas group. It shows that most
of the emissions come from fossil fuels and industry. On the other hand,
Figure 2 shows the increase in global CO2 emissions per capita from fossil
fuels over the last 120years (black solid line), along with global annual aver-
age surface temperature anomalies (coloured bars). Both �gures show the
clear impact of human activities on the accumulation of greenhouse gases
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2 introduction

Figure 1: Global net anthropogenic GHG emissions (GtCO 2-eq yr-1) 1990–2019. In-
cludes CO2 from fossil fuel combustion and industrial processes (CO 2-
FFI); net CO2 from land use, land use change and forestry (CO2-
LULUCF); methane (CH 4); nitrous oxide (N 2O); �uorinated gases (HFCs;
PFCs, SF6, NF3). Adapted from [ 3].

in the atmosphere, the main cause of global warming. The ultimate goal of
the �ght against climate change is to reverse these rising trends and achieve
net zero emissions by 2050, as set out in the Paris Agreement.

Since global temperature records began in the late 1800s, the last eight
years have been the warmest on record [3], see Figure 2. Measurements
from the Goddard Institute for Space Studies estimate that global temper-
ature in 2021 increased by + 1.12� C relative to the 1880-1920 mean, corre-
sponding to a current warming rate of about 0.2� C/decade. Estimates that
account for response inertia and lags in climate and energy systems show
that thresholds of 1.5� C and 2� C could be exceeded in the 2020s and 2050s,
respectively, unless urgent action is taken to reduce the anthropogenic foot-
print [ 4]. Irreversible changes in large-scale climate patterns will occur once
average temperatures rise above critical thresholds [5]. At the same time,
these changes are likely to trigger a chain of new irreversible processes with
unknown consequences. Examples include variations in ocean salinity and
pH [ 6, 7], permafrost thaw [ 8], and variations in the polar jet stream [ 9].
In addition, increasingly frequent extreme events and resource scarcity as-
sociated with climate change will further exacerbate other current global
problems such as worldwide competition for resources, mass migrations,



1.1 the climate challenge 3

Figure 2: Annually averaged temperature anomalies on global land and ocean sur-
face (color bars), adapted from [13]. Global per capita carbon dioxide
(CO2) emissions from fossil fuels and industry (black solid line), adapted
from [ 14].

and shortages of energy sources [10, 11]. Identifying these climate thresh-
olds and preventing them from being crossed has been shown to be much
more cost-effective in terms of economic and social impacts than addressing
the consequences of climate change [12].

Annually, about 50 billion tonnes of greenhouse gases are emitted into
the atmosphere by processes related to human activities, with 74% from
energy production and transportation, 18% from agriculture, forestry, and
land use, 5% from direct industrial processes, and 3% from waste [15]. This
means that almost 3=4of the total share of GHG emissions comes from en-
ergy conversion processes and the transportation sector. According to the
Paris Agreement, all different sectors need to establish pathways to reduce
GHG emissions, especially CO2 emissions. In recent years, electri�cation of
the transportation sector has begun, especially in surface transportation. It
is now clear that with electri�cation and hydrogen technology, some of the
transport subsectors (mainly passenger, rail, and lorry transport) could be
decarbonized within a few decades [ 16]. Decarbonization of the aviation
and shipping sectors, on the other hand, appears to be particularly dif�cult.
In these sectors, the potential of batteries and hydrogen fuel is rather lim-
ited by the size, power, and weight of the tanks and systems required [ 17,
18]. In the power generation sector, more than 80% of energy today comes
from fossil fuels, with petroleum accounting for 31%, natural gas 27%, and
coal 23%. Conversely, global greenhouse gas emissions by source are dom-
inated by coal (42%) and oil (34%), followed by natural gas ( 22%). Only
about 16% of energy production comes from low-carbon sources, with 4%
from nuclear and 12% from renewable sources [19]. Stringent regulations



4 introduction

and efforts are being undertaken by governments that are consistent with
the directives of the Paris Agreement. These regulations are forcing the
introduction and expansion of renewable energy sources in the energy mix
of countries, as this is seen as a fundamental step towards decarbonizing
the energy grid. However, the transition from fossil fuels to renewable en-
ergy sources involves important technical issues, such as energy storage
and grid management [ 20, 21]. To transition to a more sustainable power
generation system, recent studies suggest relying on gas systems, delaying
nuclear phase-out, accelerating coal retirement and carbon capture tech-
nology, increasing the share of renewable energy sources, and production
and insertion of hydrogen into the energy mix [ 22, 23]. Thus, the use of
synthetic fuels and sustainable blue and green hydrogen and carbon cap-
ture technologies are becoming an important part of the decarbonization
process in the power generation sector.

1.2 the role of hydrogen and gas turbines

Fossil fuels are not only a source of energy, but also an energy storage
system in themselves. In an electricity market where a strong penetration
of renewables is foreseen at the expense of fossil fuels, energy storage ca-
pacity becomes an important technological challenge. Clean hydrogen is
considered an important pillar for the medium to long term transition to a
decarbonized energy grid, as it can be used both as a fuel for transport (fuel
cells) and as a fuel for power generation systems (gas turbines). In addition,
clean hydrogen offers important added value as an energy storage system
under the concept of power-to-gas (PtG) [24, 25]. Currently, hydrogen is
mainly produced from fossil fuels (gray hydrogen), but clean hydrogen can
also be produced by applying carbon capture and storage (CCS) technology
(blue hydrogen) or by electrolysis of water (green hydrogen). Power-to-gas
technology is based on using the surplus of intermittent renewable energy
to produce green hydrogen gas via the electrolysis of water [ 26–28]. One
of the most promising options is to feed this hydrogen into the gas grid for
power generation in two possible ways. One is the conversion of H 2 and
carbon dioxide (CO 2) to methane (CH4) through methanation [ 29], which
would allow the substitute natural gas (SNG) to be stored and injected into
the existing gas grid infrastructure. In contrast, a far more ef�cient pathway
would be to store and use H 2 directly, replacing natural gas and further re-
ducing the carbon footprint. This hydrogen could then be used as a means
of storing excess renewable energy for later use when needed, providing a
backup for intermittent renewable generation and a solution to the energy
storage problem. However, hydrogen storage and distribution infrastruc-
ture is currently quite limited [ 27, 30], and combustion of hydrogen-rich
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or pure hydrogen fuels in gas turbines to generate electricity is still a state
of the art technology under development. The use of hydrogen for power
generation has many technological challenges related to the different parts
of the chain power-to-H 2-to-power, and all vectors of this chain need to be
developed in parallel, from hydrogen production to distribution, storage,
and use. The lack of use of hydrogen as a fuel today is mainly due to the
availability of hydrogen, but secondarily due to the complex technological
challenges it brings [23]. In this work, we focus on one of the last vectors
of the power-to-H 2-to-power chain, namely the conversion of hydrogen gas
back into electricity, i.e., the combustion of hydrogen in gas turbines.

Stringent emission regulations, the introduction of novel fuels, and the
demand for high operational �exibility to adapt to a higher share of renew-
able energy sources are boosting interest and research in novel concepts
for combustion systems. In particular, gas turbines for power generation
have a strong combination of characteristics that make them a good can-
didate to tackle the aforementioned problems. First, these systems have
great operational �exibility, their rapid start-up, loading, and deloading
capabilities enable them to smooth out the variability associated with the
high concentration of renewable energy sources in the energy mix and pro-
vide the inertia and base load required for the safe operation and reliability
of the power grid. Power grid inertia is de�ned as the energy stored in
large, rotating power generation components such as gas turbines, and it
is a key component to the reliable operation of the power grid. When a
power plant fails, this stored energy is available for several seconds, pro-
viding suf�cient response time for the mechanical systems that control the
power plant to detect and respond to the failure. In short, the inertia of the
power grid prevents a drop in grid frequency, i.e., a drop in the balance be-
tween energy supply and demand. In the past, the inertia of national power
grids was taken for granted due to the abundance of fossil fuels, nuclear
and hydroelectric power plants. However, with the increasing penetration
of renewable energy sources, especially wind and solar power, which lack
inertia, this is becoming an important issue to consider when planning fu-
ture power grids. Second, the emissions of carbon dioxide CO 2, nitrogen
oxides NOx, and unburned hydrocarbons associated with the operation of
gas turbines are signi�cantly lower than any other combustion-based sys-
tem, reaching less than 50% of the total CO2 emissions produced by coal-
and oil-based systems [31]. In addition, the overall ef�ciency of combined
cycle gas turbine power plants is typically in the range of 50-60%, while the
ef�ciency of coal and oil-�red power plants is much lower, typically on the
order of 40%, which translates into higher amounts of fuel needed to meet
energy demand. Furthermore, since synthetic fuels and hydrogen will be
key ingredient of the future energy mix, modern combustion systems must
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be able to cope with a high variance in Wobbe index [ 32] and fuel reactivity,
i.e., have high fuel �exibility. Gas turbines can operate on various types
of fuels, including liquid and gaseous fuels, bio- and synthetic fuels, and
hydrogen-rich fuels. As this technology has evolved since its introduction
in the early 1900s, various concepts and types of gas turbine burners can
be found on the market, with the most common being silo burners, can
burners, can-annular burners, and annular burners. For a comprehensive
overview of this technology, see [ 33].

Following the latest technological developments, the strong support from
government and industry, and the decarbonization goals, the main original
equipment manufacturers (OEMs) are developing gas turbine concepts that
will enable the introduction of hydrogen as a fuel. Originally, most of the
gas turbine technology currently available for power generation was de-
signed and optimized for natural gas combustion (NG). This poses a major
technological challenge for retro�tting current systems to hydrogen-rich fu-
els due to the important differences in combustion properties compared to
natural gas [23, 34–41], see Table1. Combustion of hydrogen results in adia-
batic �ame temperatures that are about 10% higher compared to natural gas
for a given inlet temperature to the combustion chamber. This is associated
with potentially higher NO x and damage to combustion chamber compo-
nents. The laminar �ame speed of hydrogen is about an order of magnitude
higher than that of natural gas, which dramatically increases the �ow ve-
locity in the combustor needed to prevent �ame �ashback and hardware
damage. In addition, the thermo-diffusive stability properties of hydrogen
increase turbulent �ame velocities, making this problem even more criti-
cal. The autoignition delay of hydrogen at high temperature and pressure
conditions is around an order of magnitude smaller than that of natural
gas. This dramatically shortens combustion chamber residence times and
mixing length, which degrades the premixing process and increases tem-
perature and composition strati�cation in the mixture. This, in turn, can
favor the formation of local hot spots and increase NO x emissions. More-
over, the temperature dependence of autoignition times is an order of mag-
nitude greater for hydrogen than for natural gas, making the combustion
of hydrogen-rich fuels much more sensitive to temperature variations. On
the other hand, hydrogen autoignition shows a complex dependence on
pressure, which is more challenging at low pressures [ 42]. This is of critical
importance since the operating pressure of the gas turbine is determined by
the engine load. The low �ammability limit of hydrogen shows a difference
of 50% compared to natural gas. These differences in the thermo-chemical
properties of hydrogen and other fuels create a narrow window for stable
operation with hydrogen. On the other hand, the low heating value (LHV)
of hydrogen is about 2.4 times that of natural gas, but its density is 8 times
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lower. This means that for a given operating load of the GT, combustion
of pure hydrogen requires about 3 times higher volumetric �ow or 3 times
higher pressure compared to combustion of natural gas. This in turn poses
a major challenge in terms of safety aspects and hardware of the existing
gas turbine systems (piping, valves, instrumentation, etc.). At the same
time, these challenges are further highlighted by the required fuel �exibil-
ity, including high hydrogen contents ( > 90%) and different blend compo-
sitions of hydrogen-rich fuels, taking into account fuel cost and availability.
The fuel thermo-chemical properties leading to these challenges are non-
linear with fuel composition. Robust burners must be developed that can
operate at low and high velocities depending on the overall reactivity of
the fuel. Under premixed conditions, low �ame speeds favor lean blowout,
while high �ame speeds promote the phenomenon of �ashback. The com-
position of the fuel determines the overall chemical reactivity and, for safety
reasons, must fall between these limits for �ashback and blowout [ 23]. The
composition also determines the total emissions of NO x and CO based on
the reactivity and its effects on the position of the �ame, the degree of mix-
ing and the chemistry production from the fuel. Finally, thermoacoustic
instabilities are also a major challenge because they are not monotonically
related to operating conditions and con�gurations [ 43, 44]. The introduc-
tion of hydrogen into the fuel mixture could change the stable operating
windows of these systems.

Table 1: Gas fuel thermo-chemical properties [ 45]

Fuel H2 CH4 NH 3 C3H8

LHV [MJ/kg] 120 50 18.6 46.4

Flammability limit (equivalence ratio) 0.1-7.1 0.5-1.7 0.63-1.4 0.51-2.5

Adiabatic �ame T [ � C] 2110 1950 1800 2000

Max. laminar �ame speed [cm/s] 291 37 7 43

Min. autoignition temperature [ � C] 520 630 650 450

Despite these technological challenges, gas turbine systems from various
OEMs are already in operation that can use hydrogen as fuel in varying con-
centrations up to 100%. Current technologies that can achieve levels of100%
hydrogen use diffusion burners or steam injection to reduce emissions (wet
low emissions, WLE). However, in these systems, NOx emissions are typi-
cally much higher than in dry low-emission (DLE) or dry NO x-low (DLN)
technologies, due to the high post-�ame temperatures associated with hy-
drogen combustion. The DLE and DLN systems are currently limited to
hydrogen concentrations of about 50% to 60% and rely heavily on fuel stag-
ing concepts and advanced mixing technologies. Siemens' current portfolio
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Figure 3: Carbon content in methane/hydrogen mixtures, adapted from [ 46].

shows about 60% and 30% H2 capabilities for its medium- and heavy-duty
units, respectively, using DLE concepts [47]. The company also says it has
conducted tests with 80% and 60% H2 for medium- and heavy-duty units,
and plans to achieve 100% H2 on all models by 2030, using fuel staging tech-
nology and modi�ed fuel injectors to improve �ashback performance [ 48].
At the same time, General Electric has GTs in combined cycle operation
equipped with diffusion burners that burn up to 100% H2. The company
has also developed micromixers capable of handling up to 50% H2 and has
recently introduced the concept of axial fuel staging (AFS) for its HA class
units [ 49, 50]. Ansaldo Energia has successfully demonstrated tests up to
70% H2 in the GT36 with the constant pressure sequential combustor con-
cept (CPSC) and DLE technology [51, 52]. A more detailed overview of the
available hardware and hydrogen capacities of each manufacturer can be
found in [ 23]. Nevertheless, the maximum hydrogen concentrations ( 70%)
burned in these state-of-the-art lean DLN gas turbines result in a net carbon
emission reduction of only about 40%, see Figure3. Much higher hydro-
gen concentrations in the fuel are required to achieve a negligible carbon
footprint from gas turbines. It should be emphasized that combustion of
high hydrogen fractions ( > 90%) with low-NO x technology is a major tech-
nological challenge at industrial level. The current state of the art focuses
on the recurring concepts of fuel staging and advanced mixing technolo-
gies in different designs to achieve high hydrogen concentrations in the
fuel with low emissions and high operational �exibility. Major OEMs are
targeting various concepts of fuel multi-stage technology, which is re�ected
in an increasing number of experimental and numerical evidence of their
suitability for hydrogen combustion.



1.3 advanced reheat technology for hydrogen combustion 9

1.3 advanced reheat technology for hydrogen combustion

Multistage combustion is a state-of-the-art technology that has been shown
to provide greater operational and fuel �exibility and lower emissions while
maintaining high ef�ciency [ 48, 49, 51, 53–57]. These systems are character-
ized by splitting the total air and fuel �ow into two axially staged sections,
either in the same combustion chamber (AFS concept [49]) or in separate
combustion chambers connected in series (CPSC concept [51]), and there-
fore operating at nearly the same pressure. They feature two lean premix
�ames stabilized in both combustion chambers by fundamentally different
mechanisms: Flame propagation in the �rst stage and autoignition in the
sequential stage. The air ratio split is usually determined based on the me-
chanical, aerodynamic and thermal performance of the system, while the
fuel split is determined by the turbine operating conditions. Axial stag-
ing of the combustion zone allows turbine �ring temperatures to increase
during base-load operation by shifting the fuel balance toward the second
stage and operating it hotter than the �rst stage. The �rst stage is oper-
ated at lean conditions and low �ame temperatures, producing a negligible
amount of NO x, while the second stage is operated at signi�cantly higher
�ame temperatures, matching the target temperature at the turbine inlet
and improving system ef�ciency. This staging reduces the overall residence
time of the combustion products at high temperatures and prevents the
thermal formation of NO x under high load conditions, i.e., where NO x gen-
eration is usually most challenging [ 53]. At the same time, the relative
balance of the fuel-air ratio between the two stages can be modulated, pro-
viding high operational �exibility and allowing optimal conditions to be
achieved for reduced generation of CO. At lower load operation, where the
�ring temperature is reduced, the second stage fuel split can be reduced or
shut down to maintain the required emission levels throughout the range of
load operating points. The second stage then acts as a dilution air module,
allowing higher �ame temperatures in the �rst stage and thus reducing the
generation of CO.

Figure 4 shows sketches of the two sequentially staged combustion con-
�gurations described in [ 49, 51], industrial examples of this technology in
operation in new generation gas turbines. In both cases, the �rst stage
burns a lean premixed �ame that is aerodynamically stabilised by vortex
breakdown and produces a hot vitiated �ow with excess of oxygen to en-
sure combustion of the fresh second stage fuel. However, there is a signif-
icant difference in the sequential staging concept between these two exam-
ples. In the axial fuel stage (AFS) con�guration from [ 49], Figure 4-a, both
stages are in the same combustion chamber. The second stage features a
reactive jet in cross�ow (RJICF) con�guration, where air and fuel are pre-
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Figure 4: Sketches of two industrial multi-stage combustors: a) AFS concept
adapted from [ 49], b) CPSC concept adapted from [51].

mixed before injection into the combustion products. This con�guration is
characterised by higher temperatures of the vitiated stream at the injection
point of the second stage, since no dilution air is injected between the two
stages. This results in extremely short autoignition delays that anchor the
�ame very close to the sequential injectors in a jet-in-cross�ow con�gura-
tion. On the other hand, in the CPSC con�guration from [ 51], Figure 4-b,
the sequential stage is in a different combustion chamber, and sequential air
and fuel are not injected together. The products from the �rst stage are �rst
diluted with air in the dilution air mixer, which lowers the temperature of
the vitiated stream. The sequential combustor is located downstream and
has a jet-in-co�ow con�guration that injects the sequential fuel into the di-
luted hot products from the �rst stage. The temperature of the vitiated �ow
is relatively lower in this con�guration due to the preceding dilution step,
resulting in longer ignition delays and anchoring of the �ame downstream
of the injector and inside the sequential combustor. The two multistage
con�gurations shown in Figure 4, AFS and CPSC, are studied in detail in
this project, with special focus on the CPSC concept of [51] as deployed in
Ansaldo Energia's GT36 gas turbines.

The original primary goal of multistage combustion technology was to
improve operating and load �exibility and ef�ciency inn gas turbines while
keeping emissions levels below target [53]. Separately, this technology has
demonstrated very high fuel �exibility and is therefore very relevant in
industrial research for implementing high hydrogen levels. As described
earlier, the main challenge in the combustion of hydrogen is its different
combustion characteristics compared to natural gas, especially its increased
reactivity. Conventional premixed single burner systems cannot handle the
addition of hydrogen without signi�cant ef�ciency losses and increased
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emissions. When hydrogen is added, the �ame temperature rises and the
�ame moves upstream, increasing the risk of �ashback [ 58]. To counteract
this effect, the amount of fuel must be reduced to lower the �ame temper-
ature and return the �ame to its design location. As a result, the combus-
tion chamber exit temperature decreases and the overall ef�ciency of the
single-stage system decreases. An important advantage of sequential com-
bustion systems, particularly the reheat combustion concept of [ 51], is the
introduction of an additional degree of freedom, namely the power balance
between both combustion chambers. This degree of freedom can be used
to optimize combustion behavior for different fuels, i.e., to counteract the
chemical properties of different fuels and their effect on combustion dy-
namics [59]. Thus, sequential systems have a highly effective additional
tuning parameter derived from the degree of freedom of load balancing,
i.e., the inlet temperature to the second stage combustion chamber or mixer
exit temperature (MET). The �rst stage �ame is stabilized by the combus-
tion mode of propagation due to vortex breakdown, which ensures high
�ame stability and ef�ciency over a wide operating range. The second
stage is stabilized by a complex balance between propagation and autoigni-
tion combustion modes, with autoignition being the primary driver. The
dominant autoignition mode in the sequential stage allows comprehensive
control of the sequential �ame with one parameter, power balance, hence,
the MET. At full load, shorter residence times are desired to reduce NO x

emissions, so the MET can be reduced by balancing the load from the �rst
to the second combustion chambers. At low partial load, the opposite pro-
cedure is performed to move the sequential �ame further upstream and to
ensure complete burnout, reducing CO emissions. This principle can also
be applied when fuels with different reactivity are used. When hydrogen is
used, the �ame moves upstream in both combustion chambers. In the �rst
stage, which is dominated by propagation, the risk of �ashback increases
due to the higher �ame speeds. In the second stage, the risk of �ame �ash-
back increases due to a reduction in the autoignition delay time. The effect
of the increased reactivity of the hydrogen is counteracted by balancing
the engine load from the �rst to the second stage. On the one hand, this
accounts for the �ashback propensity of the propagation �ame in the �rst
stage; on the other hand, it lowers the sequential inlet temperature, which
delays autoignition and moves the sequential �ame downstream, making a
convenient match for hydrogen combustion in both stages [ 52, 57, 60–62].
Regardless of the hydrogen content in the sequential stage, the autoignition
delay is not strongly in�uenced by stoichiometry, but is mainly dominated
by the inlet temperature to the combustion chamber. Stable operation with
up to 70% H2 at full nominal exit temperature in sequential combustion has
been demonstrated with this concept [ 60]. However, at very high hydrogen
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contents in the sequential stage (hence very low MET), �ame propagation
could overcome autoignition as the dominant �ame stabilization mode of
the sequential �ame due to the stronger contribution of �ame propaga-
tion speeds. In this case, the MET is no longer the determining parameter
for �ame position, but mixture stoichiometry is. Thus, there are still ma-
jor knowledge gaps and technological challenges for the introduction of
hydrogen-enriched fuels with H 2 concentrations between 70% and 100% in
lean premixed DLN combustion technology.

1.4 research scope and outlook of the project

The objective of this dissertation is to study the turbulent combustion pro-
cess of lean premixed �ames burning high hydrogen contents ( > 90%) in
multistage combustors. In particular, this work focuses on the two concepts
shown in Figure 4, namely axial fuel staging (AFS) [ 49] and constant pres-
sure sequential combustion (CPSC) [51] con�gurations. The main objective
of this research is to improve the current knowledge of hydrogen �ame
anchoring in sequential combustors during stationary operation, as well
as the control and understanding of �ame anchoring characteristics under
transient conditions. To this end, experimental studies and numerical sim-
ulations are performed to explore the underlying physical mechanisms of
turbulent combustion processes that enable sequential �ame stabilization
and proper system operation while avoiding ef�ciency and emission losses.
First, there is a clear need for further research to understand the mecha-
nism of H 2 �ame anchoring during stationary operation of the combus-
tor under various operating conditions and to develop validated prediction
tools. The dominant combustion regimes that stabilize the sequential �ame
appear in a complex equilibrium of spontaneous ignition and propagation
that cannot be predicted with current state-of-the-art theoretical and nu-
merical tools. This challenging question has been the subject of intense re-
search in recent years for gas turbines burning hydrocarbon fuels (NG, CH 4

and C2H4), see [63–67]. The introduction of hydrogen has a strong impact
on sequential �ame anchoring characteristics compared to systems fueled
with hydrocarbon fuels. Second, keeping H 2 �ame anchoring under con-
trol during transient operating conditions is particularly challenging, both
during sequential stage ignition and during transient combustor operation.
Previous research has demonstrated the complexity of the combustion pro-
cess of hydrocarbons in a CPSC con�guration during transient operation,
see [64, 67]. The addition of hydrogen fuel introduces new challenges with
respect to the combustor ignition process and the transition between dif-
ferent operating points. This is particularly important for operation at low
inlet temperatures and for advanced operating concepts with faster change
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of operating point. As far as the ignition process in multistage systems
is concerned, the inlet temperature in the subsequent stage has a strong
in�uence on the anchoring properties of the �ame. Ignition at high tem-
peratures can lead to anchoring of the �ame to the injector and damage
to the hardware, while ignition at low temperatures can lead to accumu-
lation of unburned fuel followed by a strong pressure spike and �ashback
phenomena, see [64, 67]. Moreover, the presence of gas recirculation zones
in multistage systems (jet-leeward region in AFS concept and expansion
step in CPSC concept) allows the �ame to be strongly anchored during
operation, even if the inlet temperature is low enough so that the predom-
inant combustion regime is propagation. In this case, the transient change
of the operating point can lead to changes in the dominant combustion
regime, performance and emissions. Therefore, it is of utmost importance
to study these transient phenomena when the combustor is �red with pure
hydrogen and hydrogen-enriched fuels. Understanding these phenomena
is essential for the design of future ultra-low-NO x H2-�red sequential com-
bustors that are free of �ame �ashbacks.

Following these knowledge gaps resulting from the introduction of high
hydrogen levels in sequential gas turbine con�gurations, the goal of this
project can be summarized into four main research topics:

• Analysis of highly reactive fuel �ames (pure H 2, H2-enriched natu-
ral gas, and C2H4) under relevant stationary and transient operating
conditions of sequential combustors.

• Identi�cation and mapping of the anchoring mechanism, dominant
combustion regimes, and �ame morphology as function of the oper-
ating conditions.

• Development of low-order models to predict and model the combus-
tion properties of the sequential �ame at conditions relevant to gas
turbines.

• Effect of key thermodynamic parameters on �ame properties and
�ashback behavior. In particular, the effect of temperature and mixing
quality of the �ow at the inlet of the sequential burner.

These topics are investigated both experimentally and numerically for the
two sequential combustor concepts of interest, namely the AFS and CPSC
concepts. Four different main objectives with their respective milestones
are derived from the previous topics and con�gurations of interest, that
de�ne the structure of this thesis. These objectives are:

1. Study of pure H 2 and H 2-enriched �ames in AFS con�guration un-
der stationary operation . This topic is addressed in Chapter 2 and
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it focuses on the enrichment of natural gas �ames with hydrogen in
RJICF con�guration. This is an experimental investigation where a
300 K jet of premixed natural gas/hydrogen/air is injected perpen-
dicular to the hot vitiated �ow at 1750K produced upstream from a
lean premixed natural gas �ame. OH � chemiluminescence and OH
planar laser induced �uorescence (PLIF) are used to measure the reac-
tion region. These techniques enable the analysis of the evolution of
the �ame morphology and anchoring properties with the increasing
concentration of hydrogen in the jet mixture. The main milestones of
this chapter are:

• Experimental study of the anchoring properties of lifted pre-
mixed �ames in hot vitiated cross�ow.

• Mapping of the �ame topology as function of the operating con-
ditions.

• Characterization of the effect of hydrogen-enriching of natural
gas �ames and its consequences on the jet �ame anchoring and
morphology.

2. Analysis of the transient ignition of highly reactive fuels (C 2H4)
in AFS con�guration . This topic is addressed in Chapter 3 and it
focuses on the ignition process of a reactive-jet-in-cross�ow (RJICF).
The investigation features a numerical study where a 300K premixed
ethylene-air jet is injected into a hot vitiated cross�ow at 1500 K. A
three-dimensional (3D) large eddy simulation (LES) is performed with
an analytically reduced chemistry (ARC) kinetic mechanism ( 18 trans-
ported species and 11 species with QSS approximation), that gives
access to the spatial and temporal evolution of the ignition process
and the �ame properties. The main milestones of this chapter are:

• Simulation of the transient ignition process of a lifted premixed
ethylene �ame (mixture of fuel and air) in a hot vitiated cross-
�ow.

• Identi�cation of the �ow properties that trigger the ignition pro-
cess and the cascade reaction.

• Study of the complex balance of dominant combustion regimes
that stabilize the �ame around the jet after ignition.

3. Characterization of pure hydrogen �ames in CPSC con�guration
under stationary operation . This topic is addressed in Chapter 4 and
partly in Chapter 5, and it focuses on the analysis of dominant com-
bustion regimes of hydrogen sequential �ames, and on the effect of
the mixing quality on the anchoring and combustion properties in
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reheat combustion con�guration. An experimental investigation is
performed where pure hydrogen at 300K is sequentially injected into
a hot diluted co�ow of temperatures between 800 K-1150 K that is
generated upstream in a lean premixed natural gas/air �ame. OH �

chemiluminescence is used to record the reaction zone evolution at
steady operation while optical emission spectroscopy (OES) is used
to obtain the mean �ow temperature. A zero-dimensional ( 0D) batch
reactor network is developed that simulates the different stages of the
combustor and predicts well the dominant combustion regimes of the
sequential �ame based on the operating condition of the combustor.
Furthermore, two hydrogen injector geometries are used that create
different �ow structures to generate different degrees of mixing be-
tween oxidizer and fuel. These results show the strong in�uence of
the mixing quality in this kind of burner con�guration.

• Mapping of the operating condition on the �ame anchoring prop-
erties and dominant combustion regimes as function of the oper-
ating conditions

• Characterization of the autoignition kernels triggered upstream
from the �ame and their effect on the overall heat release and
�ame performance.

• Emissions levels of the sequential stage.

• Effect of the mixing process quality over the sequential hydrogen
�ame properties (combustion regimes, autoignition kernels and
emissions) and �ashback behavior.

4. Investigation of pure hydrogen �ames in CPSC con�guration un-
der transient operation . This topic is addressed in Chapter 5 and
it focuses on the analysis of the transition of the combustion regime
that dominates the sequential hydrogen �ame when the operating
conditions of the combustor are suddenly modi�ed. An experimental
investigation is performed where pure hydrogen at 300 K is sequen-
tially injected into a hot diluted co�ow of temperatures at 800K that is
generated upstream in a lean premixed natural gas/air �ame, next the
operating point is modi�ed and the temperature of the cross�ow is in-
creased to around 1200K to trigger the combustion regime transition.
OH � chemiluminescence is used to record the reaction zone transient
evolution, while tunable diode laser absorption spectroscopy (TDLAS)
is used to timely resolve the local �ow temperature evolution. Fur-
thermore, the 0D batch reactor network is used in combination with
the temperature data from TDLAS to successfully estimate the time-
resolved �ame front location.
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• Used of advanced �ow temperature acquisition techniques.

• Study of the transition between dominant combustion regimes
during transient operation of the combustor.

• Development and validation of a low-order model to predict
dominant combustion regimes and �ame anchoring location un-
der stationary conditions.

• Feasibility of the use of temperature experimental data in com-
bination with low-order models to predict time-resolved �ame
anchoring and combustion regime transition.
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In this chapter the effect of hydrogen enrichment of a premixed hydrogen-
methane-air jet in hot vitiated cross�ow is experimentally studied at atmospheric
conditions and stationary operation of the combustor. Three jet parameters are
varied to study the effect of hydrogen addition on the �ame morphology and
stabilization mechanism: the hydrogen mass fraction of the H2/CH4 fuel blend
(� = 0 - 100%), the jet equivalence ratio (� = 0.8 - 2.0) and the jet-to-cross�ow
momentum ratio (J = 3 - 12). High-speed hydroxyl (OH*) chemiluminescence
is used to obtain the time-resolved imaging of the reactive jet. OH planar laser
induced �uorescence (OH-PLIF) is used to acquire OH concentration �elds at the
jet center plane. The jet morphology is analyzed by considering its mean trajectory,
extracted from the experimental data and �tted with empirical correlations from the
literature. New correlations are proposed for the �ame length, width and center of
gravity as function of the hydrogen content. It is shown that with increasing hydro-
gen fraction the �ame is shortened and more compact, and it reattaches at the base
of the windward jet shear layer. Robust �ame anchoring is observed for H2 mass
fractions of the CH4/H2 fuel blend that exceed50%. Moreover, it is shown using
instantaneous OH-PLIF images that for these conditions of increasing hydrogen
concentration, the windward shear layer features larger-scale coherent structures
that govern the aerodynamics of the reactive premixed jet in turbulent vitiated
cross�ow.
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2.1 introduction

In this chapter, we investigate the steady operation of the AFS sequential
staging concept from Karim et al. [ 49], based on a reactive premixed jet in
hot vitiated cross�ow (RJICF). Most of the research on RJICF has been ori-
ented towards experimental non-premixed con�gurations, injecting either
pure gaseous fuel or oxidizer into a transverse �ow [ 68–75]. In this type of
con�gurations, the mixing process between fuel and oxidizer is dominated
by the shear layer dynamics and it is critical for the ignition and stabiliza-
tion of the �ame. Micka and Driscoll [ 68] studied experimentally ethylene
and hydrogen jet in hot cross�ow. They identi�ed 3 �ame stabilization re-
gions: an autoigniting region, a premixed �ame propagating region and a
turbulent non-premixed region. Steinberg et al. [ 69] made OH-PLIF mea-
surements with H 2/N 2 fuel jets into hot cross�ow. For each case, they
found 2 distinct �ame branches: one �ame stabilized at the leeward jet side
close to the recirculation region, and one unsteadily lifted at the windward
jet side. Sullivan et al. [71] found experimental ignition times and locations
to be of similar order of magnitude as those computed with 0D reactor sim-
ulations. Lyra et al. [ 72] and Nair et al. [ 75] investigated the dynamics of
the leeward and windward �ame branches of a hydrogen-helium jet. Non-
premixed �ame structures were found to dominate the high heat-release
regions after ignition and a strong interplay between �ame stabilization
location and jet shear layer aerodynamic stability. By means of PIV and
OH-PLIF Yi et al. [ 74] investigated the coherent �ow structures developing
upstream of the windward �ame and triggering its ignition.

Inhomogeneities in the jet �ame caused by insuf�cient mixing between
fuel and air in a non-premixed RJICF can generate high temperature hot-
spots, often associated to high-NOx emissions. For this reason, research has
recently focused on premixed RJICF con�gurations [ 76–84]. Schmitt et al.
[76] studied premixed preheated jets of air-NG over wide range of momen-
tum and equivalence ratios, showing that �ame ignition always occurring
near the jet root in their con�guration. Kolb et al. [ 77] varied cross�ow
and jet temperatures using same experimental setup as Schmitt et al. [76].
They showed that the jet �ame liftoff is affected by the extent of mixture
strati�cation at the jet windward side and they included the effect of both
autoignition and propagation for its prediction. Wagner et al. [ 78–80] inves-
tigated experimentally an ethylene-air jet in hot cross�ow using simultane-
ous PIV, and OH and CH 2O PLIF. They identi�ed an unsteady lifted �ame
at the jet windward side and demonstrated that measured �ame speeds are
not consistent with premixed �ame propagating speeds.

One of the possible solutions for CO 2 emission reduction in future gas
turbine technologies is the addition of hydrogen to premixed fuel-air mix-
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ture [85, 86]. However, adding H 2 has substantial effects on �ame stabi-
lization, on blow-off limits and on NO x emissions, which motivated several
academic work, especially in RJICF con�guration. It was shown by Mendez
et al. [87] on an example in co-�ow con�guration that even low fractions
of hydrogen addition in the fuel ( � 5%) increase the �ame stabilization sig-
ni�cantly. The presence of hydrogen also changes considerably the �ame
morphology compared to natural gas-air [ 87] and methane-air �ames [ 88].
These changes include a substantial upstream shift of the stabilization re-
gion and the reduction or suppression of autoignition kernels. Karbasi et al.
[85] investigated the change in the blowoff limits induced by the addition
of hydrogen to methane in co-�owing stream. Di et al. [ 89] also showed
that the �ame vortex interaction increases with increasing hydrogen frac-
tion in the fuel as a direct result of a self-reinforcing mechanism. Due to
the higher reactivity of the hydrogen-enriched mixtures the �ame propa-
gates upstream of the jet or nozzle root, leading to an increase in vorticity
at the jet wake. Jet morphology and trajectory are also of high interest
for gas turbine applications. The jet �ame should not be located close to
the combustor walls for hardware durability reasons and, at the same time,
the jet shape should give rise to homogeneous vertical distributions of tem-
perature values to avoid strong temperature and composition gradients at
the inlet of the turbine. This chapter focuses on the effects that gradual
hydrogen addition has on the stabilization and morphology of turbulent
premixed jet in cross�ow. OH-PLIF imaging technique is used to analyze
the �ame structure modi�cations caused by the increase of the hydrogen
mass fraction in the fuel composition of the premixed jet, and its effect on
�ame morphology and OH radicals distribution.

2.2 setup and methodology

2.2.1 Experimental facility

The experiments are conducted with a modular combustion test rig op-
erated at atmospheric pressure, with a 62� 62 mm2 square cross section,
composed of three modules of 250 mm length connected by �anges. The
combustor contains two sequential stages. The �rst stage is located in the
�rst module and it features an array of 4 � 4 turbulent jet �ames anchored
on a matrix burner, and burning a lean fully-premixed mixture of natural
gas (NG) and air. The second stage is based on a reactive jet-in-cross�ow
con�guration injected in the second module and perpendicular to the hot
vitiated products from the �rst stage. The sequential jet is composed of
a premixed mixture of air, methane and hydrogen with different blending
ratios of methane/hydrogen and different equivalence ratios. The �rst mod-
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Figure 5: Axially staged combustor. The �rst stage is composed of a 4 � 4 array
of turbulent fully-premixed jet �ames and the second stage is a jet �ame
in vitiated cross�ow. a) Top view showing the fast camera and the inten-
si�er used for high speed chemiluminescence imaging and the position
of the laser sheet for OH-PLIF. b) Side view showing the premixed jet
location and the ICCD camera used for PLIF signal acquisition. The box
in b) highlights that the frames of the quartz window act as an optical
obstacle that prevents to see the entire dimension of the channel.
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