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ABSTRACT

Climate change is one of the most urgent challenges humanity is facing
today, demanding swift and effective responses. The scienti c consensus is
clear: greenhouse gas (GHG) emissions, particularly carbon dioxide (CO»),
are the primary drivers of global warming. A signi cant portion of these
emissions originates from the energy generation sector: although the share
of renewable energy sources is increasing, conventional systems are still
relied upon to compensate for their inherent intermittency. Among these
systems, gas turbines are expected to play a crucial role in the coming years
due to their rapid ramp-up capabilities, high power output, and operational
exibility. However, as signi cant contributors to GHG emissions, combus-
tion systems, including gas turbines, require substantial innovation and
reform.

Achieving high operational and fuel exibility, while maintaining ef -
ciency and meeting stringent emission regulations, has become the primary
objective for modern gas turbines. In addition to balancing the intermit-
tency of renewable energy sources, gas turbines are expected to reduce
their carbon footprint by integrating increasing amounts of sustainable
fuels, such as hydrogen, into their operation. One cutting-edge design that
addresses these demands is the Constant Pressure Sequential Combustor
(CPSC). This technology employs two axially-staged lean premixed ames
that burn at nearly the same pressure but under distinct thermochemical
conditions. The rst-stage ame is aerodynamically-anchored in the com-
bustion chamber, following a more conventional stabilization method. In
contrast, the second-stage ame is stabilized by autoignition, due to the
higher temperature of the reactants. Although this con guration provides
enhanced operational exibility and ef ciency, it also presents signi cant
challenges due to the complex interaction between the two ames, which
directly communicate through acoustic and entropy waves. This complexity
increases further when hydrogen (H ») is used as a fuel, owing to its higher
reactivity and unique combustion properties compared to hydrocarbons. A
deeper understanding of the underlying physical mechanisms is essential
for advancing the development of next-generation gas turbines.

This thesis explores key aspects of hydrogen transition in CPSCs, with
particular focus on the autoignition behavior of the second-stage ame,



utilizing a combination of state-of-the-art numerical methods and experi-
mental techniques.

In the rst part of this thesis, the combustion enhancement due to H » en-
richment in a methane (CH 4) blend is numerically investigated using Large
Eddy Simulations (LES) of the second stage of a sequential combustor. A
detailed chemical description is achieved through an Analytically Reduced
Chemistry (ARC) mechanism. Pure CH 4 fueling is compared with two
CH4-H > blends containing up to 4% H», in mass. Even this small amount of
H leads to a signi cant shift in the combustion regime, with autoignition
kernels forming upstream of the main ame brush, supporting ame stabi-
lization. Chemical analysis shows that radicals advected from the rst-stage
ame, particularly hydroxil (OH), play a crucial role in accelerating fuel
decomposition and enhancing mixture reactivity, facilitating autoignition.
Their concentrations exceeds chemical equilibrium levels, a factor identi ed
as essential for the formation of autoignition kernels. These ndings shed
light on the key chemical mechanisms driving autoignition in the second
stage of a sequential combustor, highlighting that both fuel composition
and factors in uencing the relaxation toward chemical equilibrium of the
vitiated ow can signi cantly affect the operability of such combustors.

A different perspective is then adopted, focusing on autoignition from a
thermoacoustic standpoint to document the coupling between autoignition
kernels and system acoustics. To investigate this, experiments are conducted
at atmospheric pressure in a lab-scale CPSC, gradually redistributing the
thermal power (i.e., fuel) between the stages. Two fuel con gurations are
investigated: a CH4-H» blend and pure H . As the power in the rst stage
increases, thermoacoustic instabilities develop in both con gurations. The
CH4-H > con guration exhibits a gradual onset of instability, whereas the H
con guration undergoes a subcritical Hopf bifurcation, marked by abrupt,
intermittent transitions between a linearly stable state and limit cycles for
intermediate rst stage power. During the instability, the pressure spectrum
in the CH 4-H, con guration displays a single dominant peak, whereas pure
H, operation results in several peaks of comparable amplitude at harmonics
of the fundamental frequency, atypical for thermoacoustic instabilities
documented in the literature so far. A strong coupling between acoustic
uctuations and the formation of autoignition kernels is observed. The Heat
Release Rate (HRR) from autoignition kernels exhibits a nearly sinusoidal
pro le at the instability frequency in the CH 4-H, con guration, while for
pure H it consists of sharp pulses synchronized with the fundamental
acoustic mode. A novel Low-Order Model (LOM) is developed, informed



by these observations, incorporating a strongly nonlinear HRR feedback
term to capture autoignition kernel dynamics. This model successfully
replicates the unique spectral characteristics of pure H, fueling. These
ndings deepen the understanding of the physics governing sequential
combustors operating under autoignition conditions as they transition
toward 100% hydrogen operation, emphasizing the need for advanced
models to accurately predict their behavior in such challenging conditions.

In the nal part of this thesis, the potential to leverage the coupling
between autoignition and acoustics to actively control thermoacoustic insta-
bilities is explored. Nanosecond Repetitively Pulsed Discharges (NRPDs)
are applied between the stages of a CPSC to modulate ignition and in uence
the system’s acoustic properties. Con gurations with and without NRPDs
are compared using LES with a state-of-the-art plasma model. NRPDs
successfully trigger trains of igniting kernels upstream of the second-stage
ame, altering the ame morphology. Analysis of the system’s acoustic
power shows an ampli cation potential of + 160% in the 300-400Hz range
when NRPDs are inactive. However, with NRPDs activated, the response
becomes more balanced, and the ampli cation is signi cantly reduced.
The mechanism of energy transfer between the ame and the acoustic
eld is further examined using a metric based on the Rayleigh integral.
When NRPDs are inactive, the ame oscillates in phase with the acoustic
pressure, acting as a source of acoustic energy. In contrast, with NRPDs
active, plasma-generated igniting kernels induce HRR oscillations that are
out-of-phase with the pressure, effectively serving as a counterbalancing
sink of acoustic energy. These ndings shed light on the interaction between
NRPDs and combustor acoustics, providing valuable insights for the design
of plasma-based active control systems in sequential combustors.

In summary, this thesis progressively addresses: (i) the chemical mech-
anisms underlying autoignition kernel formation, (ii) the interaction of
autoignition kernels with the system’s acoustics, and (iii) the potential to
leverage the coupling between autoignition kernels and acoustics as an
opportunity to control thermoacoustic instabilities.






SOMMARIO

Il cambiamento climatico € una delle s de piu urgenti che 'umanita si
trova ad affrontare al giorno d’'oggi, e richiede risposte rapide ed ef caci. Il
consenso scienti co é chiaro: le emissioni di gas serra (GHG), in particolare
di anidride carbonica, sono le principali responsabili del riscaldamento
globale. Una parte signi cativa di queste emissioni proviene dal settore
della generazione di energia: nonostante I'apporto delle fonti di energia
rinnovabili sia in aumento, i sistemi convenzionali rimangono fondamentali
per compensare la loro intermittenza. Tra questi, le turbine a gas sono de-
stinate a svolgere un ruolo cruciale anche nei prossimi anni, grazie alla loro
capacita di avviarsi rapidamente, alla possibilita di erogare elevata potenza,
e alla loro essibilita. Tuttavia, per via del loro contributo signi cativo alle
emissioni di GHG, i sistemi basati sulla combustione hanno bisogno di un
profondo rinnovamento in ottica di sostenibilita.

Raggiungere un’elevata essibilita operativa e capacita di bruciare carbu-
ranti di diverse composizioni, mantenendo un’alta ef cienza e rispettando
le severe normative sulle emissioni, € diventato uno degli obiettivi principali
nello sviluppo delle moderne turbine a gas. Oltre a bilanciare l'intermit-
tenza delle fonti di energia rinnovabili, le turbine a gas sono chiamate a
ridurre direttamente le loro emissioni di GHG, integrando quantita crescen-
ti di combustibili sostenibili, come l'idrogeno. Un progresso signi cativo in
guesta direzione e rappresentato dal Constant Pressure Sequential Combu-
stor (CPSC). Questa tecnologia impiega due amme magre premiscelate,
collocate in due stadi distribuiti assialmente, che bruciano alla stessa pres-
sione ma in condizioni termochimiche totalmente diverse. La amma del
primo stadio € ancorata aerodinamicamente nella camera di combustione,
seguendo un metodo di stabilizzazione piu convenzionale. La amma del
secondo stadio, invece, é stabilizzata per autoaccensione, grazie all’elevata
temperatura dei reagenti. Sebbene questa con gurazione offra una mag-
giore essibilita ed ef cienza operativa, presenta anche s de signi cative
a causa della complessa interazione tra le due amme, che comunicano
direttamente attraverso onde acustiche ed entropiche. Questa complessita
aumenta ulteriormente quando si utilizza I'idrogeno come combustibile, a
causa della sua maggiore reattivita e delle sue proprieta di combustione
uniche rispetto ai piu tradizionali idrocarburi. Una comprensione piu ap-
profondita dei meccanismi sici & quindi essenziale per lo sviluppo delle
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turbine a gas di prossima generazione.

Questa tesi esplora alcuni degli aspetti chiave della transizione verso
I'idrogeno nei CPSC, con particolare attenzione all’autoaccensione della
miscela nel secondo stadio del combustore, utilizzando sia simulazioni
numeriche che esperimenti.

Nella prima parte di questa tesi, simulazioni Large Eddy Simulation (LES)
del secondo stadio di un combustore sequenziale sono usate per studiare
gli effetti sulla combustione provocati dall’arricchimento di metano con
crescenti quantita di idrogeno. | processi chimici sono descritti in modo
dettagliato usando un meccanismo chimico ottenuto attraverso I'approccio
dell’Analytically Reduced Chemistry (ARC). Il comportamento del metano
viene confrontato con due miscele di metano e idrogeno, contenenti no
al 4% di idrogeno in massa. Questa piccola quantita di idrogeno porta
gia ad un signi cativo cambiamento nel regime di combustione, con la
formazione di nuclei di autoaccensione a monte della amma principale
che ne inuenzano la stabilizzazione. L'analisi chimica dimostra che i
radicali provenienti dalla amma del primo stadio, in particolare 'idrossile
(OH), svolgono un ruolo cruciale nell’accelerare la decomposizione delle
molecole di combustibile e nellaumentare, di conseguenza, la reattivita
della miscela, facilitandone I'autoaccensione. Le loro concentrazioni sono al
di sopra dei livelli di equilibrio chimico, e questo rappresenta un fattore
essenziale per la formazione dei nuclei di autoaccensione. Questi risultati
fanno luce sui meccanismi chimici chiave che guidano l'autoaccensione nel
secondo stadio di un combustore sequenziale, evidenziando come sia la
composizione chimica del combustibile, sia il rilassamento verso I'equilibrio
chimico dei gas combusti del primo stadio, possano in uenzare in modo
signi cativo I'operativita di tali combustori.

Viene poi adottata una prospettiva diversa, concentrandosi sull’autoac-
censione da un punto di vista termoacustico per documentare l'interazione
tra i nuclei di accensione e l'acustica del sistema. Per questo, sono stati
condotti esperimenti a pressione atmosferica in un CPSC, ridistribuendo
gradualmente il combustibile, e quindi la potenza termica, tra gli stadi. Sono
state analizzate due composizioni di combustibile: una miscela di metano e
idrogeno, e idrogeno puro. Con I'aumento della potenza nel primo stadio,
instabilita termoacustiche si sviluppano in entrambe le con gurazioni. La
miscela di metano e idrogeno presenta un graduale sviluppo dell'instabilita,
mentre quando viene usato idrogeno puro, transizioni brusche e intermit-
tenti si veri cano tra stati linearmente stabili e cicli limite per potenze
intermedie del primo stadio, prima che, aumentandone ulteriormente la
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potenza, si ottengano regimi di ciclo limite persistente. Durante I'instabili-
ta, lo spettro di pressione acustica nella con gurazione metano-idrogeno
mostra un singolo picco dominante, mentre per idrogeno puro compaiono
diversi picchi di ampiezza comparabile tra loro, la cui frequenza corri-
sponde a quella delle armoniche della frequenza fondamentale, indicando
un’instabilita termoacustica con caratteristiche atipiche. Viene osservata
una forte interazione tra le oscillazioni acustiche e la formazione di nuclei
di autoaccensione. Questi nuclei rilasciano calore seguendo un pro lo quasi
sinusoidale alla frequenza dell'instabilita nella con gurazione con la misce-
la di metano e idrogeno, mentre nel caso di idrogeno puro rilasciano calore
attraverso impulsi ricorrenti alla frequenza acustica fondamentale. Sulla
base di queste osservazioni, viene sviluppato un nuovo Low-Order Model
(LOM) che incorpora un termine non lineare con I'obiettivo di catturare la
dinamica dei nuclei kernel di autoaccensione. Questo modello riproduce
con successo le caratteristiche spettrali che emergono nel caso di alimenta-
zione a idrogeno puro. Questi risultati approfondiscono la comprensione
della sica che governa i combustori sequenziali che operano in condizioni
di autoaccensione, nell'ottica di una transizione verso il funzionamento a
puro idrogeno, sottolineando la necessita di modelli avanzati per prevedere
con precisione il loro comportamento in tali condizioni.

Nella parte nale di questa tesi, viene esplorata la possibilita di sfruttare
le interazioni tra autoaccensione e acustica per controllare attivamente le in-
stabilita termoacustiche. Delle Nanosecond Repetitively Pulsed Discharges
(NRPD) vengono applicate tra gli stadi di un CPSC per modularne I'au-
toaccensione e in uenzarne le proprieta acustiche. Le con gurazioni con
e senza NRPD sono confrontate mediante LES con un modello di plasma
all'avanguardia per isolare gli effetti delle NRPD sull’acustica del sistema.
Le NRPD riescono ad innescare con successo nuclei di accensione a monte
della amma del secondo stadio, alterandone la morfologia. Attraverso
un’analisi dei ussi di potenza acustica, si rileva un potenziale di ampli ca-
zione no a + 160 nell'intervallo di frequenze tra 300e 400Hz, quando
le NRPD sono inattive. Tuttavia, una volta attivate le NRPD, la risposta
diventa piu equilibrata e 'ampli cazione viene ridotta signi cativamente.

Il meccanismo di trasferimento di energia tra la amma e il campo
acustico viene esaminato utilizzando una metrica basata sull'integrale di
Rayleigh. Quando le NRPD sono inattive, la amma oscilla in fase con
la pressione acustica, agendo quindi come fonte di energia acustica. Al
contrario, quando le NRPD sono attive, i nuclei di accensione generati dal
plasma inducono oscillazioni del tasso di rilascio di calore che sono fuori



fase rispetto alle oscillazioni di pressione, dissipando cosi energia acustica.

In sintesi, questa tesi esplora progressivamente: (i) i meccanismi chi-
mici alla base della formazione dei nuclei di autoaccensione, (ii) I'inte-
razione dei nuclei di autoaccensione con l'acustica del sistema e (iii) la
possibilita di trasformare l'interazione tra nuclei di autoaccensione e l'a-
custica del combustore in un’opportunita per il controllo delle instabilita
termoacustiche.
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INTRODUCTION

1.1 motivation

Climate change stands as one of the most pressing challenges humanity
faces today, with signi cant implications for the environment, public health,

and global economies.

As illustrated in Fig. 1.1a, global temperatures have been increasing at
an alarming pace since 195Q with no indication of slowing down. During
the decade from 2011to 202Q Earth’s average surface temperature was
approximately 1.1 C above pre-industrial levels (i.e., years between 1850
and 1900. Recent years have consistently ranked among the warmest on
record, underscoring the persistent upward trend in global temperatures.
Each year, temperature anomalies increase not only in the frequency of hot
days but also in the magnitude of daily temperature spikes (Fig. 1.1b).

Year
1950 1985 2024
| |

a)

T increase [ C]

# days [-]

b)

[11.0<T< 125
B 125< T< 15
BT>15

il

il Hﬂm—ﬂ

1980 2000 2020

Figure 1.1: Monthly global temperature anomaly for the 195062024period (a) and
daily temperature anomaly histograms since 1980(b). Temperature
anomalies are computed based on the pre-industrial values (i.e., years
from 1850to 1900. Data source: ERAS data [1]. Illustrations inspired
by Copernicus Climate Change Service/ECMWF.

Although the temperature increase may seem modest in absolute terms,
it presents signi cant risks to life in various ways. The Intergovernmental
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Panel on Climate Change (IPCC) warns that the dangers of global warming
intensify with each incremental rise in temperature.

At just 1.5 C of global warming, the risks to health, livelihoods, food
security, water supply, and ecosystems increase substantially compared to
the current level of 1.1 C. For instance, 3 to 14% of species face a high risk
of extinction, coral reefs could decline by 70-90%, and many small glaciers
may lose most of their mass within decades. The Arctic ecosystem, dryland
regions, small islands and least developed countries are particularly at risk.

At 2 C of warming, the risks escalate further, with severe impacts ex-
pected from extreme weather events, global disruptions, and large-scale
singular events. These include increased rates of nutrition-related diseases,
water scarcity in snowmelt-dependent regions, and heightened risks to
urban infrastructure. This temperature increase could lead to irreversible
changes, such as a tenfold increase in extinction risk for species in biodiver-
sity hotspots and a 2.5to 3.9times increase in ood damages compared to
a 1.5 C warming scenatrio.

Beyond 2 C, far-reaching consequences are projected, including the ex-
tinction of approximately 50% of tropical marine species and biome shifts
across 35% of global land area. A cascade of events would be triggered,
with rising sea levels, more frequent and severe extreme weather events,
wild res, and food and water shortages affecting billions of people [ 2].

The urgency of addressing climate change cannot be overstated. While
Earth’s temperature has uctuated in the past due to its orbital movements,
tilt, and precession [ 3], the current rate of warming is unprecedented. A
clear correlation exists between the increase in greenhouse gas (GHG)
emissions and the rise in global temperatures [4], as depicted in Fig. 1.2
The scienti ¢ consensus is clear: human activities are the primary driver
of global warming due to the signi cant increase in GHG emissions they
induce.

This global challenge demands a coordinated and rapid international
response to ensure a sustainable future. In 2015 196 parties signed the
Paris Agreement [8], committing to limit global warming to well below
2 C above pre-industrial levels, with an ambition to restrict the increase to
1.5 C. This agreement succeeded the Kyoto Protocol P], which aimed to
control global warming by setting binding emissions reduction targets for
developed countries.

Article 2 of the Paris Agreement outlines its key objectives:

- Limiting global temperature rise: keeping the global temperature
increase well below 2 C above pre-industrial levels, while striving
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Figure 1.2: Left: Global temperature anomaly with respect to the pre-industrial
average (i.e., years from 1850to 1900. Right: Emissions of the main
greenhouse gases in terms of CQ equivalent (CO ¢). Data sources: f]
for temperature, [ 6, 7] for emissions. lllustrations inspired by Our
World in Data.

to limititto 1.5 C, to signi cantly reduce climate-related risks and
impacts.

- Enhancing climate resilience: improving the ability to adapt to cli-
mate change impacts, fostering resilience, and promoting low-GHG
emissions development without compromising food production.

- Aligning nancial ows: ensuring nancial investments are consistent
with low-GHG emissions and climate-resilient development pathways.

Additionally, countries aim to reach the "global peaking of greenhouse
gas emissions as soon as possible," highlighting the need for a rapid transi-
tion to low-carbon energy systems and innovation in emission-reduction
technologies.

Despite these commitments, the IPCC warns that at current rates of
implementation, global warming is likely to exceed 1.5 C this century, and
limiting it to below 2 C will be extremely challenging [ 2]. Much stronger
reductions in GHG emissions would be required by 2030to meet climate
goals, alongside advancements in CO, capture technologies. Figure 1.3
illustrates the scale of this challenge, showing the sectoral reductions in
CO, emissions required to limit warming to 1.5 C. The magnitude of these
reductions is so steep that their feasibility is in question. For instance, the
energy supply sector must cut emissions by half before 203Q with full
net-zero expected shortly after 2040.

Currently, over 30% of global GHG emissions originate from electricity
and heat generation [10]. The rising demand for electric energy to meet
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Figure 1.3: Sectoral reductions in CO3 ¢ in several global modelled pathways that
limit warming to 1.5 C. The ranges show the 5% to 95% percentile
across the pathways. Adapted from [ 2].

modern needs adds further pressure on this sector. As shown in Fig. 1.4,
the energy sector remains heavily reliant on fossil fuels and combustion,
with oil, gas, and coal accounting for approximately 75% and 60% of total
energy and electricity production, respectively.
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Figure 1.4: Global energy (left) and electricity production (right) by source since
1985 Data sources: Energy data from [11, 12], electricity data from [ 12].
lllustrations inspired by Our World in Data.

Despite their growth over the years, renewable energy sources account
for only a fraction of the total energy/electricity production. Moreover, the
shift from fossil fuels to renewable energy presents signi cant technical
challenges, including energy storage and grid management [ 13, 14]. This un-
derscores the need to renovate the combustion sector rather than pursuing
an unfeasible replacement of it.



1.2 h, for decarbonization

Two complementary strategies can be used to minimize the GHG emis-
sions associated with the combustion sector: (i) reducing emissions at
the source through advancements of the combustion technology, and (ii)
implementing after-treatment solutions like carbon capture from exhaust
gases. Both strategies must be employed synergistically to meet emissions
targets [2].

Among the technological advancements to reduce CO, emissions at
the source, one signi cant approach is incorporating larger fractions of
sustainably produced fuels, such as hydrogen, into the combustion systems.

1.2 hy, for decarbonization

Hydrogen is expected to play a crucial role in future carbon-neutral energy
systems. Its production involves fewer exergy losses compared to fuels
requiring additional transformations, making it more ef cient in many
contexts [15].

However, increasing the integration of H 5 in current systems presents
several speci c challenges. First, it is essential to recognize that H» is
an energy carrier, not an energy resource [16], meaning that it must be
produced using energy from other sources. The various production methods
result in three main categories of H 5:

- Green Hydrogen: produced by water electrolysis, where electricity is
used to split water into H » and O, with the help of an electrolyte. The
resulting emissions depend on the source of the electricity employed.

- Blue Hydrogen: generated from fossil fuels but with carbon capture
and storage (CCS) or reuse, which makes it CO,-neutral.

- Gray Hydrogen: produced from fossil fuels without carbon capture,
resulting in CO , emissions.

Although new sustainable methods for hydrogen production are emerging
(e.g., [17, 18)), these three remain the most widely used today.

Currently, most hydrogen is produced from fossil fuels [ 19]. While green
hydrogen is the preferred option from a sustainability standpoint, as it
does not rely on fossil sources, the electrolysis process remains inef cient.
For example, producing enough H , to generate 1 MWh of electricity in a
state-of-the-art gas turbine requires approximately 4.5 MWh of electricity
for electrolysis [ 16]. A promising solution to this inef ciency is the Power-to-
Gas (P2G) concept, which leverages surplus renewable energy to produce

5
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COy-neutral, green hydrogen. This hydrogen can then be stored and used
to fuel gas turbines during high-demand periods, offering a viable path
toward decarbonizing the power generation sector. However, scaling this
technology remains a signi cant obstacle at present.

Beyond production, H » presents challenges in transportation and storage.
Widespread adoption of H » will require new infrastructure, as existing
natural gas pipelines are inadequate. More advanced seals, valves, and
ttings are needed to handle hydrogen’s high diffusivity, and hydrogen
embrittlement increases the risk of mechanical failure [ 20]. According to
NIST, hydrogen-speci c pipelines can cost up to 68% more than natural
gas pipelines [21]. From a storage perspective, H, can be stored either
as gas or as a liquid, but both methods present technical dif culties. As
a gas, it requires pressures between350-700 bar; as a liquid, it must be
stored at cryogenic temperatures. Both methods consume additional energy;,
reducing the overall ef ciency of the process. Furthermore, hydrogen has
a low volumetric energy density, which is less than half that of lique ed
CHyg, necessitating large storage volumes. An alternative for transporting
and storing hydrogen is through chemical carriers like ammonia; for more
information on this topic, see [ 22].

Transitioning to H » introduces additional challenges due to its unique
physical, thermodynamic, and chemical properties, leading to combustion-
speci ¢ issues. Compared to hydrocarbons, H » exhibits high reactivity and
high molecular diffusivity. The primary consequence of these factors is
an increase in the laminar ame speed [ 23, 24], which at stoichiometry is
approximately six times larger than that of CH 4. These properties interact
with physical phenomena typically negligible in conventional hydrocarbon
ames, resulting in unique features of H , combustion. For instance, hydro-
gen’s high diffusivity increases its sensitivity to the Soret effect, affecting
ame properties and ignition behavior [ 25, 26]. Additionally, the low Lewis
number resulting from hydrogen’s high-diffusivity makes its ames prone
to develop intrinsic ame front instabilities. Small perturbations of the
ame front can grow under the combined effects of hydrodynamic and
thermodiffusive instabilities, leading to nger-like or cellular structures
that signi cantly enhance the mixture’s burning velocity [ 27-29]. Under tur-
bulent conditions, thermodiffusive instabilities can synergistically interact
with turbulence, leading to a further enhancement of the burning velocity,
as documented in [30, 31]. Moreover, H » mixtures have a smaller quenching
distance compared to other fuels, which, combined with their high burn-
ing velocity, results in higher propensity for ashback, as shown in [ 32,
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33). Finally, hydrogen’s adiabatic ame temperature is higher than that
of hydrocarbons, which, if not properly managed, could exacerbate NO
emissions and impose greater thermal loads on mechanical components.

In summary, transitioning to hydrogen-powered combustion systems is
an extremely complex and multidisciplinary task. It requires coordinated
efforts not only from the combustion science community but also from
researchers and engineers in materials science, infrastructure development,
and energy systems.

1.3 the role of gas turbines

Currently, the electricity infrastructure requires real-time matching of sup-
ply and demand due to the lack of ef cient, large-scale energy storage
systems. Therefore, although the share of renewable energies like wind
and solar is increasing, their inherently intermittent nature makes conven-
tional systems essential for maintaining grid stability by balancing these
uctuations.

As the proportion of renewable energy grows, conventional systems will
shift from providing base-load power to compensating for the variability
in renewable sources. In this context, gas turbines are especially important
due to their fast ramp-up capabilities, high power output, and operational
exibility, compared to coal or nuclear plants. Therefore, in the foreseeable
future, gas turbines will continue to play a crucial role in electricity produc-
tion, underscoring the need to renovate rather than replace these systems
to achieve sustainable operation.

Research and development in this area are guided by four primary
objectives [34]:

- Ef ciency: Improving energy output relative to input, which directly
impacts operating costs and enhances the competitiveness of this
technology.

- Operational exibility: Enhancing the system’s ability to ef ciently
match the power grid demands, with features like rapid power ad-
justments, a high turndown ratio, and an extended operating range
while ensuring safety and compliance with emissions standards.

- Pollutant emissions: Reducing emissions of regulated pollutants, in-
cluding NO x, CO, and particulates, which are of signi cant societal
concern.
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- Fuel exibility: Enabling on-demand combustion of variable blends
of CH4, H», and NH 3 to increase the sustainability of these systems
while meeting safety, emissions, and reliability requirements.

Signi cant advancements have been made toward achieving these goals.
One key innovation in this regard is the development of reheat or sequential
combustion systems, discussed in the following sections.

1.3.1 Sequential Combustion Technology

1.3.1.1 History

A key technological development in the pursuit of high-ef ciency, low-
emission gas turbines is the concept of reheat or staged combustion. Initially
proposed in 1948 this technology gained market traction in the 199G with
the introduction of ABB/Alstom’s GT24/26 gas turbines [ 35|

The GT24/ 26 gas turbines operate with a pressure ratio exceeding 30:1
across22 compressor stages, delivering a high power density with a rela-
tively compact design. Their distinguishing feature is the incorporation of
two axially arranged combustors. The rst-stage combustor has an annular
shape and includes 24 burners. Following this combustion stage, the hot
gases are expanded through a high-pressure turbine, which reduces the
pressure by a factor of 2. The remaining fuel and compressed air are then
injected within the second-stage combustor, which is also annular and
equipped with 24 burners. The compressed air serves both as coolant and
additional oxidant for the second-stage combustion process. Burned gases
exiting the second-stage combustion chamber are then expanded through a
four-stage low-pressure turbine.

This con guration achieves lower turbine inlet temperatures compared to
single-stage systems while maintaining equivalent power output, as shown
in Fig. 1.5 The staged combustion technology allows for a signi cant
reduction in NO yx emissions without sacri cing ef ciency. The GT 24/ 26
gas turbines achieve an ef ciency of 41% in simple cycle operation, which
increases to 61% in combined cycle.

One of the primary advantages of the GT 24/ 26 design is its fuel and
operational exibility. These gas turbines can accommodate a variety of fuel
compositions, including large fractions of H ,, and are capable of operating
at as low as 15% of their full load while maintaining emissions within
regulatory limits. This feature allows for rapid load adjustments in response
to power grid demands and, from a mechanical standpoint, reduces the
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Figure 1.5: Ideal Brayton cycles in temperature(enthalpy)-entropy diagrams for
gas turbines featuring a conventional combustor (left) and a reheat
combustor (right), with a high-pressure turbine row between the com-
bustor stages. T represents the turbine inlet temperature reduction
for the same net work output (W net, Shaded areas).

number of thermal cycles that could otherwise lead to fatigue-induced
failures.

Building on the success of the GT24/ 26, further advancements were made
with the development of the Ansaldo Energia’'s GT 36systems [36]. These gas
turbines feature a 15-stage axial compressor with a 26:1 pressure ratio. As
highlighted in Fig. 1.6, a key difference from their predecessors is the use of
a can-annular combustor con guration, which enhances serviceability and
simpli es full-scale testing during the development process. The concept of
staged combustion from the GT 24/ 26 design is retained, albeit without the
high-pressure turbine stage between the two combustion chambers. This
component operates under high pressure and temperature conditions in the
GT24/ 26 gas turbines, posing signi cant challenges in terms of maintenance
and reliability. Therefore, its removal represented a major improvement in
system robustness and service life.

Despite this simpli cation, the GT 36 gas turbines retain the main bene ts
of staged combustion. The absence of the high-pressure turbine enables
more ef cient injection of compressed air between the stages, which now
occurs further upstream compared to the GT 24/ 26 combustor. This results
in improved mixing with the rst-stage vitiated gases and a more uniform
oxidant ow supplied to the second stage. The second-stage fuel is injected
axially and rapidly mixes with the surrounding gases before ignition. Due
to the nearly equal pressure in both stages, this con guration is referred
to as the Constant Pressure Sequential Combustor (CPSC). The hot gases
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High-pressure turbine
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Compressor 15t Stage 24 Stage Turbine

GT34/36

Dilution air mixer

Figure 1.6: Comparison between ABB/Alstom’s (now Ansaldo Energia’s)
GT24/ 26 (top) and Ansaldo Energia's GT 34/ 36 (bottom) gas tur-
bines. Adapted from [ 36)].

exiting the combustor are then expanded through a four-stage turbine,
similar to the earlier design. The GT 36 gas turbines provide a simpli ed
con guration while maintaining low emissions, operational exibility, and
high ef ciency of up to 42.8% in simple cycle, reaching 62.8% in combined
cycle operation.

1.3.1.2 The CPSC concept

Despite maintaining nearly constant pressure, the two ames in the Con-
stant Pressure Sequential Combustor (CPSC) burn under distinct thermo-
chemical conditions, resulting in two different combustion regimes.

In the rst stage, the reactants temperature is below the autoignition
threshold, leading to conventional, aerodynamically stabilized ames. The
mixture is well-mixed to reduce pollutant emissions, and the ame is
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anchored via low-velocity recirculating regions, such as vortex breakdown
in a swirling ow [ 37, 38].

In the second stage, conversely, the fuel is mixed with the high-temperature
ow from the rst stage which, despite being cooled by the dilution air,
remains above the autoignition threshold. The elevated temperature, com-
bined with high radical concentrations [ 39], makes autoignition chemistry
play a pivotal role in ame stabilization [ 40, 41]. The burning velocity of
autoignition-stabilized ames can match the ow speed [ 40, 42, thus elimi-
nating the need for recirculating regions to anchor the ame. Depending
on the interplay between autoignition delay time and ow speed, different
anchoring positions are obtained.

This design offers signi cant advantages in pollutant emissions control
while providing both operational and fuel exibility.

emissions: Several pollutants must be carefully managed in modern
combustion systems. CO,, a natural product of hydrocarbon combustion,
can only be reduced by increasing ef ciency or switching to low-carbon
fuels like H . Pollutants such as NOx or CO, on the other hand, are highly
dependent on local combustion conditions. NO y form in high-temperature,
O,-rich regions with long residence times, while CO tends to form in lower-
temperature, incomplete combustion areas. Consequently, a trade-off exists:
reducing one pollutant often increases the other.

In CPSCs, this trade-off is addressed by adjusting the temperature be-
tween the stages, which has direct impact on the autoignition delay of
the second stage fuel and can be leveraged to optimize the second-stage
autoignition ame position. This tuning is achieved by redistributing the
fuel between the combustor stages, thereby in uencing the equivalence ra-
tios. At full load, reducing NO  is prioritized; thus, the second-stage ame
is pushed downstream to reduce the residence time at high-temperature.
Conversely, at part load, an earlier anchoring of the second-stage ame is
preferred to provide more time for fuel oxidation, thereby reducing CO
emissions. Additionally, using autoignition-stabilized ames in the second
stage inherently bene ts NO y emissions by eliminating the need for hot gas
recirculation zones, which prevents the formation of hot regions with long
residence times.

Further emissions bene ts arise from improved handling of dilution air.
Injecting cold air between the stages rapidly lowers the temperature of
the rst-stage combustion products, reducing NO y formation via thermal
pathways. Enhanced mixing between the combustor stages minimizes hot
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spots and strati cation, preventing off-design combustion of the second-
stage mixture.

flexibility: From an operational exibility standpoint, the system
can be parked at idle conditions by switching off the second-stage while
keeping the rst-stage running at design conditions, ensuring compliance
with emission regulations. Then, depending on the power grid’s demand,
the second stage can be reactivated while the system is running, enabling
signi cantly faster ramp-up times compared to other technologies. In terms
of fuel exibility, the systems is capable of handling fuels with varying
reactivity by adjusting the rst-stage exit temperature to optimize the
second-stage ame anchoring. For instance, a hotter rst stage is suitable
for less reactive fuels like methane, while a colder rst stage is required
as the fuel reactivity increases, i.e. if larger fractions of H , are included
in the fuel blend. In [ 43], it was demonstrated that the GT 36 combustor
can re fractions of up to 70% of H, by volume without any de-rating.
Nevertheless, the nonlinear behavior of autoignition chemistry introduces
unique challenges when transitioning to 100% H» fueling, underscoring the
need for a deeper understanding of the physics involved. Some of these
challenges are addressed in the present thesis.

1.3.2 Combustion Dynamics

1.3.2.1 The problem of thermoacoustic instabilities

Thermoacoustic instabilities are among the most challenging problems in
modern combustion systems. To meet stringent emissions regulations, many
systems operate in lean, premixed mode, which has a signi cantly higher
propensity for developing instabilities compared to diffusion operation. This
increased susceptibility arises from reduced acoustic damping provided
by the combustor hardware in premixed systems [ 44], combined with a
generally weaker anchoring of lean premixed ames at lower temperatures,
where lean blow-off becomes a major concern [45-47].

These instabilities result from a feedback loop between the unsteady heat
release rate and the natural acoustic modes of the combustor, and typically
lead to large uctuations in pressure, velocity, density, and temperature.
Such uctuations may severely impact gas turbine operation, causing vi-
brations, interference with the control systems, increased heat transfer and
thermal stresses on combustor walls, fatigue-induced mechanical failures,
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increased pollutant emissions, and, particularly in lean premixed systems,
ame blow-off or ashback [ 48§].

The mechanism by which the ames transfer energy to the acoustic eld
was rst explained by Lord Rayleigh in the late 19" century [49]. The
energy transfer depends on the phase relationship between heat release
rate and pressure oscillations. When the two are in phase, positive feedback
occurs, enabling ef cient energy transfer from the ame to the acoustic
mode. This relationship is quanti ed by the Rayleigh Index (R1) [ 50]:

zZ Z
RI = v T p (x,t)q (x,t)dtdV (1.1)

where V is the combustor volume, and p and q represent pressure and
heat release rate uctuations, respectively. A positive RI indicates that the
ame is transferring energy to the acoustic mode of frequency f = 1/T.

In power generation systems, which process hundreds of megawatts
of thermal power, even the most destructive thermoacoustic instabilities
involve only a small fraction of the total power output[ 51]. This underscores
the sensitivity of such instabilities to minor system changes, making them
dif cult to predict or detect early in the development cycle. Often, these
issues only manifest during full-scale testing, resulting in signi cant delays
and costs [44)].

In addition to the ame’s role in generating acoustic energy, the system’s
acoustic energy losses must also be quanti ed to assess stability. These
losses may arise for example from the transfer of energy to turbulent mo-
tions, energy radiation at boundaries, or energy transfer between acoustic
modes [48§].

If the energy provided by the ame exceeds the dissipation, small per-
turbations will grow, driven by the ame. In a purely linear system, such
oscillations would grow inde nitely. However, in real systems, nonlineari-
ties in the ame response at higher amplitudes lead to saturation, resulting
in stable limit cycle oscillations where acoustic energy generation and
dissipation balance each other.

Several physical mechanisms contribute to the thermoacoustic feedback
loop, as illustrated in Fig. 1.7. Acoustic pressure uctuations (p ) resulting
from the interaction between heat release rate (Q. ;) and temperature (T )
uctuations with the combustor acoustics result in coherent equivalence
ratio ( ) and velocity (u.) modulations when they interact with the burner
aerodynamics. These uctuations, in turn, affect the ame, producing
coherent heat release rate and temperature uctuations, thereby closing the
feedback loop. Turbulence can further contribute to heat release rate and
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temperature oscillations through stochastic velocity and equivalence ratio
uctuations.
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Figure 1.7: Thermoacoustic feedback loop within a constant pressure sequen-
tial combustor. Diagram adapted from [ 52]; ame images adapted
from [ 53)].

In the context of CPSCs, the coupling between the two ames introduces
additional complexity. Not only can both ames drive the instabilities, but
they also interact with each other through acoustic and entropy waves,
potentially leading to synergistic effects that complicate the analysis and
require tailored modeling approaches. Unlike in conventional systems, uc-
tuations in equivalence ratio and velocity can affect the interplay between
the second-stage mixture’s convective time and autoignition delay, leading
to additional heat release rate and temperature uctuations. Moreover, tem-
perature uctuations originating from the rst-stage ame can in uence
the dynamics of the second-stage ame, as documented in [54, 55]. Further
investigations are required to fully understand the coupling mechanism
between the second-stage autoignition ame and combustor acoustics, par-
ticularly in the context of H , transition. This topic is explored in greater
detail in Chapter 3 of this thesis.
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1.3.2.2 Control of thermoacoustic instabilities

To suppress thermoacoustic instabilities, one can either reduce the source
of acoustic energy or increase the acoustic energy losses.

Although both passive or active strategies can be employed for this pur-
pose, the operating hardware almost exclusively features passive systems
due to their simplicity and robustness. Passive strategies typically focus
on increasing acoustic losses at speci ¢ frequencies. Examples include Hel-
moltz resonators, quarter-wave tubes, and perforated plates. Helmholtz
resonators and quarter-wave tubes dampen acoustic energy in the com-
bustor by creating resonance in an adjoining resonator. Perforated plates,
on the other hand, directly convert acoustic energy into vortical motions
that are dissipated by ow viscosity [ 44]. Other passive strategies involve
altering the feedback loop by modifying the burner geometry or adjusting
ame morphology and anchoring position, with the objective to reduce the
Rayleigh Index (RI).

The major drawback of passive systems is that they are typically ef-
fective only within a xed range of operating conditions, often requiring
substantial and costly hardware modi cations to adapt to different combus-
tor con gurations. This lack of adaptability con icts with one of the key
advantages of CPSCs: exibility.

Active controllers, on the other hand, interact with the thermoacoustic
feedback loop in real time, a feature that makes them inherently better
suited to meet the high- exibility demands of modern combustion systems.
Despite active control strategies being researched in academia for years p6-
58], their industrial adoption remains limited. Only a few examples exist,
such as Refs. 9, 60], which describe active control strategies using pilot
fuel ow modulation via fast valve actuators in Siemens gas turbines, and
Ref. [61], which explores fuel splitting between inner, pilot, and outer rings
in response to pressure uctuations in a GE aero-derivative engine. However,
these solutions have not been widely adopted due to cost-effectiveness
concerns. For an active controller to be viable, it must be fast, reliable, and
powerful enough to interact with combustor acoustics while remaining
cost-competitive with passive systems. Furthermore, active controllers must
have low maintenance requirements and use minimal power relative to
the gas turbine output to minimize ef ciency losses. Satisfying all these
requirements is particularly challenging, especially for controllers with
moving parts.

A promising approach that has emerged in recent years for active control
is Plasma-Assisted Combustion (PAC). Plasma can in uence mixture reac-
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tivity, impacting ignition and ame stabilization [ 62-64], thereby providing
a means to interact with the thermoacoustic feedback loop [ 65]. Active
controllers based on plasma technology operate on the same time scales
as the system’s acoustics, with low power consumption and no moving
parts. Furthermore, by adjusting the discharge parameters, it is possible
to achieve different effects on ame behavior, allowing for exible design
of the control strategy without the need to modify the installed hardware.
However, plasma physics is complex, and its interaction with the acoustics
of sequential combustion systems is not yet fully understood. This topic is
discussed in Chapter 4 of this thesis, while a brief introduction to PAC is
provided in Sec. 1.3.3

1.3.3 Plasma-Assisted Combustion

Plasma is a collection of neutral and charged particles that, on average,
remains electrically neutral while exhibiting collective effects. In combus-
tion systems, plasma can be locally generated by applying a high voltage
between two electrodes.

There are two main types of plasma: equilibrium plasma (EP), and non-
equilibrium plasma (NEP) [ 6€]. In EP, the electron temperature (Tg) is in
equilibrium with the rotational ( Tyot) and vibrational ( T,;,) temperatures of
the particles, leading to signi cant thermalization of the gas. In contrast, in
NEP, the temperatures are related by Te ~ Tyijp > Trot  Tgas Where Tgasis
the temperature of the ions or heavy patrticles in the gas.

Equilibrium plasma has been used in combustion for decades, such
as in ignition systems for Otto engines. Non-equilibrium plasma, on the
other hand, has gained increasing attention in recent years for various
applications, including power generation [ 62, 63]. In NEP, despite requiring
lower energy input compared to EP, a signi cant portion of the discharge
power is used to raise the electron temperature, resulting in more energetic
electrons than those in EP. This leads to enhanced kinetic effects, making
NEP more effective in in uencing combustion processes. Additionally, the
reduced gas thermalization in NEP prevents the formation of hot spots,
which could otherwise lead to increased NO yx emissions through thermal
pathways.

Non-equilibrium plasma can be produced in several ways. One method
is to apply high-voltage pulses lasting only a few nanoseconds, thereby
preventing temperature equilibration from occurring. This technology is
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known as Nanosecond Repetitively Pulsed Discharges (NRPDs), and is the
one investigated in Chapter 4 of this thesis.

The behavior of plasma discharges largely depends on the reduced
electric eld, E/N , where E is the electric eld and N is the gas number
density [63]. For plasma-assisted combustion in gas turbines, typical E/N
values are in the range between 100and 300 Td. Under these conditions,
three main effects dominate the physics of the plasma discharge: (i) fast gas
heating, (ii) fast radical production, and (iii) slow gas heating.

Fast gas heating primarily occurs due to the rapid quenching of electron-
ically excited N », produced during the discharge, through collisions with
O, molecules. As proposed in [67], this process can be described by the
following two-step mechanism:

No(X)+ e N2(A,B,C,a,...)+ e (1.2)
No(A,B,C,a,...)+ O, Ny(X)+ 20+ heat. (1.3)

This mechanism leads to a rapid gas temperature rise, on the order of tens
of degrees per nanosecond, and produces O radicals over nanosecond time
scales. Other species are also produced on the same time scale through
direct electron impact dissociation and ionization, ion impact and recom-
bination dissociation, and collisional dissociations involving electronically
and vibrationally excited molecules.

Slow gas heating is associated with the collisional relaxation of vibra-
tionally excited molecules, particularly N » [68]. While vibrational excitation
occurs on nanosecond time scales, the relaxation is slower, typically taking
microseconds, resulting in a more gradual increase in gas temperature.

When applied to an ignitable mixture, NRPDs can enhance reactivity
by providing both radicals and heat [ 62-64], potentially altering ame
stabilization or creating ignition kernels that interact with the system’s
acoustics.

In Constant Pressure Sequential Combustors (CPSCs), NRPDs can be
strategically applied after the second-stage fuel injection. This setup offers
two key advantages. First, the gas density in this region is low due to
the high temperature, allowing the same E/N values to be achieved with
a lower electric eld, thus reducing energy requirements. Second, since
autoignition chemistry is already active in this part of the combustor, less
kinetic enhancement from plasma discharges is needed to trigger ignition,
making them more effective in in uencing combustion dynamics.
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1.4 thesis outline

The transition from natural gas to pure hydrogen in Constant Pressure
Sequential Combustors introduces signi cant challenges, particularly in the
second stage, where autoignition plays a pivotal role. The unique properties
of H, can result in novel and complex physical phenomena that require
thorough investigation.

The goal of this thesis is to advance the understanding of the physics of
sequential combustors across a range of fuel blends, from pure methane
to pure hydrogen, highlighting the challenges and opportunities associ-
ated with autoignition upstream of the sequential stage. The investigation
combines advanced numerical simulations and experiments in a laboratory-
scale sequential combustor, focusing on three key objectives:

1. Investigate the impact of H , enrichment on the second-stage ignition
and combustion behavior.

Chapter 2 examines how small additions of H », to CH 4 in uence the com-
bustion regime in the second stage of a sequential combustor. Using Large
Eddy Simulations with an accurate description of chemistry, the chemical
mechanisms driving the formation of autoignition kernels are investigated.

2. Examine the interplay between autoignition and thermoacoustics when
transitioning to 100% H , operation.

In Chapter 3, the focus shifts to the interaction between autoignition and
thermoacoustics. Experiments are conducted on a sequential combustor
fueled with CH 4-H» blends and pure H ,, varying the power distribution
between the combustor stages. A strong coupling between autoignition and
acoustics is observed, with the high reactivity of H » introducing speci c
challenges and resulting in atypical spectral characteristics of the acoustic
pressure.

3. Explore strategies for suppressing thermoacoustic instabilities through
second-stage ignition control.

Chapter 4 investigates the potential of suppressing thermoacoustic instabili-
ties by controlling the ignition process in the second stage using Nanosec-
ond Repetitively Pulsed Discharges (NRPDs). Large Eddy Simulations,
combined with a state-of-the-art plasma model, are used to analyze how
NRPDs affect the acoustic scattering properties of the second stage and un-
ravel the physical mechanism governing energy transfer from combustion
to the acoustic eld. The challenges associated with the coupling between
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acoustics and mixture ignition, discussed in Chapter 3, are leveraged as
an opportunity to control the sequential combustor dynamics, potentially
enhancing its operational exibility.






IGNITION AND COMBUSTION OF
HYDROGEN-ENRICHED METHANE IN A SEQUENTIAL
COMBUSTOR

In this chapter, ignition and combustion behavior in the second stage of a sequential
combustor are investigated numerically at atmospheric pressure for puge CH
fueling and for two CH-H, fuel blends in24:1 and49:1 mass ratios, respectively,
using Large Eddy Simulation (LES). Pure GHueling results in a turbulent
propagating ame anchored by the hot gas recirculation zones developed near
the inlet of the sequential combustion chamber. As thedhtent increases, the
combustion process changes drastically, with multiple autoignition kernels produced
upstream of the main ame brush. Analysis of the explosive modes indicates that, for
the highest H amount investigated, ame stabilization in the combustion chamber

is strongly supported by autoignition chemistry. The analysis of fuel decomposition
pathways highlights that radicals advected from the rst stage ame, in particular
OH, induce a rapid fuel decomposition and cause the reactivity enhancement that
leads to autoignition upstream of the sequential ame. This behavior is promoted
by the relatively large mass fraction of OH radicals found in the ow reaching
the second stage, which is approximately one order of magnitude greater than
it would be at chemical equilibrium. The importance of the out-of-equilibrium
vitiated air on the ignition behavior is proven via an additional LES that features
weak autoignition kernel formation when equilibrium is arti cially imposed. It

is therefore concluded that parameters affecting the relaxation toward chemical
equilibrium of the vitiated ow can have an important in uence on the operability

of sequential combustors fueled with varying fractions gftending.

This chapter is based on "Numerical Study of Ignition and Combustion
of Hydrogen -Enriched Methane in a Sequential Combustor” by M. Impag-
natiello, Q. Malé & N. Noiray published in Flow, Turbulence, and Combustion.
Volume 112, Pages 1249-1273 (2024)
https://doi.org/10.1007/s10494-024-00540-8
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ignition and combustion of h 2-enriched ch 4 in a cpsc

2.1 introduction

The Constant Pressure Sequential Combustor (CPSC) architecture, intro-
duced in Sec. 1.3.1.2 consists of two technically premixed lean ames
burning in series. No turbine row is positioned between them, differently
from previous re-heat designs, making the pressure across the sequential
combustor quasi-uniform. In this architecture, hot ue gases provided by
the rst stage ame are diluted with compressor air upstream of the sequen-
tial stage. The role of the dilution air is twofold: it increases the O , content
to completely burn the gas in the sequential stage, and it decreases the
gas temperature, thus ensuring suf ciently long autoignition time for good
mixing in the sequential burner and therefore very low NO  emissions.

The two ames burn at very different thermodynamic conditions, re-
sulting in different combustion modes. The rst stage exhibits a purely
propagating turbulent ame which is aerodynamically anchored in the com-
bustion chamber as in conventional single stage gas turbine combustors.
The reactants are characterized by a relatively low temperature, far below
the autoignition temperature. In contrast, the temperature of the reactants in
the sequential stage is signi cantly higher, allowing autoignition chemistry
to play a role in the combustion process [42, 69-72].

Autoignition chemistry can signi cantly affect different aspects of the
combustion process, such as mixture reactivity and ame speed [ 73], with
consequences on the acoustic response of the combustor§9]. The CPSC
architecture was designed for high fuel exibility and enables low NO
combustion of CH 4-H» blends with large mass fractions of H , [74]. However,
for off-design locations, the ame may undergo an early ignition in the
sequential burner mixing section, potentially increasing NO y due to mixture
strati cation, and damaging the burner if the ame anchors at locations
that are not designed to sustain high thermal loads [ 75].

This peculiar behavior sets different challenges in the design of such com-
bustors operating at autoignition conditions. An in-depth understanding
of the relevant combustion physics is therefore required. Multiple studies
have contributed to the problem of autoignition in hot turbulent environ-
ments in different con gurations and with different fuels, e.g., [ 76-80]. The
combustion behavior of hydrogen at autoigniting conditions in a sequential
combustor con guration has been experimentally investigated in [ 41, 81].
The present chapter builds on this latter work, but focuses on the effects
that hydrogen enrichment has on methane combustion.



2.2 computational setup

The addition of hydrogen to natural gas is promising for sequential
combustor architectures, as they were found capable of handling extreme
variations of hydrogen content at gas turbine baseload conditions with
minor downgrades in combustor performances [ 43, 82, 83]. In this respect,
there is a need to develop predictive tools for the effect of fuel composition
variations, which affect autoignition delays, ame dynamics, and pollutants
formation, motivating the research efforts on the topic, e.g., [ 84, 85.

The objective of the present chapter is to investigate the effects and the
challenges of hydrogen blending on the combustion process in the second
stage of a sequential combustor using numerical tools. Large Eddy Simula-
tions (LES) combined with Analytically Reduced Chemistry (ARC) for the
description of the chemical kinetics are used to perform the computations.
Analysis of the explosive modes introduced by chemical kinetics is used
to characterize the combustion regimes. The in uence of radicals advected
from the rst stage ame on the autoignition chemistry is examined via
Reaction Path Analysis (RPA), and the importance of the relaxation to-
wards chemical equilibrium of the vitiated air ow is investigated via an
additional ad-hoc LES.

2.2 computational setup
2.2.1 Computational domain and operating points

The con guration investigated in this work is a generic sequential com-
bustor used for research at ETH Zirich. Since the physical phenomena
of interest occur in the second stage, only this part of the combustor is
simulated, at atmospheric pressure.

The simulated sequential stage is shown in Fig. 2.1 and consists of
three parts: the Dilution Air (DA) mixer, the Sequential Burner (SB) and
the Combustion Chamber (CC). The DA module connects the rst stage
combustion chamber with the SB. It is equipped with large lateral vortex
generators and multiple air injection holes for rapid mixing. The axial fuel
injector is located inside the SB. Its shape is an extruded, symmetric airfoll
with two vortex generators attached on each side to favor mixing between
the fuel and the co- ow of hot vitiated air.

In the present con guration, the inlet mixture consists of 15.7 g/s of
combustion products from a lean premixed methane-air ame burning at
an equivalence ratio of 0.8in the rst stage, resulting in the composition
outlined in Fig. 2.1 The imposed inlet velocity pro le follows a power law
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Figure 2.1: Diagram of the second stage of the sequential combustor used for the
three-dimensional LES.

with coef cient 7. The inlet temperature is set to 1860K, which corresponds
to 93% of the adiabatic ame temperature, in order to take into account
the heat losses at the walls of the rst stage combustion chamber. The
amplitude of this temperature drop is estimated on the basis of previous
experimental results [86], where quantitative OH-LIF thermometry was
used downstream of two different technically-premixed rst stages:a 4% 4
array of jet ames and a swirled ame. Chemical equilibrium at  1860K is
assumed to set the gas composition at the inlet of the simulated sequential
stage.

The inlet mixture is diluted in the DA mixer with  8.5g/s of air at ambient
temperature, leading to a globally lean combustion in the sequential stage.
The fuel mass ow in the sequential stage is 0.6 g/s. Throughout this study,
all the parameters discussed above are xed. Three cases are simulated,
which differ only in terms of sequential fuel composition:

- case oy, Where the fuel is pure methane, resulting in an equivalence
ratio of 0.9;

- case hon, Where the fuel is a CH 4-H; blend with 2% hydrogen in
mass (14% in volume), resulting in an equivalence ratio of 0.92based
on both methane and hydrogen;

- case Ry, Where the fuel is a CH 4-H > blend with 4% hydrogen in
mass (25% in volume), resulting in an equivalence ratio of 0.94based
on both methane and hydrogen.

The hydrogen increases the ame thermal power by 2.8% and 5.6% for
Fooen, and Faon,, respectively. The walls of the domain are de ned as
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isothermal. Two types of walls exist in the experiments: air-cooled quartz
walls and water-cooled aluminium walls. In the simulations the surface
temperature is set to 1000K for the quartz walls and 700K for the alu-
minium walls. The latter walls are located in the DA mixer and at the
junctions between the different elements; the former walls are located in
the SB and in the CC. The fuel injector is also made of aluminium but
is heavily water-cooled. Therefore, its surface temperature is set to 400K
in the simulations. These temperatures are estimated from conjugate heat
transfer simulations based on steady Reynolds Averaged Navier-Stokes
(RANS) solutions at nominal operating conditions. These simulations were
performed during the conception of the experimental sequential combustor
using the commercial code “Solidworks Flow Simulation”, and they incor-
porate both water and air cooling systems. The applied model involves a
homogeneous, non-reacting ow, with imposed temperature matching the
expected conditions during combustor operation.

2.2.2 Large eddy simulation setup

LES are performed using the explicit massively parallel compressible solver
AVBP [87, 88]. The numerical framework used in this work has been experi-
mentally validated in [ 89-91] for similar sequential combustor geometries.
Moreover, this work shows that the results remain unchanged after a mesh
re nement for the chosen grid size. The present LES results are therefore
considered a trustworthy database for the type of analysis and the purpose
of this work.

An explicit two-step Taylor—Galerkin nite element numerical scheme [ 92
is used, which offers third order accuracy in space and time. The sub-grid
scale turbulence effect is modeled using the SIGMA model [ 93]. Classical
law-of-the-wall modeling is used to account for the unresolved boundary

layer. The following formulation for the non-dimensional velocity — u* is
employed:
ut =ulu =y fory* 11,
y y 2.1)
ut = u/u = Lin(Ey") fory* > 11,

where u is the ow velocity, u is the friction velocity u = P w/  with

w being the wall shear stress and being the gas density, y* is the non-
dimensional wall distance y* = yu / with y being the distance to the
wall and  being the uid kinematic viscosity, = 04land E = 9.2
The Navier—Stokes Characteristic Boundary Conditions (NSCBC) formula-
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tion [ 94] is applied to the inlets and the outlet of the domain. The Dynamic
Thickened Flame (DTF) model is used to model turbulent combustion [ 95].
Unresolved ame wrinkling effects are modeled using the ef ciency func-
tion de ned in [ 96]. To ensure that the autoignition is not biased by the DTF
model in the sequential burner [ 97, 98], the model is activated exclusively in
the combustion chamber, as done in [90, 91]. An applied Thickening Factor
(TF) of 7 ensures that 5 grid points lie within the ame front.

The chemical kinetics relies on Analytically Reduced Chemistry (ARC).
The ARC mechanism consists of 19 transported species, 8 species in quasi-
steady state approximation and 139reactions. This mechanism has been
reduced from the GRI 3.0 mechanism [99] using the ARCANE reduction
tool [ 100, and is validated via zero-dimensional ( OD) and one-dimensional
(1D) Cantera [10]] simulations.

The computational mesh consists exclusively of tetrahedral elements and
is generated using Gmsh [102.

The simulation data are collected over 10 ms, a duration that is found
adequate to achieve converged statistics. The resulting computational cost
per simulated case is of around 100 000CPU-hours, excluding the transient
period to reach a statistically steady state.

Figure 2.2 provides the instantaneous elds of temperature and axial
velocity obtained from LES under F g, and Faoe, conditions. The inter-
mediate Fooqn, results are omitted for brevity. The DA mixer allows a rapid
temperature decrease before the sequential fuel injector. The presence of hot
temperature spots at this location is thereby minimized. Despite the high
turbulence intensity produced by the vortex generators, temperature and
composition strati cation persist in the SB for the present con guration.
Fuel mixing with the co- ow occurs through the whole length of the SB. The
streamwise velocity eld highlights the presence of two critical recirculation
zones. The rst one (Z1), located right after the fuel injector, supports the
formation of a chemically-active region that promotes fuel decomposition
and that will be scrutinized in Sec. 2.3.2 The second recirculation zone
(Z2) is located in the CC and strengthens the ame stabilization. Hot com-
bustion products and radicals are trapped in this recirculation zone and
support ame anchoring at the burner outlet, thereby inhibiting sudden
ame blow-off when the ignition delay becomes signi cantly longer than
the residence time in the SB 40, 70].
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Figure 2.2: Planar cut colored by the temperature (a) and the streamwise velocity
w (b). The top halves represent the Fyyn, Case; the bottom halves
represent the Fyon, Case. The recirculation zones Z1 and Z2 are
indicated with dashed rectangles.

2.2.3 Chemical explosive mode analysis

Analysis of the explosive modes introduced by chemical kinetics is per-
formed using the Chemical Explosive Mode Analysis (CEMA) algorithmic
tools [103. As meticulously described in [ 104, the algorithmic tools in-
corporated into CEMA were developed on the basis of the ones de ned
within the Computational Singular Perturbation (CSP) framework [ 105,
that has been employed for the development of stiff ODE solvers [ 106, 107,
reduction of chemical mechanisms [108-11( and physical understanding
of combustion process [111, 117. CEMA is based on the eigenanalysis of
the Jacobian of the local chemical source termJ in the governing equation
of a reacting ow

D (y) _ , Dy _ _
o —JD—t—J(+s),J—7, (2.2)

where vy is the vector of local thermochemical state variables including
temperature and species concentrations, is the vector of the local chemical
source terms, and s is the vector of the local non-chemical source terms (e.g.,
diffusion). Being interested in the processes leading to ignition, the mode
analysis is restricted to the explosive modes, i.e., the ones whose associated
eigenvalue has a positive real part and which will tend to drive the system
away from equilibrium in an isolated environment. In contrast to CSP,
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CEMA assumes that the dynamics of the reactive mixture is unconditionally
controlled only by the fastest explosive mode, i.e., the Chemical Explosive
Mode (CEM), for which

(>0, Jbe= &he, @l = ecae, (e=max( (), (2.3

where ¢, ae, and be indicate the eigenvalue, the right eigenvector, and the
left eigenvector of the CEM, respectively, and ; represents the eigenvalue
associated with the i!" mode. Given that the thermochemical state evolution
is non-linear, the assumption of CEM dominance may not always hold.
Particular attention will be paid to this subject when applying CEMA in
the present work to ensure the relevance of the analysis. Furthermore, the
existence of an explosive mode is purely a chemical property of the system.
Non-chemical processes may still play a role in the evolution of the system,
making the existence of a CEM a necessary but not suf cient condition for
the investigated mixture to ignite/explode.

The Explosive Index (EIl) vector, which has the same size as the state
vector y, can be de ned as [103

|diag (acbe)|
- sum(|diag(aebe)|) -

(2.4)

El is a scaled CSP pointer, introduced in [113. Each entry of the EI vector,
bounded between zero and unity, quanti es the contribution of the corre-
sponding thermochemical property (either temperature or a species mass
fraction) to the CEM. The EI vector is analyzed in Sec. 2.3 to determine
which thermochemical property has locally the largest effect on the CEM.

Projecting Eq. (2.2) in the direction of the CEM left eigenvector b, the
following relation can be obtained [ 114

D _ + +Dbe
bt ° ¢S Dt

(y) (2.5)

where the amplitudes of the projected chemical ( ) and diffusion ( )
source terms are de ned as

e , (2.6)

s be-s. (2.7)

The last term in Eqg. (2.5 represents a nonlinear effect induced by the
rotation of the eigenvector and is neglected in the present work.
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A local combustion mode indicator is then dened as[ 114:

=2 (2.8)

for explosive mixtures (i.e., at least one eigenvalue has a positive real
part). This ratio compares the relative alignments of the diffusion and
chemical source terms with the CEM left eigenvector. It indicates the relative
importance of chemistry and diffusion for the explosive mixtures, whose
dynamics is assumed to be governed by the CEM. The value of is used
to describe the nature of the ongoing combustion process and reveal three
combustion regimes:

i) > 1, assisted-ignition regime: diffusion dominates chemistry and
promotes ignition;

i) < 1, extinction regime: diffusion dominates chemistry but acts
against ignition;

i) | | 1, autoignition regime: chemistry plays a dominant role in
ignition.

This indicator has been successfully used to distinguish between two
propagation modes of 1D premixed ames: de agration waves and au-
toigniting waves [ 114]. The transport budget analysis that was carried
out demonstrated the reliability of the indicator. Additionally, it has been
successfully applied to the study of combustion regimes in many differ-
ent con gurations, e.g., strongly turbulent premixed ames [ 115, jetin
cross ow [ 116, reheat combustion [71], moderate or intense low oxygen
dilution combustion [ 117, de agration to detonation transition [ 118, hot
jetignition [ 119, plasma-induced ignition [ 90].

In the present study, CEMA is employed as a post-processing step on the
3D instantaneous elds obtained from the LES, resulting in a computational
cost of around 12 CPU-hours per instant.

2.2.4 Validation of the numerical setup

2.2.4.1 ARC mechanism

A great agreement in terms of both ignition delay and laminar ame speed
is found between the detailed and the reduced mechanism. Ignition delays
as function of the mixture fraction Z between the vitiated air and the second



30

ignition and combustion of h 2-enriched ch 4 in a cpsc

stage fuel are shown in Fig. 2.3a for the Fgo, and Faon, fuel compositions.
The thermodynamic properties of the vitiated air have been set taking the
average temperature and mixture composition from a plane right upstream
of the fuel injector in the LES. The reduced and detailed mechanism are
also in agreement regarding the quantities related to the analysis of the
explosive modes detailed in Sec.2.2.3 The results for the real part of the
explosive mode eigenvalue ( ¢) (Eqg. (2.3), for the amplitudes of the
projected chemical (Eq. (2.6)) and diffusion s (Eg. (2.7)) source terms,
and for the components of the EI vector corresponding to temperature, CH 4
and H, (Eq. (2.4)) are shown in Figs 2.3b and c using a 1D laminar ame at
Fowh, conditions. The thermochemical state of the fresh gas is set assuming
perfect mixing between the vitiated air and the fuel. The two mechanisms
are in good agreement with each other also for other mixture fractions Z
around the perfectly mixed one.

2.2.4.2 Grid sensitivity analysis

A Grid Sensitivity Analysis (GSA) is performed to assess the capability
of the LES grid to correctly capture the autoignition kernels formation
and evolution in the SB, and to allow an accurate use of the diagnostic
tools employed. Three different grids featuring progressively smaller grid
characteristic cell sizes  in the SB are generated for the GSA (Table2.1).
The metric used to evaluate the grids with respect to the autoignition kernel
dynamics is the time-averaged thermal power released up to the streamwise
coordinate z de ned as
B 1 ZwZ, 2Z
Po(2) = Pl o Q(x,y,z ,t)dxdydz dt, (2.9
2nd

where Q is the heat release rate,Pgr}d is the nominal thermal power of
the second stage, andt®V = 10 ms is the averaging time. The evolution of
P,(2) is shown in Fig. 2.4 for the three different grids and the F 4%H, Case.
The grid no longer affects the metric when 0.3 mm. For Fgo,, NO
chemical activity is observed in the SB for any grid. Grid B is therefore
considered reliable to conduct this study. The independence of the results
to a re nement is also assessed in terms of species mass fraction pro les
and quantities related to the analysis of the explosive modes detailed in
Sec.2.2.3 and to the Reaction Path Analysis (RPA) performed in Sec. 2.3.2
This information can be found in Appendix A.

In addition, the quality of Grid B is assessed a-posteriori by computing
the ratio between the resolved kinetic energy kres and the total kinetic
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Figure 2.3: Comparison of the detailed (GRI) and the ARC mechanisms in terms

of: autoignition time A} for Foo,n, and Faee4, conditions (a) and of
important quantities related to the analysis of the explosive modes

detailed in Sec. 2.2.3for Fgen, conditions (b and c). Only three entries
of the EI vector corresponding to temperature, CH 4, and H, are
represented for brevity. The vertical, dashed line in (a) represents the
Perfectly Mixed (PM) mixture fraction. x; and ¢ represent the ame
location and thickness, respectively.

Grid x [Um] Cells no.

Name [mio.]
DA SB CcC

GridA 400 400 500 44

Grid B 400 300 500 62

GridC 400 250 500 84

Table 2.1: Characteristic cell sizes x and total number of cells of the grids used
for the grid sensitivity analysis.

energy, using a similar approach as in [ 69, 12(. The sub-grid scale kinetic
energy is estimated as [12]]

ksecs= 1%/ (Cv )3

where the turbulent viscosity

is a constant, and the lter size

(2.10)
T is extracted from the LES, Cy = 0.1[127

is estimated as the cubic root of the
volume of each cell. The mesh cell size and the instantaneous values of
the kinetic energy ratio kied (krest+ ksgs) are shown in Fig. 2.4b and c,
respectively, for the Foon, and Fagn, simulations. Numerical dissipation
is not explicitly included in the kinetic energy ratio. Nevertheless, this
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simpli cation is expected to have limited effects due to the low-dissipative,
high-order numerical scheme employed in this study. The kinetic energy
ratio is greater than 80% almost everywhere in the domain, suggesting a
good resolution of the turbulent spectrum within the LES framework [ 127].
y* values range approximately between 5 and 30, thus remaining within
the validity range of the law-of-the-wall (Eq. ( 2.1)): no further re nement
near the walls is needed. Grid B is ultimately chosen to conduct the study.
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Figure 2.4: Py, (Eq. (2.9) as function of the streamwise coordinate z in the SB
at F4001, Operating conditions for the three different grids (Table 2.1)
used in the GSA (a). Planar cuts colored by the cell size (b) and
by the ratio between the resolved (kres) and the total kinetic energy
(krest ksgg) for Grid B (c). The kinetic energy ratio is shown for two
instantaneous solutions at Foo, (top half) and F 40,1, (bottom half)
operating conditions.

2.2.4.3 CEMA combustion mode indicator

The capability of the local combustion mode indicator  to distinguish
between de agration waves controlled by back-diffusion of heat and rad-



2.3 numerical results 33

icals and autoignition controlled reaction fronts is now assessed for the
thermochemical conditions of the present work using 1D premixed ames
computed using Cantera [ 101]. The inlet thermochemical conditions of the
1D ames are set assuming perfect mixing between the vitiated air and
the fuel (i.e., vertical line in Fig. 2.3a) at the Fyoen, and Faoen, Operating
points. The results from the intermediate F 9,4, conditions are omitted for
brevity. The combustion regimes are imposed by varying the ratio of the
residence time between the inlet and the ame front ( (eg) to the autoigni-
tion time ( a;) of the unburned mixture. In practice, this is accomplished by
modifying the length |p of the 1D domain. Since the Cantera solver always
provides a unique steady ame solution within one fourth and one half of
Ip, Ip can be adjusted to tune es. The same approach has been applied to
study 1D autoigniting ames in [ 40]. For suf ciently high inlet temperature,
conventional de agration waves turn into autoignition waves when res

approaches . Figure 2.5 shows the values of and ¢ for several
values of the e ratio. The combustion mode indicator is able to correctly
retrieve the change of combustion regime: | | 1 regions appear upstream

of the ame in pure autoignition regimes, while zones where diffusion
promotes ignition (> 1) appear upstream of the ame in de agration
regimes. In between, mixed propagation modes with intermediate values
of are also possible, for which the autoignition chemistry supports ame
propagation.

2.3 numerical results
2.3.1 Combustion regimes

The heat release rate Q) eld on a central plane of the domain is shown in
Fig. 2.6 for FooeH,, FoosH,, and Faoen,. The use of a4% Hj blend (Faoeh,) has
clear effects on the chemical activity in the SB and on the ame shape in
the CC. Multiple autoignition kernels are continuously initiated in the SB
and advected downstream where they merge with the ame front in the
CC. This effect becomes less evident as the amount of H in the fuel blend
drops: weak chemical activity is detected through the heat release rate
eld in the SB for the F 5,4, Case, while no activity is observed for F gon,,
where combustion only occurs in the CC. The power released, on average,
by means of autoignition kernels in the SB can be quanti ed evaluating
the Po,(2) metric (Eq. (2.9) at the outlet of the SB. In particular, approxi-
mately 23% of the power is generated via autoignition kernels in the SB
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Figure 2.5: Pro les of temperature and projected chemical (Eg. (2.6) and

diffusion s (Eqg. (2.7)) source terms obtained from 1D premixed
ames for different inlet residence times  es. The temperature pro le

is colored by the value of the combustion mode indicator  (Eg. (2.9)),

which depicts the change in combustion regime. The burned, non-

explosive mixture is indicated by ( ¢) < 0. Inlet thermochemical

conditions are representative of Foo,y, (left) and F o4, (right). x; and
¢ represent the ame location and thickness, respectively.

for F4o4n,, 5% for Foon,, and 0% for Fgen,. From these observations, it can
be presumed that in Fgon, the ame combustion regime is dominated by
propagation via the back-diffusion of heat and radicals, while autoignition
chemistry progressively plays a more important role with a strong effect on
the stabilization of the ame in the CC as the H , content is increased.
Analysis of the CEM is now performed to clearly identify the combustion
regimes involved in the ame stabilization. While the application of CEMA
(Sec.2.2.3 on a Direct Numerical Simulation (DNS) is straightforward, the
computation of the Jacobian matrix J (Eq. (2.2)) in a LES context relies on
Itered quantities that can bias the analysis. Subgrid turbulence-chemistry
interaction is neglected in the context of CEMA, namely it is assumed that
e = (@), where eis used to indicate the ltered quantities. Conversely,
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Figure 2.6: Planar cuts colored by the heat release rateQ. From top to bottom:
cases hoH,, FoosH,, and Fao,. Two different instants separated by
t = 0.5 msare represented per case, after a statistically steady state
has been reached. The inset shows the Thickening Factor (TF) eld.

sub-grid scale effects are included when computing the non-chemical source
term s (Eq. (2.7)), taking into account the contributions from both molecular
and turbulent diffusion. CEMA has already been applied to data from
LES [90, 116. Recently, a systematic discussion of the extension of the
CEMA framework to LES has been proposed in [ 123. In the present study,
the sensitivity of the results on the mesh cell size is explicitly assessed to
ensure the validity of the approach. It is observed that the results are not
impacted by a ner grid resolution. The details of this analysis are reported
in Appendix A.

Before employing CEMA to scrutinize the system properties, it is cru-
cial to discuss some of the limitations of this approach. Firstly, CEMA
speci cally focuses on chemical processes, with the CEM being purely a
chemical property of the system. Non-chemical processes may still play a
role in system’s evolution, consequently making the existence of a CEM not
always result in mixture ignition. Given that the CEM remains a necessary
condition for ignition, however, CEMA still provides insights into the ex-
plosive tendency of the mixture. Secondly, CEMA implicitly assumes the
relevance of CEM compared to the other modes. This assumption may not
necessarily hold in a non-linear context. The validity of this assumption is
addressed in Appendix B using a 0D well-mixed adiabatic con guration.
It is important to note, however, that this approach proves the relevance
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of the CEM exclusively on the chemical standpoint, due to the absence of
transport and mixing phenomena that characterize the 3D LES.

The combustion mode indicator and the largest El entry associated
locally to the CEM are shown in Fig. 2.7 on a central plane of the domain
for explosive mixtures. The advected mixture in the SB has limited time to
be driven away from equilibrium before it is eventually burned at the main
ame brush location in the combustion chamber, becoming non-explosive.
Therefore, a minimum threshold value of ™ = 100s lissetfor ( ) to
take into consideration only the CEMs whose characteristic times 1/ ( ¢)
are lower or comparable to the sequential burner residence time. Only a
single instant is represented in Fig. 2.7 since the variations in the and El
elds are only due to the unsteady nature of the turbulent ow, making the
conclusions independent of the speci ¢ snapshot considered.

Unexpected explosive tendency of the mixture is observed near the fuel
injector body in all the cases, as revealed by values of ( ¢) above ™. In
the FooH, Case, this explosive tendency disappears further downstream in
the SB. The absence of fast enough CEM upstream of the main ame brush
highlights a limited in uence of autoignition chemistry in supporting ame
propagation in the CC. The ame anchors at the exit of the SB thanks to
the recirculation zones Z2 depicted in Fig. 2.2 In the Fyo, case, fast CEMs
(e, (o thry are observed in larger regions of the SB. The eld
shows that chemistry starts to play a role in the ignition process governed
by the CEM (| | < 1). The largest El entry for F go, and Faon, is mainly
represented by formaldehyde (CH ,0). CH,O is a precursor of methane
autoignition and is typically produced in relatively large amount before
ignition occurs [ 124, 125. The dominance of CH,O in the EI shows the
tendency of the chemical kinetics to oxidize CH 4 via radicals where the fuel
and the hot vitiated air stream rst mix and in the SB. However, chemistry
is not fast enough to continuously trigger ignition kernels. F 49,1, features
fast CEMs (i.e., ( o) "y in almost the entire SB. Analysis of the largest
El entry indicates a reactive mixture that transitions to thermal runaway
before eventually igniting within the SB, generating kernels of burned gases.
The eld highlights the dominant role of chemistry in the ignition process.
While the kernels are advected toward the end of the SB, diffusion starts
to play a dominant role close to the kernel boundaries, as shown in the
zoomed inset in Fig. 2.7. This demonstrates that the kernel fronts develop
to propagating ames as they grow in the SB, before merging with the main
ame brush. A similar phenomenon has already been observed during
plasma-induced ignition in a sequential burner [ 90]. Here, earlier ignition
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in the SB is caused by the H, addition. This detailed ignition sequence
con rms that autoignition chemistry plays an important role upstream of
the main ame brush for F 444,, contributing to the stabilization of the
ame in the sequential combustion chamber.

El
11 10 + T CH,O CHs Other
a) (I — ) C———
FoyeH, FooeH,
| |
1 1
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| |
1 1
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Figure 2.7: Planar cuts colored by (Eq. (2.8)) (a) and El (Eq. (2.4) largest entry
(b), for FO%HZ (tOp), FZ%HZ (mlddle), and F4%H2 (bOttom). The zoomed
insets highlight the details of , the heat release rateQ, and a progress
variable C around an autoignition kernel. The progress variable C
depicts the presence of a burned gas pocket. Yy olu and Yy,0lp
represent the unburned and burned H ,O mass fractions, respectively,
assuming combustion occurs at perfectly mixed conditions.

2.3.2 Fuel oxidation mechanisms

Reaction Path Analysis (RPA) is used to investigate the mechanisms leading
to fuel decomposition in the SB. The discussion focuses on the two extreme
cases hon, and Faopn, for brevity, given that the F oy, case provides
intermediate results. The objective of this analysis is to identify the chemical
pathways leading to fuel decomposition when: i) the fuel comes into contact
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with the hot vitiated air and ii) later in the SB. Two volumes are de ned for
this purpose: one in the recirculation zone attached to vortex generators of
the fuel injector (V 1); and the other in the middle of the SB (V 2). Reaction
rates are averaged over time and space in the volumes V1 and V2 as

Z @222

1 Qj(x,y,z,t) dxdydzdt, (2.11)
Y%

Qj - [ AV

where Qj is the rate of progress of reaction j, V is the averaging volume
(V1orV2) and t?® = 10ms is the averaging time. Fig. 2.8 shows the results
of the RPA, with a visual representation of the volumes V 1 and V2. Only
the paths responsible for the direct decomposition of the fuel molecules are
shown. The decomposition of CH 4 to CH 3 is the most important ux for all
the cases/volume locations.

The RPA diagrams at V1 are similar between Foo,n, and Fagn, in terms
of the species involved in fuel decomposition, and of the magnitude of
the uxes. The decomposition of the fuel molecules to CH 3, Hand H,0 is
mainly due to the action of the hydroxil radicals (OH). Indeed, the reactions
of fuel with OH, H or O are known to be the fastest ones responsible for fuel
breakup at high temperatures, once a radical pool has been formed [126].
In the present con guration, the radical pool is provided by the rst stage
combustion. A signi cant amount of OH is found upstream of the fuel
injector, where its average mass fraction is of about 10 4.

The diagrams at V2 show that, while the OH radicals are still highly
involved in the decomposition of the fuel molecules, the atomic H and
O play a more important role compared to V 1. This is mainly due to the
chemical activity near the fuel injector that partially consumes the OH
reservoir advected from the rst stage and promotes the formation of other
radicals and dissociated fuel products. Signi cant differences appear in
terms of magnitude of the uxes between F gy, and Faon,. The uxes
have the same order of magnitude in V 1 and V2 for Fgon,, While they are
more than an order of magnitude larger in V 2 than in V 1 for F4ep,. This
guanti es the higher chemical activity of the CH 4-H, mixture in the SB,
that will eventually lead to autoignition.

2.3.3 \Vitiated ow’s relaxation towards equilibrium

OH radicals are produced in the rst stage of the sequential combustor and
advected toward the dilution air mixer. The OH mass fraction found at the
second stage fuel injector location, however, may signi cantly differ from
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Figure 2.8: RPA diagrams following the H atom for F go, (@, ¢) and Faeen, (b,
d). Diagrams on the top (a, b) correspond to location V 1; diagrams
on the bottom (c, d) correspond to location V 2. Fluxes units are
kmol/ m3/s. Only the uxes involved in the direct decomposition of
the fuel molecules are represented.

the one just upstream of the dilution air mixer due to the interaction with
the cold dilution air jets. The injection of cold air modi es both enthalpy
and mixture composition, shifting the chemical equilibrium point of the
mixture. Chemical activity is therefore playing an important role in the
vitiated ow as it evolves towards the new chemical equilibrium point
upstream of the sequential fuel injector. The interplay between the chemical
kinetics and the residence time between the two stages determines whether
this chemical relaxation process can be completed before the vitiated air
reaches the second stage fuel injection location.

Given the importance of OH on the ignition chemistry, its mass fraction
Yon is taken as reference to quantify the distance of the advected mixture
from chemical equilibrium. Individual thermochemical states ( S gg) are
extracted on a plane right upstream of the fuel injector from multiple

39



40 ignition and combustion of h 2-enriched ch 4 in a cpsc

instantaneous LES solutions and plotted in the OH-temperature subspace
in Fig. 2.9, where they are compared with:

- the frozen chemistry line Yion'ﬁt, which represents the mass fraction of
OH injected at the inlet of the domain, under the assumption that the
residence time in the rst stage chamber (not simulated in this work)
is long enough for having reached chemical equilibrium;

- the equilibrium states S¢q. computed assuming constant pressure and
enthalpy from the thermochemical states sampled from the LES, which
represent the conditions reached in case of fast enough chemistry once
the inlet ow and the dilution air have perfectly mixed.

The LES data highlight that the equilibrium is not reached: there is still
margin for the OH mass fraction to decrease (Fig. 2.9). Yon can span more
than two orders of magnitude between its value at the inlet and at equilib-
rium, suggesting that the combustion behavior of the sequential combustor
can be strongly affected by the distance of the vitiated air from chemical
equilibrium, as will be con rmed in Sec. 2.3.4 Parameters in uencing the
relaxation towards equilibrium just upstream of the sequential fuel injection
become therefore crucial for the operability of this type of combustors,
including not only the thermodynamic properties of the system (i.e., the
operating point), but also the combustor geometry, which directly in u-
ences the residence time and dilution air mixing process between the two
stages. As depicted in Fig. 2.9, the time needed to cover 90% of the distance
between the sampled and the equilibrium OH mass fraction is below 10
times the residence time in the combustor. Therefore, investigating the
effects of the vitiated ow’s relaxation towards chemical equilibrium is
physically relevant for this type of combustor architecture.

2.3.4 Inuence of equilibrium on the ignition process

The effects of chemical equilibrium on the ignition behavior of the sequential
stage are investigated via an additional ad-hoc LES labelled FiooH,- The Faoe,
conditions are arti cially tuned to represent the limit case where the air-
diluted vitiated ow has enough time to attain equilibrium composition
before reaching the second stage fuel injector. This is achieved according to
the following methodology:

1. the average thermochemical state of the diluted, vitiated ow right
upstream of the fuel injector is extracted from the LES, corresponding
to the average state of the § gs point cloud in Fig. 2.9
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Figure 2.9: Left: Scatter plot representing in the OH-temperature subspace the
thermochemical states extracted from the LES on a plane right up-
stream of the fuel injector (S_gs). The point distribution is projected
on both axes. The corresponding equilibrium states (Sgq) (in blue) are
obtained at constant enthalpy and pressure from S gs. Right: Scatter
plot representing the time gy, Needed to cover 90% of the distance
between the sampled and the equilibrium OH mass fractions.

2. from these conditions, the corresponding equilibrium state at constant
enthalpy and pressure is computed;

3. the composition imposed at the inlet in the LES is adjusted to retrieve,
on average, this equilibrium state, taking into account only mixing
with the dilution air and assuming no chemical reaction takes place;

4. given that chemical reactions are not taken into account when tuning
the inlet composition, chemistry is arti cially deactivated in the LES
between the main inlet and the fuel injector.

This approach results in a strati ed mixture upstream of the fuel injector

that features, on average, an amount of OH radicals comparable to the
equilibrium distribution  Seq.in Fig. 2.9. F4en, and F4%H2 are compared in
terms of chemical activity and CEMA quantities in Secs. 2.3.4.1and 2.3.4.2

2.3.4.1 Chemical activity in the sequential burner

Figure 2.10a highlights signi cant differences between F 44,1, and F4%H2
in terms of the generation of autoignition kernels in the SB. While F 494,
features an intense production of autoignition kernels in multiple regions
of the SB, FaoeH, is characterized by much weaker autoignition kernel
formation, limited to some sporadic events toward the downstream end of
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the SB. Figure2.1( represents the time-averaged normalized total power
released up to z, Po,(2) (EQ. (2.9). The trends depicted in the 2D elds are
con rmed on a longer timescale and on the whole 3D domain, highlighting

that the release of heat by combustion occurs right after the fuel injector
in F40n,, While it is postponed toward the downstream end of the SB for

F ooty The nal value reached by P, (z) at the end of the SB quanti es
the power released, on average, in the SB: approximately 23% of the total
fuel power is released by means of autoigniting kernels in F 4o,, While this
percentage drops to approximately 3% in F A%H,"

a) Q [W/m 3] b)
10/ 108 10°
FageH, | I Faoem, e
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Figure 2.10: Planar cuts of the sequential burner colored by the heat release rate
Q for Faon, (left column) and F4%H2 (right column) for multiple

instants spaced by 0.2ms (a) and pro les of Po,(2) (Eq. (2.9) in the
sequential burner as function of the streamwise coordinate (b).

Figure 2.11depicts the time-averaged consumption rates of CH 4 (bC,CH4)
and H» (bC,HZ) in the SB. They are computed summing the contributions of
all the reactions characterized by negative stoichiometric coef cients for the
fuel molecules. Reversible reactions are split into forward and backward
reactions that contribute individually to the sums. %h8,'j4 and %RS'; quan-

tify the relative contributions of reactions R8ﬂ4 (CH4+ OH CH3+ H5,0)
and R(HDE' (Hz+ OH  H+ Hy0) to by, and bgyy, respectively. The
averaging operation is performed over 10 ms.

In F961,, the out-of-equilibrium ow composition promotes the forma-
tion of a chemically active region in the recirculation zone attached to
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the fuel injector (Z1 in Fig. 2.2) where both CH 4 and H, molecules are
decomposed. In agreement with the analysis in Sec.2.3.2 OH is the main
responsible for fuel consumption with the reactions R8ﬁ4 and Rﬁ'; ac-

counting for more than 80% of bC,CH4 and bC‘HZ, respectively. Proceeding
downstream in the SB, part of the excess OH advected from the rst stage
is consumed and a pool of active radicals and intermediate species is pro-
gressively built: new pathways of CH 4 decomposition are available and
%Pg,'jAr decreases to roughly 50%. The H, consumption pathways are less

affected by this behavior and %hﬂg remains above 70% proceeding toward

the end of the SB.

Conversely, in F4%H2, weaker fuel decomposition is taking place close
to the fuel injector compared to F 40,,, With a slight increase toward the
end of the SB. Both bC,CH4 and bC,HZ are approximately one order of
magnitude smaller than in F 49,,. Furthermore, the relative importance
of OH is reduced, especially for CH 4 decomposition where %Rg,'j4 is

approximately 60%.
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Figure 2.11: Planar cuts of the SB colored by the time-averaged CH4 consumption
rate bC,CH4 (a), the time-averaged H, consumption rate bC,H2 (b),
%R8,:'4 (c), and %RS;‘ (d). %R8E4 and %RSE' are represented only
in the regions where by, and b, are above the threshold value
of 10 mol/m 3/s. The elds are the result of a 10 ms average.

2.3.4.2 Analysis of the explosive modes

The Fae1, and F4%H2 results are now analyzed with respect to their CEM.
0D reactor simulations computed with Cantera [ 101] are used to support
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the analysis. The initial state of the OD simulations is set by mixing fuel
and vitiated air. The vitiated air composition is varied to construct three
scenarios: Rigsh,, Rygen, @nd Rg%Hz. Rager, and Ryg,, mimic the F 4944, and
F4%H2 cases, respectively. Therefore, the thermochemical state of the vitiated
air is set at the average conditions right upstream of the fuel injector for
RaoeH,, While it is set at chemical equilibrium for R 4%H,- RQ%HZ represents a
limit case where the vitiated ow consists only of major species (i.e., N »,
05, H,0 and CO»). The 0D reactors are adiabatic and isobaric.

The results of the OD reactor analysis are depicted in Figs 2.1Z-f. Fig-
ures 2.14-f are generated assuming perfect mixing between the fuel and
the vitiated air. As highlighted in Fig. 2.12, the presence of radicals in
the vitiated air in uences only the beginning of the ignition processes by
quickening the initial fuel-decomposition and radical build-up phase. After
the initial transient, no difference emerges in the evolutions of the states
Of RageH,» Rygep, and RO n,- The initial fuel decomposition phase features
CH3 as the dominating species of the CEM (Fig. 2.1%). The CH3-dominated
phase appears in both the R4%H2 and RS%HZ reactors, while it is completely
bypassed in RseH, due to the high presence of radicals in the vitiated air.
The additional time spent by the R 4%H, and RQ%HZ mixtures in the CH 3-
dominated phase leads to an increase in the ignition delay compared to
RawH,. The same trend is observed also for other mixture fractions around
the perfectly mixed one (Fig. 2.1Z). In particular, the leaner the mixture,
the larger the relative effect of the vitiated air composition on the ignition
delay. These results can be linked with the ones observed in Fso, and
Faoom,- The elds of and of the largest El entry are represented in the

planar cuts in Figs 2.12a and b only in the regions where  ( ) thr
indirectly highlighting that ( e) is above the threshold value in large
portions of the domain also in F A%H," This is expected also from the 0D
analysis (Fig. 2.1), where the vitiated ow composition has almost no
inuence onthe ( ¢) value before ignition. The extended | | < 1regions
upstream of the ame front highlight that the explosive mode is dominated
by the chemical source term almost everywhere in F4%H2. The autoignition
chemistry is therefore playing a role in the unburned gases. Nevertheless,
the increase in ignition delay highlighted in Fig. 2.12 hinders the capability
of the advected mixture to form autoignition kernels within the physi-
cal boundaries of the SB. The advected mixture has not enough time to
react upstream of the main ame brush, leading to a weaker impact of
autoignition chemistry on the main ame stabilization mechanismin F .,
as opposed to FH,. The El eld suggests that the chemical activity in
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Figure 2.12: Planar cuts colored by (Eqg. (2.8)) (a) and EI (Eq. (2.4) largest
entry (b) for F 4944, (top) and F 406H, (bottom). Results of CEMA for
0D reactors in terms of: autoignition delay A, as function of the
mixture fraction between fuel and vitiated air (c); real part of CEM
eigenvalue ( &) (Eg. (2.3) (d); proles of OH, CH 3 and CH,O
mass fractions as function of time (e); El of temperature, CH >0 and
CH 3 as function of time (f). The time coordinate in e) and f) is shifted
by A to make all reactors ignite at 0 ms. The vertical, dashed line
in ¢) indicates the Perfectly Mixed (PM) mixture fraction.
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Fa%om, is mainly associated with the radical build-up phase by means of fuel
oxidation. In analogy with R A%Hy CH3-dominated regions appear close
to the fuel injector in F 4%H, followed by CH ,O-dominated regions that
extend in the whole SB. As opposed to the Fao, Case and in agreement
with the autoigniting kernel suppression already discussed, a transition to
the thermal runaway phase is not observed within the SB in F 4%H,"

2.4 conclusions

The present chapter reports the results of a numerical investigation on the
ignition and combustion behavior of pure CH 4 fuel (case Fyyn,) and of two
Ho-enriched CH 4 fuel blends (cases Fo,n, and Faon,) in the second stage of
a sequential combustor, performed using LES in combination with a precise
description of the chemistry. It is found that, for the operating conditions
considered, replacing 4% in mass of CHy with H 5 (FaH,) Signi cantly
changes the behavior of the sequential stage, causing autoignition events
in the sequential burner, upstream of the main ame brush. This effect is
weaker if only 2% of fuel mass is replaced by Hy (Faon,): approximately
5 times less fuel burns in autoignition mode upstream of the combustion
chamber compared to Fao1,. Analysis of the explosive modes highlights in-
creased chemical activity and explosiveness of the mixture upstream of the
main ame brush as the amount of H , increases. Regions undergoing ther-
mal runaway are clearly identi ed inthe F 490, Case. The combustion modes
in the sequential burner and combustion chamber are strongly in uenced
by minor combustion products advected from the rst stage, especially
hydroxil (OH) radicals. Indeed, as shown via Reaction Path Analysis (RPA),
they induce a prompt fuel oxidation near the fuel injector, enhancing the
chemical activity in the sequential burner and ultimately leading to the
formation of autoignition kernels in the F 49,4, case. This is primarily due
to the large concentration of OH upstream of the fuel injector, whose mass
fraction is, on average, approximately an order of magnitude higher than
that at chemical equilibrium. The importance of the out-of-equilibrium
composition in determining the combustion mode of the second stage is
demonstrated performing an additional ad-hoc LES (F4%H2) where chemical
equilibrium is arti cially imposed in the vitiated air ow upstream of the

fuel injector. Compared to F 4041, F4%H2 features weaker fuel oxidation in
the sequential burner and the inhibition of autoignition kernels formation.
Therefore, parameters affecting the relaxation towards chemical equilibrium
of the vitiated air ow are expected to interfere with the behavior of sequen-
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tial combustors operating at autoignition conditions with varying fractions
of H» blending. These include both the thermodynamic conditions, which
de ne the equilibrium point, and the combustor geometry, which affects

the residence time and determines whether the equilibrium can be reached.

The ndings of this study will be useful for the development of sequential
combustors capable of switching from pure natural gas to pure hydrogen
without compromising on the very low pollutant emissions and on the
high combustor outlet temperature targets. They highlight the sensitivity of
the combustion regime to both fuel composition and vitiated air relaxation
towards chemical equilibrium, which can have consequences on pollutant
formation, acoustics, and mechanical integrity of the system.
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NONLINEAR DYNAMICS AND THERMOACOUSTIC
INTERMITTENCY OF AHYDROGEN-POWERED
CONSTANT PRESSURE SEQUENTIAL COMBUSTOR

This chapter experimentally investigates the coupling between thermoacoustic insta-
bilities and autoignition kernel formation in Constant Pressure Sequential Combus-
tors (CPSCs). Two fuel types are examined: a less reactive methane-hydrogen blend
(Fch,) and pure hydrogenKy,). By increasing the thermal power of the rst
stage, thermoacoustic instabilities arise in both con gurations, albeit with distinct
behaviorsF ¢y, exhibits a gradual onset of instability, whereag, undergoes

a subcritical Hopf bifurcation, characterized by abrupt, intermittent transitions
between linearly stable states and limit cycles, at intermediate rst-stage power
values. Distinct acoustic pressure spectra are observed during instabilify;
features a single dominant peak arou@0 Hz, while Fy, displays multiple
high-amplitude peaks corresponding to harmonics of the fundamental frequency
near400 Hz. A strong coupling is revealed between acoustic uctuations and
autoignition kernel formation. WithFc,, the temporal evolution of the CH
chemiluminescence associated with these kernels follows a quasi-sinusoidal pro le
at the instability frequency, whereas wilhy,,, it consists of sharp pulses synchro-
nized with the fundamental acoustic mode. Although existing Low-Order Models
(LOMs) successfully capture the experimental behavidf gy, they fail to repli-

cate the complex dynamicsfef;,. To address this, a novel LOM incorporating

a strongly nonlinear Heat Release Rate (HRR) feedback term is developed, specif-
ically tailored for con gurations with signi cant coupling between autoignition

and thermoacoustics. This model successfully replicates the key spectral features
of Fy,, underscoring the need for advanced models to accurately reproduce the
complex thermoacoustic behavior of sequential combustors. The ndings of this
study provide a deeper understanding of the challenges associated with sequential
combustors operating under autoigniting conditions, particularly in the context of
decarbonization through 100% hydrogen operation.

This chapter is based on "Nonlinear dynamics and thermoacoustic intermit-
tency of a hydrogen-powered sequential combustor” by M. Impagnatiello,
S. Shcherbanev, B. Dharmaputra & N. Noiray submitted to Combustion and
Flame.
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3.1 introduction

The Constant Pressure Sequential Combustor (CPSC) architecture 86|, in-
troduced in Sec. 1.3.1.2 combines exibility, ef ciency, and low pollutant
emissions [35, 43, 74, 82]. This architecture consists of two lean ames
burning in series at nearly the same pressure. Nevertheless, their ther-
mochemical conditions are signi cantly different, resulting in different
combustion regimes [39-41]. In the rst stage, the reactants are below
their autoignition temperature, leading to a propagating ame that is aero-
dynamically anchored within the combustion chamber. In contrast, the
second-stage reactants are at a higher temperature and contain elevated
levels of active radicals [39], allowing autoignition chemistry to play a key
role in ame stabilization [ 42, 69-72]. Autoignition-stabilized ames are
highly sensitive to variations in local thermochemical properties [ 77, 127,
12§, posing challenges when transitioning to carbon-free yet highly reactive
fuels such as hydrogen.

In CPSCs, extended operational exibility is enabled by the possibility to
redistribute thermal power (i.e., fuel) between the stages, based on speci c
needs. However, similar to conventional single-stage combustor architec-
tures, the operational range of these combustors is limited by thermoa-
coustic instabilities. These instabilities can cause high-amplitude acoustic
pressure oscillations within the combustor, causing fatigue-induced failures
of structural components [ 51, 129. In turn, avoiding them allows the oper-
ator to run the gas turbine at its best conditions, with maximum thermal
cycle ef ciency and minimum NO y emissions. Modeling, predicting, and
controlling these instabilities in CPSCs is particularly challenging due to
the direct communication between the two ames via acoustic and entropy
waves. Additionally, acoustic uctuations can interfere with the autoignition
process [b4, 69, 71, 130, potentially leading to a thermoacoustic-autoignition
coupling that further complicates the understanding and modeling of these
systems.

Compressible Large Eddy Simulations (LES) are a powerful tool for
simulating the complex interactions between acoustics, ames, and ow
dynamics in these systems. However, LES remains computationally expen-
sive and may exhibit inaccuracies when applied to hydrogen combustion
due to the current lack of well-established subgrid models that capture the
interactions between thermodiffusive instabilities and turbulence [ 30].

A much more computationally ef cient alternative for the prediction of
thermoacoustic dynamics consists of Low-Order Models (LOMs). Although
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LOMs rely on simplifying assumptions, they help identify the dominant
mechanisms and key features of the combustor thermoacoustics, thereby
enhancing the understanding of the underlying physics.

The objective of the present chapter is to experimentally investigate
the characteristics of the thermoacoustic-autoignition coupling in a lab-
scale constant pressure sequential combustor. To address the challenges of
transitioning to pure hydrogen operation, two fuel types are explored: a less
reactive methane-hydrogen blend and pure hydrogen. Acoustic data and
ame images obtained using OH * chemiluminescence are analyzed, with
the ndings presented in Sec. 3.3. Following this, a novel LOM approach is
introduced in Sec. 3.4to further elucidate the key features of this coupling.
This study highlights the limitations of existing approaches and proposes a
novel pathway for systems where thermoacoustic instabilities are coupled
with strong autoignition events.

3.2 method
3.2.1 Experimental Setup

The experiments have been conducted with the ETH sequential combustor,
depicted in Fig. 3.1 The combustor consists of two axially-staged lean ames
burning in technically-premixed mode. The main air ow is introduced at
the combustor inlet and mixes with the rst-stage fuel, which is injected
through a matrix burner. The matrix burner comprises 16 round channels
in a 4x 4 arrangement. The rst-stage ame anchors at the exit of the
matrix burner, inside a combustion chamber with a square cross-section of
62x 62 mm?,

Further downstream, the dilution air is injected through 24 injection
holes located in the Dilution Air (DA) mixer. This module features four
large vortex generators that enable rapid mixing between the rst-stage
burned gases and the dilution air. The cross-sectional area transitions to
38x 25 mm? throughout the DA mixer.

The second-stage fuel is injected within the Sequential Burner (SB) via an
airfoil-shaped axial fuel injector, equipped with two lateral vortex generators
designed to enhance fuel mixing with the surrounding gases. The second-
stage combustion chamber, located at the exit of the SB, also has a square
cross-section 0f62x 62 mm?. Both the SB and the combustion chambers
are 250 mm in length. An adjustable ori ce at the combustor outlet allows
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Figure 3.1: Schematic of the experimental combustor setup. The positions of the
piezoelectric sensors are marked as H to P8. Key components of the
combustor, including the matrix burner, dilution air mixer, sequential
burner, and combustion chambers, are highlighted.

for control of the acoustic boundary conditions at low Mach number by
varying the outlet area, which is set to 2450 mm 2 for these experiments.

Lateral, air-cooled quartz windows enable optical access to the combustor.
Images of the second stage are captured using a high-speed CMOS camera
(LaVision star X) paired with a high-speed intensi er (LaVision HS-IRO).
The camera is equipped with a CERCO 45 mm UV lens (F/ 1.8) and a
band-pass Iter (Edmund Optics, centered at 310 nm, FWHM 10 nm) to
capture high-speed, line-of-sight integrated OH * chemiluminescence. The
camera frame rate is set to either2 or 5 kHz, depending on the operating
conditions, with an acquisition time of 1 s.

Fluctuations in the volume-integrated OH * chemiluminescence in the
SB are recorded using a photomultiplier (Hamamatsu H 10720 equipped
with an ampli er unit (C 9999 and an optical narrowband 10 nm lIter
centered around 310nm. This setup is speci cally aimed at detecting local
autoignition events within the SB.

Acoustic pressure measurements are taken at eight locations using piezo-
electric sensors (Kistler 211B5), labeled P1 to P8 in Fig. 3.1 Data from the
photomultiplier and piezoelectric sensors are acquired using a National
Instruments DAQ system at a sampling frequency of 20 kHz, with an ac-
quisition time of 25s per experiment. These data are high-pass Itered with
a cutoff frequency of 30 Hz to remove the low-frequency drift from the
acoustic sensors and the acquisition system.
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3.2.2 Operating Points

The primary objective of this work is to study the coupling between auto-
ignition and thermoacoustics in CPSCs. To illustrate how fuel reactivity
in uences this coupling, two different fuel con gurations are investigated:
(i) a methane-hydrogen blend (Fcy,), and (i) pure hydrogen ( F,).

In gas turbines equipped with CPSCs, the thermal power distribution
between the two stages is typically adjusted to optimize pollutant emissions
and ef ciency in response to operational demands. However, these adjust-
ments affect the temperature of the ow between stages, in uencing the
autoignition behavior of the second-stage mixture and potentially altering
its interaction with the system’s acoustics.

This scenario is replicated experimentally, as similarly done in [ 131], by
varying the Power Split (PS) parameter, de ned as:

PlSt

where P*" and P2" represent the thermal powers in the rst and second
stages, respectively.PSis varied by redistributing the fuel mass ows while
maintaining xed fuel compositions in both stages. During the experiments,
the total thermal power of the combustor is kept constant at 88kW for Fcy,
and 86 kW for Fy,. The main air (my) and dilution air ( mpa) mass ows
are also xed: mya = 22g/s (pre-heated to 573K) and mpa = 10g/s for
FcH, Muwa = 27 g/s (injected at 300 K) and mpa = 10 g/s for Fy,.

Six operating points are investigated for each fuel con guration, as
summarized in Table 3.1

As PSincreases, the rst stage equivalence ratio ( ) rises, resulting in a
hotter ow in the SB. According to 0D simulations performed using isobaric
Cantera [10]] reactors, the mean temperature at the inlet of the SB varies by
approximately 100K across the range of experimental conditions. Due to
the nonlinear dependence of autoignition chemistry on temperature, the
autoignition delay of the second-stage mixture decreases by approximately
an order of magnitude across the investigated operating conditions, from a
few milliseconds to fractions of a millisecond.

As a result, autoignition kernels may form in the SB, leading to a transi-
tion of the second-stage combustion regime from propagation-stabilized
to autoignition-stabilized [ 41]. The PSranges selected are speci cally ad-
justed to capture the full transition from a ame stabilized in the sequential
combustion chamber to one anchored in the recirculation zone near the
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Fch,
15t Stage 2.4 Stage Global
My, McH, My, McH, PS Label

0.064 0.74 067 0.043 0.76 0.85 52% A
0.066 0.76 0.69] 0.042 0.74 0.85 53%

0.068 0.78 0.71| 0.041 0.72  0.85| 55% C
0.070 0.80 0.73| 0.040 0.70 0.85| 56% D
0.071 0.82 0.75/ 0.039 0.68 0.85 57% E
0.073 0.83 0.76| 0.038 0.67 0.85 58% F
Fu,
1t Stage 2.4 Stage Global

my, McH,, my, McH,, PS Label
0.299 / 0.38 | 0.421 / 0.54 | 41% A
0.309 / 0.39 | 0.410 / 0.53 | 43%

0.318 / 0.40 | 0.400 / 0.53 | 44% C
0.328 / 0.41 | 0.390 / 0.52 | 45% D
0.340 / 0.43 | 0.379 / 0.51 | 47% E
0.350 / 0.44 | 0.370 / 0.50 | 48% F

Table 3.1: Experimental operating points for the Fcy, (top) and Fy, (bottom)
con gurations. For both stages, the mass ows of H , (my,) and CH4
(mch,) are reported in g/s, with the corresponding equivalence ratio

fuel injector. Consequently, the two fuel con gurations are comparable in
terms of the combustion regimes they induce. Due to the higher reactivity
of Hj, the Fy, con guration requires a lower PSrange to achieve similar
autoignition delays as those in the CH 4 case.

For both con gurations, the operating point leading to the anchoring of
the second-stage ame at the trailing edge of the fuel injector is excluded
from the analysis. This scenario, characterized by a signi cantly different
ame morphology, falls outside the scope of the present study, and is un-
wanted in practical systems during steady-state operation, due to the high
NO emissions produced in the resulting non-premixed ame condition, as
well as the excessive thermal loads at locations that are not designed to with-
stand them, which could potentially compromise the system’s mechanical
integrity.
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The combustor is operated at atmospheric pressure. It is important to
note that, for hydrogen ames in practical applications, the higher pres-
sure would affect the turbulent burning rates due to its in uence on the
interaction between thermo-diffusive and hydrodynamic instabilities. This
would impact both ame stabilization within the combustion chamber and
the growth mechanism of igniting kernels upstream of the main ame
brush, potentially altering the system’s dynamics. Furthermore, pressure
affects the ignition delay time of pure hydrogen mixtures: the ignition delay
decreases with pressure up to a certain point before rising again, with
the location of this minimum depending on the speci ¢ thermochemical
state of the mixture. The system’s behavior under high-pressure conditions
results from a complex interplay of these phenomena, which cannot be
fully determined a-priori. Studies on autoigniting hydrogen mixtures at
high pressure are currently lacking in literature, and this topic will be the
focus of future research.

3.3 results
3.3.1 Acoustics of the sequential combustor

Figure 3.2 provides an overview of the effects of power split variation
on the pressure uctuations amplitude. The Root Mean Squared (RMS)
values of the acoustic pressure are computed from measurements taken at
three different locations: the rst stage combustion chamber, the sequential
burner, and the second stage combustion chamber.

For both fuel con gurations, increasing the rst stage power (i.e., in-
creasing PS) results in stronger uctuations. The Fy, con guration, in
particular, exhibits signi cantly larger RMS values across all measured
locations, nearly an order of magnitude higher than those observed in Fcp,.
These ndings suggest that, under the present operating conditions, pure
H, fueling poses substantial challenges to the operability of the present
CPSC geometry with respect to thermoacoustic instabilities.

The acoustic pressure signals recorded in the rst stage combustion
chamber (P3) are depicted in Fig. 3.3 as function of time. Similar trends are
observed at other locations within the combustor, therefore only data from
P3 are shown for brevity.

In the Fcn, con guration, the system transitions smoothly from a lin-
early stable to a linearly unstable state, leading to a stable thermoacoustic
limit cycle. The amplitude of the acoustic pressure uctuations gradually in-
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Figure 3.2: Root mean squared values of the pressure as function of the power
split PS parameter for the Fcy, (left) and Fy, (right) con gurations.
Results are recorded using three different microphones located in the
rst stage combustion chamber (P 3), in the sequential burner (P5),
and in the second stage combustion chamber (P7) (see Fig3.1).

creases asPSis raised. This smooth transition, when considering PSas the
bifurcation parameter, is characteristic of a supercritical Hopf bifurcation.

In contrast, the Fy, experiments reveal more complex behavior. While
sporadic, short pressure bursts occur at PS = 43% the system remains
largely thermoacoustically stable for PS  43%. However, as the power
split increases to between 44% and 45%, intermittent behavior emerges.
The system alternates between two states at irregular intervals: a linearly
stable state with low-amplitude pressure uctuations, and a linearly unsta-
ble state with high-amplitude pressure uctuations. While the maximum
acoustic pressure amplitude during these unstable periods is only slightly
in uenced by the power split, the duration of each high-amplitude burst
clearly increases with PS. This intermittent behavior suggests a subcritical
Hopf bifurcation for pure H 5 operation, where small disturbances can push
the system into instability and trigger high-amplitude self-sustained oscilla-
tions. Once the power split exceeds 46%, the system no longer returns to the
linearly stable state and remains on a limit cycle for the entire experimental
run.

The spectral information from the two series of experiments is depicted in
Figs. 3.4and 3.5. To lter out the uncorrelated pseudo-noise at the different
positions of the piezoelectric sensors, Proper Orthogonal Decomposition
(POD) is performed on the acoustic pressure signals from the eight sensors
(Fig. 3.1). For each experiment, the rst modal amplitude, (t), is used as
the reference signal to extract the corresponding spectrum.
























































































































































































































