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ARTICLE INFO ABSTRACT

Communicated by: Cummings Russell Hydrogen is increasingly being used in the aerospace sector as a clean energy source. The premixed combustion

of hydrogen-air mixtures in porous media has received considerable attention, with the aim of enhancing
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Aerospace sector This work experimentally investigates the influence of hydrogen enrichment on the morphology, spectral

;ydrogen response, and temporal coherence of premixed methane-hydrogen combustion flames in a swirl-stabilized
ames

combustor at atmospheric pressure. Three fuel compositions (0%, 30%, and 40% H: by volume) were tested
at constant thermal power (4.6 kW) and equivalence ratio (¢ = 0.8). Hydrogen addition produced more compact,
intense, and symmetric CH* and OH* chemiluminescence fields, indicating increased reactivity and stronger
localization of the reaction zone.

However, this morphological compactness was accompanied by a marked increase in dynamic instability. The
main acoustic peaks rose from about 225 and 195 Pa at 240 and 300 Hz in the methane flame to 526 and 496 Pa
at 30% H, while at 40% H- the dominant peak shifted to 310 Hz and reached 581 Pa, together with a broader
spectral distribution. SPOD revealed a progressive shift from low-frequency coherent structures to fragmented
higher-frequency modes, with CH* and OH* dominant frequencies extending up to 207.5 Hz at 40% H2. Tem-
poral autocorrelation further showed a transition from stable periodic behavior at 0% H: to strong mid-frequency
coherence at 30% H: and rapid decorrelation at 40% Ha. The results demonstrate that hydrogen enrichment
simultaneously enhances flame compactness and amplifies unsteady flame-acoustic interactions, defining a clear
trade-off between combustion reactivity and dynamic stability.
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Combustion technologies
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1. Introduction

Hydrogen (H:) is increasingly recognized as a promising energy
carrier due to its ability to generate energy with zero direct carbon
emissions during combustion, producing primarily water as the main by-
product. This characteristic makes hydrogen a key candidate for
decarbonizing both energy and transportation sectors, supporting global
efforts toward net-zero emissions. In addition to its clean combustion
properties, hydrogen plays a crucial role in integrated energy systems,
where its production, purification, and utilization are being actively
developed to improve efficiency and reduce environmental impact [1].
To meet decarbonization goals, it is shifting toward sustainable pro-
pulsion systems designed to reduce emissions, improve fuel efficiency,
and integrate cleaner energy sources, making future aircraft quieter and
more efficient [2,3].

Recent studies in the aviation sector have highlighted advances in
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hydrogen-based processes, including low-carbon combustion pathways,
purification of industrial off-gases, and syngas production routes that
serve as intermediates for the synthesis of sustainable aviation fuels
(SAFs) and hydrogen, thereby supporting their potential integration into
future aeronautical energy systems. The safety and performance aspects
of hydrogen-air systems continue to be investigated to ensure reliable
large-scale deployment in aviation, where SAFs are increasingly being
considered [4-7]. While the long-term goal is a transition to 100% green
hydrogen with minimal environmental impact, near-term strategies
focus on blending hydrogen with natural gas, primarily methane, to
partially decarbonize gas turbines and industrial combustion processes
[81.

In this context, detailed knowledge of flame dynamics and structural
properties of hydrogen as a SAF is fundamental for understanding
combustion development and the associated performance [1,9-12].

Modern combustion systems emphasize "fuel flexibility," the ability
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to safely and efficiently operate with variable hydrogen fractions,
including hydrogen carriers like ammonia [13]. Hydrogen differs from
methane in terms of laminar flame speed, increasing from SL = 0.3 m/s
for methane to SL = 2.5 m/s for pure Hz under stoichiometric conditions
[14]. Stable combustion requires the flow velocity to match the flame
propagation speed; deviations can lead to upstream flame movement.
While methane flames are generally stable with well-defined ignition
and flammability limits, hydrogen’s wide flammability range (4-75% by
volume in air versus 5-15% for methane) and high diffusivity present
both operational flexibility and challenges for flame stabilization [15].
Additionally, Hz flames reach higher adiabatic temperatures, potentially
increasing NOx emissions, although lean premixed operation can miti-
gate thermal NOx through reduced oxygen availability and shorter
residence times [16]. Hydrogen-enriched methane blends thus offer
potential advantages in reducing emissions while maintaining efficient
combustion [17,18].

Several studies have investigated hydrogen addition in different
burner configurations. Early work focused on dual-fuel and swirl-
stabilized systems, analyzing flame stabilization, pollutant formation,
and combustion dynamics. Marragou et al. [19] examined CHa/H-
dual-fuel swirl burners, while Patel et al. [20] studied hydrogen
enrichment effects on swirling and non-swirling inverse diffusion
flames. Kwak et al. [21] and Li et al. [22] investigated forced responses
of CHa/Hz flames in dual-nozzle swirl-stabilized combustors, and An
et al. [23] explored flame-shape transitions in 3D-printed low-swirl
Hz-enriched CHas/air burners. Guo et al. [24] demonstrated that
hydrogen addition affects combustion intensity and radical concentra-
tion at the flame attachment in CHs/Hz/air mixtures (ZHz2 = 0%, 40%,
80%), where ZH- represents the hydrogen volume fraction in the fuel
mixture. Other works examined hydrogen-enriched flames across
different scales and geometries: Wu et al. [25] studied stabilization in
He-fueled reacting wall-jet flames, Kim et al. [26] investigated flame
characteristics under varying swirl strengths using PIV, thermocouples,
and OH chemiluminescence, and Morsy and Yang [27] analyzed in-
stabilities in laminar CHa/Hz/air flames. Yilmaz et al. [28] and Reyes
et al. [29] focused on flame propagation and instabilities in CHa/H>
mixtures, while high-fidelity simulations by Xie et al. [30], Castellani
et al. [31], Park et al. [32], Jejurkar et al. [33], and Cai et al. [34]
examined flame stability and turbulence-reaction coupling in
hydrogen-enriched flames. Pachano et al. [35] conducted numerical
simulations on lean natural gas flames with varying hydrogen concen-
trations in a PRECCINSTA system, highlighting flame lift-off and stabi-
lization through recirculation zones and effective fuel-air mixing under
lean conditions to limit NOx emissions. Despite this extensive research,
the combined spatial, spectral, and temporal effects of hydrogen
enrichment under premixed and swirl-stabilized conditions remain
insufficiently understood. The present work investigates flame behavior
in a new burner operating under premixed methane conditions, focusing
on the effects of hydrogen enrichment on flame structure and dynamics.
The analysis encompasses multiple levels. First, a spatial characteriza-
tion of the flame structure identifies potential changes in morphology
with varying hydrogen content. Subsequently, high-frequency compo-
nents [200-500 Hz] associated with the acoustic field are examined
through microphone measurements to capture pressure fluctuations
linked to flame-acoustic interactions. Finally, low-frequency compo-
nents [15-200 Hz] are analyzed using Spectral Proper Orthogonal
Decomposition (SPOD) applied to processed images of CHs/H flames,
along with spatial autocorrelation, to isolate coherent structures and
dominant energetic modes within the flame. This integrated approach
enables the identification of how hydrogen enrichment modifies the
flame’s compactness, symmetry, and dynamic stability, providing in-
sights into the interplay between enhanced chemical reactivity, turbu-
lence, and thermoacoustic feedback.

Hydrogen’s high diffusivity and low Lewis number promote faster
flame propagation and preferential diffusion effects, leading to
increased flame-front wrinkling and radical production. Consequently,
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hydrogen addition affects both flame stabilization and the formation of
coherent structures, impacting oscillatory behaviors and instabilities
across multiple frequency ranges. By combining spatial, spectral, and
temporal analyses, the study offers a comprehensive understanding of
the effects of hydrogen enrichment, addressing gaps in the literature
regarding partially premixed, swirl-stabilized flames. This work con-
tributes to optimizing hydrogen-methane combustion in practical ap-
plications, enhancing flame stability, efficiency, and control while
supporting the broader transition toward low-carbon energy solutions.

The rationale of the present study is to clarify how hydrogen
enrichment modifies not only the mean topology of premixed methane
flames, but also their spectral response, coherent structures, and insta-
bility development in a swirl-stabilized combustor. While previous
studies have addressed individual aspects such as flame stabilization,
emissions, global chemiluminescence, or numerical flame stability, a
combined analysis integrating CH*/OH* chemiluminescence imaging,
geometrical flame descriptors, acoustic measurements, SPOD-based
modal decomposition, and autocorrelation analysis remains limited.
The objective of this work is therefore to provide an integrated experi-
mental characterization of the spatial, spectral, and temporal effects
induced by hydrogen enrichment in methane-hydrogen swirl-stabilized
flames.

2. Materials and methods

This section details the experimental setup and methodology used to
investigate flame dynamics in premixed methane-hydrogen combus-
tion, with a focus on identifying the mechanisms driving pressure os-
cillations and low-frequency instabilities.

Section 2.1 provides a detailed description of the experimental setup,
including the combustion chamber, the fuel supply and mixing system,
and the equipment used for both acoustic and optical measurements.
Section 2.2 focuses on the application of high-speed chemiluminescence
imaging to visualize the emissions of reactive radicals (CH* and OH*). It
also introduces the use of Zernike moments and Hu invariant moments,
which are useful for analyzing the topology and symmetry of the flame
under various operating conditions. Zernike moments provide a
compact mathematical description of flame shape by decomposing the
image into orthogonal spatial patterns. Higher-order moments are
associated with increasingly complex geometric features and asymme-
tries. Hu invariant moments are shape descriptors that remain un-
changed under translation, rotation, and scaling, making them
particularly useful for comparing flame structures under different
operating conditions.

Section 2.3 introduces the Spectral Proper Orthogonal Decomposi-
tion (SPOD) method, a modal decomposition technique employed to
identify dominant spectrally coherent structures within the image se-
quences, thereby allowing the characterization of the prevailing insta-
bility modes. Unlike conventional POD, SPOD identifies coherent
structures associated with specific frequencies, enabling the investiga-
tion of frequency-dependent flame dynamics and instability mecha-
nisms. Finally, Section 2.4 is dedicated to the analysis of acoustic signals
acquired via microphones, with the aim of identifying dominant fre-
quencies in the system and correlating them with the dynamic phe-
nomena observed optically. The autocorrelation function quantifies the
temporal persistence of flame structures by measuring the similarity of a
signal with itself at different time delays.

2.1. Experimental setup

Flame stabilization under varying hydrogen enrichment levels was
investigated using an atmospheric-pressure swirl-stabilized burner. The
system comprises a central injector mounted on a support nozzle and a
quartz-windowed combustion chamber (105 x 360 mm) that enables
high-resolution optical diagnostics. A single burner configuration
ensured the formation of an attached flame, as shown in Fig. 1a.
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Fig. 1a. Experimental Set-Up.

Swirled flames were generated using an air-blast nozzle with an
effective outlet area of 319 mm?, representative of the geometrical scale
of aero-engine combustors, similar to the configuration investigated by
Kasabov et al. [36]. The nozzle assembly includes two concentric air
swirlers: Swirler 1 with a geometric swirl number of 0.76 and Swirler 2
with a swirl number of 0, followed by an air diffuser. Methane and
hydrogen are injected axially through a central tube, while the primary
and secondary air flows are supplied through distinct inlets in the lower
and upper sections of the nozzle holder (see Fig. 1b). Since Swirler 2
does not impart angular momentum to the flow, its role should be
interpreted as part of the fuel/air injection and mixing arrangement
rather than as an active swirl-generating element.

Experiments were conducted at an inlet air temperature of 298 K. To
ensure a constant thermal power output of 4.6 kW and a fixed equiva-
lence ratio of ¢ = 0.8, the fuel and air flow rates were adjusted
accordingly for each test case. Three fuel mixtures were investigated:
pure methane and two methane-hydrogen blends with increasing
hydrogen content. The complete set of operating conditions is summa-
rized in Table 1.

For each hydrogen-enrichment condition, the methane and hydrogen
flow rates were adjusted to maintain an approximately constant thermal
power of 4.6 kW, while the air flow rate was kept fixed at 100 I/min. Asa

Secondary
air inlet

Primary

air inlet

t

Fuel inlet

Table 1
Experimental Conditions.
Case  H,vol Thermal Power [kW] CH4[l/ Hy[l/ Air [l/ @
[%] (Pyzo Thermal Power min] min] min]
[%]1)
1 0% 4.6 (0%) 8.33 0 100 0.793
2 30% 4.6 (~51%) 7.33 3.33 100 0.777
3 40% 4.6 (~62%) 6.85 5 100 0.771

result, the equivalence ratio remained close to the nominal lean value of
@ = 0.8, with slight variations among the investigated cases.

For the operating conditions investigated here, a mean air bulk ve-
locity of approximately 5.22 m/s was estimated for all operating con-
ditions and the bulk Reynolds number based on the effective outlet area
and equivalent nozzle diameter is approximately (7.2 x 10%).

Methane and hydrogen were injected axially through the central fuel
tube. the estimated total fuel injection velocities are approximately 0.90
m/s for the pure methane case, 1.15 m/s for the 30% H- case, and 1.28
m/s for the 40% H- case.

Acoustic pressure signals were recorded simultaneously using a Bruel
& Kjaer microphone (model 4189 A 021), positioned at a height of 39 cm

— Diffuser ——88

— Secondary swirler

— Prefilmer x

" Primary swirler

~ Inlet

Fig. 1b. Zoomed-in view of the burner central region showing the air and fuel flow paths.
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from the burner outlet and at a radial distance from the burner center of
11 cm, ensuring optimal sensitivity to pressure fluctuations originating
from flame-acoustic interactions. The microphones were positioned at a
radial distance of 11 cm from the burner axis (approximately 4.1 times
the burner outlet diameter, D = 27 mm). The signals were acquired via a
National Instruments NI-9324 data acquisition module at a sampling
rate of 25 kHz, controlled through LabVIEW software. Microphone
calibration was performed using a reference acoustic source. All acoustic
data were post-processed in MATLAB®, including background noise
subtraction and frequency-domain analysis.

2.2. High-speed chemiluminescence imaging

High-speed chemiluminescence imaging was employed to investi-
gate flame structure by capturing CH* (431 nm) and OH* (307.1 nm)
emissions, which indicate different combustion zones. CH* marks the
inner reaction zone and main heat release, while OH* corresponds to
high-temperature oxidation in the outer flame front [37,38].

The imaging setup consisted of a high-speed CCD camera (Phantom
M320S), a UV lens (Nikon F/105 mm, f/4.5), a Lambert-type image
intensifier, and two band-pass filters centered at 431 nm (CH*) and
307.1 nm (OH*). Images were acquired at 1000 Hz to capture transient
flame behavior under unsteady conditions, such as those induced by
swirl and hydrogen enrichment.

For each test case, time-averaged (mean) and fluctuating (variance)
fields were extracted. The mean image highlights the global flame shape,
while the variance reveals regions of instability linked to flame wrin-
kling, vortex shedding, or local extinction/reignition.

To assess flame topology and symmetry, Zernike moments and Hu
invariant moments were computed. Zernike moments are obtained by
projecting the image function f(x,y) onto a set of orthogonal
polynomials:

n+1
T

Zom =

/ / F,Y) Vi (3, y)dxdy 8
x2+y2<1

where Vy,(xy) are Zernike polynomials. Their magnitudes |Zpn|
represent the strength of specific shape features—useful for analyzing
flame asymmetry, curvature, and fragmentation [39,40]. They are
invariant to rotation, and normalization ensures scale and translation
invariance. Lower-order moments capture global shape; higher-order
terms reveal localized variations.

Hu moments, based on normalized central moments u,q, offer an
alternative set of rotation-, scale- and translation-invariant descriptors:

— ”Pq (2)

U (1#%)
Hoo

The seven Hu invariants ¢s,...,¢7 are nonlinear combinations of
these terms [41,42]. They are particularly useful for distinguishing
subtle differences in flame symmetry and deformation and are robust to
noise.

Together, these descriptors offer a compact, quantitative framework
to assess how hydrogen enrichment alters flame morphology and
dynamics.

2.3. Spectral proper orthogonal decomposition (SPOD)

To investigate coherent spatio-temporal structures in the reacting
flow, Spectral Proper Orthogonal Decomposition (SPOD) was applied to
time-resolved chemiluminescence image sequences. SPOD is a dynamic
technique that decomposes the fluctuating component of a scalar or
vector field into orthogonal modes that are both temporally harmonic
and spatially correlated. Unlike classical Proper Orthogonal Decompo-
sition (POD), which is optimal in a time-averaged energy sense, SPOD
yields a frequency-dependent basis, allowing energetic structures

Aerospace Science and Technology 178 (2026) 113199

oscillating at distinct frequencies to be isolated [43]. Let q(x,t) be the
zero-mean fluctuating component of the measured signal (e.g., CH* or
OH* intensity at each pixel). The signal is segmented into overlapping
windows, and the Fourier transform is computed within each segment
using the Welch method [44], enhancing statistical convergence. For
each frequency f, the cross-spectral density (CSD) matrix is computed as:

S(f) = Elg(f)g" ()] 3

where q(f) is the discrete Fourier transform in each window, q*(f) its
Hermitian transpose, and E denotes ensemble averaging. SPOD modes
are obtained by solving:

SEF)Pk(f) = 4 () e (f) “

where & represents the k-th SPOD mode at frequency f, and Ax(f) its
energy. Modes are orthogonal and ordered 1;(f) > A2(f) >..., high-
lighting dominant structures per frequency.

Each mode ®&(f) captures a spatial oscillation at frequency f, while
k() quantifies its energetic relevance. SPOD is well suited for detecting
combustion instabilities, thermoacoustic modes, and shear-driven
oscillation in turbulent flames [45,46]. In practice, high-speed chem-
iluminescence videos are reshaped into 2D matrices (space x time). A
Fourier transform is applied along the time axis, and SPOD is performed
for each frequency bin. This frequency-resolved method effectively
separates coherent flame dynamics from turbulent noise and allows
direct comparison with time-resolved acoustic data. Building on this, the
analysis continues with high-frequency [200-500 Hz] acoustic emis-
sions recorded by microphones, essential for identifying pressure-driven
instabilities and flame-acoustic coupling.

2.4. Acoustic signal analysis

Prior to spectral analysis, the acoustic signals underwent pre-
processing steps to remove electrical background noise and compensate
for microphone sensitivity through a calibration function derived from
reference sound sources.

The Power Spectral Density (PSD) of the pressure signal was
computed using the Welch method [47], a widely adopted spectral
estimation technique that enhances statistical reliability by averaging
multiple overlapping segments of the signal. Specifically, the method
divides the time series x(t) into L overlapping windows x;(t), applies a
tapering function w;(t) (typically a Hanning window to reduce spectral
leakage), and performs a Fourier transform on each segment. The PSD is
then estimated as:

L

Poclf) = 1 D IFw(Opxlt)}? ®)

i=1

where F{-} denotes the Fourier transform operator. This averaging
process significantly reduces the variance of the spectral estimate,
yielding a smoother and more reliable frequency spectrum (Welch,
1967).

The Welch method is particularly effective in combustion studies for
isolating distinct frequency bands associated with physical phenomena
such as thermoacoustic instabilities, shear-layer instabilities, and
broadband turbulence-induced noise [48,49]. In this work, the tech-
nique facilitated the identification of high-frequency spectral peaks
linked to flame-acoustic coupling and provided a quantitative assess-
ment of how hydrogen enrichment influences the noise signature of the
burner.

2.4.1. Frequency-domain analysis of pressure signals

The frequency domain analysis presented in Fig. 2 highlights the
evolution of the acoustic spectrum as hydrogen is added to the methane-
air mixture. While low-frequency peaks remain consistently prominent
across all conditions, the behavior at higher frequencies reveals notable
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Fig. 2. Single-sided amplitude spectra of the pressure signal for increasing hydrogen enrichment (a) 0% Hz, (b) 30% Hz, (c) 40% H-.

trends with hydrogen enrichment (fluctuations in the frequency range
between 46.88 and 93.75).

At 0% H: (Fig. 2a), the spectrum is characterized by three distinct
peaks located at approximately 240 Hz, 300 Hz, and 410 Hz, with am-
plitudes of about 225 Pa, 195 Pa, and 109 Pa, respectively. These peaks
suggest the presence of moderate acoustic instabilities, possibly linked
to combustion-driven pressure oscillations inherent to the system ge-
ometry and the flame dynamics. Although these pressure amplitudes are
lower than those observed for the hydrogen-enriched cases, the inter-
pretation of comparatively weak flame-acoustic coupling is strength-
ened when the acoustic data are considered together with the optical
diagnostics.

This interpretation is further supported by the comparison with the
optical diagnostics, as discussed in the spectral-energy analysis of
pressure, CH*, and OH* signals in the next section. The normalized
spectral-energy analysis shows that the pressure response is mainly
concentrated in the 150-300 Hz band, whereas the CH* and OH* POD
modes are dominated by lower-frequency flame-structure dynamics. For
the 0% H: case, the acoustic peaks are therefore not accompanied by a
comparable broadening of the chemiluminescence spectra, suggesting
limited coupling between unsteady heat release and the acoustic field.
Conversely, with hydrogen enrichment, the increase in pressure ampli-
tude is accompanied by stronger CH*/OH* fluctuation localization and
broader optical spectral content, indicating a progressive strengthening
of flame-acoustic interaction.

With the introduction of 30% H (Fig. 2b), there is a substantial in-
crease in the amplitude of the first two peaks. The peaks at 240 Hz and
300 Hz reach amplitudes of approximately 526 Pa and 496 Pa, respec-
tively more than doubling compared to the baseline case. This implies a
strong flame-acoustic coupling, likely due to the increased reactivity and
heat release rate induced by hydrogen. The third peak at 430 Hz also
becomes more pronounced (~269 Pa), indicating a broader excitation of
higher modes.

At 40% H: (Fig. 2c), the general structure of the spectrum remains
similar, but with notable shifts. The second peak slightly shifts to 310 Hz
and further increases in amplitude to about 581 Pa, now becoming the
dominant component in the spectrum. The first peak at 240 Hz slightly
decreases to 442 Pa, while the third peak at 430 Hz reduces in amplitude
to ~192 Pa. This suggests a redistribution of energy in the frequency
domain and possibly a shift in the dominant instability mechanism. The
persistence of high-energy content across multiple peaks confirms a
sustained interaction between combustion dynamics and the acoustic
field.

These findings indicate that hydrogen enrichment amplifies acoustic
instabilities, particularly in the low-to-mid frequency range (240-310
Hz) and broadens the spectrum by enhancing higher-frequency com-
ponents. This is consistent with a more energetic and reactive flame,
whose faster kinetics and shorter reaction zones act as more effective

sources of unsteady heat release, thereby exciting a wider range of
acoustic modes.

3. Flame structure, dynamics, and modal analysis

This section outlines the experimental and analytical methods
employed to investigate thermoacoustic instabilities and flame dy-
namics in premixed methane-hydrogen combustion. Optical and
acoustic diagnostics were used to characterize CH* and OH* radical
emissions, corresponding to heat release zones and high-temperature
post-flame regions, respectively. In Section 3.1, high-speed CH and OH
chemiluminescence imaging was performed to investigate the spatial
distribution and temporal evolution of the flame. The data were subse-
quently processed for spatial analysis of emission patterns (Section
3.1.1) to identify active heat release and oxidation regions, and for
geometrical and morphological analysis (Section 3.1.2) to quantify
variations in flame structure and symmetry with fuel composition. To
investigate oscillatory mechanisms and dominant instability compo-
nents, a frequency-domain analysis was conducted in Section 3.2 on
both acoustic and optical signals. High-frequency behavior [200-450
Hz] was analyzed via microphone measurements to detect peaks asso-
ciated with acoustic or thermoacoustic modes. Low-frequency dynamics
[15-200 Hz] were examined using Spectral Proper Orthogonal Decom-
position (SPOD) applied to chemiluminescence images, isolating
coherent structures and dominant instability modes. Finally, Section 3.3
presents the computation of autocorrelation functions to evaluate the
temporal persistence of fluctuations and the presence of cyclic or chaotic
flame behavior.

3.1. CH* and OH* emissions

3.1.1. Spatial analysis

Fig. 3 illustrates the spatial distribution of CH* and OH* emissions
for hydrogen concentrations of 0%, 30%, and 40% H.. The flame
exhibited a largely axisymmetric mean structure under all investigated
operating conditions. Therefore, the regions shown in Fig. 3 correspond
to equivalent sides of the flame.

To enable direct comparison, chemiluminescence images were
normalized to their maximum intensity, with each image composed of
two halves: one representing the hydrogen-enriched mixture and the
other pure methane. This normalization preserved the relative spatial
distribution, allowing a consistent analysis of the effects induced by
hydrogen addition.

Hydrogen markedly alters flame structure: at 30% and 40% Hz, CH*
intensity increases and becomes more localized (Fig. 3a, 3c), indicating
a more reactive and compact flame. In contrast, at 0% Hz, CH* emission
is more diffused. With 40% Ho, the CH* zone shifts downward, reflecting
enhanced flame propagation due to increased laminar flame speed and
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Fig. 3. Chemiluminescence imaging of CH* (a-d) and OH* (e-h) signals, reported as mean and variance fields. The left half of each panel corresponds to hydrogen-
enriched flames (30% H: in a-b, e-f; 40% H: in c-d, g-h), while the right half represents the baseline flame without hydrogen addition (0% Hz).

higher radical concentrations (e.g., H, O, OH), which accelerate chain-
branching reactions and stabilize the flame closer to the burner.

While the overall CH* variance patterns (Fig. 3b, 3d) remain quali-
tatively similar among the investigated conditions, hydrogen enrich-
ment tends to modify the spatial distribution of variance within the
central flame region. Therefore, the observed effect should be inter-
preted as a localized redistribution of the fluctuating CH* chem-
iluminescence signal rather than as a uniform increase in variance over
the entire flame field. This redistribution may be associated with the
higher diffusivity of hydrogen and preferential-diffusion effects, which
can promote localized flame-front wrinkling and enhanced reaction-
zone dynamics under lean conditions.

Similarly, the OH* mean intensity increases with hydrogen enrich-
ment, particularly in the flame center (Fig. 3e, 3g), reflecting faster
oxidation kinetics and enhanced OH radical production in hydrogen-
enriched flames. In the baseline methane case, the OH* emission ap-
pears more distributed downstream, suggesting a slower and more
spatially extended oxidation region. The OH* variance fields (Fig. 3f,
3h) also indicate a redistribution of fluctuations toward regions of
higher mean intensity under hydrogen-enriched conditions, especially
at 40% H:. This behavior is consistent with more localized unsteady
reaction-rate activity, although it should be interpreted qualitatively
from the present images.

Overall, hydrogen enrichment promotes more compact and intense
CH* and OH* chemiluminescence fields, while the variance maps sug-
gest a more localized dynamic activity of the reaction zone. These effects
can be related to the coupling between heat release, turbulence, and
thermo-diffusive mechanisms. In particular, hydrogen’s higher laminar
flame speed and diffusivity may enhance preferential diffusion in lean
mixtures, promoting localized flame-front wrinkling and increased
radical production, as reflected in the chemiluminescence fields.

The spectral energy balance of reacting flows expresses the variance
increase as:

aq/2

S RP-D+T ()

where % represents heat release variance, P the production from tur-
bulent-flame interaction, D the dissipation, and T the transport.
Hydrogen enrichment increases P because stronger heat release fluctu-
ations are more efficiently coupled with the unsteady velocity field.
Thermo-diffusive instability is also promoted due to hydrogen’s low
Lewis number, with the stability criterion given:

L1

A
¢

)

where L, is the Lewis number and ¢ the equivalence ratio. For Hz-air
mixtures, L,<1, yielding A <0, which promotes cellular growth struc-
tures and amplifies flame-front fluctuations.

3.1.2. Geometrical and morphological analysis

Fig. 4 presents a quantitative analysis of the spatial features of CH*
and OH* emissions for different hydrogen enrichment levels (0%, 30%,
and 40% Hz), based on shape descriptors such as Zernike and Hu mo-
ments, mean curvature, area, perimeter, and centroid coordinates. These
metrics complement the intensity and variance maps in Fig. 3, providing
a detailed characterization of how flame structures evolve with
increasing hydrogen content. For CH* emissions (Fig. 4a), the analysis
reveals that the flame geometry changes significantly as hydrogen is
added. With pure methane (0% H:), the CH* emission zone exhibits
pronounced contributions from high-order Zernike moments (Z60-Z77)
and Hu moments (Hu3-Hu7), indicating an elongated, irregular, and
asymmetric shape. High perimeter and area values support the obser-
vation of a diffused and extended reaction zone, consistent with the
mean intensity maps in Fig. 3a. The addition of 30% hydrogen leads to a
marked reduction in these higher-order moments, indicating a more
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Fig. 4. Radar plots of normalized shape descriptors for CH* (a) and OH* (b) emissions at 0%, 30%, and 40% Ho.

compact and symmetric flame. The centroid shifts downward, suggest-
ing a stabilization effect, while the reduction in area and perimeter re-
flects a more confined reaction region, aligning with the concentration
of CH* emission observed in Fig. 3a. At 40% hydrogen, the trend con-
tinues, with minimal contributions from higher-order Zernike and Hu
moments, indicating a highly symmetric and compact CH* zone. The
further decrease in area and perimeter confirms stronger flame
contraction and enhanced combustion efficiency, consistent with the
highest CH* intensity localized in a well-defined region (Fig. 3c¢). In
general, hydrogen enrichment reduces spatial complexity, progressively
shifting the CH* emission toward a compact and symmetric structure,
despite stronger local fluctuation levels.

A similar behavior is observed for OH* emissions (Fig. 4b). With pure
methane, OH* zones exhibit high-order Zernike and Hu moments,
reflecting elongated and irregular flame shapes with pronounced
asymmetry, as indicated by the large perimeter and area. This aligns
with the dispersed OH* distribution in Fig. 3e. The addition of 30%
hydrogen reduces higher-order moments, producing a more symmetric
and concentrated OH* zone. The centroid shift and decrease in area and
perimeter indicate a stabilization of the reaction front, consistent with
hydrogen-enhanced oxidation and reduced flame front distortions. At
40% hydrogen, the OH* emission becomes even more compact and
symmetric, with minimal high-order moments and drastically reduced
area and perimeter, confirming that oxidation reactions occur in a
localized and intense region (Fig. 3g). This demonstrates that hydrogen
accelerates reaction rates and increases combustion efficiency.

Comparing CH* and OH* trends reveal consistent behavior:
hydrogen enrichment promotes more compact, symmetric, and intense
reaction zones. These observations complement the intensity and vari-
ance results from Fig. 3, indicating that hydrogen reduces the geometric
complexity of the flame while simultaneously amplifying fluctuation
intensity. In this sense, hydrogen produces a flame that is

morphologically ordered but dynamically more active. The reduction in
geometric irregularities therefore correlates with stronger and more
localized chemiluminescence, whereas the increase in variance reflects
enhanced local instabilities associated with turbulence-flame interac-
tion and thermo-diffusive effects.

Overall, the geometrical descriptors consistently indicate that
hydrogen enrichment reduces flame-shape complexity and promotes a
more localized reaction zone. The progressive decrease in higher-order
Zernike and Hu moments, together with the reduction in area and
perimeter, reflects the transition toward a more compact and symmetric
flame structure. These observations suggest that hydrogen significantly
modifies flame morphology and reaction dynamics, promoting a more
organized reaction zone while enhancing combustion intensity. The
shape-descriptor analysis therefore complements the intensity and
variance maps, providing a quantitative assessment of the influence of
hydrogen enrichment on flame structure and behavior.

3.2. Frequency-domain analysis: acoustic and optical signals

Understanding the dominant instability mechanisms is crucial for
interpreting the thermoacoustic behavior of hydrogen-enriched pre-
mixed flames. Therefore, Spectral Proper Orthogonal Decomposition
(SPOD) is applied to investigate the spatial and spectral characteristics
of the coherent structures associated with flame dynamics and pressure
fluctuations under different hydrogen concentrations.

Among the most effective techniques for extracting coherent struc-
tures from spatiotemporal data, SPOD stands out for its ability to iden-
tify spatial modes associated with specific frequencies. Unlike classical
POD, which maximizes global energy while mixing contributions from
different frequencies, SPOD enables a natural frequency separation,
making it particularly suitable for the analysis of cyclic and oscillatory
phenomena such as those observed in unstable flames [50].



S. Bonuso et al.

While POD and SPOD are based on similar decomposition principles,
the two methods provide complementary information. POD extracts the
most energetic structures irrespective of frequency, whereas SPOD iso-
lates coherent structures associated with specific spectral components.

The classification of the dominant frequency bands was based on
previous studies on swirl-stabilized premixed flames and thermoacous-
tic systems. Therefore, the proposed interpretation should be regarded
as a physically informed attribution supported by literature evidence
rather than a direct identification of the underlying instability mecha-
nisms [51-54].

In the present study, the SPOD-based frequency bands are inter-
preted only within the low-frequency range resolved by the
chemiluminescence-based modal analysis. Low-frequency modes
(15.63-31.25 Hz) are mainly associated with large-scale flame motion
and hydrodynamic structures; intermediate-frequency modes
(31.25-62.50 Hz) are interpreted as flame-flow interaction and flame-
front oscillation mechanisms; and the upper SPOD band (62.50-93.75
Hz) is discussed as higher-frequency flame-structure dynamics within
the optical SPOD range.

In combustion applications, applying SPOD to optical diagnostics
such as chemiluminescence imaging allows dominant modes associated
with flame dynamics, vortex formation, and flame-acoustic interaction
to be identified. This approach provides a clearer physical interpretation
of instability mechanisms and offers valuable insight for the develop-
ment of active combustion control strategies.

The frequency spectrum of the first SPOD mode and the corre-
sponding spatial structures in three frequency bands, extracted from
CH* images of a premixed flame fueled with pure methane (0% Hz), are
reported in Fig. 5. Dominant frequencies at 10, 22.5, 47.5, 60, and 80 Hz
reveal recurrent spatiotemporal patterns. SPOD maps in the
15.63-31.25 Hz, 46.88-62.5 Hz, and 78.13-93.75 Hz ranges highlight
coherent oscillatory features. The lowest-frequency band is associated
with hydrodynamic instabilities, such as lateral oscillations and vortex
shedding, while the intermediate band suggests a hybrid regime char-
acterized by the onset of thermoacoustic coupling. The highest-
frequency range exhibits more compact and symmetric structures,
likely related to weak acoustic modes.

Results for combustion of a methane mixture enriched with 30%
hydrogen are shown in Fig. 6. The spectrum exhibits peaks at 15, 25, 45,
67.5, and 90 Hz, with a noticeably higher contribution of high-
frequency components compared to the pure methane case. The
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corresponding SPOD structures indicate hydrodynamic instabilities in
the 15.63-31.25 Hz range, localized flame-acoustic coupling between
31.25 and 46.88 Hz, and more compact thermoacoustic modes in the
62.5-78.13 Hz and 78.13-93.75 Hz bands. Hydrogen addition therefore
increases spectral complexity and spatial fragmentation, reflecting
enhanced reactivity and stronger flame-acoustic interactions.

The behavior of the CHs/Hz (60/40 vol%) fuel blend is illustrated in
Fig. 7. Spectral peaks are distributed over a much broader frequency
range, with maxima at 25, 55, 90, 150, and 207.5 Hz, indicating a more
unstable dynamics rich in harmonics. The SPOD maps reveal structures
associated with hydrodynamic instabilities (15.63-31.25 Hz), flow-
—flame interactions (46.88-62.5 Hz), and localized acoustic modes
(78.13-93.75 Hz). At higher frequencies (140.63-156.25 Hz and
203.13-218.75 Hz), compact structures emerge that are absent in the
lower-hydrogen cases, possibly related to higher-order acoustic modes
or modulated turbulence. The introduction of 40% hydrogen thus
significantly increases the spectral complexity of the flame, shifting a
portion of the modal energy toward higher frequencies and more frag-
mented spatial structures. The modal features extracted from CH*
chemiluminescence provide a direct representation of localized heat-
release regions, which are strongly influenced by the increased reac-
tivity and higher flame propagation speed induced by hydrogen
enrichment. The upper-frequency components observed in Fig. 7 should
therefore be interpreted as higher-frequency flame-structure dynamics
within the optical POD/SPOD range. Their possible connection with
acoustic or thermoacoustic phenomena is discussed only qualitatively
and in conjunction with the independently measured pressure spectra.

Based on OH* images, Fig. 8 highlights spectral peaks between 30
and 60 Hz, with a maximum around 30 Hz, indicating the presence of
coherent phenomena in the post-flame region. The SPOD structures
show slow oscillations at the flame base (15.63-31.25 Hz), convective
instabilities (31.25-46.88 Hz), and localized oscillatory modes
(46.88-62.5 Hz), albeit with low energy content (A = 0.0019).

An increase in spectral energy relative to the hydrogen-free case is
observed in Fig. 9, corresponding to OH* images at 30% H:. Peaks
appear at 10, 45, 52.5, 72.5, and 92.5 Hz. The associated SPOD struc-
tures reveal radial oscillations (31.25-46.88 Hz), compact vortical pat-
terns (46.88-62.5 Hz), and extended symmetric modes (62.5-93.75 Hz),
indicative of effective coupling between heat release and acoustic
waves.

Further enrichment to 40% H: leads to an additional increase in
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Fig. 5. FFT of the first mode extracted from the temporal coefficients of the POD (on the left) and flame structures of the first mode associated with frequency ranges
selected through SPOD (on the right) - Chemiluminescence images of CH* with 0% Ha,
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Fig. 7. FFT of the first mode extracted from the temporal coefficients of the POD (on the left) and flame structures of the first mode associated with frequency ranges
selected through SPOD (on the right) - Chemiluminescence images of CH* with 40% Hj,

spectral density, as shown in Fig. 10, with peaks at 15, 20, 37.5, 75, 90,
150, and 207.5 Hz. The SPOD structures reveal longitudinal instabilities
(15.63-31.25 Hz, A = 0.0039), localized thermoacoustic gradients
(31.25-46.88 Hz and 62.5-78.13 Hz), and amplified vortical modes
(78.13-156.25 Hz). High-frequency structures in the 203.13-218.75 Hz
range suggest direct coupling between unsteady heat release and the
acoustic field. Nevertheless, the overall modal intensity remains rela-
tively low, consistent with the more stable nature of the OH* signal,
which represents advanced combustion zones and is less sensitive to
unstable fluctuations.

To quantitatively assess the frequency-dependent dynamics of pres-
sure oscillations and reactive species behavior under hydrogen-enriched
conditions, a spectral energy integration was also performed. Using FFT
amplitude spectra of pressure signals and the first POD mode amplitudes
for CH* and OH* radicals, the normalized spectral energy was computed
by integrating the squared amplitude over three frequency bands (0-150

Hz, 150-300 Hz, and 300-450 Hz) for hydrogen concentrations of 0%,
30%, and 40%. The resulting values are presented as bar charts grouped
by species and frequency band. Comparison between the acoustic
spectra and the CH*/OH* chemiluminescence response provides further
insight into the flame-acoustic coupling. In the 0% H: case, although
distinct pressure peaks are observed, the CH* and OH* dynamics are
mainly governed by lower-frequency flame-structure fluctuations and
do not exhibit a comparable broadening of the optical spectral content.
This indicates that the pressure oscillations are only weakly associated
with unsteady heat-release fluctuations. In contrast, hydrogen-enriched
flames show both increased pressure amplitudes and broader, more
fragmented CH*/OH* spectral structures, suggesting a stronger inter-
action between flame dynamics, heat-release fluctuations, and the
acoustic field.

This integrated analysis (Fig. 11) enables a direct quantitative
comparison across hydrogen concentrations. For the pressure signal,
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Fig. 9. FFT of the first mode extracted from the temporal coefficients of the POD (on the left) and flame structures of the first mode associated with frequency ranges
selected through SPOD (on the right) - Chemiluminescence images of OH* with 30% Hp,

energy remains predominantly concentrated in the 150-300 Hz band,
regardless of H: content, suggesting the persistence of acoustic modes
and shear-layer instabilities that are relatively insensitive to changes in
global reactivity. However, a reduction in low-frequency energy (0-150
Hz) is observed with increasing hydrogen fraction, likely reflecting
diminished large-scale pressure fluctuations and a more compact flame
structure. In contrast, the POD modes of CH* and OH*, which represent
dominant flame-structure dynamics, show strong energy localization in
the lowest frequency band (0-150 Hz), consistent with the slow evolu-
tion of coherent structures typical of premixed flames. In particular, the
low-frequency OH* POD energy increases with hydrogen enrichment,
indicating stronger modulation of the reaction zone. CH*, on the other
hand, exhibits a non-monotonic trend, with a peak in mid-frequency
energy (150-300 Hz) at 30% Ha, suggesting a regime characterized by
intermittent flame features or localized extinction-reignition dynamics.

The broader spectral content observed at 40% H- for both radicals

10

points to enhanced flame-turbulence interaction and the onset of
thermo-diffusive instabilities. Hydrogen’s high diffusivity and low Lewis
number promote the development of smaller, rapidly evolving flame
structures, increasing spectral energy over a wider frequency range and
leading to a more complex and unsteady flame topology (Fig. 12).

To complement the primarily experimental investigation, one-
dimensional laminar premixed flame simulations were carried out to
provide theoretical insight into the effects of hydrogen enrichment on
flame structure and transport properties. Simulations were performed
using Cantera v3.1 in a freely propagating 1-D configuration at atmo-
spheric pressure, with an unburned gas temperature Tu = 300 K and
equivalence ratio ¢ = 0.80. The fuel consisted of a binary Hz/CHa
mixture with hydrogen mole fractions of 0%, 30%, and 40%. Chemical
kinetics were modeled using GRI-Mech 3.0, with multicomponent
transport under adiabatic, constant-pressure conditions. A 30 mm
computational domain was discretized using adaptive mesh refinement,
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ensuring variations below 1% for key output quantities.

Although GRI-Mech 3.0 is not specifically optimized for pure
hydrogen flames, the present simulations concern methane-hydrogen
blends up to 40% H: by volume and are used to support the interpre-
tation of global flame-structure trends rather than to provide
mechanism-dependent quantitative predictions. In particular, the anal-
ysis focuses on laminar flame speed, reaction-zone thickness, heat-
release localization, and Lewis-number-related effects. No quantitative
conclusions on detailed hydrogen kinetics, pollutant formation, or pure
hydrogen flame behavior are drawn from GRI-Mech 3.0 alone.

The heat-release rate was computed by summing the enthalpy-
weighted net production rates of individual species. A chem-
iluminescence proxy was obtained by line-of-sight integration of OH and
CH:z0 concentrations, providing a physically motivated estimate of
radiative flame-front features. The reaction-zone thickness was esti-
mated from the ratio of the temperature rise to the maximum temper-
ature gradient, while the variance of the heat-release rate was calculated
within the active flame region (>1% of the peak value). The Lewis
number of hydrogen in the fresh gas was also evaluated as the ratio of
thermal to mass diffusivity.

These calculated parameters consistently explain the experimentally

11

observed effects of hydrogen enrichment. Increasing hydrogen fraction
enhances the laminar flame speed and reduces reaction-zone thickness,
leading to more concentrated heat-release profiles. The associated
reduction in Lewis number promotes diffusive-thermal instabilities,
increasing flame-front wrinkling and scalar fluctuation intensity, in
agreement with the broader spectral features and higher variance
detected in the FFT-based experimental analysis.

Hydrogen enrichment also intensifies the reactive zone and radical
production, as evidenced by the monotonic increase of the chem-
iluminescence proxy [ ([OH]+[CH0])dz with increasing Hz fraction.
Numerically, this corresponds to progressively taller and narrower heat-
release profiles, while the laminar flame speed S increases and the
flame thickness &;, decreases, consistent with a faster and thinner flame
front.

These numerical predictions directly correlate with experimental
observations of more compact, intense, and highly variable CH* and
OH* chemiluminescence fields. The increase in normalized heat-release
variance with hydrogen enrichment supports the intensification of
thermo-diffusive instabilities and explains the broadening of the
acoustic spectrum and the emergence of high-frequency oscillatory
modes, highlighting stronger coupling between unsteady heat release
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and the acoustic field. The hydrogen enrichment not only modifies flame
structure by accelerating combustion and compressing the reaction

Hz in fuel blend [%]

Hz in fuel blend [%]

Le(Hz): 0%=0.29, 30%=0.31, 40%=0.32

F 0.0003

il

JUOHI4+[CH:0]) dz

0.0005

0.0004 1

0.0002 1

0.0001

0.0000 T

o
n

b
o

e
in

=
=}

Aerospace Science and Technology 178 (2026) 113199

Chemiluminescence proxy

o
w

=
o

15 20 25 35

Hz in fuel blend [%]

10 30

Flame thickness

15 20 25 35 40
Hz in fuel blend [%]

10 30

Fig. 12. Cantera results 1-D freely propagating premixed flames at 1 atm and temperature 300 K, F =0.80; and different H,/CH, blends.

zone, but also significantly increases the dynamic complexity of the
system. The combined experimental and numerical analyses provide a

robust mechanistic explanation for the observed increase in chem-

iluminescence intensity, fluctuation levels, and spectral richness,
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confirming the central role of hydrogen-induced thermo-diffusive and
thermoacoustic effects in shaping flame dynamics.

3.3. Autocorrelation function

The autocorrelation function is a mathematical tool used to quantify
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Fig. 13. Autocorrelation Function applied to the frequency ranges identified by SPOD for the 0% H: case; the top row refers to CH* chemiluminescence, the bottom
row to OH* chemiluminescence.
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the similarity of a signal with itself as a function of time delay. It enables
the identification of periodicity, temporal coherence, and recurring
behaviors within a time series [55]. In this study, the autocorrelation
function was applied to signals projected onto the frequency bands
selected via SPOD, allowing the assessment of the temporal persistence
of oscillatory structures within each spectral interval [56,57].

For the case of pure methane combustion (0% Hz), the autocorrela-
tion results are shown in Fig. 13, with CH* chemiluminescence signals in
the top row and OH* in the bottom row. The CH* signal exhibits well-
defined periodic oscillations with a slow amplitude decay, particularly
in the 15.63-31.25 Hz band, indicating strong temporal coherence of
heat-release fluctuations driven by hydrodynamic instabilities. At
higher frequencies (46.88-62.5 Hz and 78.13-93.75 Hz), the autocor-
relation decays more rapidly, suggesting transient flame dynamics and
reduced persistence of the oscillatory structures. The OH* signal,
representative of post-flame oxidation zones, shows a more damped
response with lower amplitude, consistent with its reduced sensitivity to
short-timescale fluctuations. Nevertheless, a residual low-frequency
component (15.63-31.25 Hz) persists, indicating the presence of
large-scale coherent motions even in the burned-gas region.

For the 30% H: methane-hydrogen blend (Fig. 14), the CH* auto-
correlation reveals pronounced periodic components, with peaks per-
sisting at long time delays. In the 31.25-46.88 Hz band, the function
exhibits regular oscillations with slow decay, reflecting high temporal
coherence and stable oscillatory structures over time. This behavior
corresponds to enhanced hydrodynamic and thermoacoustic coupling
due to the increased reactivity and heat-release rate of the mixture.
Significant periodicity is also observed in the 62.5-78.13 Hz and
78.13-93.75 Hz bands, albeit with faster decay, indicating cyclic but less
persistent dynamics. In the OH* domain, the response is more damped
yet still displays cyclic behavior, particularly in the 31.25-46.88 Hz
band, where distinct peaks indicate relatively regular post-flame fluc-
tuations. At higher frequencies, the rapid decay suggests lower temporal
coherence, likely associated with small-scale unstable phenomena.

For the 40% H> mixture (Fig. 15), both CH* and OH* autocorrela-
tions decay rapidly and lose clear periodicity, signaling a breakdown of
coherent structures. CH* displays irregular, weakly defined oscillations
across all bands, indicative of a transition to turbulence-dominated,
multi-frequency behavior. Similarly, OH* exhibits rapid decay and
irregular patterns, with quasi-stochastic features in some bands, high-
lighting highly complex dynamics even in post-flame regions.

The evolution with increasing hydrogen fraction shows a transition
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from a stable, periodic hydrodynamic regime (0% H:) to enhanced
coherence in mid-frequency modes (30% H-), and finally to chaotic,
broadband fluctuations (40% Hz). This progression reflects the
competing effects of hydrogen’s high reactivity, which strengthens
oscillatory coupling, and its high diffusivity, which promotes small-scale
incoherent fluctuations. The autocorrelation function thus provides a
robust quantitative indicator of the temporal persistence of thermoa-
coustic and hydrodynamic instabilities, clearly capturing the transition
from coherent to intermittent and ultimately chaotic flame behavior as
hydrogen content increases, consistent with SPOD observations and
theoretical expectations for low-Lewis-number reactive mixtures.

4. CONCLUSION

The aerospace sector is increasingly adopting sustainable propulsion
systems to reduce emissions and improve efficiency while maintaining
performance, enabling quieter and more environmentally friendly
aircraft.

A comprehensive experimental analysis was conducted to investigate
the effects of hydrogen enrichment on premixed methane/air combus-
tion in a swirl-stabilized burner operating at atmospheric pressure. The
study employed high-speed chemiluminescence imaging, microphone-

based pressure measurements, and advanced diagnostic
techniques—including Zernike coefficients, Hu moments, Spectral
Proper Orthogonal Decomposition (SPOD), and temporal

autocorrelation—to examine the evolution of flame structure, stability,
and dynamics as a function of hydrogen content.

Hydrogen addition was found to significantly alter flame
morphology. At 30% and 40% Ha by volume, CH* and OH* chem-
iluminescence emissions became more intense and spatially confined,
indicating enhanced reaction rates and heat release. Morphological
analysis showed a trend toward more compact and symmetric flame
structures, characterized by reduced area, perimeter, and shape irreg-
ularity. These changes are consistent with the increased diffusivity,
lower ignition energy, and faster kinetics associated with hydrogen.
Despite improvements in flame reactivity, increased hydrogen levels
also led to greater instability. Spectral analysis of microphone signals
revealed amplified pressure oscillations in the 200-500 Hz range. At
30% Hz, dominant spectral peaks nearly doubled in amplitude compared
to pure methane, while at 40% H, the spectral energy was redistributed
and broadened, indicating a shift toward more chaotic combustion dy-
namics. SPOD analysis provided further insight, showing a transition
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Fig. 14. Autocorrelation Function applied to the frequency ranges identified by SPOD for the 30% H: case; the top row refers to CH* chemiluminescence, the bottom

row to OH* chemiluminescence.
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row to OH* chemiluminescence.

from low-frequency, large-scale coherent modes at 0% H: to more
complex, higher-frequency structures at elevated hydrogen levels. At
40% H, spatial modes appeared more fragmented and intermittent,
reflecting a more turbulent and unstable regime.

Temporal autocorrelation analysis supported these findings, with
stable, periodic oscillations observed at low hydrogen content and rapid
signal decorrelation at higher concentrations, indicating reduced
coherence and increased transient behavior. The combined application
of spatial and temporal diagnostics enabled a detailed characterization
of how hydrogen enrichment influences flame compactness and its
susceptibility to thermoacoustic instabilities.

The present study focuses on flame dynamics and
chemiluminescence-based diagnostics. Future investigations will
address a finer hydrogen-enrichment resolution and the simultaneous
characterization of pollutant emissions, including NOx and CO, to pro-
vide a more comprehensive assessment of hydrogen-enriched combus-
tion systems.

The present study has several limitations that should be acknowl-
edged. Only three hydrogen-enrichment levels were investigated, which
limits the resolution of potential transition phenomena. The chem-
iluminescence acquisition frequency constrained the spectral analysis to
frequencies below the Nyquist limit. Furthermore, pollutant emissions
were not measured, and the one-dimensional numerical simulations
based on GRI-Mech 3.0 were used primarily to support the interpreta-
tion of experimental trends. Future work will address these aspects
through a broader parametric investigation, dedicated emissions mea-
surements, and the application of kinetic mechanisms specifically
developed for hydrogen-enriched combustion.
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