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Abstract

The direct combustion noise generation in hydrogen-air and methane-hydrogen-air laminar flames is investi-
gated by means of experimental measurements and high-fidelity numerical simulations. Premixed M-shaped
flames, stabilized over a cylindrical bluff-body burner at atmospheric conditions, are submitted to a weak acous-
tic perturbation, inducing oscillations of flame surface area and heat release rate, thus leading to noise emis-
sion. The similarities and differences in noise generation between the two fuel mixtures are investigated by
comparing flames with either the same flame height or the same ratio between the flow velocity and laminar
burning velocity. Under the conditions considered in this study, methane-hydrogen flames exhibit a more ac-
centuated flame-flame interaction, and consequently a larger pressure fluctuation than hydrogen flames, even
though the sound pressure levels are comparable for all cases. Moreover, the response of the hydrogen flames
is in phase with the imposed acoustic excitation, while a delay is observed in the case of methane-hydrogen
flames.
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1. Introduction
Aviation is a strongly carbon-emitting sector, with the current carbon dioxide (CO2) emissions esti-
mated to be 1 gigatonne per year [1]. Given the expected increase in air traffic, with a projected dou-
bling of air travel demand by 2040 according to the International Air Transport Association [2], these
emissions are expected to considerably increase under scenarios of continued growth [1]. Radical
changes are thus demanded from a technological point of view to reach the ambitious target of net-
zero carbon emissions by 2050 [3] in the context of an increasing demand. Hydrogen as a fuel is
recognized as one of the most important candidates to reach the objective of a decarbonized aviation
[4], especially for short-distance routes [5]. Hydrogen combustion for aviation applications has been
studied for decades, with flight tests conducted in 1957 by the American National Advisory Committee
for Aeronautics (NACA) using a Martin B57-B airplane [6], and in 1988 by the Soviet Tupolev Design
Bureau with the Tu-155 aircraft, a modified version of the more famous Tu-154 [7]. Nevertheless, the
characteristic physical-chemical properties of this fuel (e.g., wide flammability range, large burning
velocity, small quenching distance, tendency to autoignition and differential diffusion) and the techno-
logical gap with conventional hydrocarbons pose obstacles to the industrial application of hydrogen
combustion [8].
In parallel to pollutant emissions, ambitious targets have been set to reduce aircraft noise emissions
too [9]. Indeed, aircraft noise is a matter of significant concern for the aviation industry, given the
adverse impact on the quality of life, health, and property value of communities nearby airports and



INVESTIGATION OF NOISE GENERATION IN HYDROGEN AND METHANE-HYDROGEN LAMINAR FLAMES

main flight corridors [10]. Noise has short-term effects upon observers (e.g., annoyance, physiolog-
ical change, and reduction in efficiency), and causes also long-term physiological impairment, such
as hearing damage, speech, and sleep interference [11]. Over the last decades, technological devel-
opments such as the introduction of the turbofan engine, the increase in bypass ratio, and novel fan
blade designs have led to a reduction of jet, fan and external aerodynamic noise, leaving combustion
noise as a leading contributor to overall aircraft noise [10, 11].
Combustion noise can be distinguished into two components, direct and indirect [12]. Direct noise
is associated to acoustic perturbations due to unsteady volumetric expansion and contraction in the
reaction zone [13], and fluctuations of heat release rate [14]. This noise component is broadband,
with random phase and peak frequencies below 500 Hz [15], and would occur even for combustion
processes in unbounded space [11]. Indirect combustion noise, or entropy noise [16], is instead
produced by the acceleration of a flow with non-uniform entropy or vorticity distributions [11].
Despite over six decades of research on sound emissions by combusting jet flows [17], there is still
a lack of fundamental understanding on combustion noise generation mechanisms. Moreover, while
noise generation has been extensively studied for hydrocarbon fuels [18], investigations involving hy-
drogen are fewer. Hydrogen flames are characterized by fast ignition, high burning velocities and fast
diffusive transport (sub-unity Lewis number) promoting thermodiffusive instabilities [19]. Given the
higher burning intensity, turbulent hydrogen flames have a shorter length compared to hydrocarbons’
[20], leading to a shift of radiated noise to higher frequencies and making them more responsive to
high-frequency incoming acoustic waves [21, 22]. Indeed, flame length is an essential feature as it
controls the cutoff frequency of the flame transfer function [23] and the peak frequency of the broad-
band combustion noise radiated by unconfined flames [24]. Hydrogen flames also feature smaller
flame structures, leading to a strong modification in the acoustic energy radiated. Furthermore, hy-
drogen preferential diffusion [25] enhances local composition and density non-homogeneities, con-
sequently promoting noise generation mechanisms. Thermodiffusive effects, characteristic of very
lean hydrogen flames, lead to significant flame front wrinkling and to the chaotic formation and de-
struction of cellular structures along the flame front [25]. Being unsteady heat release rate and flame
surface destruction important combustion noise generation mechanisms [26, 27], an impact of intrin-
sic thermodiffusive effects, via their action on flame surface, is probable, but has not yet been fully
understood.
In this work, an investigation is conducted by means of numerical simulations and experimental mea-
surements to study the noise generated by laminar hydrogen flames and examine the differences in
noise generation when passing from conventional hydrocarbon fuels to full hydrogen. To this scope,
lean hydrogen-air and stoichiometric methane-hydrogen-air laminar premixed M-shaped flames on
a cylindrical bluff-body burner configuration at atmospheric conditions are considered. Most of the
existing Computational Fluid Dynamics (CFD) models have been developed for reacting flows involv-
ing hydrocarbons and, therefore, may not be suitable to simulate pure hydrogen combustion [20].
Consequently, high-fidelity numerical simulations are here performed by adopting a fully-resolved
flame approach, without implementing any combustion model. The reasonableness of the numerical
results is assessed by comparison with experimental measurements, allowing also to validate the
adopted computational approach. Flames of the two fuels are compared by considering two different
configurations, keeping either the same flame height or the same ratio of bulk velocity over laminar
burning velocity. In all cases, an acoustic perturbation is imposed to allow for an analysis of the flame
motion and of the radiated sound field. The dynamics of flames for the different cases are analyzed
first, together with the corresponding noise spectra. The common features and the discrepancies
between the four cases are then discussed, in order to retrieve any similarities or differences in the
noise generation process for the two fuels.

2. Methodology
Given the purpose of this study, a M-shaped laminar flame configuration has been considered. The
study of laminar flames allows to highlight the impact, if any, of thermodiffusive effects in lean hy-
drogen flames, which would be masked by the interaction with turbulence in the case of non-laminar
flows.
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The stoichiometric methane-hydrogen flame cases, not affected by thermodiffusive effects, is con-
sidered as a reliable benchmark to isolate the peculiar features of lean hydrogen flames. For these
flames, the hydrogen content is fixed at 24.0% of the total flame thermal power Pth. For pure hydro-
gen flames, instead, an equivalence ratio φ = 0.50 is adopted, so that a sub-unity Lewis number can
be obtained, hence allowing for the preferential diffusion of hydrogen, without triggering thermodiffu-
sive instabilities. With the chosen fuel-air mixtures’ compositions, the same laminar burning velocity
SL = 60.0 cm/s is kept for all configurations and fuels.
The mass flow rate ṁ has been adjusted for the four configurations, in order to obtain the desired
value of flame height h or ratio of bulk velocity UB over laminar burning velocity SL. The main operating
parameters for the four configurations are summarized in Table 1. Mass flow rate values are given in
normal liters per minute (NLPM), with the normal temperature and pressure defined as Tn = 273.15 K
and pn = 1 atm.

Case No. Pth [kW] H2 Content [%] φ [-] ṁ [NLPM] UB [m/s] UB/SL [-] h [mm]

1a 1.77 24.0 1.0 31.76 6.86 11.4
15.0

1b 1.21 100 0.50 38.32 8.27 13.8
2a 1.66 24.0 1.0 29.78 6.43

10.7
13.9

2b 0.940 100 0.50 29.84 6.44 12.2

Table 1 – Main operating parameters for the configurations considered in the study.

2.1 Experimental apparatus
The experimental results presented in this study are performed at the Institut de Mécanique des
Fluides de Toulouse (IMFT) on the axisymmetric bluff-body burner shown in Figure 1. In this config-
uration, the burner has an annular outlet with an inner diameter d of 6 mm and an outer diameter D
of 12 mm. The present set-up allows the study of M-shaped premixed laminar methane-hydrogen-air
flames, as shown by the photographs in Figure 2 for Cases 1a and 1b.

Figure 1 – Schematic representation of the bluff-body burner nozzle and outlet.

Two optical flow visualization methods are implemented to characterize the steady flame conditions.
OH* chemiluminescence is used to detect the flame structure and reaction zone while Particle Image
Velocimetry (PIV) is performed to measure the velocity field of the reactive flow. The results of these
diagnostics are used to validate the numerically predicted flow fields and thus improve the fidelity of
the numerical simulations.
The OH* chemiluminescence imaging technique makes use of a PI-MAX 2 intensified camera system
from Princeton Instruments. The camera is equipped with a CERCO UV lens (100mm f/2.8) and an
Edmund Optics bandpass filter (310 nm CWL and 10 nm FWHM) to record the OH* flame lumines-
cence. Flame images are recorded with an exposure time of 1.5 ms and an intensifier gain value of
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Figure 2 – Digital images for Cases 1a (a, left) and 1b (b, right) recorded using a Nikon D7500
camera with an exposure time of 100 ms for Case 1a and 1000 ms for Case 1b.

200. A deconvolution is performed using the inverse Abel transformation to view the flame structure
in the axial plane of the burner.
The PIV measurements are achieved using two lamp pumped Nd:YAG lasers (Quantel CFR400) with
a wavelength of 532 nm and a maximum beam energy of 300 mJ. From the laser beam, a laser sheet
is generated using a combined LaVision sheet and collimator optics. The laser sheet has a thickness
of approximately 0.5 mm in the center of the burner. The flow is seeded using solid particles with
a sub-micron mean diameter and images of the illuminated particles are recorded using a LaVision
Imager sCMOS camera. The image acquisition is controlled using the LaVision Davis software suite.
The Davis software is then used for the processing of the particles images. A time filter subtraction
is first performed, subsequently, the velocity vectors are calculated using a multi-pass approach with
an initial window size of 64 pixels and a final window size of 16 pixels. A vector validation analysis is
also conducted. This process results in a velocity vector field with data points every 0.113 mm.
The acoustic perturbation of the flames is achieved with a loudspeaker installed below the body
of the burner. A Tektronix function generator (AFG1062) is used to create a sinusoidal waveform
with a frequency of 228 Hz and a peak-to-peak voltage Vpp value chosen to bring about a velocity
fluctuation of urms/ū = 0.17 at the burner outlet, as summarized in Table 2. The signal is conditioned
by an amplifier set to -15 dB before being received by the loudspeaker. The velocity fluctuation is
measured in equivalent air flow conditions using a hot-wire probe placed at 4.5 mm away from the
burner axis and flush with the outlet.

Case No. Vpp [mV] ū [m/s] urms [m/s] urms/ū [-]

1a 230 8.78 1.50

0.17
1b 279 10.4 1.77
2a 215 8.30 1.40
2b 215 8.33 1.41

Table 2 – Velocity fluctuations and signal amplitudes for each operating condition.

The acoustic response of the flames is recorded by a Brüel & Kjær 1/4" free-field microphone (type
4954B) located 24 mm (i.e., 2D) above the burner outlet and at a radial distance of 72 mm (i.e., 6D)
from the nozzle axis, as shown in Figure 3. The noise of each flame is measured by recording the
signal for 10 s. Then, the raw microphone data is converted from volts to Pascals using the sensitivity
value provided by the manufacturer (2.9 mVeff per Pa). Note that, this quantity was verified using a
Brüel & Kjær sound level calibrator (type 4231).
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Figure 3 – Set-up of the microphone in the experimental apparatus.

2.2 Computational approach
High-fidelity numerical simulations of hydrogen and methane-hydrogen laminar flames are performed
using the Navier-Stokes compressible solver AVBP (www.cerfacs.fr/avbp7x) developed at CERFACS
(Toulouse, France), an explicit massively-parallel code solving the equations of conservation of mass,
momentum, energy and species.
The computational domain adopted for all cases in this study is shown in Figure 4. The domain is
hemispherical with diameter Dd = 200 mm, a value deemed to be sufficiently large with respect to
the dimension of the reactive region. The premixed air-fuel mixture is introduced in a section of the
bluff-body burner 25 mm below the outlet. The latter is surrounded by an ambient air laminar coflow
of inlet velocity uc f = 0.5 m/s.

Figure 4 – Three-dimensional domain adopted for the numerical simulations.

The flame is fully resolved without implementing any combustion model. A sufficiently refined grid is
thus implemented, with at least seven points in the flame front, whose thermal thickness δL, evaluated
according to the following definition [28]:

δL =
Tb −Tu

max |∇T | , (1)

where Tu and Tb are the temperatures of the unburned and burned mixtures, is estimated by one
dimensional unstretched premixed flame calculations performed with Cantera [29]. An unstructured
mesh of tetrahedral elements, with a required minimum grid size of 40 µm in the flame region, is
sufficient to achieve the desired resolution.
To reduce the computational cost, a Lax–Wendroff finite-volume scheme is adopted for the discretiza-
tion of convective terms [30], providing a second-order accuracy in both space and time. Diffusion
terms are discretized with a second-order finite-element Galerkin scheme [31]. Inlet and outlet bound-

5
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ary conditions are treated with the Navier–Stokes Characteristic Boundary Conditions (NSCBC) for-
mulation [32]. The relaxation coefficient K at the outlet section is set to 1000, leading to a cutoff
frequency fc = K/(4π) ≈ 80 Hz [33]. Fresh gases are injected at the nozzle inlet with given compo-
sition, temperature and velocity, while static pressure is imposed at the outlet. A no-slip boundary
condition is applied for the nozzle walls, with a heat resistance variable in the axial direction to al-
low for heat fluxes between the reacting mixture and the walls. The value of the heat resistance is
estimated based on the experimentally recorded nozzle wall temperature. Once the flame is stabi-
lized, an acoustic excitation of frequency fa = 228 Hz is imposed to the air-fuel mixture at the inlet
to achieve the rms modulation level urms/ū = 0.17 experimentally recorded on the center line at the
nozzle outlet, with urms being the root mean square of the axial velocity fluctuation u′, written as:

u′(t) = u(t)− ū = Asin(2π fat), (2)

where t is the time and ū is the mean velocity.
The transport model is based on constant non-unity Lewis numbers for the species, with constant mix-
ture Prandtl and species Schmidt numbers adopted to compute thermal and mass diffusivity terms.
Dynamic viscosity µ is approximated with a simple fitting power law.
The Analytically Reduced Chemistry (ARC) scheme CH4_15_256_9_AP [34], derived from the de-
tailed CRECK mechanism [35] using ARCANE [36], is adopted for methane-hydrogen flames. The
scheme consists of 15 transported species, 256 irreversible reactions and 9 quasi-steady state
species. For hydrogen flames, the San Diego mechanism [37], comprising 9 species and 21 reac-
tions, is adopted. To allow for a proper comparison with experimental CLI images, the OH* distribution
is numerically computed by considering the sub-scheme proposed by Kathrotia et al. [38, 39] to de-
scribe OH* formation and consumption. Indeed, it has been observed that, for premixed hydrogen-air
flames, the correlation between OH* and heat release rate fails, making it not possible to directly com-
pare the sole numerically computed heat release rate distributions with the experimentally recorded
OH* chemiluminescence images [40]. The OH* sub-scheme is simply added to the main reaction
scheme as its impact on the ground species’ concentrations is negligible [41], and quasi-steady state
behavior is assumed for this radical. A detailed description of chemical kinetics is thus adopted for
both fuel mixtures. Indeed, although global reaction mechanisms have been developed in the litera-
ture both for hydrogen (e.g., [42]) and methane-hydrogen (e.g., [43]) flames, the impact of a simplified
kinetics description on the computed noise radiation is unclear and needs further assessment.

3. Results
To assess the adequacy of the adopted numerical set-up, results of stabilized hydrogen and methane-
hydrogen flames are validated with experimental measurements. Only Cases 1a and 1b of Table 1
are here considered.
First, the numerically computed axial velocity fields for the two flames are compared with the experi-
mental PIV data at several distances h from the burner outlet in Figure 5. An overall good agreement
is observed between numerical and experimental results, especially at h = 0.5 mm and between the
flame fronts, which are marked by the dashed black lines. A slightly poorer agreement is found in the
central burned gas region where, however, the results of the PIV measurements present a larger un-
certainty due to seeding issues in this area, as shown by the orange error bars in the figure. Indeed,
these are affected by the wake of the bluff-body, whose position is marked by the shaded gray zone
in the figure.
Figure 6 compares the experimentally measured and numerically predicted spatial distributions of
OH* for methane-hydrogen (Case 1a) and hydrogen (Case 1b) flames. Overall, the numerical simu-
lations are able to fairly well reproduce the flame shape, as well as the position of the flame leading
edge and the flame height. Nevertheless, in all cases the numerically predicted distributions further
extend above the burner with respect to the experimental images. This may be due to the lifting of
the flame near the bluff-body top wall, which is more accentuated with respect to the experimentally
observed one. Overall, the results of Figures 5 and 6 sustain the adequacy of the numerical set-up
adopted in this study.
The numerical results for the acoustically excited flames are reported in Figure 7, where the temporal
profiles of the fluctuations of pressure p′ and heat release rate (HRR) Q̇′ for the four cases considered
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Figure 5 – Comparison of radial profiles of axial velocity u computed numerically (blue) and recorded
experimentally via PIV (red) for Cases 1a (a, top) and 1b (b, bottom) at different heights h from the
burner outlet. For the experimental measurements, the standard deviation of the measurements is
reported in orange. The vertical dashed black correspond to the peaks of HRR and highlight the

reactive region. The shaded grey zone identifies the radial position of the bluff-body.

in the study are shown. All temporal signals are synchronized with respect to the velocity signals
recorded at the mean radius of the burner in correspondence of the outlet section, reported in Figure
8, which are periodic with period T = 1/ fa.
It can be observed that the HRR fluctuations (normalized by the time average value) are comparable
between the two fuel mixtures. Nevertheless, a difference in the corresponding pressure fluctuation
profiles is observed, with the methane-hydrogen flames showing a larger fluctuation than pure hydro-
gen ones. Furthermore, for the methane-hydrogen flames, the pressure fluctuation temporal profile
shows a local peak at time t ≈ 0.7kT (with k ∈ Z). This is associated with a localized change of slope
in the corresponding HRR fluctuation profile at the same time instant.
Observing the snapshots of the HRR distribution at different time instants during the cyclic modulation
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Figure 6 – Comparison of normalized distributions of numerically computed OH* concentration and
experimentally recorded Abel-deconvoluted OH* chemiluminescence images for Cases 1a (a, left)

and 1b (b, right). The position of the bluff-body burner is added for reference.
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Figure 7 – Temporal profiles of the fluctuations of pressure p′ and heat release rate Q̇′ (normalized
by the time average Q̄) for Cases 1 (a, top) and Cases 2 (b, bottom).

of the flow for Cases 1a and 1b reported in Figure 9, this trend of the pressure and HRR profiles for
Cases 1a and 2a can be related to the detachment of a pocket of reactants from the elongated
flame filament, a phenomenon denominated “pinch-off” in [17] and observed to be a strong source of
sound [26]. From Figure 9, it can also be observed that the pure hydrogen flame, which presents an
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Figure 8 – Temporal signals of velocity u recorded at the mean radius of the burner in
correspondence of the outlet section for Cases 1 (a, left) and Cases 2 (b, right).

open tip in the stabilized, non perturbed configuration (see Figure 6), presents a weaker flame-flame
interaction, with the inner and outer branches of the M-shaped flame remaining separated, without
any appreciable mutual annihilation. As flame surface reduction is considered the main combustion
noise generation mechanism [12, 27], the less accentuated variation in the flame surface area can
explain the weaker pressure fluctuation observed for hydrogen flames.

Figure 9 – Snapshots of the cyclic flame motion (denoted by the HRR field) for Cases 1a (a, top)
and 1b (b, bottom) taken in a transversal section at different time instants.

From the temporal profiles in Figure 7, as well as from the snapshots in Figure 9, it can also be
observed that methane-hydrogen flames present a time delay in their response with respect to the
velocity signal at nozzle outlet, while the response of the hydrogen flame is more synchronized with
the acoustic forcing, with the peak values of p′ and Q̇′ located almost at the same time instant of the
corresponding velocity signal. This suggests a strong difference between the two fuels in the process
of energy transfer between outlet velocity fluctuations and sound radiation.
Nevertheless, the corresponding spectra do not seem to be sensibly affected. In this work, the Power
Spectral Density (PSD) is estimated by using the Welch’s method [44]. Signals are windowed by the
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means of Tukey windows [45] with shape parameter α = 0.15 and length corresponding to 12T .
Figure 10 shows the PSD distribution in the frequency domain of HRR fluctuation PQ̇′Q̇′ . No significant
differences can be observed among the four operating conditions in the low-frequency region (below
1000 Hz), especially for the peak value, which is located in correspondence of the forcing frequency
fa = 228 Hz. Major differences between the two fuel mixtures can be observed instead at higher
frequencies, where the hydrogen flames present lower peak values with respect to methane-hydrogen
ones. This difference may be related to the presence, in the latter, of the aforementioned flame
annihilation phenomena.
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Figure 10 – Power spectral density of HRR fluctuation PQ̇′Q̇′ for Cases 1 (a, left) and Cases 2 (b,
right) in logarithmic scale.
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Figure 11 – Power spectral density of pressure fluctuation Pp′p′ for Cases 1 (a, left) and Cases 2 (b,
right). Comparison between numerical (CFD) and experimental (Exp) results.

As for the noise spectrum, Figure 11 shows the PSD distribution of pressure fluctuation, computed in
dB according to the following definition:

PSD [dB] = 10log10

(
Pp′p′ [Pa2/Hz]∆ f

p2
re f

)
, (3)

where ∆ f is the spectral resolution and pre f = 2×10−5 Pa is a reference acoustic pressure [12]. The
numerical results are here compared with the experimentally recorded noise spectrum. Focusing on
the numerical results first, it can be observed that, despite the differences in the temporal profiles
of p′, the value at 228 Hz is almost the same for all cases. Indeed, the Sound Pressure Level SPL,
defined as

SPL [dB] = 20log10

(
prms

pre f

)
, (4)
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is equal, respectively, to 106.7 dB for Case 1a, 105.2 dB for Case 1b, 105.0 dB for Case 2a, and 102.2
dB for Case 2b. It can therefore be deduced that, despite the absence of visible flame annihilation
phenomena, the hydrogen flame is able to produce a comparable noise level for both the operating
conditions. The other peak frequencies are located at harmonics of this fundamental frequency. At
least for the first six peaks, a linear trend can be observed for the corresponding amplitudes, hence
indicating a power law dependency of Pp′p′ with respect to frequency, which is in agreement with the
literature on the subject [12]. For the hydrogen flames, a more rapid decay is observed with respect
to methane-hydrogen flames.
As for the experimental results, it can be observed for all cases that the recorded values are slightly
lower than the numerical ones. The amplitude of the peak at 228 Hz is approximately 5 dB lower
than the numerical value, with the SPL values now equal, respectively, to 101.2 dB for Case 1a,
98.7 dB for Case 1b, 100.6 dB for Case 2a, and 96.4 dB for Case 2b. Nevertheless, a reasonable
correspondence is found between experimental and numerical results in the trends, sustaining the
capability of the numerical set-up to properly capture the features of this system.

4. Conclusion and Perspectives
The generation of noise in laminar hydrogen and methane-hydrogen flames has been investigated
experimentally and numerically by considering acoustically excited M-shaped flames over a bluff-
body burner at either the same flame length or the same ratio of bulk velocity over laminar burning
velocity. The comparison of experimental and numerical results for both stable and forced flames has
shown the capability of the numerical set-up to adequately reproduce the main features of the flame.
In all cases, it has been observed that methane-hydrogen flames produce more accentuated pressure
fluctuations than pure hydrogen ones. This can be related to the presence, in acoustically excited
methane-hydrogen flames, of more pronounced flame-flame interactions which trigger “pinch-off”
phenomena. These cause the annihilation of the flame surface, a well-known mechanism of sound
generation. In the pure hydrogen flames, instead, due to the open-tip configuration of the stable
flame, flame-flame interactions are less accentuated at the flame tip for the same excitation frequency,
hampering the flame annihilation mechanism and leading to a reduced noise emission.
Nevertheless, the comparison of noise spectra has shown that the differences in terms of Power
Spectral Density at the peak frequency, as well as of Sound Pressure Level, between the two fuel
mixtures are quite limited. Therefore, despite the absence of abrupt flame surface destruction phe-
nomena as the “pinch-off” observed in methane-hydrogen flames, pure hydrogen flames present a
comparable emitted noise level. The main discrepancies are found in the amplitude of the harmonics,
with hydrogen flames showing a faster decay of the peak amplitudes for increasing frequencies.
In future work, the approach and methodology presented in this work will be extended to other exci-
tation frequencies and operating conditions. The impact of thermodiffusive instabilities in hydrogen
flames will be also investigated, by considering a leaner fuel-air mixture, in order to determine un-
der which states acoustically excited laminar hydrogen flames are capable to emit more noise than
methane-hydrogen ones. The considerations made for laminar flames will allow to better understand
the impact of flame-turbulence interaction on direct combustion noise generation in turbulent reacting
flows, which will be the subject of subsequent studies.
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