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Abstract 

This work investigates the effect of the equivalence ratio on laminar premixed hy-

drogen-air flames undergoing Head-On Quenching (HOQ), focusing on the coupling 

between flame front dynamics and acoustic emission. In hydrogen flames, variations 

of the equivalence ratio strongly modify the effective Lewis number (Le), leading to 

marked thermos-diffusive (TD) effects that can either destabilize or stabilize the 

flame front. These mechanisms give rise to intrinsically multidimensional flame dy-

namics, which cannot be captured by previous one-dimensional (1D) studies and are 

expected to significantly affect heat release rate (HRR) fluctuations and the associ-

ated sound generation. Direct Numerical Simulations (DNS) of two-dimensional 

(2D) HOQ in a Flame-Wall Interaction (FWI) configuration are performed at differ-

ent equivalence ratios. The results show that the TD regime governs the flame front 

topology and produces distinct acoustic signatures, with a strong impact on sound 

emission already prior to wall interaction. 
 

Introduction 

Hydrogen (H2) combustion is a promising route for carbon-free energy systems, but 

its distinctive physicochemical properties, notably high diffusivity and non-unity Le 

[1], lead to complex flame dynamics that can strongly affect HRR fluctuations and 

the associated combustion noise. In particular, TD effects may promote or suppress 

flame front instabilities, with a potentially strong impact on both quenching dynam-

ics and acoustic emission. Combustion noise is directly linked to temporal variations 

of the global HRR [2], making flame annihilation processes a canonical framework 

for its investigation. In this context, noise generation in laminar HOQ configuration 

has been widely studied [3, 4]. However, these studies are mostly restricted to hy-

drocarbon fuels, simplified chemistry, or 1D frameworks, which inherently suppress 

multidimensional effects and thus cannot capture TD instabilities and their influence  

 
Figure 1. Schematic representation of the 2D computational domain. Size and grid parameters are re-

ferred to the lean hydrogen flame. 
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on flame topology and sound generation. In this work, DNS of 2D premixed lami-

nar H2-air flames undergoing HOQ in a FWI configuration are performed at differ-

ent equivalence ratios. The objective is to assess how the TD regime, controlled by 

𝜙, shapes the flame front dynamics and the resulting acoustic emission before and 

during wall quenching. 

Table 1. Flames parameters. 
 

 Lean (𝝓 = 𝟎. 𝟒𝟓) Stoich. (𝝓 = 𝟏. 𝟎) Rich (𝝓 = 𝟕. 𝟐) 

𝑆𝐿 [𝑚/𝑠] 0.406 2.40 0.407 

𝛿𝐿
0 [𝑚𝑚] 0.4537 0.33212 1.034 

𝜏𝑓 = 𝛿𝐿
0/𝑆𝐿 [𝑚𝑠] 1.118 0.1384 2.541 

𝑇𝑎𝑑  [𝐾] 1535 2359 1159 

𝜔̇𝑇,𝑚𝑎𝑥
1𝐷  [𝐺𝑊/𝑚3] 1.543 16.52 0.4953 

𝜌̅𝑐∞
2  [𝑘𝑃𝑎] 130.8 118.7 44.87 

 

Numerical setup and Methodology 

DNS are performed using the compressible Navier-Stokes solver AVBP, with the 

San Diego chemical mechanism [5] and mixture-averaged transport model to capture 

non-equidiffusive effects. The computational setup, shown in Figure 1, is designed 

based on the lean flame (𝜙 = 0.45), which exhibits strong flame front wrinkling due 

to TD instabilities and therefore represents the most demanding condition in terms 

of spatial resolution [6]. It consists of a 2D rectangular domain of size 10𝐻 × 𝐻, 

with 𝐻 = 100 𝛿𝐿
0, representative of a laminar premixed flame propagating toward 

an isothermal no-slip wall (𝑇𝑤 = 300𝐾) in a FWI HOQ configuration. Non-reflect-

ing NSCBC [7] outlet is imposed at the opposite side, while periodic conditions are 

applied in the transverse direction. A uniformly refined near-wall 𝐻 × 𝐻 region en-

sures 15-45 grid points across the thermal laminar flame thickness, allowing an ac-

curate resolution of both the flame front and the quenching layer. A progressive dere-

finement is applied away from the wall. Simulations are initialized from a 1D flame 

solution from Cantera, at unburnt conditions of 𝑝 = 1𝑎𝑡𝑚 and 𝑇 = 300𝐾, mapped 

onto the 2D domain and weakly perturbed to promote the development of TD insta-

bilities as in [6]. After replacing the wall with an inlet boundary condition, the sim-

ulation is advanced until a statistically representative nonlinear regime is reached. 

The resulting flow field is then used as initial condition for the HOQ. Three equiva-

lence ratios are investigated, spanning different TD regimes: lean (𝜙 = 0.45, 𝐿𝑒 <
1), stoichiometric (𝜙 = 1.0, 𝐿𝑒 ≈ 1), and rich (𝜙 = 7.2, 𝐿𝑒 > 1). The correspond-

ing unstretched laminar flame speed 𝑆𝐿, thermal thickness 𝛿𝐿
0, characteristic time 𝜏𝑓, 

adiabatic temperature 𝑇𝑎𝑑, maximum HRR 𝜔̇𝑇,𝑚𝑎𝑥
1𝐷 , and the product of the mean 

density 𝜌̅ and the square of the far-field sound speed 𝑐∞ are summarized in Table 1. 
 

Main results and Discussion 

Figure 2 reports the instantaneous flame structures before or during wall interaction 

for the three equivalence ratios, showing the local equivalence ratio 𝜑 and HRR 𝜔̇𝑇 

fields, normalized by the unstretched flame global 𝜙 and 𝜔̇𝑇,𝑚𝑎𝑥
1𝐷 , respectively. The  
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Figure 2. Instantaneous local 𝜔̇𝑇/𝜔̇𝑇,𝑚𝑎𝑥

1𝐷  and 𝜑/𝜙 fields for the (left) lean 𝜙 = 0.45 𝐿𝑒 < 1, (cen-

ter) stoichiometric 𝜙 = 1.0 𝐿𝑒 ≈ 1, (right) rich 𝜙 = 7.2 𝐿𝑒 > 1flames during HOQ. 
 

 
Figure 3. Synchronized normalized temporal signals of far-field 𝑝′̃ (solid black line, left axis) and 

global 𝑑𝑄̃̇ 𝑑𝑡⁄  (red dashed line, right axis) for the (left) lean, (center) stoichiometric, (right) rich 

flames. The 𝑝′̃ signals are shifted by the time delay 6𝐻/𝑐∞. 
 

strong impact of 𝜙 on front topology is directly linked to TD effects governed by Le. 

In the lean case, the flame exhibits pronounced TD instabilities, leading to a highly 

corrugated front with finger-like structures and cusps [1]. Local fuel depletion at 

negatively curved regions induces partial extinction and successive inner Flame-

Flame Interaction (FFI) events prior to wall contact, resulting in a fragmented and 

dynamically evolving flame front. Local enhancement or reduction of HRR is ob-

served along the flame front, strongly correlated with its curvature. Consistently, 

strong spatial variations of the local 𝜑 are evident, with significant deviations from 

the flame global value. At stoichiometric conditions, although TD effects are sup-

pressed at 𝐿𝑒 ≈ 1 [1], the flame develops larger-scale wrinkling primarily driven by 

hydrodynamic Darrieus-Landau (DL) instabilities [1]. Compared to the lean case, 

the flame front is less fragmented and characterized by broader structures, which 

undergo less frequent annihilation events. In this regime, typical of canonical 
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hydrocarbon flames [1], the local 𝜑 and 𝜔̇𝑇 remain uniform along the entire flame 

front. In contrast, the rich case shows a fully stabilized flame front, which remains 

nearly planar and parallel to the wall throughout its evolution, with no intrinsic in-

stabilities. In this case, TD effects have a stabilizing effect, and the dynamics closely 

resemble a 1D configuration. The 𝜑 and 𝜔̇𝑇 fields are uniform along the entire front. 

These distinct flame behaviors directly translate into markedly different acoustic sig-

natures, as shown in Figure 3, where the temporal evolution of the normalized vol-

ume-integrated HRR time derivative 𝑑𝑄̃̇ 𝑑𝑡⁄ = (𝑑𝑄̇ 𝑑𝑡⁄ )/(𝜔̇𝑇,𝑚𝑎𝑥
1𝐷 𝑉/𝜏𝑓) and the syn-

chronized normalized far-field acoustic pressure 𝑝′̃ = 𝑝′/𝜌̅𝑐∞
2  recorded at Pff (see 

Fig.1) are reported. In the lean case, strong high-frequency oscillations of 𝑑𝑄̃̇ 𝑑𝑡⁄  are 

observed even before FWI, reflecting the continuous sequence of FFI events between 

cellular structures of the TD-unstable front. These fluctuations generate a non-neg-

ligible acoustic emission prior to FWI quenching, which remains the dominant sound 

source. For 𝜙 = 1.0, the signal exhibits less frequent oscillations, associated with the 

annihilation of larger flame cusps, consistent with the more spatially extended front 

structures observed in Fig.2. Finally, in the rich case, both 𝑑𝑄̃̇ 𝑑𝑡⁄  and 𝑝′̃ remain es-

sentially steady prior to wall interaction, consistently with the absence of either TD 

or DL front instability. Acoustic emission is solely associated with the final FWI. 

Overall, 𝜙 controls the TD regime, and therefore the flame front topology, leading 

to distinct acoustic signatures. Depending on the effective Le of the mixture, the 

flame front may become TD-unstable, DL unstable, or TD-stabilized. These effects 

are inherently multidimensional and therefore cannot be captured in 1D configura-

tions. FWI remains the dominant acoustic amplitude source in all cases [4]. 
 

Conclusions 

This work shows that the equivalence ratio strongly affects the TD regime of pre-

mixed H₂-air flames, controlling flame front topology, stability, and acoustic emis-

sion during laminar HOQ and FWI. Lean, stoichiometric, and rich conditions exhibit 

markedly different multidimensional dynamics and noise signatures. Nevertheless, 

in all cases the dominant acoustic source is associated with the wall interaction. Fu-

ture work will extend the analysis over a broader range of operating conditions and 

will assess the impact of chemical and boundary-condition modeling. 
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