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Abstract 

This study quantifies the scale effect in hydrogen-air explosions using high-fidelity 

2D and 3D numerical simulations with detailed chemistry and diffusion modeling. 

Simulations are conducted in an obstacle-laden channel, varying the geometric 

scaling factor, premixed hydrogen mole fraction and dimensionality. Results show 

that flame acceleration increases significantly with geometric scale, primarily due to 

the enhanced growth of the turbulent flame surface area. Furthermore, the scale 

effect is more pronounced in 3D than in 2D, which is particularly true for leaner 

mixtures. 

 

Introduction 

The scale effect describes a phenomenon where explosion behavior is found to 

diverge significantly on small and large scales. On large scales, deflagration-to-

detonation transition has been observed to occur for very lean mixtures, while on 

small scales, higher equivalence ratios close to stoichiometry are required. These 

observations were based on the comparison of the large-scale RUT facility and its 

down-scaled counterpart on laboratory scale, the miniRUT facility [1]. 

Current Large Eddy Simulation (LES) models for premixed turbulent combustion 

usually neglect scale effects. Vermorel et al. [2] demonstrated this limitation, 

showing that while LES with a Thickened Flame Model could match experimental 

results for specific explosion scales (small, medium, large) in a venting chamber, no 

single model or parameter set was universally applicable across all scales. 

Consequently, a deeper physical understanding of scale effects is essential to enable 

the development of robust models applicable across a broad range of scales. 

 

Methodology 

The compressible reactive Navier-Stokes equations are solved using the 

OpenFOAM-based EBI-DNS solver [3]. The solver utilizes a coupled approach 

combining OpenFOAM for the solution of the transport equations (mass, 

momentum, energy and species) with the chemical kinetics and thermodynamics 

library CANTERA. These calculations employ a well-established hydrogen/air 

mechanism [4] comprising 9 species and 21 elementary reactions. The diffusive flux 
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is modeled using the mixture-averaged diffusion approach. 

Inspired by the miniRUT facility, the computational setup is a channel with 

periodically arranged obstacles to facilitate efficient flame acceleration (Fig. 1). The 

investigated cases vary in geometric scale (scaling factor SF) and hydrogen fraction, 

ranging from very lean to stoichiometric premixed cases. 

 

 
Figure 1. Geometry of the partially obstructed channel at scaling factor SF=1. 

From top to bottom: top-view, side-view, iso-view (bottom left) and detailed view 

of first channel section (bottom right). All measurements in mm. The locations of 

the ignition kernel and obstacles are indicated in red and blue. 

 

By measuring the flame-tip position over time, the development of the flame-tip 

velocity is analyzed. The examined explosions show a non-linear increase in flame-

tip velocity, with the highest velocities being reached towards the end of the channel 

and for the highest scale factors. The scaled critical distance 𝑙crit/𝑙ch  is defined as 

the normalized channel position (fraction of the total channel length), where the 

flame reaches a certain critical velocity. 

 

Results 

It is found that the normalized critical distance decreases with increasing scale 

according to a power-law relation,  

 

 
𝑙crit

𝑙ch
∝ SF𝛼 (1) 

 

confirming that explosions accelerate more effectively over shorter relative distances 

in larger facilities (Fig. 2). While 2D simulations suggest that the corresponding 

power-law exponents are consistent across a wide range of equivalence ratios, 3D 

results reveal a critical deviation, as it is quantified in Table 1. 



JOINT MEETING OF THE ITALIAN AND SPANISH SECTIONS OF THE COMBUSTION INSTITUTE 
 

Dedicated to Prof. Amable Liñán  Villa Fondi | Piano di Sorrento | May 26-29, 2026 

 
Figure 2. Normalized critical distance over scale factor for different mixtures. 

Comparison of results for 2D and 3D cases. The abbreviations rut and mr refer to 

the large-scale RUT facility and the laboratory-scale miniRUT facility, 

respectively. 

 

Table 1. Comparison of power-law exponents (slopes in the double-logarithmic 

diagrams like in Fig. 2) for critical distance scaling in 2D and 3D configurations. 

 

Hydrogen mole fraction 2D power law exponent 3D power law exponent 

17.36% -0.084 -0.210 

24.0% -0.101 -0.163 

29.6% -0.143 -0.145 

 

Particularly for leaner mixtures, the scale effect is significantly more pronounced in 

3D than in 2D. As can be seen in Fig. 3, the tip of the lean flame exhibits complex, 

highly three-dimensional wrinkling patterns caused by the combined interaction of 

hydrodynamic and thermo-diffusive instabilities and turbulence. Conversely, the 

stoichiometric flame surface displays larger, more regular wrinkles, which are likely 

caused by the Landau-Darrieus instability and appear less three-dimensional. 

 

Outlook 

The presentation at the conference will show a detailed analysis of the flame surface 

area, turbulent burning velocity and flame stretch, in order to explain the observed 

behavior for different equivalence ratios and scaling factors. In addition to the 

evolution of the flame surface area, the local burning rate per unit flame area needs 

special attention since it exhibits a complex dependency on scale and mixture 

composition, driven by the interaction of flame stretch and Markstein number 
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effects. Further analysis is to be conducted on the spectrum of turbulent length scales 

potentially interacting with the premixed flame, which is spanned by the integral 

turbulent length scale and the Kolmogorov microscale. 

 

 

 
Figure 3. Zoomed 3D snapshots of lean (top) and stoichiometric (bottom) 

flame at scaling factor SF=1. The flame is shown as a semitransparent iso-volume. 
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