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            Abstract
          
        

        
          Hydrogen explosions pose significant industrial safety risks, requiring accurate numerical models for risk assessment. This study validates a XiFoam-based model for hydrogen explosion dynamics using pressure data from the KI-RUT-HYD09 experiment. Employing adiabatic wall boundary conditions and a large-eddy simulation (LES) turbulence model, the simulations effectively replicated peak overpressure and pressure-wave profiles. Surface-averaged pressure evaluations minimized discrepancies compared to point-probe measurements, and the ignition delay time was adjusted by +9 ms to align first-wave peaks. The model captured shock-flame separation, initial shock velocities of ~3,000 m/s, shock attenuation, and flame-front propagation. These results confirm that the XiFoam model, with optimized parameters and turbulence closure, accurately reproduces overpressure dynamics and key phenomena of large-scale hydrogen explosions, providing a reliable tool for safety analysis.

        

      

      
        Keywords: 
XiFoam, Hydrogen Explosion, Computational Fluid Dynamics (CFD), RUT facility

      

    

    

  
    
      1. Introduction
      Hydrogen presents a significant safety challenge in various industries, including nuclear power plants [1] and hydrogen fuel cell technologies [2], due to its high reactivity and wide flammability limits. Hydrogen combustion prediction tools must reliably predict the intricate pressure loads arising from diverse combustion regimes—spanning slow deflagration, turbulent combustion, and detonation—while requiring rigorous validation against experimental data at realistic scales. To address the demand for comprehensive data, the European HYCOM joint research project was initiated, focusing on establishing an experimental database for turbulent flame regimes while accounting for scale effects, multi-compartment geometries, and mixture gradients [1]. Central to this effort were large-scale tests at the Kurchatov Institute's RUT facility, which replicates reactor-relevant length scales [3]. Data from specific tests (e.g., HYC01, HYC14) provided a robust basis for the integral validation of computational fluid dynamics (CFD) and lumped-parameter codes [1]. Complementing HYCOM, the SUSANA project developed the Hydrogen Model Evaluation Protocol (HYMEP) to bolster the confidence and precision of CFD simulations in hydrogen safety assessments [2]. HYMEP encompasses all phases of safety modeling, including detonation and deflagration-to-detonation transition (DDT), with its validation database incorporating benchmark cases from the RUT facility (e.g., KI_RUT_hyd05, KI_RUT_hyd09) for thorough model evaluation [2].

      Large-scale detonation data from the RUT facility have proven essential for benchmarking CFD models' predictive capabilities and identifying limitations in industrial-scale safety analyses. Yáñez et al. benchmarked multiple CFD codes against large-scale RUT detonation experiments, demonstrating strong quantitative predictions of detonation velocity, overpressure, and related parameters even on coarse grids (6–10 cm) [4]. Machniewski and Molga validated CFD simulation models by comparison with large-scale RUT tunnel detonation data, confirming higher detonation wave overpressures in confined versus unconfined conditions [5]. Huang et al. introduced the 3D DEST tool for hydrogen detonation simulations in severe accidents, showing reasonable alignment between simulated RUT facility detonation tests and experimental results [6]. Kim and Kim integrated a seven-step chemical reaction model into an OpenFOAM solver, successfully simulating RUT detonation cases (KI-RUT-HYD09, KI-RUT-HYD05) with performance matching or exceeding traditional codes [7]. Zbikowski et al. applied a ZND theory-verified LES detonation model to large-scale RUT experiments, revealing grid dependency in complex 3D geometries where stability diminishes for control volume sizes over 0.1 m [8]. Heidari et al. proposed a large-scale detonation simulation method using a single-step chemical model and coarse grids, validating through RUT tests that detonation velocity and Chapman-Jouguet (CJ) pressure predictions reasonably match experimental data [9]. Rao et al. tuned a single-step Arrhenius chemical model for coarse grids under RUT tunnel detonation conditions, achieving reasonable agreement in detonation wave propagation velocity and pressure decay [10].

      This study aims to enhance confidence in hydrogen explosion simulations by proposing a XiFoam-based numerical model [11], grounded in the context of prior large-scale experiments and CFD validation activities. Specifically, it seeks to reproduce the experimental pressure data from the RUT facility. This approach will expand the accuracy and applicability of CFD analyses in the field of hydrogen safety, ultimately contributing to the safety evaluation of hydrogen energy-related facilities.

    

    

  
    
      2. Numerical Simulation Model
      To validate the numerical simulation model, the experimental data were obtained from the KI-RUT-HYD09 test at measurement points P7, P8, P9, P10, and P11 in Figure 1. The measured pressure data resulting from an explosion induced by igniting a 25.5% hydrogen mixture with 200g of TNT in a test facility 35.5 meters long. The experimental conditions are listed in Table 1.

      
        
        

        Figure 1: 
				
        

        
          Configuration of RUT experiment facility [3,4]
        
        

        

      

      
        Table 1: 
				
        

        
          Experimental condition for KI-RUT-HYD09
        
        

      

      
        
          
            	Initial temperature
            	Initial pressure
            	Volume of gas
          

        
        
          	298.15 K
          	1.01325 bar
          	263 m3
        

        
          	Concentration
          	Equivalence ratio
          	Mass of TNT
        

        
          	25.5% vol	H2
          	0.821
          	200 g
        

      

      

      The simulation of the explosion phenomenon was performed using the XiFoam solver for unsteady combustion analysis of the homogeneous mixture. The general governing equations of mass, momentum, and energy conservation are applied with an ideal gas equation. The species transport equation for the turbulent premixed combustion phenomenon is modeled by applying the reaction progress variable b [12].
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      where Tu denotes the unburned gas temperature and Tb represents the burned gas temperature. c is defined as c=T-TuTb-Tu. Here, c = 0 (b = 1) represents burnt products and c = 1 (b = 0) represents unburned fuel-air mixture.
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      where ρ is the density, u is the flow velocity, Sct=μtρD is the turbulent Schmidt number, μt is the turbulent viscosity, D is the diffusion coefficient, ρu is the density of unburnt mixture, and Su is the laminar flame speed. Ξ is the flame wrinkling variable, defined by the ratio of turbulent flame speed and laminar flame speed.
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      where St represents the turbulent flame speed. In this study, the flame wrinkling factor is solved using a transport equation [12], which means a balance between the creation of wrinkles by turbulence and their destruction by diffusion.
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      where us is the flame surface velocity, GΞ is the source term representing the production of flame surface area due to turbulent eddies, R( Ξ-1) is the sink term representing the destruction of flame surface area due to molecular diffusion and chemical reactions, and (σs - σt)Ξ is the term representing the effects of strain on the flame surface, which can either increase or decrease wrinkling depending on the flame dynamics.

      In this study, the laminar flame speed is also solved using a transport equation [12].
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      where - σs Su is the negative source term that models the reduction of the laminar flame speed due to flame stretch ( σs ), σsSu∞Su0-SuSu0-Su∞ is the positive source term that drives the flame speed toward equilibrium, Su∞ is the laminar flame speed at the extinction strain rate, and Su0 ​ is the unstrained laminar flame speed, which is evaluated using Gülder’s correlation [13]:
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      where W(2.094), η(1.068), ξ(0.424), α(2.9), and β(-0.04) are model parameters for the hydrogen-air mixture, and Φ denotes equivalence ratio. Considering the experimental environment, the simulation conditions are selected as listed in Table 2. Details of the case setup, including fvSchemes, fvSolution, and controlDict, is available in the XiFoam tutorial by Yasari [11].

      
        Table 2: 
				
        

        
          Initial and boundary conditions for simulation
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          	300 K
          	1.01325 bar
          	0.815
          	0
          	1.635 m/s
          	60 ms
        

        
          	Velocity
          	Temperature
          	
            P, b, Ξ, S
            L
            , k, ν
            t
            , α
            t
          
          	Turbulence model
        

        
          	Slip
          	Zero gradient
(Adiabatic)
          	Zero gradient
          	k-eqn (LES)
        

      

      

    

    

  
    
      3. Results and Discussion
      To simulate ignition from a 200 g TNT detonation, equivalent temperature and pressure conditions were applied at the ignition site depicted in Figure 1. The explosion's initial pressure was set to 30.96 bar calculated using the Sadovsky correlation in atm [13]:
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      where Δp is overpressure (atm), m is mass of explosive (kg) and r is distance from explosion (m). And the initial temperature was set to 3,150 K based on high explosives properties [14]. The ignition region was initialized with the progress variable b = 0 and the radius of 0.5 m, considering the RUT facility geometric constraints.

      Figure 2 illustrates progressively refined hexahedral meshes used to evaluate grid dependence and the influence of early ignition behavior on the subsequent explosion dynamics. Grid density was assessed by the ratio of the ignition sphere volume to the volume of a single computational cell within the ignition region, based on an ignition condition of 3,047 K and 5.84 bar. As shown in Figure 3, the pressure-time history for probes P7–P11 converged at a grid resolution of 121,980 cells, corresponding to an ignition sphere volume to single-cell volume ratio of approximately 352.47. For subsequent simulations, a numerical model with 298,688 cells was employed, achieving an ignition sphere volume to single-cell volume ratio of 890, as depicted in Figure 2(c).

      
        
        

        Figure 2: 
				
        

        
          Mesh variation based on grid precision: (a) Volume ratio 111.30; (b) Volume ratio 352.47; (c) Volume ratio 890.00.
        
        

        

      

      
        
        

        Figure 3: 
				
        

        
          Effect of grid resolution on pressure-time histories at sensor locations P7–P11, shown in subfigures (a)–(e), respectively
        
        

        

      

      To evaluate the influence of wall heat transfer on simulation outcomes, based on an ignition condition of 3150 K and 30.57 bar, simulations were conducted with two wall boundary conditions: a fixed temperature of 300 K and an adiabatic condition using a zero-gradient boundary. These simulations enabled a quantitative assessment of wall heat transfer effects on the pressure dynamics. As shown in Figure 4, pressure measurements at all sensor locations exhibited negligible differences between the two configurations. Consequently, wall heat transfer was determined to have minimal impact on the results, and the adiabatic condition, implemented with a zero-gradient boundary for wall temperature, was adopted for subsequent simulations.

      
        
        

        Figure 4: 
				
        

        
          Comparison of wall boundary conditions: fixed wall temperature (300 K) and adiabatic wall condition (zero-gradient), with subfigures (a)-(e) showing pressure-time histories at sensor locations P7–P11, respectively
        
        

        

      

      To identify the turbulence model most consistent with experimental overpressure data, two approaches were compared: a large-eddy simulation (LES) k-equation model and a shear-stress transport detached-eddy simulation (DES) k-ω SST-DES model. As a result, Figure 5 illustrates the temporal evolution of a representative flame surface. The k-ω SST-DES exhibits greater flame surface wrinkling compared to the k-equation LES as the flame propagates along a curved path, resulting in an expanded combustion region where the progress variable ranges from 0.1 < b < 0.9. However, Figure 6, the k-ω SST-DES overpredicts pressure-time histories at sensor locations P7 and P11 and underpredicts them at P8, P9, and P10, compared to the LES k-equation model, which demonstrates closer agreement with experimental data. This suggests that non-uniformity in turbulent flame propagation may influence wall pressure measurements.

      
        
        

        Figure 5: 
				
        

        
          Comparison of turbulence models: (a) k-equation (LES) and (b) k-ω SST-DES (SSTDES). Flame surface contours on the x-y plane at z = 5 m are shown, with blue representing b = 0.9 and red representing b = 0.1, respectively
        
        

        

      

      
        
        

        Figure 6: 
				
        

        
          Comparison of turbulence models: k-equation (LES) and k-ω SST-DES (SSTDES), with subfigures (a)-(e) showing pressure-time histories at sensor locations P7–P11, respectively
        
        

        

      

      In addition to pressure-time histories, Figure 7 presents local pressure field distributions visualized using two iso-surface types: shock wave and flame fronts. The shock front was detected by evaluating the ﬁrst and second derivatives of the density gradient projected onto the normalized flow direction, as described by:
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        Figure 7: 
				
        

        
          Shock wave and flame front iso-surfaces with normal vectors and pressure field distribution on the x-y plane (z = 5 m)
        
        

        

      

      where ε is a filtering threshold [15]. The flame front was extracted using the contour of b = 0.1. Figure 7 illustrates the representative temporal evolution of these iso-surfaces along a curved path, with the shock wave propagating ahead of the flame front and elevated pressure distributed non-uniformly between them. This also suggests that the curvature and propagation behavior of the shock wave and flame front influence the pressure distribution.

      Figure 8 presents the propagation speeds of the flame and shock fronts, calculated based on the time-dependent displacement of their mean surface coordinates. The mean position of each front was determined by averaging the x, y, and z coordinates of all surface points at each time step. The instantaneous propagation speed was computed by dividing the displacement of the mean coordinates by the time interval, as given by:
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        Figure 8: 
				
        

        
          Propagation speeds of the flame and shock fronts.
        
        

        

      

      where Xmean​ is the mean coordinates of all points on the shock or flame front at each time step, and Δt is the sampling time step, set to 5×10-6 s.

      The shock wave initially propagates at approximately 3,000 m/s at ignition, but decelerates as it advances into the unburned hydrogen mixture, indicating not a self-sustained detonation.

      This deceleration is attributed to the transition from a high-energy initiator, such as TNT with a detonation velocity ranging from 2,000-7,000 m/s depending on mixture properties [16,17], to hydrogen mixture, which exhibits a lower detonation velocity of 1,000-2,000 m/s [18,19]. In contrast, the flame front velocity is initially lower than that of the shock wave but gradually approaches it over time. This behavior is likely due to turbulence-enhanced combustion driven by interactions between the flame front and surrounding flow structures, particularly along curved paths and in canyon regions.

      Figure 9 compares numerical simulation pressure data with experimental results, incorporating a +9 ms time offset to account for uncertainties in ignition delay between the experiment and simulation. The maximum pressure distribution from the cross-section shows closer agreement with experimental data than point-based measurements from discrete sensors, with the largest discrepancies observed at sensor P7. Additional simulations conducted at initial ignition temperatures of 3,000 K and 3,300 K (±150 K from baseline) revealed minimal deviations in peak overpressure, demonstrating XiFoam's capability to accurately reproduce the time-dependent overpressure evolution of hydrogen explosions. Combining point-based measurements and the maximum pressure distribution from the cross-section improves the evaluation of experimental conditions.

      
        
        

        Figure 9: 
				
        

        
          Comparison of point-based and surface-based pressure measurements, with subfigures (a)-(e) showing pressure-time histories at sensor locations P7–P11, respectively. The first peak time includes interpolated maximum pressure distributions from the cross-section and wall-mounted sensor values
        
        

        

      

    

    

  
    
      4. Conclusion
      This study employed the XiFoam solver to simulate large-scale hydrogen explosions, validated against the KI-RUT-HYD09 hydrogen–TNT experiments at the RUT facility. By systematically optimizing simulation parameters, including mesh resolution, wall boundary, turbulence model, and pressure evaluation methods, the numerical model achieved robust agreement with experimental data. Key findings are: (1) maximum overpressure convergence at ignition sphere-to-cell volume ratios above 352.47; (2) negligible effects of wall temperature variations on pressure and flame propagation; (3) superior performance of the k-equation LES turbulence model over the k-ω SST-DES model in reproducing pressure-time histories; (4) closer alignment of maximum pressure distributions from cross-sections with experimental data compared to point-based sensor measurements, particularly at sensors P7–P11; and (5) shock front propagation at an initial 3,000 m/s, decelerating to a hydrogen detonation velocity of 1,400 m/s, with the flame front trailing due to turbulence-enhanced combustion along curved paths and canyon regions.

      Applying a +9 ms time offset to account for ignition delay uncertainties between the experiment and simulation, XiFoam accurately captured the time-dependent overpressure evolution and shock–flame separation dynamics. The optimized parameter set provides a reliable framework for future CFD-based hydrogen explosion modeling, enhancing safety assessments for hydrogen energy facilities.
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