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This study investigates the influence of a linear hydrogen concentration
gradient on flame acceleration and deflagration-to-detonation transition
(DDT) within obstructed environments. This study employs numerical
simulation methods to model the hydrogen flame propagation by coupling
turbulence modeling with detailed chemical kinetics. The numerical
framework accurately captures the coupled heat transfer behavior using the
Euler time integration scheme with the HLLC flux scheme. A baseline
hydrogen concentration of 30 vol% is established, featuring linear vertical
concentration gradients characterized by slopes of 130.91, 205.72, and
480.00. The simulation results demonstrate that combustion reactions
proceed more rapidly in high-concentration regions. This accelerated
reaction rate, coupled with boundary layer instability effects, generates
localized pressure and temperature gradients that subsequently enhance flame
propagation velocity. The characteristic behavior manifests as an increased
frequency of flame oscillation and acceleration with higher concentration
gradient slopes. This relationship suggests a direct coupling between mixture
stratification intensity and combustion instability. Furthermore, while the
overdrive detonation velocity exhibits a positive correlation with the gradient
slope, the stable detonation velocity remains relatively consistent, being
primarily governed by the overall hydrogen concentration.
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1. Introduction

Hydrogen has emerged as a crucial strategic energy resource, simultaneously addressing two
critical challenges: energy security and carbon neutrality. Furthermore, it serves as a catalyst for

technological innovation and industrial transformation across multiple sectors [1, 2]. The widespread
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adoption of hydrogen energy necessitates a comprehensive understanding of its safety considerations.
Addressing these safety challenges is fundamental to realizing the full potential of hydrogen as a clean
energy carrier [3]. Consequently, investigating hydrogen deflagration characteristics has become a
critical research priority in the field of hydrogen safety.

Statistical analysis of historical hydrogen accidents reveals that deflagration events account for
approximately 70% of reported incidents [4]. These findings underscore the critical importance of
investigating hydrogen deflagration characteristics. Given the unique propensity of hydrogen for
deflagration-to-detonation transition (DDT), numerical simulations have emerged as the primary
investigative method, overcoming the inherent limitations of experimental approaches in studying its
combustion behavior [5].

In confined environments, the ignition of hydrogen-air mixtures by high-temperature sources
generates premixed flame front propagation. This combustion behavior exhibits distinct characteristics
due to spatial constraints and mixture properties. Clanet et al. [6] first identified four distinct stages of
flame propagation: spherical, finger-shaped, planar, and tulip flame formations. This seminal work
established the foundation for subsequent investigations into premixed flame combustion dynamics.
Building upon fundamental research, Middha et al. [7, 8] investigated the DDT process and established
a predictive criterion. Their approach correlates geometric dimensions with detonation cell
characteristics to assess DDT potential. Kim et al. [9] systematically investigated how flow dynamics
and mixture concentration affect flame acceleration during DDT. Complementing this work, Sanchez et
al. [10] comprehensively reviewed hydrogen flame characteristics, highlighting the critical roles of
concentration gradients, ignition sources, and environmental conditions in deflagration behavior.
Kuznetsov et al. [11] expanded the investigation by examining how obstacles and concentration
gradients influence detonation overpressure. Their comprehensive analysis elucidated the external
explosion mechanisms responsible for generating multi-peak pressure structures. Xiao et al. [12, 13]
employed high-performance CFD simulations to investigate turbulent diffusion and heat transfer in
hydrogen environments. Their study systematically analyzed flame acceleration phenomena, while
elucidating the underlying mechanisms of premixed flame transformation into detonation waves.
Furthermore, Wang ef al. [14] examined the impact of obstacle configuration on DDT, demonstrating
that symmetric obstacle arrangements yield minimal detonation distances and times. Complementing
this research, Saeid et al. [15, 16] explored how hydrogen diffusion times affect DDT mechanisms in
non-uniform mixtures.

In summary, existing literature on hydrogen detonation has systematically investigated flame
dynamics phenomena. These include the findings that boundary constraints dominate flame acceleration
and instability, as demonstrated by the author using fractal theory [17]. Moreover, the proposed
continuous obstacles induce flow field disturbance, thereby forming a mutually reinforcing positive
feedback mechanism[18, 19]. Previous studies have evidenced that the local Damkoéhler (Da) number
undergoes drastic changes in the concentration gradient field, leading to the switching of flame
propagation between the dynamic and the transport control region. This is the key factor driving flame
instability and acceleration. Evidence indicates that positive concentration gradients along the flame
propagation direction typically enhance DDT substantially, conversely, negative gradients tend to
suppress or delay DDT [20]. However, earlier studies have neglected the influence of lateral hydrogen
concentration gradients on flame acceleration in obstructed conditions.

This study quantitatively analyzes the overdriven detonation and stable detonation velocities



induced by hydrogen deflagration under varying concentration gradients, focusing on revealing the
unique acceleration patterns of hydrogen flames triggered under obstructed conditions. By integrating
flow characteristics with pressure field analysis, the flame acceleration mechanism is elucidated. These
findings provide critical insights for developing effective thermal mitigation strategies across various

hydrogen utilization scenarios.
2. Modeling and numerical methods
2.1. Governing equations and turbulence model

Flame propagation is fundamentally governed by the conservation laws of mass, momentum, and

energy. These governing equations are expressed as follows [21, 22]:
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where t is time, s; p is density, kg/m®; x; is the position in the i direction, m; u; is the velocity in
the i direction, m/s; a is the external force acting on the fluid unit, N; p is pressure, Pa; U, is the
total internal energy, as U, = E +w;u;/2,J; D; is the diffusion term, w,, is the net production rate
of m in reaction, mol/L-s; D, is the diffusion coefficient, m*/s R is the gas constant, and T is the
temperature K.

For detailed implementation steps, please refer to the preliminary study [18]. The turbulence
characteristics are modeled using the SST k-w, while flame propagation is described by the progress

variable c:
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where [isq;, 1s the apparent viscosity, Pa's; Scr is the turbulent Schmidt number.
2.2. Detailed reaction mechanism

The hydrogen-air combustion chemistry is modeled using the detailed reaction mechanism
developed by O'Conaire et al. [23], and the complete reaction scheme is presented in Tab. 1.
Table 1. H»/O, Reaction Mechanism

Reaction numbers Reactions A n E

H»/O; chain reactions
‘H+0,=-0+-OH 1.91x10"* 0 16.44
‘O+H,="H+-OH 5.08x10*  2.67 6.292
‘OH+H,="H+H,0 2.16x10*  1.51  3.43
-O+H,0=-OH+-OH 2.97x10% 2.02 13.4

H,/O; dissociation/recombination reactions

AW N =
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5 H,+M=-H+-H+M 4.57<10 -1.40 105.1
6 ‘O+-0+tM=0,+M 6.17x10  -0.50 0
7 ‘O+H+M="OH+M  4.72x10"® -1.00 0
8 ‘H+-OH+M=H,0+M  4.50x10** -2.00 0
Formation and consumption of-HO,
9 ‘H+O#M="-HO*+M  3.48x10' -0.41 -1.12
‘H+0,=HO> 1.48%x10"  0.60 0
10 ‘HO»+-H=H>+0O, 1.66x10" 0 0.82
11 HO»+H=OH+OH 7.08x10% 0 030
12 ‘HO,+-O="OH+0, 3.25x10" 0 0
13 ‘HO»+OH=H,0+0,  2.89x10" 0 -0.50
Formation and consumption of H,O,
14 ‘HO,+HO,=H,0,+0,  4.2x10™ 0 11.98
‘HOy+-HO,=H,0,+0,  1.3x10" 0 -1.629
s H,O0,+M=-OH+OH+M 1.27x10'7 0 45.5
H>O0,="OH+-OH 2.95x10" 0 48.4
16 H,O,+-H=H,O+OH  2.41x10" 0 3.97
17 H,O0,+-H=H,+-HO; 6.03x10" 0 7.95
18 H,Oo+0='OH+HO, 9.55x10° 2.00 3.97
19 H,O,+OH=H,0+HO, 1.0x10" 0 0
H,O,+-OH=H,O0+-HO, 5.8x10' 0 9.56

2.3. Computational domain and geometry

The computational domain consists of a two-dimensional (2D) horizontal channel with
dimensions of 3000 mm x 60 mm, which has been verified to induce a detonation transition [18]. A
series of rectangular obstacles (15 mmx10 mm) is symmetrically set on the top and bottom walls, as
illustrated in Fig. 1. The obstacles are spaced at 200 mm, resulting in a blockage ratio (BR) of 0.5. This
length-to-diameter ratio (L/D) ensures the capture of DDT within the computational domain while
corresponding to the elongated scenario of hydrogen transport. Structural blockages simulated in
hydrogen transportation aim to elucidate the critical influence of turbulence and shock reflection on
flame acceleration mechanisms. The uniformly structured meshes provide higher computational
accuracy in capturing flame dynamics. This configuration allows for precise resolution of the flame front

evolution and combustion characteristics [24].
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Figure 1. Schematic diagram of flame propagation domain

2.4. Boundary conditions

To accurately describe the physical explosion process, the following boundary conditions were



implemented: (1) The left boundary is defined as a non-slip, adiabatic solid wall. The ignition patch is
initialized at this boundary to trigger the combustion process with 2400 K. (2) The top, bottom, and
right boundaries, including the obstacle, are defined as non-slip, adiabatic walls. (3) The domain is
initially filled with a baseline hydrogen concentration of 30 vol%. As shown in Fig. 2, the hydrogen
concentration exhibits a linear distribution along the Y-axis, characterized by three distinct gradient
slopes: L-1 = 130.91, L-2 = 205.72, and L-3 = 480.0. The initial pressure and temperature of the

computational domain are 101325 Pa and 298 K.
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Figure 2. Distribution of hydrogen concentration
2.5. Numerical Schemes and Discretization

The governing equations are solved via the finite volume method (FVM). The computational
domain is discretized using a structured mesh with a resolution of 0.5 mm. This resolution ensures that
the flame and the induction zone behind the shock are captured with sufficient detail [24]. A first-order
Euler scheme is utilized, where the time step dynamically controlled by a Courant-Friedrichs-Lewy
(CFL) number of 0.2 to ensure numerical stability. The Harten-Lax-van Leer-Contact (HLLC)
approximate Riemann solver is employed to compute the convective fluxes. This scheme is particularly
robust for capturing the shocks inherent in detonation.

The modeling and computational analysis for this numerical simulation were completed on the
OpenFOAM, with visualization processed through ParaView. The numerical simulations are performed
using ddtFoam. The computational procedure for each time step is as follows: first, the density, viscosity,
and chemical reaction rate are calculated based on the pressure, temperature, and reaction progress
variable. Next, the transport equation for the reaction process variable is solved. The compressible N-S
equations are solved using a density-based approach. Subsequently, the self-ignition delay time is
updated based on the local temperature and pressure history. Finally, the time step is dynamically
adjusted to maintain the maximum CFL number, ensuring stability for flame-chemistry interactions.

Experimental validation of this methodology is provided in the previous research [18].
3. Flame acceleration and DDT mechanism

Fig. 3 presents the temporal evolution of the hydrogen flame under three distinct concentration
gradients: (a) 130.91, (b) 205.72, and (c) 480.00. The analysis indicates that hydrogen concentration
strongly influences flame thermal diffusion, resulting in distinct inclination of the flame front during

propagation. This concentration-dependent behavior highlights the crucial role of mixture stratification
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in flame dynamics. Moreover, the flame front inclination angle increases as the concentration gradient
slope becomes shallower. This geometric configuration reduces thermal energy accumulation in the
reaction zone, thereby slowing flame propagation. Meanwhile, thermal energy accumulation at the
flame boundary promotes the formation of hot spot, establishing critical conditions for detonation within
the heat-flow coupling region. This phenomenon results from turbulence-induced enhancement of
concentration and temperature gradients within the boundary layer, which facilitates flame self-ignition.
It is verified that strong temperature or concentration gradients lead to significant differences in local
self-ignition delay times, thereby causing the gas compressed by shock waves to ignite at varying
locations [25]. Steeper concentration gradients lead to faster flame propagation and shorter hot-spot
formation durations. Specifically, the transition durations are 7.08 ms (out of 7.9 ms total), 6.32 ms (out
of 7.21 ms total), and 5.06 ms (out of 6.09 ms total) for gradients L-1, L-2, and L-3.
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Figure 3. Results of dynamic flame propagation

Fig. 4 presents the temporal evolution of the flame front. The obstacle-induced stretching of the
flame significantly increases the flame surface area between the flame boundary and the unburned gas,
thereby enhancing combustion reactions and flame propagation. Obstacle-induced deformation of the
shear layer triggers a transition from expansion-driven to flow-driven flame propagation. This transition
is further amplified by the positive feedback between the flow field and the reaction zone, with flame
acceleration between obstacles showing a clear dependence on concentration gradient. Specifically,
steeper concentration gradients lead to faster flame front propagation. Exponential fitting results
(y=e2 7%, yy=e303x

flame acceleration coefficient. This quantitative analysis demonstrates that steeper concentration

, y3=e>*7) indicate a positive correlation between the concentration gradient and

gradients enhance acceleration effectiveness between obstacles.
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Figure 4. Position changes of the flame front

6



The evolution of flame velocity is calculated using the flame tip tracking method v =
(x + Ax)/(t + At), as shown in Fig. 5, allowing for precise tracking of flame dynamics. The flame
acceleration process between obstacles exhibits an oscillatory upward trend. Notably, smoother
concentration gradients amplify both the fluctuation frequency and amplitude of the flame velocity. This
phenomenon is attributed to the intermittent coupling of thermal expansion and flow dynamics on flame
acceleration. Under steeper concentration gradients, the synergistic interaction between turbulent
transport and chemical heat release enhances flame propagation while reducing both the amplitude and
frequency of flame-front velocity oscillations. This self-sustaining mechanism facilitates sustained
flame acceleration throughout propagation. The interaction between flame and shock waves induces an
overdriven detonation upon hot spot formation, facilitated by obstacle-induced turbulence and
compression. This further confirms the mechanism by which obstacles accelerate the DDT process in
non-uniform concentrations [25]. Specifically, the mixture composition behind the obstacle reaches
stoichiometric conditions under high-velocity diffraction, thereby promoting DDT initiation. The
analysis reveals a positive correlation between concentration gradient and detonation intensity, with
measured overdriven detonation velocities of 1.40, 1.82, and 2.12 times the Chapman-Jouguet (CJ)
velocity (D/D¢—;) for progressively steeper gradients. The stable detonation velocity is determined to
be 1.06 times the C-J velocity (calculated using Cantera 3.0 [26] as 1979.1 m/s).
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Figure 5. Flame propagation velocity
Fig. 6 illustrates the flame surface area during propagation, highlighting the strong dependence
on concentration gradients. Smoother gradients induce significant combustion delays while promoting
flame-front stretching through obstacle-induced shear layer shedding. The maximum observed flame-
front areas are 0.56 m, 0.71 m, and 1.11 m for progressively smoothing gradients. This expansion

disperses thermal energy, thereby reducing the efficiency of hot spot formation.
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Figure 6. Flame front area

Fig. 7 presents the coupled evolution of combustion wave and precursor shock waves during DDT.
The shear layers compress the flame front, enhancing both flame stretching and diffraction effects.
Notably, smoother concentration gradients produce shock reflections predominantly from the bottom
wall, while steeper gradients generate symmetric shock reflections from both walls. The Mach reflection
formed on the side wall is classified primarily as a single Mach reflection (SMR), characterized by a
Mach stem, a reflected shock waves, and a slip line, all intersecting at the triple point [25]. As transverse
waves perpendicular to the wall surface, Mach stems generate regions with significantly higher local
pressure and temperature than the incident shock. The hot spots originating from the triple point and
behind the Mach stems act as highly reactive initiation kernels, substantially enhancing the chemical
heat release rate and promoting the DDT process.
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Figure 7. Evolution of detonation flame and shock wave

Fig. 8 demonstrates the critical influence of pressure-wave dynamics on flame acceleration and
detonation. Shock-wave reflections off the obstacle generate localized high-pressure regions that that
increase the local reaction rate. When coupled with flame diffraction around obstacles, these regions
further intensify the chemical heat release. Notably, under high-gradient concentration conditions,
localized pressure spikes form readily, with the resulting pressure gradients acting as the primary drivers
for the hot spot. The positive feedback mechanism between pressure and flame velocity constitutes the
primary driver of rapid pressure accumulation. This feedback mechanism is significantly intensified
under conditions of steep concentration gradients, enhancing the coupling between pressure waves and

chemical heat release rate. Consequently, this process accelerates DDT and facilitates stable detonation.



Figure 8. Pressure development during the DDT process

4. Deflagration and detonation: A comprehensive analysis for industrial safety

In industrial scenarios, hydrogen-air mixtures rarely remain in a quiescent and homogeneous state.
Instead, these mixtures exhibit pronounced spatial concentration gradients. This study demonstrates that
concentration gradients are the critical determinant of the transition from relatively controllable
combustion/ignition to catastrophic detonation. Specifically, steeper concentration gradient slopes
promote efficient DDT. From an industrial safety perspective, it is essential to focus not only on global
hydrogen concentration but also on spatial distribution inhomogeneities. By promoting dilution to
mitigate concentration gradients, the conditions conducive to efficient DDT can be disrupted.

Secondly, within pipelines or confined spaces, high-density arrangements of supports, valves, and
other internal obstructions should be minimized in areas prone to hydrogen accumulation to prevent the
rapid flame acceleration leading to DDT.

Conclusions

1. The acceleration of hydrogen premixed flame propagation during rapid flame acceleration is
strongly dependent on concentration gradients. The coupling of flow instability with pressure
accumulation mechanisms leads to distinct acceleration patterns and varied detonation initiation
processes.

2. Smoother gradients induce increased induction delays, which creates temporal mismatches
between heat release and accumulation that attenuate flame acceleration. Conversely, steeper gradients
facilitate more efficient DDT.

3. Overdriven detonation velocities of 1.40, 1.82, and 2.12 times the C-J velocity were observed,
corresponding to concentration gradient of 130.91, 205.72, and 480.00, respectively. Although
concentration gradients and obstacle configurations affect flame acceleration, they exert a negligible
influence on stable detonation phase. At a given average concentration, the hydrogen maintains a stable
detonation velocity of 1.06 times the C-J velocity.

4. Premixed flames exhibit enhanced acceleration within localized pressure buildup regions.
Under steep concentration gradient conditions, the positive feedback between the pressure and velocity

fields is amplified, thereby accelerating the transition to detonation.
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