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1 Introduction

Detonation failure due to diffraction and reinitiation after a step change in cross-section area is an
important problem to study, both for practical and theoretical reasons. A canonical geometry to study
this phenomenon is a back-facing step where reinitiation occurs due to shock reflection on the floor after
the step. Most studies on detonation re-initiation focused on identifying specific mechanisms, primarily
through experimental and numerical methods. The Mach stem and associated flow structure that form
at the bottom wall were suggested to play a key role in detonation initiation, independent of the initial
detonation cell structure [1-4]. Later numerical 2D studies highlighted the role of transverse waves and
their interaction with burned and unburned gas interfaces behind the incident shock, as well as the
interaction of the reflected shock at the bottom wall, as critical mechanisms for detonation re-initiation
[5]. In wide channels with negligible losses to the channel walls, the 3D effects were found to be
important leading to detonation re-initiation through the collision of descending transverse waves and
lateral waves propagating across the channel width at the bottom wall [6]. In a narrow channel, where
losses are significant and a single lateral wave is present, detonation may also re-initiate through the
interaction of the reflected shock with a descending transverse wave [7].

While these studies provided insight into specific mechanisms of re-initiation, a complimentary
approach to understanding detonation dynamics involves a more statistical analysis. The specifics of
detonation transmission, re-initiation and failure were demonstrated over a broad range of the opening
to the step height ratios in [8]. Yuan et al. demonstrated the role of triple point collisions in detonation
re-initiation in 2D numerical simulations of detonation diffracting into an unconfined region, where an
obstacle was placed at various downstream positions [9]. Detonation successfully re-initiated when the
obstacle aligned with the trajectories of descending triple points. In the current study, we systematically
investigate how the landing positions of the triple points affect the detonation re-initiation at the bottom
wall of a back-facing step by shifting the position of the step relative to the incident detonation structure.
For a regular cell structure mixture, 2D numerical simulations results are compared with narrow- and
wide-channel experiments [6, 7] where the incident detonation structure varied stochastically relative to
the step.

2 Mathematical model
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The mathematical model is based on the 2D inviscid Euler equations with perfect gas model, augmented
by a two-step kinetic model for chemical reactions [10]:
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where x and y are the spatial coordinates, ¢ is time, p is density, u is velocity, p is pressure. Indicies “i”
and “7” denote the induction and reaction zones, respectively. A is the progress variable and X is the rate
constant in the respective zones, Vv is the reaction order. H(4;) is the Heaviside function that switches to
the reaction zone equation if the induction zone is over. Procedure of matching the Chapman-Jouguet
(CJ) Mach number Mc;, the ratio of specific heats y and the heat release Q/RT; is described in [10].
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Figure 1. The constant volume combustion results for different initial densities and temperatures in 2H>+02+2Ar
[11], [12]: a) ignition time values, the white dots are the states in the unreacted gas behind the shock reflected at
the bottom wall. The orange line is the fitted line in the (7, p) space where E. is the largest for each density. b) the
ignition times, the black lines denote the results calculated with the detailed chemistry, the blue lines denote the
results calculated with the current two-step chemistry model.

It is well known that hydrogen has a crossover temperature range where there is a shift in the ignition
time, see Figure lb. Preliminary simulations revealed that the post-shock conditions following the
reflection of the incident shock at the bottom wall, shown by white dots in Figure 1a, lie within this
crossover region. Consequently, we employed distinct activation energies £, and rate constants K; in the
induction zone to match the constant-volume ignition times #g, on either side of the crossover region
(orange line in Figure 1) in the temperature-density (7, p). The von Neumann state (VN) was selected
as a representative point to the left of the crossover line, while one of the states among the white dots in
Figure 1a was chosen as a point to the right. Smooth functions (1) and (2) were used to fit the E, and K;
values, respectively, between the two solutions:
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to implement the crossover behaviour and link both regions. Figure 1b shows the simplified chemical
model accurately represents the detailed chemistry constant volume explosion ignition time over the
relevant range of temperatures and densities, including the crossover behavior. All parameters used in
the numerical study are summarized in Table 1. The fitting parameters in (1) and (2) are a = —0.0341,
b = 0.3645.

Table 1. The model parameters used in the current study

p1, kPa T,K Y M, Q/RT, Eqvn Eqcota Kiyn Kicoia K, 4 k
10 300 1.3974 | 4.896 | 16.1434 | 26.314 75.0 130.575 | 1.27-10° | 0.61 | 0.5 | 0.08

3 Numerical domain

The non-steady calculations were carried out using the finite-volume computational package mg
developed by Falle et al. [13-15]. This package features a second-order accurate exact Godunov scheme
to handle the convective terms. At ¢t = 0, a ZND profile is specified at the left end of the channel, see
Figure 2. Over time, the detonation cellular structure developed in the channel and diffracts at the back-
facing step. The boundary conditions for the top, bottom and right sides of the computational domain
are symmetrical, and CJ parameters are specified at the left boundary. The solver utilizes adaptive mesh
refinement with the finest resolution of 21 grid cells per induction length A; (higher resolution gave a
similar number of cells per channel height). The induction length (A; ) was calculated to be 0.566 mm
for the chosen set of parameters using the method in [11].
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Figure 2. The setup of numerical calculations.
4 Results

To evaluate the effect of descending triple points on detonation re-initiation, the incident cellular
detonation front was shifted relative to the step in increments of 10 induction lengths to a maximum
shift of 200 induction lengths, resulting in 21 simulations with slightly different detonation front
structures at the step before diffraction (see Figure 2, the black lines denote the curved shock fronts, and
red lines shows the reaction progress, i.e., 4, = 0.5. This is equivalent to letting detonation evolve for
up to 200A; more before it starts diffracting.

The shock pressure and shock velocity along the bottom wall after the step across all simulations are
plotted in Figure 3, with two cases highlighted in red and blue corresponding to no shift and a shift of
the step of 1204A;, respectively. The diffracting detonation decouples and the shock initially undergoes
regular reflection on the bottom wall. The shock pressure rises and then gradually decreases following
the formation of a Mach stem. The shock front velocity along the bottom wall, plotted in Figure 3b, is
high during regular reflection as it represents the contact point velocity, and decreases as the shock
reflection progresses. The arrival of descending transverse shocks at the wall result in pressure and
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velocity spikes followed by decay to the CJ condition. The reflection of transverse waves also cause
local ignitions at the bottom wall that generates a pressure wave that overtakes and amplifies the leading
shock, observed in the blue signal at x = 2004; in Fig. 3a. Taking the median between all simulations,
the effect of transverse wave collisions is smoothened, and a gradual increase of median shock pressure
to the theoretical VN pressure and above it. The median from the experiments (cyan curve in Figure 3b)
shows the behaviour similar to the median calculated from simulations, except that the VN state is
surpassed closer to the step in experiments. Later, the median pressure decreases settling to the VN value
again. More spikes appear in both Figure 3a and Figure 3b at x > 5004;, that correspond to the generation
of new transverse waves at the detonation front propagating along the bottom wall of what appears to
be essentially a quasi-steady detonation. The formation of new cells may be observed in Figures 4a and
4b that show the shock pressure history in the channel for the highlighted cases.
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Figure 3. The pressure behind the leading shock front (a) and the velocity of the leading shock front (b) at the
bottom wall for different shifts. The horizontal axis is the distance from the step. Grey thin lines denote the values
for all numerical test cases except for “shift = 0” and “shift = 1204;”.

X, cm
0 5 10 15 20 25 30 35

®
Figure 4. History of pressure behind the leading shock front: a) case "shift = 120A;"; b) case “shift = 0” in Figures
2,3.
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To assess the effect of the transverse waves on detonation re-initiation, the diffraction of an initially
planar ZND wave (i.e., no transverse waves) was simulated at the back-facing step (green line in Figure
3). The shock pressure and shock velocity along the bottom wall in the planar case are similar to the
median curve, not perturbed by the spikes due to the transverse waves. The planar case approaches the
theoretical VN value as well; however, no new transverse waves appear establishing a cellular structure.
Subsequently the detonation decouples into a shock and trailing flame, resulting in a drop in shock
pressure. Detonation initiation occurs at the top wall instead. The large spike at x = 5904 is related to
reflection of the detonation from the top wall. The value, that the planar case decreases to, after the shoc-
flame decouples is predicted using a non-reactive variation of the quasi-1D model described in [16]
(with a quenched flame). If the reactions are artificially turned off when the ZND wave is about to
diffract (purple line in Figure 3), or when the reactive ZND wave has reflected at the bottom wall, but
the reactions haven’t started yet (olive line in Figure 3), then the shock pressure and velocity also
gradually approach the values provided by the quasi-1D model.

Table 2 shows the re-initiation distances for the numerical simulations presented in Figure 3, including
the shifted cellular detonation, the planar ZND, and the quasi-1D model. Also tabulated is experimental
data from the wide [6] and narrow [7] channels, that include 16 experiments performed at the same
initial pressure where the incident detonation front structure changed due to natural stochasticity. In the
narrow channel, losses to the side walls result in a significant CJ velocity deficit and a larger cell size.
The re-initiation criteria is defined as the point where the detonation begins propagating at the CJ
velocity along the bottom wall (or when the shock pressure oscillates around the VN pressure). The
quasi-1D model predicts the largest re-initiation distance in the absence of any wave reflections at the
bottom wall highlighting their importance to the phenomenon. In contrast, 2D numerical simulations
show re-initiation distances comparable to those observed in narrow-channel experiments conducted at
the same initial pressure. In the case of a initially planar ZND detonation, although the mixture is ignited
and the shock pressure reaches pyy, the lack of transverse waves to promote detonation re-initiation (as
for the cellular detonations) leads to detonation failure at the bottom wall. The shortest re-initiation
distances are observed in 3D experiments conducted in a wide channel under the same initial conditions.
This can be attributed to the broader range of parameters in 3D, including higher temperatures at
collision points — not only where descending transverse waves interact with the bottom wall but also
where lateral waves collide [17].

Table 2. The re-initiation distances in different test cases (p1 = 10 kPa).

Tests description Geometry Cell height, Number of Number of Re-initiation
A, cm descending TW | lateral TW distance, cm
Quasi-1D model Quasi-1D - 0 0 ~200
Planar ZND simulation 2D, no losses - 0 0 ~22
21 cellular simulations 2D, no losses 2.5-34 3-5 0 9.5-13
16 experiments [7] 2D, w=12.5 mm 2-3.4 3-5 1 52-10.6
5 experiments [6] 3D, w=75mm 2 5 6-7 53-17.1

The slight variation in initial conditions leads to different re-initiation mechanisms in both numerical
simulations and experiments. In narrow channels, detonation re-initiation can occur through transverse
wave collisions or a transverse wave interacting with a reflected shock behind the leading front, which
initiates detonation in the unburnt region [7]. This contrasts with wide channels where the re-initiation
mechanism remains consistent at a given initial pressure and it is limited to wave collisions propagating
at the shock front in the transverse and lateral directions [6]. The numerical simulations also show that
re-initiation happens through collisions of descending triple points with the bottom wall. Some incident
cellular structures are favorable for re-initiation just due to the triple points (Figure 4b), and some also
rely on the ignition at the triple points locations which causes waves amplification that catch up to the
shock front (Figure 4a), also reported in [4]. This variety in re-initiation mechanisms for the same
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geometry, initial pressure but slightly different incident shock structures highlights sensitivity of
detonation re-initiation to lateral and transverse waves.

5 Conclusion

This study examined the role of transverse waves in detonation re-initiation after diffraction at a back-
facing step. Through numerical simulations, we observed that the re-initiation mechanisms depend on
the interaction of triple points with the bottom wall, with the process transitioning from shock wave
amplification-dominated mechanisms to those driven by descending transverse waves associated with
the initial detonation cellular structure. In both 2D numerical simulations and experiments (inherently
3D), there is a large variation in re-initiation distances and mechanisms for very similar initial conditions;
this highlights the important role played by transverse waves in the re-initiation of detonation.
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