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1 Introduction

When a detonation undergoes diffraction, the detonation can be extinguished (sub-critical outcome) or
successfully propagated (super-critical outcome), depending on the tube diameter. There also exists a
critical tube diameter (D.), which separates the sub-critical and super-critical outcomes where the deto-
nation wave is re-initiated by a transverse detonation wave that propagates in the shocked and unreacted
mixture created as a result of the sudden area expansion. Despite several decades of research, however,
a predictive model for the critical outcome following detonation diffraction in hydrocarbon mixtures is
still lacking. This is, in part, due to the vast majority of numerical studies adopting simple one- or two-
step combustion models that do not adequately resolve the cellular instabilities in hydrocarbon mixtures
that exhibit a characteristically irregular detonation structure. To address this deficiency, we recently
revisited the detonation diffraction problem numerically in ethylene—oxygen mixtures [1] using a ther-
mochemically derived four-step combustion model [2]. By providing the necessary chemical accuracy,
the numerical simulations successfully captured the different regimes following diffraction successfully
observed experimentally. Moreover, the re-initiation of the attenuated detonation by the transverse deto-
nation was successfully observed in the critical regime, and D, was found to agree with the well-known
13X correlation.

In the aforementioned numerical study, detonation quenching and re-initiation were observed for ini-
tial pressures of pg = 13.75 kPa and 13.8 kPa. Figure.l summarizes the results from the simulation
conducted with pg = 13.8 kPa. For this critical pressure, a transverse detonation that propagated to
the back wall in the shocked but unreacted gas mixture shown in Fig.1a was found to be triggered as
a result of explosions caused by triple-point collisions in the vicinity of unburned gas pockets along
the diffracting detonation. While the transverse detonation temporarily re-coupled the shock front and
reaction zone, it failed the re-initiate the detonation in the full channel. Instead, following the reflection
of this re-coupled front with the top boundary shown in Fig.1b, the detonation in the channel was fully
re-established via a detonation triggered along the Mach shock at the top boundary as well as via a
second transverse detonation that propagates in the shocked—unreacted gas mixture along the detonation
front from the top boundary to the tube axis. The re-initiation along the Mach shock and the second
transverse detonation are shown in Fig.1c. Another observation from the numerical study was that the
triple point attached to the second transverse detonation was overdriven relative to the quiescent mix-
ture. The triple points under consideration here are the locations where the incident shock, decoupled
detonation front, and transverse detonation meet and are shown as TP1 and TP2 in Figs. 1a and Ic. In
the current study, we investigate in more detail the mechanisms by which the detonation is re-initiated in
the channel following the boundary reflection and provide an explanation for the overdriven triple point.
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Figure 1: Density gradient evolution showing the first transverse detonation (a) and subsequent detona-
tion re-initiation in the channel (b and c) for py = 13.8 kPa.

2 Numerical Approach

The numerical domain selected was identical to the experimental setup of Schultz [3], with a detonation
initially propagating in an axi-symmetric tube with an internal diameter of 36 mm before undergoing
a 90°expansion into a 144 mm wide channel, as shown in Fig. 2. To trigger the detonation wave, an
initially overdriven Zel’dovich-von Neumann-Doring (ZND) solution was imposed at z = 0 that was
oriented to propagate to the right in the positive z direction. The right boundary condition is a zero-
gradient type, while the remaining boundaries are symmetric types in which only the normal velocity
components are reversed. The tube length of 1.05 m was found to be sufficiently long to permit the
overdriven detonation wave to settle to within 1% of the CJ-detonation speed by the time the wave
reached the corner for all initial pressures and resolutions considered. For all simulations, the quiescent
mixture composition was stoichiometric ethylene-oxygen (CoH4 + 303), with an initial temperature
Th = 300 K.
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Figure 2: Numerical set-up, with a zero-gradient condition on the right boundary, and symmetric else-
where.

To simulate the detonation diffraction out of a tube, the two-dimensional axi-symmetric reactive Euler
equations were solved using a compressible flow solver with adaptive mesh refinement (AMR) capabil-
ity. Since detailed hydrocarbon chemistry descriptions are not amenable to high-resolution simulations,
we instead applied a thermochemically derived four-step global reaction mechanism [2] calibrated for
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ethylene—oxygen combustion to provide the necessary chemical accuracy. Specific details about the
species production rates in the model can be found elsewhere [2]. The base grid resolution for sim-
ulations conducted was 5 mm, with anywhere between 6 to 9 additional levels of refinement applied,
depending on the desired minimum grid resolution. Results are presented for 9 AMR levels of refine-
ment, which corresponds to a minimum resolution of 20 um or 5 - 10 grid points per ZND induction
length depending on the initial pressure of the quiescent mixture. For complete details about the govern-
ing equations solved, the AMR criteria, and the influence of grid resolution on the results, please refer
to the manuscript by Peswani et al. [1]

3 Re-initiation mechanism for the second transverse detonation

To gain more clarity on the formation of the detonation waves observed in Fig.1c, detailed density
gradient, temperature, and local ignition delay profiles are shown in Fig. 3 for time steps immediately
following the reflection of the diffracted wave with the top boundary. In Fig.3, frame (a) at ¢ =478.2 pus
shows the reflected shock wave (sw1) from the top boundary just prior to its interaction with the burned—
unburned gas interface (f1). In frame (b) at t = 478.8 s, the interaction of the shock wave and interface
led to enhanced burning rates with a localized explosion accompanied by an increase in temperature
observed. These enhanced burning rates were likely due to Richtmyer-Meshkov instabilities that arose
from the passage of the reflected shock wave through the flame surface. Following the explosion, sw1
is then observed to propagate into the gas which contained favorable ignition delay times behind the
Mach shock as shown in frame (c) at ¢ = 481.0 ps. The detonation wave along the Mach shock (d1)
shown in frame (d) then appears to be triggered directly by the local pressure amplification due to the
explosion which led to a rapid coupling of the shock and reaction zones. For both pressure cases (pg =
13.75 kPa and 13.8 kPa) where re-initiation was observed, the detonation along the Mach shock was
established first. The transverse detonation (d2) is then found to be initiated directly by the passage
of the reflected shock wave over multiple burned—unburned interfaces along the expanding detonation
front. The established transverse detonation is shown in frame (e) at t = 482.8 us.

Figure 4 shows the pressure and log(ignition delay) profiles measured at different times along the top
boundary at » = 0.072 m in the frame of reference of the leading wave front. First, at t = 482.8 us, a
large pressure spike is observed at the location where the initial explosion is observed when the shock
wave passes through the reaction front. According to the pressure profiles, swl then clearly experiences
a pressure amplification through time due to the enhanced burning rates and by propagating against
the ignition time gradient shown in the delay time profiles. The mechanism of detonation initiation
thus resembles the well-known SWACER (Shock Wave Amplification by Coherent Energy Release)
mechanism [4]. In this case, however, the initial explosion was driven and enhanced through Richtmyer-
Meshkov instabilities by the passing of an external shock wave over an existing hot spot and not started
by the spontaneous ignition of the gas having minimum ignition delay. Upon measuring the ignition
delay time gradient ahead of the reaction wave, we found that the inverse of the ignition delay was
(rmig)~' 2252 m/s only right before the wave front, at all times. Ahead of the wave, (Ir7g) "
was only O(1 to 200) m/s. This observation is, in fact, consistent with the past work of Kuznetsov et
al. [5] where the (I"Tig)_l of the pre-heated mixture during DDT of ethylene—oxygen was also much
less than the CJ-detonation speed. In fact, the recent work of Wang et al. [6] demonstrates that detailed
mechanisms are able to permit detonation initiation in much shallower ignition delay gradients compared
to simple combustion models (i.e. the one-step combustion model). Although we applied a fairly simple
4-step global combustion model, we have demonstrated its ability to at least mimic a wide spectrum of
detailed ignition delay times, and steady detonation profiles [2]. Although gradients in 73, were shallow
in this case, it is important to point out that non-uniformities did exist in the ignition delay time profiles
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of Figs. 3 and 4, and that such gradients may have promoted the propagation of the reaction wave until
a sustained detonation has formed.

Figure 3: Details of the density gradient, temperature, and ignition delay times for detonation re-
initiation with pp = 13.8 kPa.

4 The overdriven second triple point

In the study by Peswani et al. [1], the triple point and transverse detonation speeds were measured for
cases where re-initiation of the attenuated detonation wave was observed. In general, it was found that
both transverse detonations (TD1 and TD2) were CJ detonations relative to the shocked and unburned
gas mixture through which they propagate. Moreover, while the triple point attached to the rst trans-
verse detonation (TP1) was found to propagate at the theoretical CJ speed of the quiescent mixture
(within +5%), the triple point attached to the second transverse detonation (TP2) was overdriven by ap-
proximately 12%. Since the transverse detonation attached to TP2 is a CJ detonation, and the detonation
established along the Mach shock following the re ection was found to be only brie y overdriven, a
more detailed investigation is needed to understand the overdriven nature of TP2. To estimate the speed
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