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Abstract

This work demonstrates numerical investigations of stoichiometric hydrogen-air detonation ignition behaviors
following a Mach reflection of two incident shocks. Compressible Navier-Stokes equations for two-dimensional
reactive flow are solved via a high order numerical algorithm and the chemical reaction follows a calibrated
chemical-diffusive model (CDM). A diamond-shaped obstacle is placed at the middle of the channel, creating
a converging-diverging cross section, where the detonation waves go through an overdriven-diffraction process.
With different converging angles, a Mach reflection of the incident shocks is captured at the trailing edge of the
obstacle, accompanied by three distinct detonation propagation modes: detonation reinitiation mode characterized
by the transverse detonation waves, shock-flame decoupling mode, and fully quenched mode characterized by
an inert shock with no ignition, all of which correspond well with earlier experimental findings. In order to
fundamentally understand the reason behind these distinct detonation propagation behaviors and to uncover the
critical conditions for detonation reinitiation, two theoretical approaches, including the D(x) curve from the
generalized ZND model based on the weakly-curved quasi-steady detonation by Kasimov and Stewart, as well as
the critical decay rate model by Eckett et al. are adopted. The results show that the D (k) curve from ZND model
provides a reliable indicator for identifying the detonation reinitiation region in the velocity-curvature distribution
map, while the critical decay rate model effectively distinguishes between ignition and complete quenching. This
work presents the first numerical study detailing the early-stage ignition mechanism following a Mach reflection
of two incident shocks, supporting the previous experimental studies in confirming hydrogen detonations are in
good agreement with the critical curvature predicted by the laminar ZND theory.
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1. Introduction

Understanding the formation and propagation
mechanisms of cellular detonation is vital for indus-
trial safety concerning advanced energy systems and
the design of a more efficient propulsion system. The
cellular structure of a detonation wave refers to the
formation of alternating high and low pressure zones
behind the shock front, which is induced by the trans-
verse wave interactions [1]. At each collision of the
transverse waves, the Mach reflection influences the
local thermodynamic conditions as well as the chemi-
cal kinetics, which play a vital role in determining the
propagation mode of the detonation. Therefore, iden-
tifying the factors that govern the detonation propa-
gation behavior after Mach reflection is crucial for
further understanding of the detonation propagation
mechanism.

Various studies have focused on detonation
quenching and reinitiation physics by considering
shock reflection events under different configurations.
When the cylindrical obstacle is used for experimen-
tal studies and numerical simulations [2, 3], reinitia-
tion occurs as a result of detonation reflection from
the obstacle or the channel boundary wall, where ei-
ther a regular reflection or a Mach reflection is formed
and leads to the reinitiation. For unstable detonations,
reinitiation appears not only along the Mach stem,
hot spots in the heated unburned reactants may also
induce local explosions. Another category of exper-
imental studies employs a concave configuration to
explore the detonation reflection in an annular pipe
[4, 5]. Depending on the magnitude of the wedge an-
gle, there is a shift from Mach reflection to regular
reflection during detonation propagation. In this case,
the traditional three-shock theory of planar detonation
is no longer applicable. To date, relevant studies on
the isolated effect of Mach reflections on detonation
propagation are still scarce and necessitate further ex-
ploration.

Detonation reinitiation, as a significant phe-
nomenon, has been suggested to have a complex
mechanism and is influenced by multiple factors. Dif-
ferent obstacle configurations and channel confine-
ments impact the strength and interactions of shock
waves intensively [6, 7]. A set of critical length-scale
criteria based on the detonation cell size (\) has been
developed. By adding inert porous filters or artifi-
cially setting the reactivity gradients to the channel,
the role of the reactivity gradient on detonation re-
initiation can be well explored [8, 9]. In addition, var-
ious turbulent fluctuations as well as fluid instabilities
may also contribute to promoting detonation reinitia-
tion [10]. With all these relevant affecting parameters,
there lacks a unified theory predicting the onset, sta-
bility, and failure of detonation behaviors in various
configurations.

Theoretical analysis offers a fundamental approach
for understanding and predicting the detonation be-
haviors. Derived from a one-dimensional detona-
tion configuration, Kasimov and Stewart proposed
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a model to predict the detonation velocity (D) and
the curvature (k) of the detonation front using quasi-
steady weakly-curved detonation assumption, which
means the reaction zone evolves slowly on the par-
ticle passage time scale and the shock curvature is
small relative to reaction zone thickness, and one-step
chemical reaction model [11]. Recently, Zangene et
al. [12] further verified this theory in their experi-
mental study on the critical conditions for hydrogen
detonation. Their study highlighted the critical cur-
vature was well characterized by laminar ZND theory
for weakly-curved detonation for the regular structure
of hydrogen detonation. Moreover, the critical de-
cay rate model, first developed by Eckett et al.[13],
captures the inherently unsteady and transient igni-
tion process behind the decaying shock. It provides
a framework to evaluate the effect of ignition delay
time and shock decaying characteristic time, and to
predict the ignition or extinction. While the finding is
significant, uncovering the highly transient behavior
of detonation wave formation near the Mach reflec-
tion can be challenging through experimental studies
alone which motivated the current study. Numerical
simulations, on the other hand, allow high-resolution
spatiotemporal data for detailed analysis as well as
tuning of the incident shock strength through the ad-
justment of obstacle angles, enabling systematic in-
vestigation of detonation dynamics.

In this study, we use high-fidelity numerical simu-
lations to study the detonation attenuation and reini-
tiation processes in stoichiometric hydrogen-air mix-
tures following the Mach reflection of two incident
shocks. A diamond-shaped obstacle, inspired by the
experimental setup proposed by Zangene et al. [12],
is placed in the channel to isolate detonation Mach
reflection and to study its direct effects on detonation
dynamics in a more controlled way. First, the use of
the calibrated chemical diffusive model (CDM) [14]
to capture the major detonation reinitiation or failure
behaviors is validated. Then, the critical transient be-
haviors of different detonation propagation modes ob-
served by changing the geometric parameters are de-
tailed. The asymptotic analysis method from Detona-
tion Shock Dynamics (DSD) theory is used to calcu-
late the D(k) curve of the hydrogen mixture, which
gives the critical envelop of shock speed and shock
front curvature from generalized ZND model. Fur-
thermore, the critical decay rate model is also adopted
and comparing with the decay rate of different deto-
nation modes, examining the effectiveness of the the-
oretical models for hydrogen detonation.

2. Numerical and Physical Models

2.1. Governing Equations

In this study, we solve the two-dimensional (2D)
fully compressible Navier-Stokes equations for the
unsteady compressible reacting flow [15]. Detailed
information on the governing equations can be found
in the Appendix.



© © N O O A W N =

29
30
31
32
33
34
35
36
37
38
39
40
4
42
43
44
45
46
47
48
49
50
59
52
53
54

55
56
57
58
59

In this work, a previously calibrated chemical dif-
fusive model (CDM) [15] that follows the first-order
Arrhenius equation is used where detailed informa-
tion is included in the appendix. This CDM model for
stoichiometric premixed hydrogen-air mixture, opti-
mized by Lu et al. [14] with additional detonation
cell size, accurately reproduces key properties of the
laminar flames (e.g. flame speed and thickness) and
detonations (e.g. Chapman-Jouguet (CJ) speed, half-
reaction thickness, and detonation cell size) in agree-
ment with detailed chemistry and experiments. Vari-
ous prior studies have confirmed that the CDM model
can effectively capture the main features of lami-
nar flames, shock-flame interactions, and detonations
[16].

In order to solve the reactive NS equations, a fifth-
order WENO numerical algorithm with HLLC fluxes
is used for the spatial discretization, and a third-order
Runge-Kutta algorithm is used for time advancement.
The calculations are performed using a uniform grid
of 100 pm, which corresponds to about 3-4 grid
points per laminar flame thickness and about 10-20
cells per half-reaction thickness. The detailed grid
resolution test is shown in the Appendix. Previous
studies have shown that the given grid size can cap-
ture the main characteristics of flame acceleration,
DDT initiation, and detonation propagation for stoi-
chiometric hydrogen-air mixtures [17].

2.2. Computational Setup

In this study, detonation propagates in an ob-
structed channel filled with stoichiometric hydrogen-
air mixture with the initial conditions of 1 atm pres-
sure and 300K temperature. The input parameters of
the hydrogen-air reaction model are calibrated, with
a relatively low activation energy selected to simu-
late the detonation phenomenon of weakly-unstable
gas; see Appendix for more details. The compu-
tational setup is shown in Fig.1, where the chan-
nel height is H = 0.203 m, and the total channel
length is L3 = 2.0 m. A diamond-shaped object is
positioned 1 m away from the left boundary, form-
ing two converging-diverging channels that induce
and overdriven-diffraction process and generate a sus-
tained Mach reflection downstream [12]. All bound-
aries are symmetric, and the surface of the obstacle is
modeled as a no-slip adiabatic wall. The obstacle an-
gle [3 at the trailing edge is fixed at 60°, which is cho-
sen to obtain the backward-propagating Mach stem
as far as possible after the incident waves collide with
each other [18]. The leading edge angle, o, is var-
ied to adjust the incident shock strength and to induce
different detonation behaviors. The experimental pa-
rameters and the main phenomena are listed in Table
1.

3. Results and Discussion

In this section, we first present the detonation
modes observed in different obstacle configurations.
Figure 2 shows the global smoke foils corresponding
to three detonation modes, with the = axis ranging
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Fig. 1: The schematic of the setup and boundary conditions
for the physical model.

Table 1: Geometric parameters for simulation and the corre-
sponding detonation propagation mode.

Case «[deg] Gap size [m] Mode
(i) 10 0.0483 Detonation reinitiation
(ii) 12 0.0393 Detonation reinitiation
(iii) 15 0.0265 Shock flame decouple
@iv) 20 0.0069 Shock no ignition

from 0.8 to 2.0 m. The detonation forms a relatively
stable cellular structure before it reaches the obsta-
cle. Starting from x = 1.0 m, the detonation wave is
separated into two isolated channels and continuously
compressed to an overdriven state. After that, the det-
onation waves begin to diffract as the channels ex-
pand, accompanied by the detonation attenuation and
shock flame decoupling to a certain degree. Differ-
ent detonation modes appear downstream of the ob-
stacle. For case (ii), as a representative of the reinitia-
tion mode, detonation reinitiation first appears on the
centerline of the channel, and then gradually devel-
ops to the whole channel. When the angle increases
to o = 15°, the shock front decouples with the flame,
and the detonation wave quenches. Further increas-
ing a to 20°, detonation propagates in the form of
inert shock without ignition behind the obstacle. The
mechanism of each detonation mode will be detailed
in later sections.
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Fig. 2: Global numerical soot foils for different detonation
modes. The figure size is 1.2 m X 0.203 m.

Figure 3 shows the comparisons of local charac-
teristics during Mach reflection between our simu-
lated results and previous experiments [12]. Note that
the fuel mixtures used in the current simulation and
in the experiment are different (2H2/O2/2Ar in the
experiment). The key features observed in the three
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(a) a = 10°, detonation reinitia-(b) @ = 15°, shock flame decou- (c) a = 20°, no ignition

tion ple

Fig. 3: Comparisons of experimental results (upper) [12] and simulation modes (lower). Shocks are represented by iso-surfaces

of numerical schlieren, and the flame surface is defined as Y = 0.5.

detonation modes are, however, consistent with each
other. For the reinitiation mode, the curved Mach
stem (marked as @) gradually evolves, accomplished
by the transverse detonation waves (@) along the in-
duction zone between the shock front and flame sur-
face (®). In Fig.3 (b), flame decouples with the shock
front (®) before Mach reflection, and unburned gas
accumulates behind the curved Mach stem (®) with
the slip line (®) separating the location of flame. For
the no-ignition mode in Fig.3 (c), flame lags consid-
erably behind the shock front (@), and leaves the un-
burned pockets near the boundary wall. After the re-
flection, the inert Mach stem propagates with the inert
transverse shock (@).

3.1. Detonation Reinitiation Mode

Figure 4 shows the temperature fields of detona-
tion reinitiation mode at different instants. It can be
seen that in the obstacle expansion region, the flame
front decouples from the shock front and forms a se-
ries of reaction tongues, indicating the occurrence of
detonation attenuation. The first collision of the in-
cident shocks (IS) can be observed at ¢ = 0.847 ms,
which gives rise to significant increase in local pres-
sure and temperature and then generates the ignition
kernel marked as F1 in Fig. 4 (b2). A second collision
of the extended incident shocks, which are separated
by the reaction tongues, forms the new ignition kernel
marked as F2 in the next frame. In Fig.4 (c-d), the
inner ignition kernel F1 induces the local explosion
event and consumes the pocket of unburned gas, while
the outer ignition kernel F2 forms the triple points of
Mach reflection. At¢ = 0.861 ms, the formation of
the curved Mach stem can be observed. The trans-
verse wave is divided into two parts at this time: the
reactive part connecting with the inner localized ex-
plosion, and the inert part from outer Mach reflection.
As the Mach stem propagates to the right, the stan-
dard transverse detonations are formed at t = 0.864
ms, which contain the extended transverse detonation
part additionally. This extended wave is an oblique
shock wave and reacting slip line that connects the
triple point to the transverse detonation wave [19].
These highly transient phenomena at the early-stage
of detonation reinitiation, while challenging to cap-
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ture experimentally, can be clearly resolved here in
numerical investigations.

In Fig.4(f), two apparent transverse detonation
waves (TD) move along the induction zone. They
are followed by transverse shocks in the flame. The
transverse detonations consume almost all the reac-
tants in the induction zone, leaving a non-reactive tail
in the vicinity of the triple point. These typical fea-
tures of this Mach structure are similar to the numer-
ical results from Gamezo et al. [20] and experimental
phenomena from Xiao et al. [21]. The generation of
this non-reactive tail is a result of the relatively low
temperature region between the leading shock and the
transverse detonation from double Mach reflection.
The structure of the vortex system induced by the
Kelvin-Helmholtz instabilities can be observed in the
shear layer between the Mach shock region and the
transverse waves. As the transverse detonation waves
propagate, secondary reflections occur after their col-
lisions with the channel wall. It is also worth not-
ing that compared to hydrocarbon experiments where
the reaction front is characterized by significant hy-
drodynamics fluctuations and unreacted pockets, the
reaction fronts seen in our numerical simulations are
rather inline with laminar reaction front characteris-
tics. Such differences between hydrogen and other
hydrocarbon in detonation wave formation are also
highlighted in previous work[12].

3.2. Detonation Failure Mode

The shock-flame decoupling mode for case (iii),
a = 15°, is shown in Fig.5, where the detonation
wave decays to the shock followed by the reaction
zone behind it after the Mach reflection. Under this
condition, the detonation wave first shows more sig-
nificant attenuation in the expansion region of the ob-
stacle. At ¢t = 0.846 ms, the incident shocks col-
lide at the trailing edge of the obstacle, where the
Mach reflection occurs. The Mach stem continuously
evolves to the leading shock front with a certain cur-
vature. The flame surface always lags behind the
leading shock, demonstrating the decoupling of shock
and flame. In Fig.5(e), it can be seen that the in-
ert transverse shocks propagate along the induction
zone behind the slip line. The heated gas accumulates
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Fig. 4: Temperature fields of detonation reinitiation mode of different time steps. The y axis is the full span of the setup channel,
except for (b2) and (d2) figures in black frame that are zoomed in for more details. (RTs: reaction tongues, IS: shock wave, F:
ignition kernel, LE: local explosion, MS: Mach stem, TW: transverse wave, TD: transverse detonation, ETD: extended transverse
detonation, KH: Kelvin-Helmholtz instability, NT: non-reactive tail, R: reflection.)
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Fig. 5: Temperature fields of shock flame decouple mode
at different time steps. (IS: shock wave, MS: Mach stem,
SL: slip line, ITS: inert transverse shock, RM: Richt-
myer—Meshkov instability)

in the form of jet flow behind the Mach shock over
time in the presence of Richtmyer—Meshkov instabili-
ties. Although this instability promotes the interaction
of the turbulent flame with the Mach shock induced
zone, the detonation in this case decays to a failure
mode with no reinitiation. This differs from previous
experiments involving hydrocarbon-oxygen detona-
tions, such as stoichiometric mixtures of CHy, CoHy,
C3Hg, and C3Hg. These mixtures have been observed
to re-amplify after traveling significant distances be-
yond obstacles, with the turbulent reaction zone struc-
ture remaining closely coupled to the leading shock
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due to relatively smaller cell size and lower chemi-
cal sensitivity than hydrogen mixtures. For hydrocar-
bons, it is suggested that the formation of strong jets
behind periodically formed Mach shocks provides lo-
calized enhancement of reactivity through turbulent
mixing [22-24].

By increasing « to 20°, the detonation propagation
mode changes to an inert shock without ignition be-
hind the Mach reflection, as shown in Fig.6. The de-
coupling of the shock front and flame is more pro-
nounced in the expansion region of the obstacle. At
the trailing edge of the obstacle, two incident shocks
interact with each other, forming an inert Mach wave.
Due to the long decoupling distance between the
shock and the flame, there is no re-ignition event be-
hind the Mach shock in the propagation process. At
t = 0.993 ms, the double triple points configuration
becomes apparent in Fig.6 (e), and eventually merges
as the shock wave propagates downstream.

3.3. Critical Conditions with D (k) Curve

The previous sections have presented various
detonation propagation modes, including reinitia-
tion mode, shock-flame decoupling mode, and fully
quenched mode. In the following sections, we pro-
vide a theoretical analysis for determining the critical
conditions among these modes. First, the asymptotic
theory of self-sustained detonation within the Deto-
nation Shock Dynamics (DSD) framework [11] is in-
troduced. Here, a virtual sonic locus is defined as the
location where the Mach number in shock-attached
frame equals the sonic speed. For a self-sustaining
detonation, the shock speed must always exceed the
local sonic speed behind the shock. Therefore, the
sonic locus is crucial for determining whether the det-
onation wave can propagate stably. If the shock front
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Fig. 6: Temperature fields of no ignition mode of different
time steps. (IS: shock wave, MS: Mach stem, TPs: triple
points.)

decelerates and reaches a subsonic speed, detonation
failure occurs and detonation degrades to deflagra-
tion.

The analysis reveals the intrinsic relationship in
shock speed, shock acceleration, and the shock front
curvature (D = aiw — a2k where w is reaction rate
and k is shock front curvature). Heat release from
chemical reaction gives positive effects to the shock
acceleration, while the dissipation from curved ex-
pansion gives negative effects. Two competing mech-
anisms finally reach a balanced state during the deto-
nation propagation.

In order to get the relationship between detonation
speed and the shock front curvature from the gener-
alized ZND model, we solve the equations (details in
appendix) on the framework of Cantera, and Shock
and Detonation Toolbox. A detailed reaction mech-
anism San Diego and a one-step mechanism from
CDM are both adopted for the analysis of hydrogen-
air mixture combustion at 1 atm.

Fig.7 shows the simulated results of different det-
onation modes (2 detonation reinitiation cases and 2
detonation failure cases) compared against the ZND
solution using both detailed chemistry and CDM. The
x axis is the curvature radius (R = 1/k) and the y
axis is the nondimensional velocity measured on the
centerline of the channel after Mach reflection. The
shock front curvature is obtained by means of im-
age processing and fitting from SciPy. For the two
detonation reinitiation cases, corresponding to case
(1) and (ii) in Fig.2, the velocity is relatively low at
the early stage after Mach reflection, and then under-
goes a sharp increase indicating successful detonation
reinitiation. After reaching the top of the curve, the
velocity gradually relaxes towards the CJ speed in an
oscillatory manner. In contrast, for the two detona-
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Fig. 7: The nondimensional detonation speed versus shock
front curvature and predictions derived from the Generalized
ZND model.

tion failure modes, the velocity decreases oscillatory
as the curvature radius increases, and it will never
reach the lower branch of ZND curve. This indicates
that the detonation attenuates to shock-flame decou-
pling state or even inert Mach shock with no igni-
tion, and reinitiation will not occur under these cir-
cumstances. For the decoupling case, despite the fact
that we find some promotion mechanisms in the tem-
perature fields, the detonation cannot be reinitiated
and sustained. This is because the heat release due to
chemical reaction, which represents the primary fac-
tor for acceleration, cannot balance the negative ef-
fects of diffusion. Moreover, the absolute nondimen-
sional velocity of no-ignition mode is smaller than
that of shock-flame decoupling, which means the det-
onation attenuation is more significant in this case.
Note that in Fig.7, the theoretical curve using detailed
chemistry is positioned on the left side to the curve
using CDM. The critical x for the detailed mecha-
nism iS Kdetiled = 17.857 mfl, and the critical <
for the CDM is kcpm = 3.390 m 1. Using a sym-
metric relative error definition, the difference is about
| Kdetaited — Kepm| * 2/ (Kdetited + Keom) = 136%. This
shift arises from the inherent characteristics of the
CDM model being used. In a single step model, the
thermicity distribution closely overlaps with the reac-
tion zone, as heat release increases exponentially with
temperature and no distinct induction zone is present.
The relatively lower peak thermicity from the one-
step chemistry leads to a lower critical curvature and
areduced ability of the detonation to overcome dissi-
pation from curved expansion. Nevertheless, the the-
oretical ZND curve using the current CDM provides a
more reliable prediction of the critical conditions for
detonation reinitiation.

From these results, it is concluded that the tran-
sition between detonation formation and ignition is
strongly correlated with the critical curvature. This
agrees well with the curvature concept proposed by
Kasimov and Stewart [11] for quasi-steady curved
detonations. It is worth noting here that Xiao et al.
[21] previously experimentally examined the similar



© © N O O A W N =

33
34
35
36
37
38
39
40
4
42
43
44
45
46
47

48
49
50
59
52
53
54

diffusive phenomena of gaseous detonations in the
channel with exponentially enlarging cross-sections,
which confined the detonation lateral strain and so
that the velocity curvature follows better with the the-
oretical D(x) curve compared with our numerical re-
sults. For the cases in this study, the Mach shock is
not constrained by the channel from emergence to the
detonation reinitiation, and thus the velocity may os-
cillate around the theoretical curve which is consis-
tent with previous experimental results [12]. Never-
theless, it is significant in our study confirming that
the critical curvature for weakly-curved detonations
in the regular structure hydrogen—air mixture can be
well predicted by the laminar ZND theory. Thus the
use of such criteria can serve as a starting point for
the design of numerical simulations.

3.4. Critical Conditions with Critical Decay Rate
Model

The above D(K) theory can identify between suc-
cessful detonation reinitiation and failure; however, it
does not distinguish the specific nature of the failure
mode (shock-flame decoupling or complete quench-
ing). Therfore, the critical decay rate (CDR) model
is being applied. CDR attributes the extinction of the
ignition mainly to the rapid gas dynamic expansion
behind the decaying shock, which is particularly rel-
evant for configurations involving diverging geome-
tries or shock reflections, where the leading shock un-
dergoes deceleration process [25]. A dimensionless
ignition parameter that captures the competition be-
tween chemical induction and flow expansion along a
particle path can thus predict the failure of ignition:

E, t;
= —1 (1)
"o Vi

where Fo/(RTy») is the reduced activation energy,

t; is the ignition delay time, which is calculated from
Cantera, and ¢y is the characteristic time of explo-
sion along the particle path. If ( remains below unity,
indicating that the chemical reaction rate could over-
come the expansion effect, the ignition state can be
maintained. Conversely, when ( exceeds the criti-
cal value, the expansion effect dominates behind the
shock and in the case quenching event will occur.

To apply this criterion in realistic shock environ-
ments, particularly where the shock front is both de-
celerating and curved, Radulescu extended the model
from Eckett with the shock change relations and fluid
particle tracking in the post-shock frame [12], and the
expansion rate was reformulated as:

1 _1Dp _ 6 D  2Dr(y-1)
P pDt 441D (v+1)2

where D/D = dD/dx is deceleration divided by

shock speed, which is obtained from simulation probe
on the horizontal center-line of shock front, and « is
curvature of shock front extracted by fitting the in-
stantaneous shock front. The first term represents the
effect of shock decaying, and the second term ac-
counts for the contribution of local expansion.
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Comparing this analytical criterion with the simu-
lation results, the shock decay rate is plotted in Fig.8.
The computed values of the decay rate (¢) from differ-
ent cases clearly separate the ignition(both reinitiation
and decoupled modes) and fully quenched modes.
This result is consistent with the concept that the igni-
tion process is not only by achieving a sufficient tem-
perature behind the shock, but is fundamentally gov-
erned by the energy release time relative to the shock
decaying time.

4 O Reinitiation
Decouple
3 O Inert

oo

DecayRate

@0

“12 1.25 13 1.35 1.4 1.45 L5
g

Fig. 8: The decay rate of hydrogen-air mixture versus spe-
cific heat ratio. The dashed line is critical decay rate = 1.

While this model accurately predicts the transition
between ignition and non-ignition, it does not fully
capture the threshold separating decoupling mode
(deflagration) from detonation reinitiation. For some
relatively weak ignition events, the flame can be sus-
tained behind the shock wave, but the acceleration
cannot catch up with the shock front to form coupling,
such a decoupled shock-flame phenomenon will ap-
pear instead of a self-sustaining propagating detona-
tion.

4. Summary and Conclusions

The detonation attenuation and reinitiation pro-
cess in an obstructed channel filled with stoichio-
metric hydrogen-air mixture is studied through high-
fidelity simulations with a calibrated chemical dif-
fusive model (CDM). A diamond-shaped obstacle is
placed in the channel to generate a Mach reflec-
tion process. Three different detonation propagation
modes behind the obstacle are captured: detonation
reinitiation mode, shock flame decoupling mode, and
fully quenched mode, all of which show good agree-
ment with an earlier experiment. The ignition dy-
namics after the Mach reflection is further analyzed.
The detonation reinitiaion mode is characterized by
transverse detonation waves that emerge shortly af-
ter Mach reflection and rapidly re-establish a self-
sustained detonation. In the shock-flame decoupling
mode, turbulent reaction zone decouples with the
shock wave, and the turbulent mixing fails to trigger
a detonation ignition. For the fully quenched mode,
inert Mach shock forms with no-ignition.
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To identify the critical conditions separating these
modes, two theoretical frameworks are employed.
The first framework is based on the quasi-steady one-
dimensional D (k) relationship using the generalized
ZND models for hydrogen-air mixtures, which ac-
curately envelops the detonation reinitiation region
when compared to the simulated results. The second
framework, the critical decay rate model, focuses on
the ignition delay time versus shock decaying charac-
teristic time, providing a clear criterion distinguish-
ing ignition from fully quenched mode. These results
further confirm the validity of theoretical models in
predicting detonation behaviors in hydrogen-air mix-
tures, offering a possible solution or approach for det-
onation ignition diagnostics in practical contexts.
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Appendix

S1: Details on Governing Equations and CDM Parameters

The simulations presented in this study solve the unsteady fully-compressible Navier-Stokes equations coupled
with a single-step chemical diffusive model (CDM). The governing equations describing the conservation of mass,
momentum, energy, and species read:

Jp _
O LY (pUU)+Vp=V -4, 42
a(gf)+V-((pE+p)U)IV'(U'+)+V'(KVT>_”W’ (A3
ag% + V- (pYU) + V- (pDVY) = pd, (A9)

where p, U, p, and T represent the density, velocity, pressure, and temperature of the gas. F is the specific total
energy, w is the chemical reaction rate, g is the chemical energy release, Y is the mass fraction of the reactant, K
is the thermal conductivity, and D is the mass diffusivity.

The gas follows the ideal gas equation of state,

pRT
_ A5
R (A3)
where R is the universal gas constant, and M is the molecular weight.
The viscous stress tensor is defined as
. 2
# = pr((VU) = (VU)" — 3((V-U)D, (A6)

where v is the kinematic viscosity, I is the unit tensor, and the superscript 7" denotes the matrix transposition. The
specific total energy F is calculated by

p

b= (y="1p

+ %(U -U), (A7)
where +y is the specific heat ratio.
As stated in the main article, the premixed stoichiometric combustion of hydrogen-air mixture is studied using
a calibrated, one-step chemical-diffusive model (CDM) where the reaction rate follows a first-order Arrhenius
equation:
w=dY/dt = —ApYexp(—E./RT) (A8)

where A and F, represent the pre-exponential factor and the activation energy, respectively. In this model, it is
assumed that the kinematic viscosity, diffusion, and heat conduction all depend on the temperature in a comparable
way:
T047 TO47 K TO.7
v=vp—, D=Doy——, — =ko— (A9)
p p pCp p

The diffusive processes of CDM are characterized by transport constants. The interrelationship among v, Do,
and Ko is elucidated through three dimensionless parameters: Lewis, Prandtl, and Schmidt numbers:

K _fo pp o #OV _1o g ¥ _ Lo (A10)

Le = - v _
°T pCoD Dy K ko’ D~ Do

A calibrated, single-step, chemical-diffusive model (CDM) is used to study the stoichiometric hydrogen-air
mixture. The CDM parameters typically used to study the DDT process are calibrated such that the combustion in
both flame and detonation regimes can be accurately captured [16]. Considering the physical phenomenon of det-
onation reinitiation presented in this paper, however, the detonation wave properties has a more predominant role
compared with the laminar flame properties. Therefore, a calibrated set of parameters using a recently developed
optimization procedure by Lu et al.[14] with specific emphasis on detonation cell size is used, and the detailed
thermo-chemical parameters are provided in Table Al.
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Table Al: Input model parameters and output combustion wave properties for stoichiometric premixed hydrogen-air mixture
initially at 1 atm and 298 K.

Parameters Descriptions Value
Input Parameters
5y Adiabatic index 1.33
M Molecular weight 27 g/mol
A Pre-exponential factor 4.55x10° cm®/(g s)
E, Activation energy 38.5 RTj
q Chemical energy release 26.33 RTy/M
Vo Viscosity 2.54x107° g/(s cm KO-7)
ko = Do Transport constants 2.54x107° (g/s cm KO-7)
Output Properties
& Effective activation energy 6 RT,,
Xd Half-reaction thickness 0.17 cm
Dcy CJ detonation velocity 2000 m/s
A Detonation cell size ~ 6 cm

1 82: Grid Resolution Test

All simulations presented in this work use a uniform grid size with a cell size dx = 100 um. Figure A1 shows
the cellular structures with three different grid sizes: 200, 100, and 50 pm. The detonation wave structures are
found consistent to each other, only in case of dr = 50 pum, some of the cells bifurcate into multiple smaller
cells, indicating secondary cell structures. A quantitative evaluation of detonation cell size is further given by
the auto-correlation function (ACF). The detonation cell sizes for dx =200, 100, and 50 pm are 4.86, 5.04, and
4.64 cm, respectively. And the ACF correlation results also support the grid convergence, for more details in our
recent work[3]. Since the current study is not focused on secondary cell structures, dx = 100 pm is adopted as it
adequately the key flame properties for detonation propagation, reinitiation, and decoupling.

(@) dx =200 um

(b) dx =100 um

(¢) dx =50 ym

Fig. Al: Numerical smoke foils of cellular patterns with different grid sizes: (a) 200um; (b) 100xm; (c) SOpm.

10 83: Shock Velocity Distributions of Different Propagation Modes
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Figure A2 shows the detonation velocity evolution from decaying process to the Mach shock reestablishment.
The velocities of the incident shock in the expansion region of the obstacle are measured along the channel top
wall and the velocities of the Mach shock are measured along the center line. A significant deceleration of the
local velocity profile along the expansion region occurs, with the velocity decreasing to 0.6-0.7 D¢ for all the
cases. After the interaction of the two decaying shocks, the compression effect and reinitiation process take a
period of time and form a new Mach shock. For the detonation reinitiation case, the shock speed rapidly increases
to nearly CJ speed and then oscillates near the CJ speed. For the shock-flame decouple mode, the detonation
velocity increases to about 0.7D¢ ; after Mach reflection and then decelerates as the unburned gas accumulates
behind the shock front. For the no-ignition mode, the shock velocity remains below 0.6 D¢ after reflection and
continues to decay as the formation of inert shock.

—e— Reinitiation |
Shock-flame decouple
—e— No-ignition 1

0.7

2,

1.5 1.55 1.6 1.65 1.7 1:75 1.8 1.85 1.9 1.95 2
position, [m]|

Fig. A2: Detonation velocity evolution along x axis positions, dashed line represents the trailing edge of the obstacle (1.7 m).

0.6
0.5

0.4

T
|
'
I
'
|
I
'
|
i
I
'
'
I
'
|
I
'
|
i
I
|
'
I
'
|
]
|
|
|
f
I
'
I
'
'
I
'
|
i
I
|

0.3

S4: Details on Theoretical D(k) Curve Solutions

For the quasi-steady (acceleration D equals to 0) one-dimensional reacting flow behind the curved shock front
of the detonation wave, the governing equations in the shock-attached frame can be expressed as a set of ordinary
differential equations (ODEs) [21]:

dp _ 2(5'7"6 —0a

at = e (A1

dp  Gre— M?Ga

7 Ve (A12)

du Ore — 0A

du _ Al

at ~ T (A1)

dy Wabi .

YT (i=1,.., N, Al4

B =T =1 (A149)
Yo W b L dys

.Te _ W 1 7 Al5

7 Zl_:l(wi &, di (AL5)

64 = K(D. —u) (A16)

where p, p, M, Cp, hi, yi, Wi, w;, and N, are the mixture density, pressure, local Mach number (M = u/c¢),
specific heat at constant pressure, enthalpy of species ¢, species mass fraction, molecular weight of species 3,
molar production rate of species ¢, and the total number of species. w is the velocity in shock-attached frame,
which means v = v — D, where v is the normal velocity in lab frame and D; is the detonation shock velocity.
Ore 1s the thermicity, 7 4 is the rate of lateral strain, and « is the curvature of the detonation front. The thermicity
represents heat release from chemical reaction which accelerates the gas to transonic and supersonic states, while
the lateral strain from diffraction plays a role of deceleration. The ODEs system’s singular pointat M = 1 (u = ¢)
means the gas reaches sonic locus, and at this locus ¢, and & 4 reach a balance state, which names generalized
CJ condition.
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