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Dynamics of detonation transmission and propagation
in a curved chamber: a numerical and experimental
analysis

J. Melguizo-Gavilanes, V. Rodriguez, P. Vidal, R. Zitoun

Institut Pprime, UPR 8346 CNRS, Fluids, Thermal Science and Combustion
Department, 86961 Futuroscope—Chasseneuil, France

Abstract

The dynamics of detonation transmission from a straight channel into a
curved chamber was investigated numerically and experimentally as a func-
tion of initial pressure (10 kPa < py < 26 kPa) in an argon diluted stoichio-
metric Hy-Oy mixture. Numerical simulations considered the two-dimensional
reactive Euler equations with detailed chemistry; hi-speed schlieren and OH*
chemiluminescense were used for flow visualization. Results show a rotating
Mach detonation along the outer wall of the chamber and the highly tran-
sient sequence of events (i.e. detonation diffraction, re-initiation attempts
and wave reflections) that precedes its formation. An increase in pressure,
from 15 kPa to 26 kPa, expectedly resulted in detonations that are less sen-
sitive to diffraction. The decoupling location of the reaction zone and the
leading shock along the inner wall determined where transition from regular
reflection to a rather complex wave structure occurred along the outer wall.

This complex wave structure includes a rotating Mach detonation (stem), an
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incident decoupled shock-reaction zone region, and a transverse detonation
that propagates in pre-shocked mixture. For lower pressures, i.e. < 10 kPa,
the detonation fails shortly after ignition. However, the interaction of the
decoupled leading shock with the curved section of the chamber results in
detonation initiation behind the inert Mach stem. Thereafter, the evolution
was similar to the 15 kPa case. Simulations and experiments qualitatively
and quantitatively agree indicating that the global dynamics in this configu-
ration is mostly driven by the geometry and initial pressure, and not by the
cellular structure in highly compressed regions.

Keywords: Detonation dynamics, Mach reflection, re-initiation, detailed

chemistry, high speed visualization, numerical simulation, OpenFOAM

1. Introduction

Understanding detonation interactions with curved geometries is neces-
sary to propulsion and industrial and nuclear safety. Regarding propulsion,
effort has been invested in developing prototypes of pulse and continuously
rotating detonation engines (RDE), though many questions remain unan-
swered about design, integrity, control, vibration, noise, etc. [1, 2, 3]. Regard-
ing safety, most of the work has been devoted to prevention and mitigation
of ignition, flame acceleration and detonation hazards. In mining industries,
chemical processing and nuclear power plants, fuel leaks and accidental ig-
nitions in congested or confined spaces can have devastating consequences
such as losses of lives, infrastructure destruction, and high environmental
impact [4].

The simplest RDE chamber is the annular space between two coaxial



cylinders in which one or several detonation waves propagate azimuthally
consuming the reactive mixture. Promising RDE geometries are the hollow
and semi-hollow configurations in which the internal wall of the combustor is
fully or partially removed, resulting in larger specific impulse, pressure and
rotation frequencies, e.g., [5]. Literature includes experimental, numerical
and theoretical studies on detonation propagation inside annular RDEs [6, 7,
8], curved channels/chambers of constant and varying widths [9, 10, 11, 12,
13, 14, 15, 16], wedges and bends [17], and U-bend tubes [18]. Loss-of-coolant
accidents in nuclear reactors may result in significant releases of hydrogen
and the generation of flammable atmospheres that accumulate between the
containment and the curved reactor building [19].

In the present study, a simplified hollow geometry amenable to funda-
mental analysis is used, namely a straight channel connected to a curved
chamber with a small center body. The wave dynamics in this configuration
is presumably representative of the early stages of detonation propagation
inside a hollow RDE, and of that close to a curved wall of an industrial
reactor.

Recently, this geometry was experimentally studied using a stoichiomet-
ric propane-oxygen mixture [9, 10]. Its primary finding is a steadily rotating
overdriven detonation wave along the outer wall of the chamber, whose distin-
guishing features are: (i) a Mach wave; (ii) a quasi-steady rotation velocity;
(iii) an almost constant Mach stem height, and (iv) very small detonation
cells oriented parallel to the wall in the highly compressed regions behind
the Mach front. Low-order modeling using Geometrical Shock Dynamics

(GSD) [20] was capable of reproducing qualitatively the main global features



in the chamber, i.e, wave diffraction and reflections, and a steadily rotating
Mach wave. However, quantitatively capturing the details of the complex
experimental transients requires unsteady, time accurate simulations.

The main objective of the present work is thus to numerically characterize
the flow dynamics inside a curved chamber as a function of initial pressure
and to interpret the results based on comparisons with our experimental data.
An argon-diluted stoichiometric Ho-Oo mixture is considered for which the
implementation of a reliable detailed chemical kinetics scheme makes compu-
tations both tractable and representative, thereby reducing uncertainties on

what modeling should be used for this rich phenomenological configuration.

2. Experimental Methodology

2.1. Apparatus and procedure

The experimental apparatus is shown in Fig. 1, it includes a detonation
tube, a curved chamber and an expansion vessel. After vacuuming, the entire
system is filled with a premixed 2H5:05:2Ar mixture at the desired initial
pressure py.

A deflagration is ignited at one end of the tube and accelerates to detona-
tion by means of a Shchelkin spiral before entering the curved chamber. In all
experiments, the steady Chapman-Jouguet (CJ) regime was reached. This
was verified by several dynamic pressure transducers (P1-P4) that recorded
the pressure evolution behind the wave front to obtain an average detonation
velocity (Dcy). The detonation tube is 2-m long and has a 51-mm inner di-
ameter. The detonation enters the curved chamber through a 200-mm long

straight section with a 30-mm x 20-mm cross-section. The detonation then
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Figure 1: Schematic of experimental setup showing the detonation tube, the curved cham-
ber and the expansion vessel. The angular position, 8, is measured counterclockwise from
the positive z—axis. Note that Mylar 1 is used for all experiments whereas Mylar 2 is put

in place for inert shots only. Adapted from Ref. [9].

diffracts in a larger volume bounded by a 80-mm radius outer wall and a small
30-mm radius inner wall. The combustion products finally expand inside a
large vessel which is separated from the curved chamber by a 18-pm Mylar
foil (Mylar 1). More details on the experimental apparatus and procedure

are given in [9, 10].

2.2. Flow visualization

The curved chamber allows for 217-mm x 275-mm optical access with

one UV-silica window on one face and a borosilicate-crown glass window on



the other face, both 27-mm thick. Two visualization techniques were used
to investigate the dynamics: (i) chemiluminescence based on the hydroxyl
radical (OH*) to resolve the overall evolution, and (ii) schlieren to focus on
details of interest. Both were coupled to hi-speed cameras.

OH* visualizations were performed using an intensified Princeton PI-
MAX4 camera operated in dual frame imaging mode with a OH filter centered
on 311 £5 nm. Two pictures were recorded per shot separated by a 10-
pus delay. The full-frame resolution was 1024 x 1024 pixels with a 100-ns
exposure time. The experimental sequences shown in Figs. 2 and 3 are thus
a composite of three shots per initial pressure. This visualization technique
has been extensively used as a typical combustion marker [21, 22, 23, 24]. Tts
main limitation is that excited OH molecules have relatively long life times
(compared to detonation time scales) and remain active in burnt gases. This
can make the interpretation of the images difficult, especially, in the center
of the chamber where different combustion processes interact, i.e., decoupled
leading shock-reaction zone, and detonations.

Schlieren visualizations were performed using a mercury-vapor lamp and
a Shimadzu HPV-X2 camera. Videos were recorded at 500 kHz with an

exposure time of 200 ns.

3. Computational methodology

3.1. Governing equations and numerical methods

The flow field in the curved chamber was modeled using the reactive Eu-
ler equations with detailed chemistry and temperature dependent thermo-

dynamics (i.e. JANAF tables to compute species/mixture heat capacities,



enthalpies and entropies) [25]. The governing equations were solved in a two-
dimensional planar geometry using the OpenFOAM Toolbox [26]; chemical
kinetics was modeled with the 9-species, 21-reactions Mével’s mechanism for
hydrogen-oxidation [27], whose ignition delay time predictions (metric of in-
terest in the current study) are neither the fastest nor the slowest among
the available alternatives. The spatial discretization of the solution domain
is performed using finite volumes (FV) which allows for body-fitted hexag-
onal meshes that avoid the staircasing present when numerically integrat-
ing curved geometries with finite differences. The solver includes a hybrid
implementation for the numerical fluxes that make it suitable for a wide
range of Mach numbers; this is achieved by combining PISO methods (i.e.
pressure-velocity coupling) in regions with low flow velocities (M < 0.3),
together with standard techniques for high speed flows (i.e. flux-splitting
and limiters). Here, due to the nature of the flow at hand, only the lat-
ter scheme is active. The numerical fluxes at cell-faces are thus computed
using a central-upwind Kurganov-Tadmor scheme [28, 29]. The flow vari-
ables on cell faces are reconstructed through a second-order interpolation
with a symmetric van Albada flux limiter which results in non-oscillatory
bounded transitions across shocks and contact discontinuities. The chemi-
cal source terms are computed using a stiff ODE solver (i.e. fourth-order
Rosenbrock). The PBiCGStab (Preconditioned Biconjugate Gradient Stabi-
lized) method is used for all the linear systems resulting from the discretiza-
tion of the governing equations, preconditioned through the DILU (Diagonal
Incomplete-LU) technique. Finally, the time integration uses a second order

Crank-Nicolson method, and the time step is dynamically adapted during



the computation with an acoustic Courant number of 0.5 to ensure stability
of the numerical scheme. The implementation, verification and validation of
this solver follows the methodology presented in [30]; the verification stage
used standard methodologies in which the hydrodynamic and chemical parts
of the solver are independently tested. For the combined implementation,
unsteady 1-D simulations of detonations were carried out to reproduce their

well-documented non-linear dynamics [31].

3.2. Domain, initial and boundary conditions

The computational domain is shown in Figs. 2 and 3, and reproduces
the curved chamber shown in Fig. 1. Four initial pressures were considered
po = 10, 15, 20 and 26 kPa to investigate the detonation dynamics in the
chamber as a function of increasing pressure. Initial conditions were qui-
escent mixture at Ty = 288 K, and mass fractions Yy, = 0.034779, Yo, =
0.276021, Y, = 0.6892, corresponding to a stoichiometric Hy-Oy mixture
with %Ar o = 40. A slip boundary condition for velocity, and zero gradient
for temperature, species and pressure were imposed on the chamber walls.
A hexagonal uniform mesh was used comprising 9,286,953 cells, which re-
sulted in resolutions of 15, 10, 8, 5 points per ZND induction length, [;,q,
for pg = 10, 15, 20, 26 kPa, respectively. Simulations were run using 200
processors, and took approximately 10,000 CPU hours per case. The deto-
nations were ignited by imposing three equally spaced hemi-spherical regions
(r = 2.5 mm) of high pressure (pign/po ~ 46) and temperature (T, /7o ~ 14)
at the chamber inlet whose width is 30 mm. This initiation method resulted
in steadily propagating cellular detonation fronts before the curved section

of the chamber (see numerical soot foils in Fig. 4, and first speed data points
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along the outer wall in Figs. 5 and 6), except for pg = 10 kPa.

4. Results and discussion

The numerically predicted and experimentally observed dynamics of the
detonation as it propagated through the curved chamber is presented below
as a function of initial pressure, pg. Only results for py = 15 kPa and 26
kPa are discussed in subsections 4.1-4.3 because the intermediate pressure
case was not found to provide additional insight. Subsection 4.4 describes

the re-initiation dynamics for py = 10 kPa.

4.1. Overall dynamics

Figure 2 shows a time sequence of pressure contours superimposed on H
atom numerical fields together with experimental OH* chemiluminescense for
po = 15 kPa. H atom is a useful chemical activity marker because of its short
life time; it peaks inside the reaction zone and quickly decays thereafter, as
seen from one-dimensional ZND profiles. The times reported elapse from the

initiation of the detonation at the chamber inlet in the numerical simulations.
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Figure 2: Overall dynamics for py = 15 kPa: numerical pressure contours and H atom

field vs. experimental OH* chemiluminescence.
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For 131 us <t < 166 us, the numerical results show a diffracting detona-
tion front, a subsequent transverse detonation wave that consumes shocked
reactive mixture, early stages of decoupling of the leading shock (LS) and
reaction zone (RZ) along the inner wall, and the formation of a reactive
Mach stem along the outer wall. The experimental images show the regions
where chemical reactions are strong. Initially (131 pus < t < 140 us), OH*
is widely spread in the chamber; at later times (140 us < ¢t < 166 us), the
highest OH* intensity is confined to the outer wall characterized by a black
thick line normal to the outer wall representing a Mach detonation front.
Inside the chamber, the signal decreases as the combustion front continues
to propagate. The last two times of the sequence display the most interesting
dynamics with strong chemical activity obliquely attached to the triple point
of the Mach stem at t = 201 us, and an “S-shape” structure at ¢t = 236 us.
The numerical fields provide insight into the emergence of these structures.
They arise from the interaction of the Mach detonation front with the shocked
reactive gas left behind upon the final decoupling of the initial detonation
front along the inner wall. A new combustion front propagates in this region
consuming the mixture. The bright red regions in the straight section of the
numerical domain are remnants of the initiation.

Figure 3 shows the same numerical and experimental fields for p, = 26
kPa. The dynamics of the detonation front is strongly affected by the pressure
increase. Notably, the detonation front is less sensitive to the initial area
change as it encounters the curved region of the chamber. For ¢t > 143 us full
decoupling of the LS and RZ occurs along the inner wall, whereas a regular

reflection establishes itself along the outer wall until the last time shown in
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Fig. 3. Experimental OH* fields show a curved transmitted detonation with
high intensity regions corresponding to triple-point collisions along the front
(seet = 133—143 us). At later times (¢ > 161 us), the only region with strong
OH* production is located where the regular reflection takes place, and is
bounded behind by a tailing reflected wave and the outer wall. Additional
details about later stages of propagation are provided in subsection 4.3.
Numerical soot foils obtained by tracking the pressure maxima in the
computational domain at each time step are presented in Fig. 4. They pro-
vide a history of the triple point trajectories during detonation transmission,
and offer insight into local quenching, and re-initiation events. Bright white
lines of varying thicknesses represent high pressure regions. The sensitivity
to diffraction with increasing pressure is clearly depicted in the figure. For
po = 15 kPa, decoupling occurs immediately upon reaching the curved sec-
tion of the chamber. For p, = 26 kPa, the cells of increasing length along
the inner wall of the chamber are a signature of consecutive decoupling and
re-coupling events characterized by combustion fronts that propagate inside
these shocked reactive regions. Additionally, numerical soot foils allow to
uniquely determine the location where regular-to-Mach detonation transi-
tions take place. Experiments confirm this observation by the presence of
fine detonation cells in these regions [9, 10]. It should be noted that while
the numerically predicted decrease in cell size, A, as a function of increasing
initial pressure pq is the same as that reported experimentally for the mixture
studied [32], the actual value of A is underpredicted in the present computa-
tions (Aexp/Asim ~ 3.5). Vibrational non-equilibrium effects [33, 34] and/or

reaction model uncertainties are potential explanations; three-dimensional
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Figure 3: Overall dynamics for py = 26 kPa: numerical pressure contours and H atom

field vs. experimental OH* chemiluminescence.

13



Po = 26 kPa

Figure 4: Numerical soot-foils.

effects have been found to result in a A decrease when compared to two-
dimensional simulations [35].

Figures 5 and 6 show the position and speed of the LLS and RZ are reported
as a function of time along the outer and inner walls. The angular normalized
position, 6/, is measured counterclockwise from the positive z—axis (i.e.
0/m = 0); see Fig. 1. Following this convention, the detonation propagates
from the II (/7 = 1.0) to the IV (0/7 = —0.5) quadrant during its transit
through the chamber. Samples were collected at a frequency of 1 MHz (1 us).

The evolution along the outer wall is qualitatively similar for 15 kPa and
26 kPa, showing unnoticeable decoupling between the LS and RZ, followed by
significant acceleration/deceleration of the front. The velocity peaks shown in
Figs. 5 and 6 are attained during propagation as a regular reflection, whereas
the transition from regular-to-Mach detonation is accompanied by a decrease
in the front propagation speed. For pg = 15 kPa, the final wave structure

(“S-shape”) is overdriven and accelerates linearly for ¢t > 200 us reaching an
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Figure 5: Wave positions and speeds histories along outer (top) and inner (bottom) walls
for p, = 15 kPa. The steady detonation propagation velocity, Dcy = 1971 m/s; Day, and
Uavg are the leading shock and reaction zone average propagation velocity over the entire
sampling period. Denq/Dcj is the average normalized propagation velocity measured after

the final wave complex is established, i.e., ¢ > 200 us.

average normalized propagation speed of Denq/Dcy ~ 1.16; this observation
is in line with our previous findings using a stoichiometric propane-oxygen
mixture [9]. For py = 26 kPa, the velocity signal ends shortly after the
deceleration period due to the arrival of the wave to the end of the curved
section.

The evolution along the inner wall exhibits more interesting dynamics.
For py = 15 kPa smooth decoupling of the LS and RZ as the detonation enters
the curved chamber, subsequent re-coupling as the transverse detonation,

shown in Fig. 2 at t = 131 us, reaches the inner wall, followed, once again,
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by smooth decoupling as the detonation propagates into a diverging area.
The velocity profiles, for po = 15 kPa and 26 kPa, show the signature of a
single re-coupling event for the former, and the consecutive decoupling/re-
coupling events referred to earlier for the latter. A resolution study on the
wave position, speed histories and particularly, on the location where the
transition from regular-to-Mach detonation takes place along the outer wall,
revealed that at least 10 pts per li,q are required to capture the experimentally
observed structure at the end of the chamber for py = 15 kPa. For higher
pressures, po = 26 kPa, in which the diffraction and re-initiation transients

are less pronounced, a resolution of 5 pts per [;,q was found to be sufficient.

4.2. FEarly stages of propagation

Figure 7 shows a close-up of the early stages of detonation diffraction for
po = 15 kPa. A planar detonation front first enters the curved chamber and,
close to the inner wall, its RZ begins to decouple from the LS due to the
propagation of expansion waves originating from the region where the front
first encounters an area increase (see 96 us < t < 101 us). The high sensitivity
of chemical reaction rates to decreasing temperature results in significantly
longer induction times behind the leading shock at lower temperature. These
waves propagate perpendicular to the detonation front towards the outer
wall making it curved. An increased detonation front curvature results in a
faster local temperature and velocity decrease, so the reaction zone further
decouples from the leading shock (111 us <t < 131 us).

Along the outer wall, the detonation appears to be undisturbed initially
but quickly transits to a Mach reflection with the leading shock normal to

the wall (see t = 111 us). Detonation and shock wave reflection types (i.e.
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Figure 6: Wave positions and speeds histories along outer (top) and inner (bottom) walls
for p, = 26 kPa. The steady detonation propagation velocity, Dcy = 1993 m/s; Day, and
Uavg are the leading shock and reaction zone average propagation velocity over the entire
sampling period. Dena/Dcy is the average normalized propagation velocity measured after

the final wave complex is established, i.e., ¢ > 180 us.
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Figure 7: Early stages of detonation propagation for pyg = 15 kPa: numerical pressure

contours and H atom field.

regular or Mach) upon interactions with concave wedges/cylinders have been
studied extensively. They are known to depend on the wedge angle/cylinder
radius, front velocity and mixture characteristics [17, 36, 37]. After the ini-
tial Mach stem is established, it grows, reaches a maximum and decreases.
The increased pressure and temperature behind the stem results in induction
lengths that can be orders of magnitude smaller than the reference steady

ZND length, so the cell size significantly decreases. In these highly com-
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pressed regions the numerical resolution used in this work does not resolve
the detonation structure, but is able to capture all the transient dynamics in
the chamber. While the importance of the cellular structure of detonation
fronts close to propagation limits is now widely accepted, the cellular pattern
left behind this specific overdriven Mach detonation front is so small that a
fair approximation is to neglect it, which provides supporting evidence to
the applicability of GSD modeling for the analysis of the current configura-
tion [20], and also suggests that the chemical kinetics may not be the main
aspect driving this element of the phenomenon. These important features
are further discussed in the last section.

Figure 7 (111 us < t < 131 us) also indicates that the first re-initiation
mechanism appears to be driven by the competition among reflected expan-
sions from the outer wall, compression waves from downward traveling triple
points, and the progress of the decoupled LS-RZ. A re-initiation center, and
the birth of a combustion front that subsequently consumes shocked mixture
are visible at t = 121 us. The structure of this combustion front (¢ = 131 us)
is analogous to detonations propagating under yielding confinement, namely
a curved front, a transmitted shock and a shear layer [38, 39]. A closeup
of this structure is shown in Fig. 8. Upon reflection from the inner wall,
t = 143 us, the early stages of a Mach detonation is shown whose typical
features are a Mach stem, an incident curved detonation, and a shear layer.

Figure 9 clearly displays the effect of increasing initial pressure on the
early dynamics. As mentioned above, the sensitivity to area changes is sig-
nificantly decreased for py = 26 kPa. The detonation front becomes curved

in the inner region due to the numerous expansions emanating from the inner
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Figure 8: Close up to detonation diffraction structure close to inner wall for increasing

pressure; solid lines are temperature contours extracted from computed flow fields.

wall and propagates intermittently, since the extent of LS-RZ decoupling is
minor along the inner wall (see ¢ = 108 — 116 us). These regions will be
consumed by transverse waves propagating along the detonation front in the
same fashion as for py = 15 kPa. Figure 8 also shows a closeup of this struc-
ture for pg = 26 kPa case. Evidence of this intermittent behavior can be
seen in the numerical soot foils and velocity histories shown in Figs. 4 and 6,
respectively. Similarly to pg = 15 kPa, the early stages of a Mach reflection
along the inner wall appears at ¢ = 123 us, while on the outer wall, a stronger
and smaller Mach stem forms that decreases rapidly and transitions into the
regular reflection described in Fig. 3.

Finally, as the Mach stem along the inner wall continues to propagate
into an ever-increasing area, full decoupling occurs irrespective of the initial

pressure considered. However Fig. 10 shows that, for py = 26 kPa, this
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Figure 9: Early stages of detonation propagation for py = 26 kPa: numerical pressure

contours and H atom field.

decoupling takes place earlier but further along the inner wall, which is simply

a consequence of the increased initial density and associated differences in

wave speeds.

4.3. Late stages of propagation

Figure 11 shows a close-up of the late stages of detonation propagation
in the curved chamber for py = 15 and 26 kPa.

The global dynamics for both pressures bear similarities with the pres-

21



t =151 us

0.0054

0.005

0.003

~ 0,002

Po = 15 kPa
po = 26 kPa

— 0001

Figure 10: Location of full decoupling of leading shock and reaction zone along inner wall

for increasing pressure.

ence of a regular reflection, a Mach detonation (stem), a decoupled LS-RZ,
a transverse detonation wave, reflected waves, and shear layers. However,
differences exist in the reflection transition location (regular-to-Mach) and
final wave structure. The normalized critical angle, 0. /7, where the decou-
pled LS-RZ interacts with the detonation wave propagating along the outer
wall, depends on the decoupling of the diffracting detonation along the inner
wall (Fig. 10). When full decoupling occurs, the LS velocity decreases sig-
nificantly allowing for enough time for the detonation propagating along the
outer wall to catch up, and for a Mach reflection to redevelop (see Fig. 11).
A plot summarizing the normalized transition angles for all pressures consid-
ered is shown in Fig. 12; 6, /7 decreases with increasing pressure and seems
to have an asymptote at about e /m ~ —0.3.

The differences in wave structure at the very late stages of propagation,
t = 236 and 196 us for pg = 15 and 26 kPa, respectively, seem to be simply

a consequence of the location where transition occurs. In other words, the
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Figure 11: Late stages of detonation propagation for increasing pressure: numerical pres-

sure contours and H atom field.

available arc length for propagation after transition, As = r¢ (et /T — Oena /)
— where 7, is the radius of the outer wall and 0e,q/7m = —0.5 is the angular
location at which the outer wall meets the straight section of the chamber—
is larger for py = 15 kPa (and py = 10 kPa). This allows for the competition
between the transverse detonation that propagates in shocked mixture and
the rotating Mach stem propagating along the outer wall to last longer, and
an “S-shape” arises as a result. Experimental evidence showing this wave

structure is included in Fig. 13.
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Figure 12: Critical normalized angle (0../7) as a function of pressure for transition from

regular to Mach detonation along outer wall - numerical results.

Figure 13: schlieren images showing “S-shape” wave structure during late stages of prop-

agation in chamber - py = 15 kPa.

As mentioned in [9, 10], it is worth emphasizing that the evolution de-
scribed above is a universal typical feature of re-initiation of diffracting det-
onations, and is not specific to the Hy-Oo-Ar mixture considered. Indeed,
many experiments on detonation transmission from a straight channel to an
open volume using different mixtures (see [40], for example), have identi-

fied a similar behavior (Fig. 14). The distinctiveness of the present work is
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that the geometry plays an important role as the chamber is effectively an
open, diverging volume bounded by a concave wall (which differs from clas-
sical diffraction experiments); as a result, the initially diffracting detonation

turns into a rotating Mach detonation.

Transverse
detonation
Transverse cells
detonation ¥ Mach
Decoupled \ ’ detonation
LS-RZ\("‘A y et cells

Curved detonation

~7

Figure 14: Experimental evidence of transverse detonation waves in different mixtures and
geometries: 0.5 Ha + 0.5 N3O for py = 47.5 kPa adapted from [40] (left) and CsHg + 5
O, for pg = 12 kPa adapted from [9, 10] (right).

4.4. Re-initiation dynamics

A further decrease in pressure to pg = 10 kPa resulted in the decoupling
of the LS and RZ in the straight section of the chamber. This simply means
that the amount of energy deposited in the gas through our numerical ignition
scheme (described in subsection 3.2) was not sufficient to initiate a detonation
directly. In contrast to the detonation transmission cases analyzed above,
this case represents the re-initiation of a detonation by the transmission of
an initially planar shock into the curved chamber. It should be noted that
the numerical simulations first revealed the existence of this regime, and the
accompanying experiments were run afterwards to validate the numerical
predictions. To do so, the experimental setup was slightly modified. An

additional 18 — pm Mylar foil was used to separate the detonation tube from
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the curved chamber (see Mylar 2 in Fig. 1). The interaction of the detonation
with the Mylar foil resulted in a repeatable, normal transmitted shock into
the straight section of the curved chamber (see schlieren image at ¢ = 128 us
in Fig. 15).

Figure 15 shows the numerical and experimental re-initiation dynamics.
The interaction of the normal shock with the curved section results in the
development of an inert Mach stem along the outer wall, and a diffracted
curved shock along the inner wall at ¢ = 155 us. The thermodynamic state,
i.e., pressure and temperature ratios, behind the Mach stem are p/py ~ 23
and T /Ty ~ 4.7, whose associated delay time is less than 1 us. Consequently,
an ignition center forms close to the wall (see fields at ¢t = 158 us). Although
the inviscid formulation used in this work is only capable of capturing purely
chemical ignitions, since thermal and hydrodynamic boundary layers are not
part of the computed flow field, the agreement observed with the experimen-
tal sequences indicates that chemistry is dominant over diffusive effects in
this regime.

The interaction of the curved shock, that develops from the explosion,
with the previously shocked mixture and Mach stem initiates a detonation.
The early stages of this transient are shown at ¢ = 166 us. The initially
straight Mach stem has now become a curved detonation moving upstream,
and the ignition center has similarly developed into an additional detonation
propagating downstream. A larger transverse detonation, whose structure
was already depicted in Fig. 8, consumes the mixture behind the curved
diffracted shock (see ¢t = 180 us) to become a slightly curved detonation that
takes the full extent of the chamber at ¢ = 196 us.
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Figure 15: Re-initiation dynamics for pg =70 kPa: numerical pressure contours and H

atom field vs. experimental hi-speed schlieren.
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Figure 16: Late stages of detonation propagation for py = 10 kPa: numerical pressure

contours and H atom field vs. experimental hi-speed schlieren.
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The late stages of the process in the curved chamber are shown in Fig. 16;
the intermediate dynamics are the same as described above for py = 15 kPa,
except that the transition from regular to Mach detonation occurs earlier at
Ocrit/m ~ 0.1 (see Fig. 10). The experimental observations are in remark-
able agreement with the numerical predictions regarding the wave dynam-
ics, curvatures, separation distances between reaction zones and decoupled
leading diffracted shocks, transverse detonation wave angles, and final wave
structures at all time instances shown. The success in capturing the ex-
perimentally observed dynamics as a function of pressure using an inviscid
formulation, that does not deliberately resolve the detonation cellular struc-
ture in the highly compressed regions of the chamber, demonstrates that the
main drivers dictating the global features in the chamber are the geometry
and the initial pressure.

To substantiate this hypothesis we used the latter experimental method-
ology but filled the chamber with air, whose ratio of specific heats, =, is
close to that of the argon-diluted stoichiometric Hy-O4 mixture studied (5%
lower). The results are shown in Fig. 17; the similarities with the reactive
cases discussed throughout this manuscript are evident. A more compre-
hensive experimental and numerical study of the inert wave dynamics as a
function of v is currently being carried out and will be the object of a future

submission.

5. Conclusion

Experiments and two-dimensional Euler simulations with detailed kinet-

ics were performed to characterize, as a function of initial pressure, the deto-
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Figure 17: Inert case: transmission of a shock wave (measured wave speed: us = 1067 m/s;
computed pressure ratio: pa/p; = 11) into the curved chamber filled with air; magnitude

of density gradient, |Vp| (numerical) vs. experimental schlieren.
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nation transmission from a straight channel into a curved chamber using an
argon-diluted (40%) stoichiometric Hy-Oo mixture. All computed behaviors
show a very complex dynamics that superimposes almost exactly to those
identified in the experiments. This demonstrates the validity of the assump-
tions of the chosen numerical methodology.

Early stages of the evolution included decoupling and re-initiation of the
diffracting detonation along the inner wall of the chamber, formation of a
Mach stem whose height decreased as it propagated along the outer wall,
and transition to regular reflection. At later times, full decoupling of the
diffracting detonation occurred along the inner wall, and, along the outer
wall, an additional transition to a rather complex wave structure took place
composed of a Mach detonation, a decoupled LS-RZ, a transverse detonation,
reflected waves and shear layers. A pressure increase from 10 to 26 kPa
resulted in differences in the reflection transition location, .. /7, velocities
of the discontinuities and final wave structure. Notably, 6. /7 seems to
asymptote with increasing pressure, likely due to having a curved chamber of
finite length. These results confirm, as well as preliminary inert experiments
and simulations, that while the transient phenomena occurring along the
outer wall at early times seemed to be largely influenced by the dynamics
of the LS-RZ complex propagating along the inner wall, once the final state
was engaged, the global dynamics and the rotating Mach detonation in the
chamber are mostly driven by geometry and initial pressure.

We chose a numerical resolution that does not resolve the cellular struc-
ture in the highly compressed regions behind the detonation Mach stem and

transverse detonation. The agreement obtained with the experiments sup-
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ports our previous conclusion [9, 10] that resolving all the details of the
detonation structure are not essential to capture the intricate transients ex-
perimentally observed. Finally, our results also support the applicability of
GSD modeling [20] or variations thereof [41, 42] for the analysis of the current
configuration, if one is only interested in capturing the most salient features

of the dynamics.
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