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ABSTRACT

Modes of detonation wave propagation in annular channels were investigated numerically by using the adaptive mesh refinement technique.
Two-dimensional, reactive Euler equations with a detailed hydrogen/oxygen reaction model were adopted in the computations to simulate
the detonation dynamics in the annular geometry. Considering both the decoupling of the detonation wave front and the development of the
Mach-stem in reflection, the propagation is divided into unstable and stable propagation modes with different Mach-stem evolutions, namely,
a growing, steady, or decaying type. The numerical observations indicate that in the unstable propagation mode, velocity loss and oscillation
occur near the inner wall, while the wave front shape and velocity evolution are steadier for the stable propagation mode. The overdriven
degree near the outer wall increases as the Mach-stem strength attenuates. The propagation mode diagrams demonstrate that an increase
in the initial pressure and wall curvature radius can extend the range of the stable propagation mode, and the Mach-stem is transformed
from a growing to steady, and finally a decaying type with the increase in the initial pressure or the decrease in the wall curvature radius to
channel width ratio. The limit of wall curvature radius separating the unstable and stable modes is independent of the channel width for the
Mach-stem steady and decaying types, while they are positively correlated for the Mach-stem growing type. Finally, a qualitative procedure is
proposed to help distinguish different propagation modes based on the formation mechanism of each propagation dynamics.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). hitps://doi.org/10.1063/5.0057586

I. INTRODUCTION

A rotating detonation engine (RDE) is a detonation-based
propulsion device that can realize continuous detonative combus-
tion in the chamber and provide high-frequency stable thrust.
The self-pressurization characteristic and high thermodynamic effi-
ciency make the RDE become the principal focus in the recent
development of hypersonic propulsion systems.'”* In the annular
combustion chamber of the RDE, the detonation wave experiences
lateral expansion in the axial direction as well as the effects of two
cylindrical chamber walls in the radial direction. Recent studies
have claimed that the radial sizes of the chamber are significant
parameters in affecting the performance and steady operation of the
engine, which can cause the failure or unstable propagation of the

detonation wave.” To investigate the role of the two radial wall
boundaries of a RDE, the propagation of the detonation wave in
the circumferential direction can be approximated as that through
a quiescent gas mixture in the annular channel. In essence, the study
of detonation wave propagation in the annular channel can provide
significant guidance for the design of the combustion chamber of
the RDE.

Due to the complex influence of both the inner and outer walls,
the detonation wave can exhibit specific propagation modes in the
annular channel. Thomas and Williams® found that the detona-
tion wave could propagate stably in the channel with detonation
cells compressed near the outer wall and enlarged near the inner
wall, while an unstable propagation could also be formed in some
cases with the appearance of detonation failure and re-initiation
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alternatively. The re-initiation process was studied numerically by
Deiterding et al.,”* Li et al.,” and Yuan et al.,'’ reporting that the
flow state behind the Mach-stem can ignite the unburned mixture
in the decoupled area, which is the key factor in arising the deto-
nation re-initiation, while Melguizo-Gavilanes ef al.'' explained the
re-initiation phenomenon from the view of global dynamics, denot-
ing that the formation of re-initiation is mainly determined by the
channel geometry and initial pressure, instead of the highly com-
pressed region behind the Mach-stem. Ioannou et al.'* studied the
detonation propagation in annular arcs of condensed phase explo-
sives, finding that the detonation wave goes through a transition
phase and eventually reaches a new steady state of constant angular
velocity.

The numerical study of Lee ef al."* indicated that the detona-
tion propagation mode was closely related to the channel radius of
curvature. Only the radius larger than a critical value could result
in a stable propagation. The unstable and stable propagation modes
were clarified in the experimental study of Kudo et al.'* according to
whether the detonation wave front was decoupled, and the critical
curvature radius of the inner wall for propagation mode transition
was found to be 14 A, where A represents the width of the detona-
tion cell. Nakayama ef al.'>"'” refined the propagation modes based
on the study of Kudo et al., suggesting that a critical mode existed
between the unstable and stable modes, and the critical inner wall
radii for the transition of these modes are 14 A and 23 A, respectively.
This conclusion was verified by Pan et al.,'®'” and they also provided
that the critical radius for detonation formation was about 2.6-2.8 .
Considering that the critical radii above are obtained by statistical
analysis of the results, Sugiyama et al.”’ engaged to determine the
critical criterion by applying the Dy — « theory. Short et al.*' and Xia
et al.”> observed some new propagation modes, such as a stable prop-
agation mode with the co-existence of the curved detonation wave
front and Mach-stem, which enriched the research of the detonation
propagation mode in the annular channel.

Although the detonation wave propagation in the annular
channel has been widely studied, the entire propagation modes
as well as their characteristics and formation mechanisms have
not been investigated systematically and adequately. Following the
aforementioned studies, all the modes of detonation wave prop-
agation in annular channels were investigated numerically in the
present work. Key features for different detonation propagation
modes have been described in detail, focusing on both the decou-
pling of the diffracted detonation wave near the inner wall and the
development of the reflection Mach-stem near the outer wall. The
formation mechanism, wave structure, and velocity characteristics
of each propagation mode were analyzed, and the dependence of
these propagation modes on different geometrical parameters and
initial conditions has been clarified. Based on these results, a quali-
tative procedure is constructed to determine the different modes of
detonation propagation in the annular chamber of an RDE.

Il. NUMERICAL METHOD
AND COMPUTATIONAL SETUP

A. Numerical method

The simulations of cellular detonation wave propagation in
annular channels were conducted in a two-dimensional computa-
tional domain, as shown in Fig. 1. It represents a semi-annular
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FIG. 1. Schematic of the computational domain.

channel, which connects with straight parts at both the inlet and
outlet domains, respectively. A reflecting boundary with the slip
condition was used on the inner and outer walls, and a transmis-
sive condition was adopted on the inlet and outlet boundaries. The
stoichiometric H»/O, mixture with 70% argon dilution at a temper-
ature of 298 K was distributed in the domain. A detailed chemi-
cal reaction model of 9 species and 34 elementary reactions”™ was
employed. A self-sustained cellular detonation under specific ini-
tial conditions and the corresponding channel width was simulated
first and imposed near the inlet domain to initialize the computa-
tion. In the present study, the channel width d varied from 20 to
100 mm, and the curvature radius of the inner wall Ry varied from 20
to 200 mm. Both of them increased with an interval of 20 mm. The
chosen initial pressure values py and their corresponding detonation
cell width A are listed in Table I.

The adaptive mesh refinement code AMROC,* which is an
open-source code based on the structured adaptive mesh refine-
ment technique,”” was adopted to capture the fine wave structure of
the propagating detonation front in the simulations. The code sup-
ports abundant Euler solvers based on total variation diminishing
(TVD) and weighted essentially non-oscillatory (WENO) schemes
and has been widely applied in multi-dimensional detonation
simulations.”*!?=?° In the present work, the two-dimensional,
reactive Euler equations were used as the governing equations, and

TABLE I. Initial pressure py and the corresponding detonation cell size A from the
simulations.

po (kPa) A (mm)
6.5 10
11 6.67
17 4
25 2.5
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a second-order accurate monotonic upwind scheme for conserva- term was handled by the first-order accurate Godunov splitting
tion laws (MUSCL)-TVD finite volume method was adopted. It is ~ method. A difference scheme with second-order accuracy in space

worth denoting that to have higher accuracy, the Navier-Stokes and and time was constructed by the Van Albada limiter with MUSCL
30-32

kinetic models can be employed as well. The reaction source reconstruction and the Runge-Kutta technique,”” respectively. All

FIG. 2. Numerical soot foils showing the
cellular detonation wave propagation in
an annular channel for different mesh
resolutions: (@) fig/AXmin = 8, (b) lig/ AXmin
=16, and (C) ig/ AXmin = 32.
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simulations used the adjustment of dynamic time steps with a max-
imum Courant-Friedrichs-Lewy number of 0.95, while the specific
value of the number will be changed automatically according to the
variation of the space and time step.

B. Grid resolution study and result validation

To investigate the effect of numerical grid resolution on the
simulations, a series of verification cases for detonation wave prop-
agation with different mesh refinement strategies were conducted
with the conditions of py = 6.5 kPa, d = 80 mm, and Ry = 120 mm.
In this paper, the cellular patterns and trajectory of the reflection
triple-point are significant for analyzing the propagation process,
so the accuracy of these parameters should be ensured primarily.
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TABLE II. Central angle 6ges Where the triple-point first collides with the inner wall for
different mesh resolutions.

Resolutions Oper (deg)
lig/Axmin =8 93.58
lig/Axmin =16 90.81
lig/ Axmin = 32 90.03

Figure 2 presents the numerical soot foils for three different reso-
lutions, where lig/Axmin represents the number of grid points per
induction length of the corresponding steady ZND detonation in
the highest refinement area, and Table II lists the central angle Oger
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FIG. 3. Density schlieren and numerical soot foil for (a) unstable propagation mode (py = 11 kPa, d = 60 mm, and Ry = 100 mm) and (b) stable propagation mode

(Po = 25 kPa, d = 60 mm, and Ry = 120 mm).
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where the reflection triple-point first collides with the inner wall for
each resolution. It can be observed that the soot foils are insen-
sitive to the chosen grid resolutions, and the angle g.s of all the
cases is essentially the same. Considering the computational cost,
the resolution of lig/Axmin = 16 was applied for all the following
simulations.

I1l. RESULTS AND ANALYSIS

In previous studies,'*!° the detonation propagation can gen-
erally be divided into either unstable or stable propagation modes
according to whether the detonation wave front is decoupled or not.
A sequence of numerical density schlieren images and the corre-
sponding numerical soot foil for each mode are presented in Fig. 3.
The time interval between each two wave fronts in the overlay is
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equivalent. In the unstable propagation mode, the decoupling of the
detonation wave front occurs during the propagation, and detona-
tion cells disappear on the corresponding cell pattern as shown in
Fig. 3(a), whereas in the stable propagation mode, the detonation
wave front remains coupled in the entire evolution, with no disap-
pearance of cellular patterns in the numerical soot foil [see Fig. 3(b)].
In fact, from the perspective of the geometrical effect of the annular
channel on the detonation wave, whether the detonation wave can
propagate stably mainly depends on the diffraction process induced
by the inner wall, while the influence of the reflection effect near the
outer wall is completely ignored. In order to describe the detona-
tion wave propagation and characteristics in the annular channels
more accurately, the present work further subdivides the existing
two propagation modes into three types according to the variation
of the reflection event near the outer wall, i.e., a growing, steady, and
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FIG. 4. Density schlieren and numerical soot foil for UPGM mode (red dashed line: the trajectory of the Mach reflection triple-point).
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decaying Mach-stem type. The formation mechanism, wave struc-
ture, and velocity evolution of these six propagation modes were
analyzed in detail.

A. Unstable propagation modes

1. Unstable propagation with growing
Mach-stem mode

The density schlieren overlay and soot foil for the unstable
propagation with growing Mach-stem (UPGM) mode are displayed
in Fig. 4, with the conditions of py = 11 kPa, d = 60 mm, and
Ro =100 mm. From the density schlieren, the detonation wave front
is decoupled by the diffraction effect near the inner wall, while the
Mach reflection triple-point near the outer wall contacts with the
decoupled front. Since the compression of the outer wall causes a
high temperature and pressure zone behind the triple-point, the
premixed gas in the decoupled area can be ignited promptly, thus
forming a local detonation that propagates transversely along with
the reflection triple-point, which was called transverse detonation
wave in the previous studies,”'’*' and promoting the height of
the Mach-stem to grow rapidly. The numerical soot foil elucidat-
ing the structure characteristics of this mode shows that the det-
onation transverse waves basically disappear, whereas a dominant
Mach reflection triple-point exists and collides between the inner
and outer walls, leaving an evident moving trajectory (red dashed
line). Some cell-like structure can also be observed under the trajec-
tory, which is caused by the propagation of the transverse detonation
wave.

Figure 5 presents the velocity evolution of the leading wave
front on both the inner and outer walls for the UPGM mode,
varying with the central angle 6,, where the wave front locates, as
Fig. 4 shows, and the difference between the angles Oy.inner and
Ow-outer is defined as the phase difference of the wave. The veloc-
ity D is non-dimensionalized by dividing the Chapman-Jouguet
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FIG. 5. Velocity evolution on inner and outer walls for the UPGM mode.
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detonation velocity D¢j. Due to the detonation diffraction and wave
front decoupling near the inner wall, the inner wall velocity Dinper is
much lower than D¢y at most of the positions and has a decreasing
tendency along with 6. However, there is a significant sharp rise
when the Mach reflection triple-point moves toward the inner wall,
and the velocity reaches the highest where the triple-point collides
with the wall. The interaction with this triple-point recouples the
diffracted wave front and enhances the detonation strength. More-
over, the entire detonation wave front is coupled when the triple-
point reaches the wall, thus corresponding to the highest velocity.
By contrast, the velocity evolution on the outer wall is relatively
stable, and globally higher than 1, indicating that the detonation
wave is in an overdriven state. An explanation is that the veloc-
ity perpendicular to the wave front of the reflection triple-point,
which is a component of the triple-point velocity Dg, approximates
to D¢y, as Fig. 6 shows. Assuming the Mach-stem is straight and
perpendicular to the outer wall, the velocity of the wave front on
the outer wall Douer equals to Dg, thereby causing Douter higher
than Dgj.

2. Unstable propagation with steady
Mach-stem mode

Figure 7 shows the detonation wave structure and cellular pat-
tern variation in the unstable propagation with steady Mach-stem
(UPSM) mode. The corresponding conditions are py = 17 kPa,
d = 80 mm, and Ry = 120 mm. Compared with the UPGM mode,
this propagation mode occurs at a higher initial pressure, so the
diffracted detonation wave near the inner wall can realize re-
initiation spontaneously, with a limited decoupled area on the wave
front. On the other hand, due to the smaller ratio Ry/d in this case,
the tendency of the reflection triple-point moving toward the inner
wall is weakened. Therefore, no contact between the decoupling
area and the reflection triple-point occurs, and the growth of the
Mach-stem cannot be promoted. When the angle between the wave
front and the outer wall 6, varies in a certain range, an essentially
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FIG. 6. Schematic showing velocity distribution of the detonation wave front in the
annular channel.
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FIG. 7. Density schlieren and numerical soot foil for the UPSM mode (red dashed line: the trajectory of the Mach reflection triple-point; blue dashed line: the trajectory of the

transverse detonation wave generated by the re-initiation).

unchanged Mach-stem is formed. An important characteristic of this
mode is that the re-initiation of the diffracted detonation wave and
the development of the Mach-stem are completely independent, so
there are two primary trajectories in the soot foil, each corresponds
to the movement of the transverse detonation wave generated by the
re-initiation (blue dashed line) and that of the Mach reflection triple-
point (red dashed line), respectively. The cellular structure at the left
side of the blue line disappears, indicating that the wave front decou-
ples, while the cell sizes at the right side of the red line are much
smaller due to the compression of the reflection. In addition, the tra-
jectory of the triple-point does not intersect with the inner or outer
wall.

The velocity evolution for the UPSM mode is shown in Fig. 8.
The variation is similar to that of the UPGM mode. For the inner
wall, the diffraction and decoupling of the detonation wave also
cause the global velocity Dinner far below D¢y, and a sharp velocity
rise also occurs with the maximum velocity ratio Dinner/Dcy reaching
1.1. The difference is that the velocity rise is caused by the col-
lision between the inner wall and the transverse detonation wave
for the re-initiation, instead of the reflection triple-point, while the
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AIP Advances 11, 085203 (2021); doi: 10.1063/5.0057586
© Author(s) 2021

11, 085203-7


https://scitation.org/journal/adv

AIP Advances ARTICLE

velocity ratio on the outer wall Douter/Dcy varies in the range of
1-1.3.

3. Unstable propagation with decaying
Mach-stem mode

The formation mechanism of the unstable propagation with
decaying Mach-stem (UPDM) mode is similar to that of the UPSM
mode. The results are given in Fig. 9 for the case with po = 25 kPa,
d = 60 mm, and Ry = 40 mm. The high initial pressure favors the re-
initiation of the diffracted detonation wave, but the decoupling area
still exists. Meanwhile, the decrease of the ratio Ry/d not only causes
no contact between the decoupling area and the reflection triple-
point, but also decreases the angle between the wave front and the
outer wall 8, thus making the Mach-stem attenuate as it continues
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to propagate. Finally, the Mach-stem disappears completely, indicat-
ing that the Mach reflection is transformed to the regular reflection.
From the soot foil, the trajectory of the transverse detonation wave
collides with the inner wall and reflects (blue dashed line), denot-
ing the re-initiation process completes, while the trajectory of the
reflection triple-point disappears gradually (red dashed line).

The velocity evolution for the UPDM mode is shown in Fig. 10.
As a result of the collision between the transverse detonation wave
and the inner wall in the re-initiation process, the wave front velocity
ratio on the inner wall Diner/Dcy jumps to 1.1, while the diffraction
process still causes a decrease of Dinner/Dcy along with 6y, and the
average velocity ratio is about 0.7. The velocity on the outer wall
Douter is much larger than D¢y when stabilized, and the maximum
velocity ratio Douter/Dcy even reaches 1.6. Such a high overdriven

/
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FIG. 9. Density schlieren and numerical soot foil for the UPDM mode (red dashed line: the trajectory of the Mach reflection triple-point; blue dashed line: the trajectory of the

transverse detonation wave).
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state is the consequence of the transition from the Mach reflection
to regular reflection, which makes the wave front angle 6; much
smaller than that between the Mach-stem and the outer wall in the
Mach reflection.

B. Stable propagation modes
1. Stable propagation with growing Mach-stem mode

The density schlieren overlay and soot foil for the stable
propagation with growing Mach-stem (SPGM) mode are displayed
in Fig. 11. The conditions are pg = 11 kPa, d = 20 mm, and
Ry = 140 mm. The previous study”® has reported that the detonation
wave can sustain coupling for a certain distance when diffracting
along a curved convex wall, and it can even propagate stably with-
out decoupling as the curvature radius of the convex wall increases
to a certain value. Therefore, the formation mechanism of this
mode should be elucidated possibly in two situations: (1) even the
diffracted detonation wave near the inner wall eventually decouples,
a quasi-coupling still holds at the beginning of the diffraction pro-
cess. Meanwhile, a large Ry can increase the height of the Mach-stem
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FIG. 11. Density schlieren and numerical soot foil for the SPGM mode (red dashed line: the trajectory of the Mach reflection triple-point).
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and a small d decreases the radial distance from the outer wall to the
inner wall,” i.e., a large ratio Ro/d shortens the path where the reflec-
tion triple-point reaches the inner wall significantly. Therefore, the
triple-point may possibly reach the inner wall before the diffracted
detonation wave decoupled completely, and the detonation wave
can thus propagate stably. (2) If the diffracted detonation wave can
propagate stably without decoupling as it continues to evolve, then
this mode only requires that the reflection triple-point can reach
the inner wall in the propagation. It can be found from the density
schlieren that in this mode, the detonation wave is actually a Mach-
stem formed by the reflection triple-point, which collides repeatedly
between two walls. Since the Mach-stem is basically straight, and this
mode generally corresponds to the condition of small d with large
Ry, the wave front is roughly planar and perpendicular to the inner
and outer walls. The soot foil shows regular cellular patterns with
only a slight size variation.

The velocity evolution for the SPGM mode is plotted in Fig. 12.
Since a stable propagation is formed, the velocity on both the walls
behaves smoothly and remains steady. Although it is ubiquitous that
the velocity Dinper is lower and Douter is higher than Dcj, the plane

12 14 16 18 20 22 24 26
X(cm)

FIG. 13. Density schlieren and numerical soot foil for the SPSM mode (red dashed line: the trajectory of the Mach reflection triple-point).
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detonation wave front, which is perpendicular to the walls, makes
the velocity ratio Dinner/Dcy and Douter/Dcy very close to 1 and leads
to a small phase difference between the two velocities. Taking the
conditions above as an example, the average value for Dinner/Dcy is
0.94 with a maximum variation of 3.9%, and that for Douter/Dcy is
1.07 with a maximum variation of 3.1%, indicating that the velocity
evolution is much more stable compared with that in the unstable
propagation mode.

2. Stable propagation with steady Mach-stem mode

Figure 13 presents the detonation structure for the stable prop-
agation with steady Mach-stem (SPSM) mode, corresponding to the
conditions of py = 25 kPa, d = 60 mm, and Ry = 120 mm. Com-
pared with the UPSM mode, the diffracted detonation near the
inner wall can sustain coupling due to the higher initial pressure
po, which ensures that the entire detonation wave propagates sta-
bly. Meanwhile, the specific angle between the wave front and the
outer wall 64 keeps the height of the Mach-stem steady. In this
mode, the stabilized detonation wave structure is the combination
of a curved wave front and a straight Mach-stem, and this structure
remains constant in the entire propagation process. Correspond-
ingly, an obvious trajectory of the Mach reflection triple-point can
be observed in the soot foil (red line), and the trajectory is parallel
to the walls. Compared with the normal detonation cells, the cellular
patterns at the left side are generally larger for the rarefaction effect,
while the cell sizes on the other side are smaller for the compression
effect.

The velocity evolution for the SPSM mode is also relatively
steady when the propagation is stabilized, as shown in Fig. 14. How-
ever, the differences between the velocities on the walls and D¢y are
larger than that in the SPGM mode. For the conditions in this case,
the average values for Dinner/Dcy and Doyter/Dcy are 0.84 and 1.24,
respectively. Based on the D, — x theory,”***" the curvature of
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FIG. 14. Velocity evolution on inner and outer walls for the SPSM mode.
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detonation wave front will cause the reduction of propagation veloc-
ity, which is supposed to be the reason leading to lower velocity
on the inner wall, while the decline of the angle 64 promotes the
overdriven state on the outer wall. In addition, since the stabilized
structure of the wave front is constant, the phase difference between
Dinner and Doyer is equivalent.

3. Stable propagation with decaying
Mach-stem mode

Figure 15 displays the density schlieren and soot foil for the
stable detonation propagation with decaying Mach-stem (SPDM)
mode, and the corresponding conditions are py = 25 kPa,
d = 100 mm, and Ry = 80 mm. The formation mechanism of this
mode is found to be similar to the SPSM mode, the high enough
Po leads to the diffracted detonation wave propagating stably with-
out decoupling, while the ratio Ro/d is smaller than that of the SPSM
mode, thus bending the detonation wave front severely and reducing
the angle 64. The decreased 64 causes the decaying of the Mach-
stem, and eventually, the Mach reflection is transformed to regular
reflection, with the vanishing of the Mach-stem. It can be observed
that the stabilized detonation wave is a complete curved front, and
the shape can remain constant in the propagation. The trajectory of
the Mach reflection triple-point intersects with the outer wall and
disappears in the soot foil, indicating that the regular reflection is
formed.

The velocity evolution for the SPDM mode is shown in Fig. 16.
Although the wave velocity variation on the inner wall is basically
stable, some small oscillations can still be observed at the end of the
propagation. By combining the soot foil, it is found that the oscil-
lations correspond to the position where the large cells are located,
indicating that the oscillations are caused by the collisions between
the inner wall and the transverse waves with large space intervals.
The average value of Dinner/Dcy is 0.78 for the conditions above. As
to the outer wall, the stabilized velocity ratio Douter/Dcy reaches 1.8
because of the small angle 64 caused by the regular reflection.

From the analysis of all the propagation modes above, it can be
summarized that in all the unstable propagation modes, the detona-
tion wave near the inner wall is affected by the diffraction, which
gives rise to unsteady development, such as decoupling and re-
initiation. As a result, the velocity presents strong oscillation with
sharp decline and rise. By contrast, the velocities of the stable prop-
agation modes distribute steadily on both walls, which can realize
relatively constant rotating propagation frequency. The overdriven
degree near the outer wall increases as the Mach-stem attenuates,
especially for the Mach-stem decaying type. The regular reflection
is eventually formed on the outer wall, thus causing the overdriven
degree much larger than other types. Considering the stable work
and abundant use of fuel in the RDE, the SPGM mode is sup-
posed to be the most reasonable propagation mode in the combus-
tion chamber for the steadiest velocity behavior and smallest phase
difference.

C. Limits of different propagation modes

The propagation mode diagrams with various po, d, and R are
plotted in Fig. 17. It should be denoted that considering the large cal-
culation quantity, the Tianhe-2 supercomputer system was adopted
and 480 central processing unit (CPU) cores were used to ensure
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FIG. 15. Density schlieren and numerical soot foil for the SPDM mode (red dashed line: the trajectory of the Mach reflection triple-point).
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FIG. 16. Velocity evolution on inner and outer walls for the SPDM mode.

the simulations of multiple cases can be conducted parallelly. From
the distribution, some basic trends can be deduced. For the unstable
and stable mode transformation, which is determined by the diffrac-
tion near the inner wall, the increase of py enhances the sensitivity of
the detonation wave to prevent the wave front from decoupling, so
the range of the stable propagation mode is extended, which agrees
with the previous studies.'*!> With the increase in Ry, the propa-
gation mode is also transformed from the unstable to stable type,
for that the rarefaction effect of the diffraction is weakened. While
the mode transition between unstable and stable seems to have no
obvious relation with the channel width d. As to the types of the
Mach-stem evolution, which are dominated by the reflection at the
side of the outer wall, with the increase in po, the Mach-stem has the
transformation tendency from growing to steady and then to decay-
ing mode. The reason is that the increase of py shortens the length
of both the induction and reaction zones, accelerating the attenua-
tion of the Mach-stem, which has also been reported in the previous
study.” The increase of Ry can enlarge the Mach-stem height at
the same center angle 0y, while the decrease of dy can shorten the
radial distance between the two walls, so the Mach-stem develops
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FIG. 17. Distribution of the detonation propagation mode for all simulation cases: (a) py = 6.5 kPa, (b) po = 11 kPa, (c) po = 17 kPa, and (d) pp = 25 kPa.

from decaying to steady to growing with the increase in the ratio
Ro/dp.

Further analysis of the transformation boundaries between dif-
ferent propagation modes indicates that for the steady and decaying
Mach-stem types, the boundary value of Ry between the unstable and
stable propagation modes seems to be independent of dy [see the
red line in Figs. 17(c) and 17(d)]. It can be explained that the unsta-
ble or stable mode is mainly determined by whether the diffracted
detonation wave near the inner wall can propagate stably without
decoupling, and it has been proven that the stable propagation of
the diffracted detonation wave has no relation with do.” However,
for the growing Mach-stem type, some cases with the SPGM mode

distribute in the range where the diffracted detonation wave cannot
sustain stable propagation [see the blue shaded area in Fig. 17(c)],
and the boundary value of Ry for these cases increases with the
increase in dy. These cases indeed correspond to the situation
where the reflection triple-point reaches the inner wall before the
diffracted detonation wave decoupled, which has been indicated in
Sec. III B 1. As dy increases, the reflection triple-point should move
a longer distance to reach the inner wall, so a larger Ry is needed
to delay the decoupling of the detonation wave and form stable
propagation.

Finally, Fig. 18 shows a flowchart outlining a procedure to dis-
tinguish different mode transformations and limits based on the
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FIG. 18. A flowchart showing the procedure for distinguishing transformation of different propagation modes.

formation mechanism of each propagation mode. If the critical con-
ditions at which each of the above physical processes occurs can
be determined theoretically, then the overall propagation mode in
a rotating detonation engine can be predicted. This is beyond the
scope of this paper and is currently under on-going investigation.

IV. CONCLUSIONS

The dynamics of detonation wave propagation in annular chan-
nels were investigated by two-dimensional numerical simulations
using the reactive Euler equations with a detailed hydrogen/oxygen
reaction model. The detonation wave propagation modes were
revealed in detail by considering both the decoupling of the detona-
tion wave front and the development of the reflection Mach-stem.
The formation mechanism, wave structure, and velocity on both
walls were discussed for each propagation mode. The rule of prop-
agation mode distribution was analyzed, and a procedure to distin-
guish the propagation mode was constructed based on the formation
mechanism.

The detonation wave propagation can be divided into unstable
and stable modes according to whether the wave front is decoupled
from the diffraction near the inner wall. In the unstable propaga-
tion mode, decoupling and re-initiation of the detonation wave will
occur alternatively, resulting in velocity loss and oscillation near the
inner wall. In contrast, the wave front shape and velocity behavior
are steadier for the stable propagation mode.

Following the development of the reflection Mach-stem, the
propagation mode can be further divided into three types: growing,

steady, and decaying Mach-stem type. The overdriven degree near
the outer wall increases with the attenuation of the Mach-stem, espe-
cially for the Mach-stem decaying type, the formation of the regular
reflection on the outer wall causes the overdriven degree much larger
than other types.

The increase of initial pressure py can enhance the strength of
the detonation wave and extend the range of the stable propaga-
tion mode. The propagation mode is also transformed from unstable
to stable with the increase in the inner wall curvature radius Ry.
The Mach-stem has the transformation tendency from growing to
steady to decaying, with the increase in po, while with the increase in
the ratio Ro/dp, the Mach-stem develops from decaying to steady to
growing. The transformation boundary between unstable and stable
propagation modes is independent of dy for the Mach-stem steady
and decaying types. However, for the Mach-stem growing type, the
boundary value of R increases with the increase in dy.

Based on the formation mechanism of each propagation mode,
a procedure is built to distinguish the mode transformation, and all
the propagation modes can be predictable if the determining con-
ditions can be expressed mathematically, which needs to be further
studied.
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