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Oblique detonation waves (ODWs) have been widely studied due to their application potential for airbreathing
hypersonic propulsion. Moreover, various formation structures of wedge-induced oblique detonation waves have
been revealed in recent numerical investigations. Given the inflow conditions, the wave configuration is dependent on
the wedge angle. Hence, any wedge-angle change will induce a transient ODW evolution to transition from one
configuration to another. In this study, the transient development created by instantaneously changing the wedge
angle is investigated numerically, based on the unsteady two-dimensional Euler equations and one-step irreversible
Arrhenius chemical kinetics. The evolution caused by the abrupt wedge-angle change from one smooth initiation
structure to another, both with a curved oblique shock/detonation surface at high-Mach-number regime, is
investigated. Two processes are analyzed; the first consists of the downstream transition of the ODW initiation region
the by decreasing the angle, and the second is the upstream transition by increasing the angle. In the downstream
transition, the overall structure moves globally and readjusts continuously, generating an intermediate kinklike
initiation structure. In the upstream transition, a localized reaction region forms and induces a more complex process,
mainly derived from the different responding speeds of the oblique shock and detonation waves. To avoid the
generation of the new localized explosion region, which causes an abrupt change in the initiation position and
potentially affects the ODWE’s stability and performance, it is suggested to vary the wedge angle in incremental steps

within a certain time interval.
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1. Introduction

OR a supersonic combustible gas flow past a wedge, depending
on the incoming flow condition and the wedge angle, an oblique
shock wave (OSW) is attached to the wedge and may trigger the
formation of an oblique detonation wave (ODW). The idea of
harnessing a standing ODW for hypersonic airbreathing propulsion
systems has long been considered and is still under investigation
[1-4]. Although many theoretical investigations have provided the
basic foundation for steady ODWs [5-8], the current research on
ODW phenomenon has been toward attaining a better fundamental
understanding of its transient formation structure and stability.
Over the past decades, many investigations have been performed
that reveal different ODW formation structures. The classical
structure of an oblique detonation wave stabilized over a wedge was
revealed in the pioneering work of Li et al. [9,10] by means of
numerical simulations and later confirmed experimentally by Viguier
et al. [11]. This classical structure is composed of a nonreactive
oblique shock, a set of deflagration waves, and the oblique detonation
surface, all united on a multiwave point. The sketch of this structure is
illustrated in Fig. 1a, which is referred to as the abrupt transition from
OSW to ODW. A different type of formation structure has also been
described in Fig. 1b, demonstrating that the transition may occur
smoothly from a curved shock [12-14], rather than an abrupt
transition through a multiwave point. The smooth transition usually
appears in the cases of high Mach number M; and low activation
energy E,, without cellular structures near the initiation region.
Recent studies also reveal more complex ODW formation structures
of different wave configurations, with the induction region observed
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Fig. 1 Sketch of ODW structures: a) abrupt transition, and b) smooth
transition.

to be ended by an internal Chapman—Jouguet (CJ) detonation wave
rather than a set of deflagration waves at low inflow Mach number
condition [15-20]. With regard to the established oblique detonation
waves, a number of numerical investigations have demonstrated that
the ODW is inherently unstable with fine-scale instability features on
the oblique detonation surfaces similar to the unstable frontal
structure of normal cellular detonations [13,21-26].

For ODW applications in propulsion systems, it is vital to assess
the wave structure dynamics as well as its static configuration.
Aforementioned studies [12-20] assume that the inflow is well
premixed and uniform, which is seldom available in practical
situations. Therefore, a number of recent studies have been carried out
concerning the effect of mixture inhomogeneity of the premixed
combustible gas flow on the ODW formation due to incomplete mixing
[9,27-32]. These studies introduced large disturbances composed of a
region with radical species or a spatial variation in the equivalence ratio
of the flow. The ODW is generally found to be distorted by these
disturbances, and in some cases, the formation is replaced by a more
complicated structure. However, the effects of nonstationary inflow are
not studied thus far to the authors’ knowledge.

The present numerical study addresses the transitions between
different ODW formation structures, which can be viewed as the
simplest situation of the nonstationary inflow. Itis often impossible to
maintain the inflow conditions constant in practical engines, which
may induce different ODWs, and some controlling parameters needs
to be adjusted accordingly. Apart from the chemical control by
changing the amount of fuel injection to vary the energetics of the
combustible, a mechanical way to adjust the ODW structure in
response to any incoming flow perturbation is by varying the wedge
angle. As afirst step to describe ODW engine performance in relation
to wedge-angle variation, this work aims to investigate how one
ODW formation structure evolves into another and the related
flowfield dynamics. Two typical smooth ODW formation structures
are first introduced, whose initiation positions are controlled by the
wedge angle with the same incident or inflow Mach number. The
dynamic transition process is induced by an instantaneous wedge-
angle variation, and two kinds of processes are observed and
analyzed.

II. Physical Model and Computational Method

A schematic of an ODW engine [33] and the wedge-induced
oblique detonation is shown in Fig. 2. The combustible inflow
reflects on the two-dimensional wedge, and high temperature may
trigger exothermic chemical reactions and lead to the onset of an
oblique detonation wave. As shown in Fig. 2a, the current study
focuses only on the cowl region enclosed by the dashed lines with
variable wedge angle. The inflow Mach number M is prescribed for
the present simulation (i.e., the effect of impinging oblique shocks are
not investigated). For the present numerical study, the computational
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Fig. 2 Sketch of an oblique detonation engine and simulation settings.

domain bounded by the dashed zone is also shown in Fig. 2b, whose
coordinates are aligned with the wedge surface. Previous numerical
studies [10,12] indicate that the viscosity and boundary layer have
little effect on this structure, except changing the boundary-layer
thickness slightly. Hence, following most of the previous numerical
studies [13-26], the present study is also based on the inviscid
assumption. The nondimensional governing equations with a single-
step, irreversible chemical reaction are of the form
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All the flow variables have been made dimensionless by reference
to the uniform unburned state ahead of the detonation front:

i 0 E,
N Q:T, Ea === (6)
a RTO RTO

For the chemical reaction, 4 is the reaction progress variable, which
varies between 0 (for unburned reactant) and 1 (for product).
The reaction is controlled by the activation energy E, and the
preexponential factor k, and the latter is chosen to define the spatial
and temporal scales. The governing equations are discretized on
Cartesian uniform grids and solved with the Monotonic Upwind
Scheme for Conservation Laws (MUSCL)-Hancock scheme with
Strang’s splitting. The MUSCL-Hancock scheme is formally a
second-order extension to Godunov’s first-order upwind method by
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constructing the Riemann problem on the intercell boundary [34].
The scheme is made total variation diminishing with the use of slope
limiter MINBEE, and the Harten-Lax-van Leer-Contact (HLLC)
approximate solver is used for the Riemann problem.

The inflow is assumed to be calorically perfect and well premixed,
and so the chemical reaction can be represented by one-step
irreversible heat release model with y, E,, and Q. This chemical
reaction model is the simplest model and is widely used in predicting
certain detonation behavior, such as one-dimensional detonation
instability [35,36], cellular structures of the normal detonation
[37,38], and instability of oblique detonations [25,26]. It should be
noted that the single-step chemical kinetics has its limitation and is
known to have an impact in predicting certain detonation behavior
(i.e., pathological detonations [39,40]). Considering that the heat
release process of this study is oblique-shock-induced combustion as
well as the success in predicting salient ODW behaviors from
previous studies [13-17,21-26], the one-step irreversible heat
release chemical model is adopted. The present simulation uses the
dimensionless parameters £, = 20, Q = 50, andy = 1.2. These are
traditionally used in numerical simulations as canonical values to
investigate detonation wave phenomena in general, only E, is
decreased to include the effects of the high altitude. Assume that the
calorically perfect inflow is the basis for the use of the one-step
irreversible heat release model, which neglects the real gas effects and
the complexity of chemistry, usually concerning tens of species and
hundreds of elemental reactions. Nevertheless, this simple model is
sufficient because this study mainly focuses on the shock-induced
combustion qualitatively as well as the overall ODW initiation
dynamics, and the present computational study benefits from its
simplicity.

Inflow conditions are fixed at the freestream values in both the left
and upper boundaries of the domain. Outflow conditions extrapolated
from the interior are implemented on the right and lower boundaries
before the wedge. Slip boundary conditions are used on the wedge
surface, which starts from x = 0.5 on the lower boundary. Initially, the
whole flowfield has uniform density, pressure, and velocities, which
are calculated according to M and 6. The preexponential factor k is
determined to scale the half-reaction length L/, to unity, and M, is
fixed to be 12 in all simulations.

In this investigation, a stationary formation structure corresponding
to a given M and @ is first simulated. This stationary structure is then
used as the initial condition in the successive transient simulation, with
the same M; but different 6. It is worth noting that, with this
computational approach, the finite time required for the wedge-angle
change is not exactly considered. However, in practice, mechanically
rotating the angle can occur faster than flowfield evolution. For
example, a 6 deg rotation will occur in the order of 10™ s with a motor
operating at 10°> rpm. On the other hand, the heat release process in the
normal detonation usually has a characteristic length on the scale of
102 m, but because of the low density at high altitude and the long
inert oblique shock shown in the later figures, the characteristic length
of this study is easy to reach the scale of 10~! m. Considering the
velocity 10° m/s, the flow characteristic time is 10~ s, about one
order higher than that of angle variation. Hence, neglecting the finite
time required for the wedge-angle change is a reasonable assumption,
although some physical details during the finite intermediate time of
wedge-angle movement may not be fully captured (e.g., expansion
growth and pressure waves generated through the finite time wedge-
angle variation). The time instant = O thus denotes the start of the
new transient simulation in this study to investigate the dynamics of the
transition process between structures induced by different instanta-
neous changes of wedge angle.

III. Numerical Results and Discussion
A. Oblique Detonation Wave Structures and Resolution Study

From the viewpoint of the OSW to ODW transition, there are two
types of ODW structures. The abrupt transition is featured by the
multiwave point and the smooth one by the curved shock, as shown in
Fig. 1. Moreover, previous studies [30,41] demonstrate that the
smooth transition with a curved shock appears when considering the

0 20 40 60 80 100 120 140

0 20 40 60 i 80 100 120 140

b)

Fig. 3 Pressure (upper) and temperature (lower) fields of the ODW
structures with 0 equal to a) 18 deg, and b) 24 deg.

inflow conditions of the oblique detonation engines. Results with
6 = 18 and 24 deg are shown in Fig. 3, illustrating two structures
with the smooth transition, as expected. The OSW-ODW transition
can be viewed as the ODW initiation, and the initiation position is
found to depend on the wedge angle significantly. With lower 6, the
ODW initiation occurs farther downstream, and vice versa. These
ODW structures and their dependence on 6 agree with previous
studies [12-24].

Detonation simulations with different grid sizes are carried out
using the same initial and mixture conditions to verify the effect of
numerical grid resolution. The pressure contours with 16 and 32 grid
points per L, /, of a corresponding CJ detonation are shown in Fig. 4.
Only a slight difference of certain pressure contour position is
observed, and the flowfields are almost the same for both cases. For
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Fig. 4 ODW structure by pressure flowfield with § equal to a) 18 deg,
and b) 24 deg; in each frame, 16 (upper) and 32 (lower) grids per Ly ;.
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F-‘ig. 5 Pressure and temperature plots along the wedge with 6 equal to
a) 18 deg, and b) 24 deg; in each frame, 16 (red solid lines) and 32 (black
dashed lines) grids per Ly ,.

better illustration, the corresponding pressure and temperature plots
of the two wedge-angle cases along the wedge are also given in Fig. 5,
showing good agreement between the results from the two grid
resolutions. Furthermore, by examining the reaction progress
variable 4, it is found that a numerical resolution of 16 points per L
of a CJ detonation equivalently provides about 20 points per
L, along the x direction for the § = 18 deg case and 40 points per
Ly, for the & = 24 deg case. This can be thought of as the true
resolution to capture the oblique shock and heat release coupling,
which is already higher than the resolution used in our previous
studies [25,26,41]. This investigation uses the relatively low E, = 20
for considering the inflow conditions of the oblique detonation

engines roughly. This makes the change of the reaction progress
variable 1 relatively less temperature-sensitive, so that cellular
structures are absent in the limited computational domain. Previous
numerical resolution study [42] has demonstrated that the regular
detonation with low activation energy is much easier to converge with
fewer grids per half reaction zone. Consequently, a smoother reaction
profile can be generated with less numerical grid resolution, and the
resolution of 16 grid points per L/, of a CJ detonation is considered
acceptable to simulate the ODW structure with the given parameters
in the subsequent simulations.

B. Downstream Transition Induced by Decreasing 6

By decreasing 0 from 24 to 18 deg, the ODW structure changes,
and the initiation position moves downstream. Theoretically, this will
induce the oblique shock angle adjusting slightly from 3.6 to 3.1 deg,
but the postshock temperature changes from 4.0 to 2.8. The latter
decreases the chemical reaction rate, causing the initiation position to
move downstream. Numerical results of the dynamic transition
process are shown in Fig. 6. In the initial stage, itis easy to observe the
shift of the initiation position toward downstream. As shown in
Fig. 6b, a kinklike initiation structure is formed initially, and a local
high-density region appears below the OSW. The reaction progress
with 4 = 0.5, denoted by the black line, has a spike penetrating into
the combustion product, as shown in Fig. 6¢. The oblique shock
extends farther downstream, generating the high-density region
behind the curved shock (Fig. 6d). The structure shown in Fig. 6f
approaches to the final stationary configuration as given in Fig. 3a,
except the presence of a transverse wave moving downstream along
the oblique detonation surface. Generally, the new structure evolves
continuously around the original upstream initiation point and then
spreads downstream. This flow evolution can be viewed as a global
downstream movement of the initiation region. Nevertheless, during
the ODW structure evolution, the adjustment to the change of wedge
angle is not a simple shift of the complete structure downstream.
This leads to a dynamic transition and gives rise to the observed
intermediate structure.

Because this study focuses mainly on the dynamic transition of
different ODW structures, another resolution study of the transient
process is performed, as shown in Fig. 7. The temperature fields show
clearly the oblique shock and detonation fronts, the multiwave
complex near the transition, and the wave in the combustion product.
It is observed that the flowfields are almost the same for both cases,
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Fig. 6 Evolution of the density field (with black line denoting A = 0.5) when 6 changes from 24 to 18 deg.
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Fig. 7 Temperature fields when 0 changes from 24 to 18 deg; in each
frame, 16 (upper) and 32 (lower) grids per Ly ;.

demonstrating that the resolution used here is acceptable to simulate
the ODW structure with the given parameters in the subsequent
simulations.

To elucidate the temporal features of the observed structure
evolution, the initiation length along different lines parallel with the x
axis, defined from the oblique shock (4 = 0.0) to the half reaction
surface (4 = 0.5), are plotted in Fig. 8. The relaxation of the ignition
region takes about nondimensional time ¢ = 5.0, as shown by the
curve along y = 0, whereas the evolution of the whole flowfield takes
t > 15.0. The initiation length along y = 0, which corresponds the
wedge surface shown by dashed curve, is found to converge quickly.
Initially, it moves downstream slowly, but an obvious acceleration
can be observed after t = 1.5; before it reaches the steady position
around 7 = 5.0, a gradual deceleration stage can be observed.
Nevertheless, the length variation along y = 2 and 4 is found to be
more complex where different waves interact. For both curves,
the length at the initial stage before r = 1.0 decreases slightly.
Subsequently, the length along y = 2 increases faster than that along
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Fig.8 Initiation length along y = 0, 2, and 4 when 6 changes from 24 to
18 deg.

y =4, and so the two curves intersect with each other. This can be
explained by Figs. 6¢c and 6d, in which the length along y = 2
becomes larger than that along y = 4, generating the spike on the half
reaction surface. Nevertheless, the length along y = 2 soon reaches
its final position while the latter length along y = 4 increases further,
yielding the second intersection around ¢ = 8.0. Moreover, these two
curves show the slight overshoot of their steady positions. Although
the overshoot is not significant, it deserves more attention for its
potential impact on ODW applications. Formation of the intersection
is due to the difference in the angle between the oblique shock and the
oblique detonation. The oblique shock is generated by the wedge,
whereas the oblique detonation is not only generated by the wedge
but also supported by the postshock heat release. It is observed that
the oblique shock responses promptly when inflow parameters
change, but the oblique detonation responses slowly. Hence, the slow
response of oblique detonation should be attributed to the effects of
heat release, which induces the overshoot observed in Fig. 6 and
previous studies [17].

C. Upstream Transition Induced by Increasing 6

By increasing € from 18 to 24 deg, the upstream dynamic transition
is illustrated in Fig. 9, showing a different evolution process of the
ODW initiation. Because of an increasing 6, the postoblique shock
temperature and density rise accordingly, and Fig. 9a shows the high-
density region close to the wedge tip. Subsequently, a new, isolated
explosion region forms, denoted by the half reaction surface in
Fig. 9b. At the same time, the initial reaction surface propagates
upstream along the oblique wave, generating a corrugated reaction
front into the premixed mixtures. The isolated explosion region soon
combines with the upstream propagating reaction surface, generating
a merged shock/reaction surface nearly parallel with the wedge, as
shown in Fig. 9c. This merged structure featured by the parallel
surface is unsteady and responds to the inflow by increasing the
oblique detonation angle, as shown in Fig. 9d. The ODW structure
eventually relaxes to be that shown in Fig. 3b.

To analyze the formation of the explosion region and related shock/
reaction coupling, the evolution of the reaction progress A on the
wedge is shown in Fig. 10a. The initial black curve increases
monotonically behind the oblique shock, but a A peak forms around
x = 12 atthe time instant = 1.1, shown by the red curve (part of the
upstream curves is overlapped by the successive curves). Then, the 1
peak grows gradually, but its upstream part stays the same, illustrated
by the overlaid curves in Fig. 10. The curve trough rises slower than
the curve crest, and so the strength of A peak increases in this
period. Generally, the development of the upstream trough should be
attributed to the explosion region, and the development of the
downstream trough is linked to the original reaction region, which
extends upstream due to the inflow variation. The new explosion
region manifests during the time r = 0 to 2.2, but the propagation of
the original reaction region dominates eventually between the time
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Fig. 9 Evolution of the density field (with black line denoting A = 0.5) when 6 changes from 18 to 24 deg.
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Fig. 10 Reaction progress on the wedge when @ changes from 18 deg to
a) 24 deg, or b) 20 deg.

t = 2.2 and 5.5. Finally, the new explosion region and the original
reaction front merge to establish the final ODW structure.

If the wedge angle increases from 18 to 20 deg, similar phenomena
like Fig. 9 can be observed, featured by the formation of the new
explosion region. Likewise, the new explosion region merges
eventually with the original reaction surface, and the ODW structure
relaxes gradually. The evolution of the reaction progress A on the
wedge when 6 changes from 18 to 20 deg is plotted in Fig. 10b. The
new explosion region appears clearly, but its evolution is slower than
the results shown in Fig. 10a. However, the evolution of the original
reaction surface becomes much slower, which stays almost the same
from ¢ = 0 to 3.3. Therefore, the new explosion region plays a more
important role in this structural transition, although it is weakened by
the small angle increment.

The variation of the initiation length is shown in Fig. 11, with the
oblique shock position also given by the dashed line. The steplike
change in the initiation length can be observed clearly on the line
y = 0 and 1, but the shock position changes only on the line y = 1.
This steplike change is originated from the growth of the discrete,

new explosion region within the original oblique shock beginning
from the wedge surface. On the lines y = 5, 10, and 20, the effect of
the new explosion region becomes progressively less prominent, but
several turning points can still be observed clearly.

The formation of the new explosion region only occurs in the
upstream transition, which makes the transition complicated and may
jeopardize the ODW application from a theoretical point of view.
Because the effect of the new explosion region is shown to be weaker
if the @ variation is small, as shown in Fig. 10, a case study is
performed by controlling the overall € variation in a quasi-static
manner (i.e., to change @ in incremental steps). The results from this
idea are shown in Fig. 12a, with an incremental @ change of 2 deg
whose start time is denoted by the red arrow (the three red arrows
denote that @ changes into 20 degatt = 0,22 degats = 8, and 24 deg
atr = 16, respectively). These results illustrate a smoother change of
the initiation length. In such cases, the stepwise behavior is
minimized, and the transition region moves upstream gradually
toward the final equilibrium position. Meanwhile, the equilibrium
oblique detonation in turn takes a longer time, due to the long-time
gradual angle variation, to establish as compared to the case with the
angle change from 18 to 24 deg directly (see Fig. 10).

Further investigation on weakening the effects of new explosion
region is performed by using smaller € increment and time interval.
Generally, we found out that the upstream flowfields are easy to
converge, but the downstream flowfields take a relatively long time.
Considering that further @ variation will change the downstream
flowfields further, the convergence of the downstream flowfields is
not necessary. Therefore, another case with an incremental angle
change of 1 deg and a short time interval of 2 is simulated, and the
corresponding variation of the initial length is shown in Fig. 12b. Itis
observed that the variation with small angle change and short time
interval induce a smoother transition process, and the steplike change
in the initiation length becomes weak. Nevertheless, the relaxation
process still requires a more significant time to complete than that of
the case with @ changing from 18 to 24 deg directly. The balance of
the angle change and relaxation time thus needs to be taken into
consideration in the actual ODW engine operation.
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Fig. 11 Initiation length (solid) and shock position (dashed) along y = 0
(black), 1(red), 5 (blue), 10 (pink), and 20 (green) when 6 changes from 18
to 24 deg.

Fig. 12 Initiation length along y = 0 (black), 1 (red), 5 (blue), 10 (pink),
and 20 (green) when 6 changes from 18 to 24 deg, with the increment
a) 2 deg, and b) 1 deg.
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IV. Conclusions

In this study, the dynamics of the transition between two smooth
ODW initiation structures with a curved shock induced by a semi-
infinite wedge at high-Mach-number regime is investigated using
numerical simulations. Specifically, this study aims to observe the
unsteady evolution of the ODW structure and flowfield in response to
a wedge-angle variation. By reducing the wedge angle, hence
decreasing the strength of the oblique shock and reaction rate, the
initiation position and transition process move downstream. The
process is referred as “downstream transition”. On the other hand,
“upstream transition” is the process when the wedge angle increases
(causing a higher postoblique shock temperature accordingly), and
the ODW formation occurs closer to the wedge tip.

In the downstream transition, the change evolves around the
original initiation point, and the overall structure appears to move
globally toward the final downstream location. Even though both the
original and final stationary structures have the curved-shock
configuration for the given flow conditions, a kinklike initiation
structure, which is thought to be a more complicated structure, is
observed intermediately during the transition process. Furthermore,
different parts of the ODW structure reach their equilibrium positions
at different time instants. The upstream part, mainly the oblique
shock wave without local heat release, always converges first, and the
downstream part takes a longer time to converge.

In the upstream transition, an interesting distinct transition pattern
appears that induces different wave dynamics. It is featured by a
complex evolution with the formation of a new isolated reaction
region, a corrugated reaction surface from the original initiation point,
atransient coupled shock-reaction surface parallel to the wedge, and its
acceleration to establish the new structure corresponding to the new
wedge angle. The formation of the new structure concerns two factors;
one is the downstream extent of the new explosion region, and the other
is the upstream extent of the original reaction surface. With a small
angle variation, namely from 18 to 20 deg, the effects of the new
explosion region become weak but still dominate the initiation process.
Itis also observed that the upstream transition with an immediate angle
change from 18 to 24 deg generates a steplike variation in the initiation
length, mainly caused by the formation of the new reaction region. To
minimize this steplike behavior, varying the wedge angle in a quasi-
static manner over a finite relaxation time is suggested, and a smoother
transition in term of the initiation length variation can be achieved.

These two transient processes demonstrate that the evolutions of the
ODW flowfields are irreversible, and two different evolution paths are
observed. From another viewpoint, the wedge-angle variation will
make the OSW rebuilding first, and then a relatively slower response
(convergence) of the combustion region. The transient processes
induce the complicated phenomena, like the intermediate kinklike
initiation structure, initiation length overshoot, new explosion region,
and so on, which is helpful in deepening knowledge on the flow in
ODW engines. More fundamental studies on the transient process are
thus necessary in the future.
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