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Abstract Pressure-gain combustion has gained attention for airbreathing ramjet engine applica-

tions owing to its better thermodynamic efficiency and fuel consumption rate. In contrast with tra-

ditional detonation induced by a single wedge, the present study considers oblique shock

interactions attached to double wedges in a hypersonic combustible flow. The temperature/pressure

increases sharply across the interaction zone that initiates an exothermic reaction, finally resulting

in an Oblique Detonation Wave (ODW). Compared with the case for a single-wedge ODW, the

double-wedge geometry has great potential to control the initiation of the ODW. As a tentative

study, two-dimensional compressible Euler equations with a two-step induction-reaction kinetic

model are used to solve the detonation dynamics triggered by a double wedge. The effects of the

wedge angles and wedge corner locations on the initiation structures are investigated numerically.

The results show an ODW complex comprising three Oblique Shock Waves (OSWs), an induction

zone, a curved detonation front, and an unburned/low-temperature gas belt close to the surface of

the second wedge. Both the increasing wedge angle and downstream wedge corner location lead to

an abrupt OSW–ODW transition type, whereas the former corresponds to the shock–shock inter-

action and the later has a greater effect on the exothermic chemical process. Analysis of the shock

polar and flow scale confirms that the OSW–ODW initiation structure mainly depends on the cou-

pling of shocks and heat release in a confined initiation zone.
� 2021 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is

an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Gaseous detonation is a type of supersonic combustion phe-
nomenon across which temperature and pressure increase
sharply. Owing to their high power density, pressure gain com-

bustion systems based on detonations have received increasing
attention.1–5 When the inflow velocity is higher than the Chap-
man–Jouguet (CJ) velocity, an oblique detonation wave can be
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Fig. 1 Schematic of oblique detonation engine and an oblique

shock interaction induced by a double wedge in supersonic flow.
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triggered by a wedge in a hypersonic combustible flow. The
standing Oblique Detonation Wave (ODW) is suitable for
combustion in a hypersonic flow, particularly as an alternative

to the Oblique Detonation Engine (ODE)6,7 and Ram Acceler-
ator (RA).8 Although some empirical models of the wave con-
figuration have been proposed, the initiation structure of

ODW is sensitive to gas-dynamic parameters and chemical
parameters. To employ the ODW, it is critical to understand
the shock and heat release coupling in supersonic inflow. Fur-

thermore, only by adjusting the mechanical components, deto-
nation engine achieves stable combustion in a wide range of
inflow parameters.

Early works9–11 assumed that the chemical reaction was

instantaneous and the flow was uniform; i.e., the heat release
layer is infinitely thin and there a fixed oblique detonation
angle for a given deflection angle. The stabilizations, wave

angles, and thermodynamic states were analyzed using the
shock/detonation polar. The coupling of shock and heat
release generates a finite exothermic layer and initiation zone.

The former is critical to cellular structures while the latter
inspired many studies on the control and formation of the ini-
tiation zone. Wedge-induced ODW structures have been pre-

sented in many previous studies12,13, showing that the
initiation zone is a combination of shocks, deflagrations, and
detonations. Moreover, a stable delayed ODW has been
observed experimentally in hydrogen–air stoichiometric mix-

tures14 and the co-existence of an initiation zone has been con-
firmed. Thereafter, there have been extensive investigations on
the wave structure near the initiation zone and the stability of

detonation surface. The former aspects focused on the wave
morphologies of ODW initiation15–25. The latter work mainly
analyzed the formation and evolution processes of ODW cellu-

lar structures.26–30 Recently, a panoptic review of ODWs is
presented by Teng and Jiang.31 The review contains broad dis-
cussions on multi-wave structure and surface stability of obli-

que detonations under ideal/inhomogeneous inflow conditions.
Derived from the practical application in ODEs, the operation
of combustor involves the mixtures,21,32 inflow parameters,33

unsteady processes34 and confined spaces.35–37 The related

research progress of the above aspects were also summarized
and commented.38 However, there are still outstanding issues
and questions to be answered. The ODWs triggered by a

finite-length wedge or cone have been simulated to explore
more complicated but more realistic wave structures and
dynamics. As an example, unstable ODWs were observed with

periodic oscillation of the initiation zone or downstream sur-
face.39,40 The interaction of the expansion wave and ODW in
hydrogen–air mixtures demonstrates various wave dynamics
near the quenching boundary.41,42 To facilitate the perfor-

mance of propulsion, the expansion wave is also used to realize
a near-CJ ODW.43 The hot jet flow has been used to induce an
ODW for a shorter initiation length.44 Additionally, the lower

limit of standing window of ODW is also modified by consid-
ering the pathological detonation feature.45

The simplified ODE geometry is illustrated in Fig. 1(a), in

which the ODW is induced by a double wedge. The zoomed
computational domain in Fig. 1(b) was used to simulate the
effects of Shock-Shock Interaction (SSI) on the ODW initia-

tion structures. It should be noted that the diffusion effects
may introduce some differences on wave morphologies. Yu
and Miao46 analyzed the effects of the turbulence intensity
on the wedge-induced ODW initiation features, and found that
initiation structures will changes from abrupt transition to
smooth one under the strongly turbulent flow. The incoming
boundary layer is also considered in previous study.47 The

result shows that the shock-boundary layer interaction may
lead to some separation bubbles. Notably, for the smooth
ODW initiation structure, if the boundary layer is thin enough,

the ODW structures are pretty same between viscous and
inviscid flows.

From the viewpoint of shock and heat release coupling, the
finite-length wedge introduces a shock-expansion wave config-

uration, which triggers a heat release in supersonic com-
bustible inflow. Although the SSI configurations have been
studied widely in the field of aerodynamics,48–52 the perfor-

mance of the shock interactions in combustible inflow has
not been addressed. As shown in Fig. 1(b), a triple-shock wave
configuration is usually formed by a double wedge in hyper-

sonic inflow, and this is referred to as a Type VI shock inter-
action.53 In reacting flow, the initiation length of ODWs is
sensitive to inflow conditions, which introduces challenges to

the application of the ODW in an engine combustor. For the
double wedge geometry, the first small wedge suppresses
upstream movement of the detached ODW and the second
large wedge contributes the initiation of the ODW under a

low inflow Mach number. The present complicated shocks
might be advantageous to detonation initiation and wave reg-
ulation, and thus possibly be employed in the ODE and RA.

Therefore, ODWs triggered by the Type VI SSI are simulated
and analyzed in this paper, clarifying flow features from the
viewpoints of the detonation initiation and SSI.

2. Physical and mathematical models

To facilitate simulation, the coordinate frame is aligned in the

direction along the first wedge surface. Following many previ-
ous studies,12,32–37,40–42,54 the reactive Euler equations are used
as governing equations for modeling the ODW flow field. To

implement the two-step chemical reaction model for chain-
branching kinetics,55 two additional reaction indexes are intro-
duced: the induction reaction index n and the heat release
index g. The chemical rate equations are given by:
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The specific total energy is thus expressed as:
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where _x1 and _x2 represent the reaction rate of the induction
zone and heat release zone, respectively. The variables q, u,
v, p, e, c and Q are respectively the density, x-direction veloc-

ity, y-direction velocity, pressure, specific total energy, specific
heat ratio and amount of chemical heat release. T is the gas
temperature and TS is the post-shock temperature of the

one-dimensional CJ detonation. The energy release amount
Q and activation energies (EI and ER) have been scaled with
RT0. R is the gas constant and T0 is the inflow gas temperature.

Consistent with previous studies,28,54,55 two rate constants, kI
and kR, are necessary to complete this chemical model: kR is
fixed to 1.0 and kI = � uvn, where uvn is the particle velocity

behind the shock front in the shock-fixed frame for a CJ deto-
nation, whereby the induction length of the one-dimensional
CJ detonation is fixed to unity. Hence, the reference scale lref
is the induction length of a CJ detonation. The reference time

scale tref is therefore set to be the value lref /c and c2 = RT0. All
the variables have been non-dimensionalized by reference to
the inflow state (the symbol ‘‘�” denotes original dimensional

quantities and subscript ‘‘0” indicates reference quantities
ahead of the detonation/shock front):
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�
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; p ¼ p
�

p0
; T ¼ T
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; u ¼ u
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ffiffiffiffiffiffiffiffiffi
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The governing equations are solved using the AUSM-type

(Advection Upstream Splitting Method) splitting with a
third-order MUSCL (Monotone Upstream-centered Schemes
for Conservation Laws) approach. To achieve sufficient reso-

lution for the simulations, the third-order Runge–Kutta algo-
rithm is chosen as the time-discretization scheme.
AUSMPW + is designed to improve on the accuracy and effi-

ciency of its predecessors through the introduction of a new
numerical speed of sound and simplification of AUSMPW
(AUSM by pressure-based weight functions).
AUSMPW + has higher resolution in capturing oblique

shocks than any other AUSM-type scheme and eliminates
the unphysical expansion shocks. Furthermore,
AUSMPW + scheme is more efficient to implement than

AUSMPW while maintaining the same levels of robustness
and accuracy.56 As shown in Fig. 1(b), the computational
domain is enclosed by the dot line and the wedge surface. Slip

boundary condition is used on the wedge surface, which starts
from x = 0 on the lower boundary. The left and upper bound-
aries are modeled as inflow boundary conditions, in which the

inflow parameters are fixed to be constant. Outflow conditions
extrapolated from the interior are implemented on the right
and lower boundaries before the wedge due to the supersonic
flow. Besides, the inflow Mach number Ma0 is fixed at 7.0
and the wedge angles h1 and h2 are varied to get different struc-
tural configurations of the ODW.

By reference to previous studies,47,57 the viscosity effects are
mainly derived from the interaction between boundary layer
and strong shock waves. The resulting separation bubble is a

key factor to determine the initiation structures of ODW. As
shown in Fig. 1(a), the coming boundary layer of a combustor
is mainly derived from the upper inlet wall. The incoming

boundary layer of the lower wall is no necessity to take into
consideration. Actually, many studies36,37 have estimate the
vicious effects in high-speed flow and demonstrate that the
vicious effects can be neglected partly.

For the cases simulated in this study, the chemical param-
eters are set as Q = 25, c = 1.2, EI = 4.0 TS, and
ER = 1.0 TS. The parameters do not correspond to any real-

istic reactants but rather a generic model with modest heat
release and activation energies. The propagation Mach num-
ber of one-dimensional CJ detonation is 4.5, which is about

equal to the CJ velocity of the stoichiometric hydrogen-air
mixture (100 kPa and 300 K). By referring to the induction
length of the hydrogen-air mixture, we can estimate roughly

that the computational domain may reach several centimeters.
It is difficultly to induce a separation bubble on the wedge sur-
face. Hence, we keep using Euler equations in this study for the
negligible incoming boundary layer and thin boundary layer

on wedge surface. As a preliminary study of ODWs induced
by double wedge, we mainly focus the initiation structures
and investigate the feasibility of double wedge ODW.

3. Results and discussion

3.1. Basic structures and resolution study

In this section, we present the basic structures of ODWs

induced by the double wedge geometry and the independence
of the flow features with respect to the grid scale. The numer-
ical cases in this work are carefully chosen to avoid heat release

on the first wedge surface. Otherwise, the second wedge may
compress the combustion product and there is a loss of total
pressure. This is unacceptable for a high-speed propulsion sys-
tem. Fig. 2 shows the numerical temperature and pressure

fields for wedge angles of h1 = 15� and h2 = 15�. Similar to
the case under the purely supersonic flow (see Fig. 1), the first
attached oblique shock (S1) from the nose intersects the

attached shock (S2) derived from the corner of the wedge.
The contact surface separates the flow that has passed through
both oblique shocks from the flow that passed only through

the oblique shock (S3). A Prandtl–Meyer expansion fan is
emitted from the intersection point and reflects from the sur-
face of the second wedge. Considering the chemical reaction,

there is a shock-reaction complex. A curved ODW forms
downstream owing to the high temperature behind the interac-
tion zone. Compared with the case for the single wedge
ODW,54 there is an unburned/low-temperature gas belt close

to the surface of the second wedge. The initiation structures
above the gas belt are similar to those of the single-wedge
ODWs. Overall, the wave complex of the double wedge

ODW consists of three oblique shocks, an initiation zone, a
cured detonation, and an unburned/low-temperature gas belt
close to the surface of the second wedge.



Fig. 2 Temperature and pressure fields obtained for different grids with wedge angles of h1 = 15� and h2 = 15�.
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To verify grid convergence, the flow fields of the ODW
obtained using the finer scale dx = 0.05 are also shown in

Fig. 2. The general wave structures are essentially the same
except for a slight difference in the product pressure contours.
For a further quantitative comparison, the temperature/pres-
sure profiles along the wedge surface and the line y = 30, par-

allel to the x-axis, are shown in Fig. 3. The thermodynamic
parameters have two growth peaks owing to the corner of
the double wedge, as shown in Fig. 3(a). Then, the pressure

drops rapidly and the temperature decreases slightly owing
to the emission of expansion waves from the intersection point.
A slow increase in pressure results from the contraction of the

unburned gas belt that is squeezed by the heat release of the
flow across the oblique shock S3. At the downstream shock
surface, the pressure and temperature rapidly increase syn-

chronously owing to the strong coupling of the shock front
and heat release zone. Results show that curves overlap each
other and differences are hardly distinguishable. The default
mean scale (i.e., dx = 0.1) is shown to provide well-

converging initiation structures, sufficient to guarantee the reli-
ability of the conclusion, and this scale is thus used subse-
quently in the present work.
Fig. 3 Pressure and temperature along wedge surface and straight l

h1 = 15� and h2 = 15�.
3.2. Effects of secondary wedge angle

In the case of the double wedge geometry, the wedge angles
and wedge corner locations are crucial to the initiation struc-
tures of the ODW. A different type of interaction occurs as

the secondary wedge angle h2 increases in supersonic nonreac-
tive flow, and thus types have been identified.53 For the shock
complex induced by double wedge under nonreactive flow,

there exists a critical angle h2,cr which can dominates the inter-
action types. When the first wedge angle equals to 15�, the crit-
ical angle h2,cr is 38.1� for the inflow parameters Ma0 = 7.0
and c = 1.2. Below the critical angle h2,cr, a Type VI interac-

tion occurs, as shown in Fig. 1(b). Conversely, if the second
wedge angle is greater than h2,cr, the interaction type will
changes from Type VI interaction to Type V one.49,53 Note

that, the chosen wedge angle is far less than the critical angle
h2,cr in this study, hence the SSI type will maintain the Type
VI interaction. Considering the heat release behind the interac-

tion zone and that the Arrhenius form of the chemical reaction
rate is sensitive to temperature, a slight change in temperature
may affect the ODW initiation structures. Fig. 4 shows the

temperature fields of the ODW with the first wedge angles of
ine y = 30 obtained for different grid sizes with wedge angles of



Fig. 4 Temperature fields with a first angle h1 = 15� and second

angles h2 = 20�, 22�.

Table 1 Transition patterns of ODWs with different combi-

nations of wedge angles.

h1 (�) h2 (�) Type

5 25–32 Smooth

5 33 Abrupt

10 20–24 Smooth

10 25–27 Abrupt

15 15–17 Smooth

15 18–22 Abrupt

20 10–11 Smooth

20 12–17 Abrupt

25 5–8 Smooth

25 9–12 Abrupt
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h1 = 15�. Note that basic structures, such as the straight obli-

que shocks, initiation zone, and unburned/low-temperature
gas belt, still exist for the secondary wedge angles of
h2 = 20�, 22�. The main differences are the wave structures

of the downstream ODW front. At an angle of h2 = 15� (see
Fig. 2), the OSW gradually transits to the curved ODW via
the interaction between the pressure waves and chemical reac-

tion front, which is described as a smooth transition. As h2
increases to 20� or 22�, there is a sudden shift on the down-
stream ODW surface. A multi-wave point appears and con-
nects the initiation zone and the detonation front. Similar to

what was observed in previous studies,15,16,18 the initiation
structure shown in Fig. 4(a) is generally defined as an abrupt
transition. A further increase in the angle h2 results in a

bow-shaped detonation front and a decrease in the initiation
length, as shown in Fig. 4(b).

For the ODW induced by a single wedge, detonation polar

theory10 has demonstrated that there are two critical wedge
angles, hCJ and hdetach. For the wedge angle h below a critical
value hCJ, there is no real solution. If the wedge angle is greater
than the detached value hdetach, a strong solution occurs. In

many previous studies,13,17,18,28 the chosen wedge angle is far
less than hdetach and greater than hCJ. They conclude that an
increase in wedge angle promotes the formation of a smooth

transition and the small wedge angle could lead to an abrupt
transition. When the wedge angle is well close to the detached
value, hdetach, the strong solution may occur due to the interac-

tion of complex waves in the induction zone. Hence, an abrupt
transition arises at a large wedge angle.15,39,58 Similarly, when
the second wedge angle increases, the abrupt transition of

OSW–ODW is also observed in Figs. 2 and 4. More cases with
different combinations of wedge angles are presented in
Table 1. From the data, it can be seen that an increase in the
second wedge angle could result in an abrupt transition.
Compared to the results of single wedge ODW,15,39,58 it is con-
cluded that the interaction of complex waves plays an impor-

tant role in the formation of the ODW initiation structures.
Another point worth highlighting is the formation of the

bow detonation front in Fig. 4(b), which shows an unsteady

phenomenon in the early forming stages of the ODW, as
shown in Fig. 5. For comparison purposes, the final steady
shock front is plotted in each frame as a black solid line. In

the initial stage of ODW evolution, as shown in Fig. 5(a),
the wavefront structures can be divided into three parts,
namely a non-reactive straight shock, curved shock, and
curved detonation front. The overall flow structures are almost

the same as those in Fig. 4(a), but the detonation front is
unsteady. Fig. 5(b) and (c) shows that the wavefront is greatly
raised and moves upstream. The shock wavefront fluctuates

for several cycles until reaching the final steady location. A
similar unsteady phenomenon was mentioned in a previous
paper,54 where the equilibrium state of the initiation wave

structures was disturbed by the upstream detonation front
and there were non-decaying oscillations of wave structures.
Hence, the zone behind the reflected shock S3 (see Fig. 1) is
crucial to the formation and instability of the local initiation

structures.
To discuss the effects of the interaction zone on the initia-

tion structures quantitatively, the shock polar with an inflow

Mach number Ma0 = 7.0 is shown in Fig. 6. The symbol S1
denotes the polar of the initial supersonic inflow; and the sym-
bol S2 corresponds to the flow that passed the first deflection

angle. According to shock dynamics theory, the respective
expansion polar can be computed as plotted in Fig. 6; this
polar can be used to connect polar curves S2 and S3. Blue,

green, and magenta lines respectively represent expansion
polar curves of secondary angles h2 = 15�, 20�, and 22�. The
intersection point of the shock polar and expansion polar
denotes the pressure behind the shock. Hence, the black dots

denote the thermodynamic state behind shock S2, showing that
the pressure increases as the secondary wedge angle varies
from 15� to 22�. Since the high pressure behind the shock S2,

the expansion polar extends toward the bottom right and inter-
sects the S1 polar. These intersection points are marked by red
dots that represent the pressure of the flow across the shock S3.

Note that the pressure/temperature behind the reflected shock
S3 is equivalent to that induced by the single wedge (with
angles of 32.7�, 39.1�, and 41.6�) under the same inflow condi-

tion. For the single wedge having Ma0 = 7.0 and c = 1.2, the



Fig. 5 Evolution of ODW initiation with wedge angles h1 = 15� and h2 = 22� (black line denotes final steady shock front).

Fig. 6 Pressure polar of SSI for double wedge with the first

wedge h1 = 15�.
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theoretical detached angle of the ODW is 38.4�, beyond which
the ODW detaches from the wedge surface. When the second

wedge angle is 20� or 22�, the theoretical angle of reflected
shock S3 is 39.1� or 41.6�, respectively. Hence, the detonation
front detaches locally, which could lead to an abrupt OSW–

ODW transition.
As the second wedge angle increases, the pressure/tempera-

ture of the reactive flow across shock S3 increases. The increas-

ing post-shock temperature reduces the initiation length and
shortens the distance between the ODW front and the interac-
tion zone. From the viewpoint of chemical energy, the fast heat
release promotes an abrupt OSW–ODW transition, which has
been demonstrated by adjusting the pre-exponential factor of

the exothermic reaction.54 The cited results are similar to the
resulting initiation structures in the present work. However,
many studies also demonstrated that a high inflow Mach num-

ber and large wedge angle are more inclined to result in a
smooth transition, in which the post-shock temperature is
higher.14,27,28 In other words, the post-shock temperature of

the mixture is not the dominant parameter of OSW–ODW ini-
tiation structures. In addition to the thermodynamic parame-
ter, the initiation of the detonation wave is also affected by

the geometric size. For a supersonic combustible flow, time
and space are required to complete the heat release process.
The flow scale should be considered in the double wedge
ODW.

3.3. Effects of wedge corner location

Many cases with different combinations of wedge angles (h1,
h2) were simulated and three types of initiation structure are
observed here. Fig. 7 shows the effects of the wedge corner
location on the initiation structures. When the wedge corner

is at x = 20, the OSW is connected to the downstream front
via a smooth slender zone. In this zone, the main shock S3 is
enhanced via the pressure waves induced by heat release in

supersonic flow, which contributes to detonation initiation.
As the wedge corner moves downstream, the OSW–ODW
transition type changes from the smooth one to the abrupt
one. The appearance of the multi-wave point is critical to the

ODW initiation types. A similar flow phenomenon, triggered
by varying the wedge angles, was mentioned above. In the case



Fig. 7 Temperature fields with wedge angles h1 = 10� and

h2 = 25�, where location of wedge corner is set at x = 20, 40, 80.

Fig. 8 Pressure contours of OSW/ODW with wedge angles

h1 = 10� and h2 = 25�, where chemical heat release is Q = 0, 25.
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of nonreactive supersonic flow, many previous studies48,49,53

showed that the interaction type is determined only by the

inflow Mach number, specific heat ratio, and wedge angles.
However, the chemical reaction is sensitive to temporal and
spatial scales, and the geometry size can affect the exothermic

process, as shown in Fig. 7. The downstream movement of the
wedge corner results in a large SSI zone, in which the reflected
shock S3 has enough space and time to induce the heat release.
More importantly, the reflected shock S3 reduces the distance

between the downstream ODW front and initiation zone.
The fast heat release in this limited space preferentially leads
to an abrupt OSW–ODW transition under some conditions.

For the differences in flow properties, the geometrical
dimension may affect the release of the chemical energy. First,
the OSW cases with wedge angles of h1 = 10� and h2 = 25� are
simulated as shown in Fig. 8(a). The corresponding ODW
cases are plotted in Fig. 8(b) for comparison. It is stressed that
the spatial scale of OSW/ODW pressure contours with blue

lines is zoomed out wholly. The original wedge corner location
of flow fields with blue lines is at x= 80 (i.e., the pressure plot-
ted by blue lines). For the nonreactive OSWs in Fig. 8(a), the
pressure lines are almost overlapping, and there is only a little
difference in the downstream fields near the wedge surface.

Therefore, the flow structures of shock dynamics are self-
similar; i.e., the geometric size is not a control parameter of
flow features. However, the similarity law is not applicable

to supersonic reactive flow. Fig. 8(b) shows a large difference
in the scaling wave structure, especially in terms of the down-
stream detonation front. The OSW with red lines transforms
into the detonation via a slender initiation zone involving com-

plex interactions of compression waves and chemical reactions.
In the case of the ODW with blue lines, the initiation zone is
devoured by the bow detonation front. The geometric scale

plays a key role in the initiation process of the ODW, since
the heat release occurs.

On the whole, three types of ODW structures induced by

the double wedge are observed, as shown in Fig. 9; i.e.,
smooth, abrupt I, and abrupt II types. Additionally, the initi-
ation structures were generally found in many cases with dif-
ferent combinations of wedge angles (h1, h2) and wedge

corner locations. The primary flow structures consists of three
oblique shocks (S1, S2 and S3), an expansion fan originating
from the interaction point, an unburned/low-temperature gas

belt, a curved detonation front, and reflected shocks. The main
difference among of them is the final steady initiation struc-
tures. In this zone, shock waves induced by a wedge compress

the flow and trigger a chemical reaction; in return, the heat
release in the supersonic flow leads to a series of pressure
waves that can enhance the flow pressure/temperature. The

coupling of the curved shock and reaction front in a confined
space can be treated as the dominant mechanism that
determines the initiation structures and OSW–ODW transition
type.



Fig. 9 Schematics of three basic initiation structures for ODW

induced by double wedge.
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4. Conclusions

ODWs triggered by a double wedge in hypersonic inflow were
simulated to explore the basic initiation structures. The wave

complex generally comprises an interaction zone involving
three oblique shocks, an induction zone, an unburned/low-
temperature gas belt, and a curved detonation front. Three

types of the ODWs, namely a smooth type, abrupt I type,
and abrupt II type, were observed in many cases.

(1) For the single wedge ODW, an increase in the wedge
angle leads to the appearance of a smooth initiation
zone. Nevertheless, the OSW-ODW initiation structure
changes from smooth to abrupt in the case of the

double-wedge flow because of the SSI. Owing to the
exothermic reaction behind the SSI zone, the similarity
law for the pure shock configurations is not applicable

to supersonic reactive flow. Subsequently, the varying
location of the wedge corner affects the OSW-ODW ini-
tiation structure.

(2) Moreover, the analysis of interactions among the shocks
illustrates that the reflected oblique shock S3 is crucial to
the formation of the initiation structures, which could

affect the transition type and the unsteadiness of the
ODW front via the interaction of the compression waves
and heat release. The ODWs induced by double wedge

contains several issues and the preliminary study mainly
focused on the fundamental structures under the shock
interactions.

(3) By referring to previous studies,17,18 the increasing of
inflow velocity and temperature will increases the post-
shock temperature and reduce the initiation length,
which benefits to the formation of a smooth transition.

While the high pressure and activation energy are more
likely to induce a sharp exothermic process and promote
an abrupt transition.26,33 The supersonic flow and heat

release interfere with each other. It is difficult to quan-
tificationally analyze the formation of transition pat-
terns. Considering the heat release process, some

significant criterions have been proposed under detailed
chemical models and realistic inflow conditions,25,33

which could deepen our understanding of initiation
structures and help develop a practical airbreathing

hypersonic propulsor.
Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This study was supported by the National Natural Science
Foundation of China (No. 11822202).

References

1. Kailasanath K. Recent developments in the research on pulse

detonation engines. AIAA J 2003;41(2):145–59.
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