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Abstract: Two-dimensional oblique detonation waves (ODWs) induced by finite wedges in a stoichio-
metric hydrogen–air mixture have been investigated numerically based on reactive Euler equations
with a detailed chemical reaction model. The main zone affected by the expansion wave emanating
from the turning point of a wedge is the flowfield downstream of the intersection point of the oblique
shock wave (OSW) and the expansion wave. The ODW would be reduced to Chapman–Jouguet (CJ)
detonation or decoupled combustion downstream. Three combustion regimes, detonation, decoupled
combustion, and no ignition, were observed successively, as the wedge length decreases. It is found
that the location of the intersection point is a key parameter for the detonation initiation. When the
intersection point is located upstream of the ODW transition point, the expansion wave may quench
ODW. Then, the critical wedge length is obtained by theoretical analysis of wave structures and the
initiation criterion of ODWs for finite wedges is proposed. When the wedge length is greater than
the critical wedge length, ODWs can be initiated. On the contrary, the initiation of ODWs do not
occur. For wedge lengths small enough, no ignition occurs. Previously proposed criteria that use the
induction length are also examined and compared with the present critical wedge length criterion in
this study, and the latter is proven to achieve better results.

Keywords: oblique detonation; finite wedge; initiation; expansion wave

1. Introduction

Detonation-based engines are attracting increased attention for their high thermal
cycle efficiency [1–4]. One type of engine is the oblique detonation wave engine (ODWE)
based on oblique detonation waves (ODWs), which is suitable for air-breathing propulsion
systems at high Mach numbers. In this engine, a combustible mixture flows through an
oblique wedge with a velocity exceeding the CJ speed, and a stable detonation is formed.
The combustion can be completed in a short distance, and thus the combustor length can
be shortened, which enables structure simplification and mitigates cooling problems. In
addition, oblique detonations are initiated in high Mach number flow, broadening the
range of flight Mach numbers. Therefore, the ODWE is an innovative engine that could be
used for future aircraft.

However, there are many challenges that need to be addressed in order to realize
this potential propulsion system ODWE. The initiation and structure of ODWs need to be
clarified first. In early research, ODWs were simplified into oblique shock waves (OSWs)
with a heat release zone attached to the wedge [5,6]. The relationship between inflow
parameters and oblique shock/detonation properties can be determined by shock polar
analysis [7–9]. Li et al. [10], numerically investigated an oblique detonation and found
that it was composed of a nonreactive OSW, an induction region, a set of deflagration
waves, and the detonation surface. The transition from the OSW to a detonation was
achieved by a multi-wave point. Later, Vlasenko et al. [11] observed a smooth OSW to an
oblique detonation transition. These two structures were confirmed in the experiments
in [12,13] and regarded as the standard structures. Silva and Deshaies [14] conducted a
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parametric study on ODWs and observed both abrupt and smooth OSW–ODW transi-
tions. The criterion condition for the transition structures of ODWs was first proposed.
Teng et al. [15] put forward a criterion based on the difference between the detonation and
OSW angles, which was more applicative in the cases with different inflow conditions.
Furthermore, other criteria [16–18] based on velocities have also been proposed in recent
years. Shi et al. [19] proposed a theoretical criterion, depending on the ratio of the height of
the compression wave intersection point and the corresponding height of OSW at the same
x-location, which was applicable to hydrocarbon fuel-based mixtures. For abrupt oblique
detonation, several complex wave structures in the initiation region have been observed in
cases with large wedges and low incident Mach numbers: for example, the λ-shaped shock,
X-shaped shock, Y-shaped shock, and a secondary ODW [20–24]. Teng et al. [25] analyzed
four morphological features in the initiation region by Mach lines and the Mach number
ratio of Mach number in the induction zone and the corresponding CJ Mach number. Then,
a non-dimensional Damköhler number Das was defined to quantify the flow/reaction. A
strong peak of Das was observed in the abrupt transition, while a bump was observed in
the smooth transition [26].

The above studies focused on ODWs induced by an infinite wedge. For real ODWs,
detonation is produced in a confined space, in which expansion waves would emanate from
the upper-wall turning point and the wedge turning point. A complicated ODW morphology
was observed considering the interaction between the ODW and the expansion wave from
the upper wall [27]. The expansion wave derived from the wedge turning point may quench
the ODW [28,29]. Walter and Silva [30] found that a CJ ODW was obtained for intermediate
wedge angles, and the decoupling of the ODW was observed for wedge angles near the
maximum attach angle. Fang et al. [31] investigated the effects of expansion waves on the
two initiation mechanisms of ODWs and found that the structure of the wave-controlled
initiation was more sensitive to the expansion waves than the kinetic-controlled initiation.
The effects of equivalence ratios, wedge angle and Mach numbers on the initiation mode were
studied [32,33]. Xiang et al. [34] proposed the initiation criterion of ODWs for finite wedges.
When the characteristic length of the induction zone is less than the characteristic length of
the oblique wedge, the initiation of ODW occurs. However, Liu et al. [35] obtained stable,
prompt ODWs with a wedge length smaller than the induction length. Thus, the effect of the
expansion wave on the initiation of ODW is still not explained clearly.

In this paper, wave structures of ODWs induced by finite wedges are numerically
investigated based on 2D reactive Euler equations with detailed chemistry reaction models.
In Section 2, physical and numerical models are introduced. In Section 3, the effects of
the expansion wave on wave structures are analyzed, and the initiation criterion for finite
wedge-induced ODWs is proposed and verified. Concluding remarks are given in Section 4.

2. Physical and Numerical Models
2.1. Physical Model

Figure 1 presents the computational domain and sketch of an oblique detonation wave
induced by an infinite wedge and a finite wedge. The combustible gas mixture with a
high incident Mach number hits the oblique wedge and an OSW is generated. The shock
wave may induce an exothermic chemical reaction, resulting in an oblique detonation wave
(ODW) downstream. The gray zone is the solid wall. For a finite wedge, the wedge contains
a ramp and a horizontal wedge. The expansion waves produced at the turning point will
influence the flowfield in the vicinity of the horizontal wedge. The computational domain
is enclosed by the dashed line and the upper boundary of the gray zone.
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Figure 1. Sketch of oblique detonation wave and computational domain. (a) Infinite wedge. (b) Fi-
nite wedge.

2.2. Numerical Method

A previous investigation [36] showed that the boundary layer and viscosity had
little influence on the ODW structure, and most of the studies were based on inviscid
simulations. The governing equations are two-dimensional multi-species reactive Euler
equations, written as follows:
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where p is the gas pressure, and u and v are the velocities in the x-direction and y-direction,

respectively. ρi is the ith species density and the total density ρ =
n
∑
i

ρi; e is the total energy,
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2 (u
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i=1ρihi/ρ and
the ith species specific enthalpy can be obtained from thermodynamic data. The equation
of the state is

p =
n

∑
i=1

ρiRiT (3)

where T is the gas temperature and Ri is the ith species gas constant. ωi is the ith
species mass production rate, which is calculated by a chemical model. Balakrishnam
and Willams’ [37] chemical reaction model with 9 species (O2, N2, H, OH, O, H2, H2O,
HO2, H2O2) and 21 elementary reversible reactions was employed, which has been used to
simulate OSW-ODW transitions [12,29]. The chemical mechanism may affect the initiation
of the ODW [38], but it is not discussed in this paper. This paper focused on the effects
of the expansion wave on the initiation of ODW, and thus the same chemical mechanism
was applied in all the cases. The finite volume method (FVM) was used for spatial dis-
cretization, while the AUSM + scheme was adopted for the convective fluxes. The left
and top boundary were inflow boundaries, in which the static pressure, temperature and
Mach number of the inflow were given. The right boundary was the outflow boundary, in
which all flow parameters were interpolated under the assumption of the zero first-order
derivatives. Slip wall conditions were used on the wedge. The inflow temperature T0 and
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Mach number Ma0 were 350 K and 6.5. The pressure P0 was 12.25 kPa. The wedge angle θ
was fixed at 30◦. The inflow combustible gas was a hydrogen–air premixed mixture with
H2:O2:N2 = 2:1:3.76.

3. Results and Discussion
3.1. Resolution Study

A uniform mesh in both directions is used in all of the simulations presented in this
paper. To verify the grid convergence, 50 µm and 25 µm are adopted in a finite wedge
case. A finite wedge-induced ODW with two grid resolutions is presented in Figure 2,
and the difference in the structure of ODWs can be neglected. For better illustration, the
temperature and OH mass fraction along y = 15 mm and y = 20 mm are also depicted
in Figure 3. Obviously, the distribution of temperature and OH are similar to each other,
although some slight differences can be observed in Figure 3. Therefore, for the purposes
of this paper, the chosen grid size of 50 µm is sufficient to provide a converged global
formation structure, guaranteeing the reliability of our conclusions. Nevertheless, a higher
resolution is desirable to resolve small-scale details of the cellular structure, a task which is
outside the scope of this paper.
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perature. (b) OH.
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3.2. Effects of Expansion Waves on ODWs

The basic ODW structure induced by the infinite wedge is presented in Figure 4.
Figure 4a displays the pressure contour, while Figure 4b presents the temperature contour,
and the black lines represent the mass fraction of H2O. The OSW is formed in the front of
the wedge (x = 0 mm) when the combustible mixtures hit the wedge. The gas pressure and
temperature increase sharply behind the OSW, and the auto-ignition of the combustible
mixtures occur (x = 9 mm). The deflagration waves converge at the end of the induction
zone and interact with the OSW (x = 9 mm–22.5 mm). The angle of the OSW is raised up
and the oblique detonation is formed after x = 22.5 mm. The transition from the OSW to
the ODW is featured by the curved shock, and thus smooth detonation is triggered. The
inflexion point on the curved shock is defined as OSW–ODW transition.
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The wedge length is finite in a real ODW engine. Expansion waves would be induced
from the turning point of the wedge, which would have an influence on ODW structure.
Furthermore, it was found that the locations of expansion waves are changed by the wedge
length. Papalexandris [29] concluded that when the triple point occurred downstream of
the turning point, the expansion affected the curvature of the leading front and the reaction
process. Xiang et al. [34] proposed the following initiation criterion: when the characteristic
length of wedge Lw is larger than the characteristic length of induction zone Lc, an ODW
would be initiated. In this study, Lc is equal to the length of the front point of the wedge to
the front point of the deflagration wave, which is 10.5 mm in the case of the infinite wedge.
The OSW–ODW transition point is located at x = 22.5 mm, and its projective length in the
wedge is 30 mm. Therefore, the calculated wedge length is from 10 mm to 32 mm. The
length of the wedge is defined as the length from the start of the wedge to the end of the
wedge, which is marked in Figure 5b.

Figure 5 shows the temperature and H2O mass fraction contours of the ODW induced
by the 32 mm wedge, 24 mm wedge and 19 mm wedge. Oblique detonations are both
initiated successfully at x = 22.5 mm, which indicates that the locations of the OSW–ODW
transition remain unchanged. For the 32 mm wedge, the ODW structure is similar to that
induced by an infinite wedge. Some differences can be observed, and expansion waves
are generated from the turning point. A region with a lower pressure and temperature is
formed above the horizontal wedge. However, for the 24 mm wedge and 19 mm wedge,
a progressive separation of the H2O mass fraction from the shock front occurs at the
downstream flow fields. The expansion waves affect the curvature of the shock, which
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results in the angles of the shock being smaller than the detonation angle in the infinite
case. Furthermore, the angle of the shock in downstream region is decreases as the wedge
length decreases from 32 mm to 19 mm. The temperature of combustion products drops
below 2500 K due to expansion waves in the 19 mm wedge.

Aerospace 2023, 10, x  6 of 16 
 

 

downstream of the turning point, the expansion affected the curvature of the leading 
front and the reaction process. Xiang et al. [34] proposed the following initiation criterion: 
when the characteristic length of wedge Lw is larger than the characteristic length of in-
duction zone Lc, an ODW would be initiated. In this study, Lc is equal to the length of the 
front point of the wedge to the front point of the deflagration wave, which is 10.5 mm in 
the case of the infinite wedge. The OSW–ODW transition point is located at x = 22.5 mm, 
and its projective length in the wedge is 30 mm. Therefore, the calculated wedge length is 
from 10 mm to 32 mm. The length of the wedge is defined as the length from the start of 
the wedge to the end of the wedge, which is marked in Figure 5b. 

Figure 5 shows the temperature and H2O mass fraction contours of the ODW in-
duced by the 32 mm wedge, 24 mm wedge and 19 mm wedge. Oblique detonations are 
both initiated successfully at x = 22.5 mm, which indicates that the locations of the 
OSW–ODW transition remain unchanged. For the 32 mm wedge, the ODW structure is 
similar to that induced by an infinite wedge. Some differences can be observed, and ex-
pansion waves are generated from the turning point. A region with a lower pressure and 
temperature is formed above the horizontal wedge. However, for the 24 mm wedge and 
19 mm wedge, a progressive separation of the H2O mass fraction from the shock front 
occurs at the downstream flow fields. The expansion waves affect the curvature of the 
shock, which results in the angles of the shock being smaller than the detonation angle in 
the infinite case. Furthermore, the angle of the shock in downstream region is decreases 
as the wedge length decreases from 32 mm to 19 mm. The temperature of combustion 
products drops below 2500 K due to expansion waves in the 19 mm wedge. 

  
(a) (b) 

Aerospace 2023, 10, x  7 of 16 
 

 

  
(c) (d) 

Figure 5. Contours of temperature and H2O mass fraction (black lines) induced by the infinite 
wedge, 32 mm wedge, 24 mm wedge and 19 mm wedge: (a) infinite wedge; (b) 32 mm wedge; (c) 
24 mm wedge; (d) 19 mm wedge. 

Figure 6 shows the pressure and temperature curves along the lines y = 12 mm, y = 
20 mm and y = 28 mm of the flow field in Figure 5. These three lines cross the induction 
zone, transformation point, and detonation zone, respectively. Comparing the pressure 
and temperature curves in finite wedge cases with those in the infinite wedge case, the 
region affected by expansion waves and the interaction point of expansion waves and 
OSW can be established. For y = 12 mm, the pressure and temperature increase sharply 
at x = 14.5 mm due to the OSW, while the second jump in pressure and temperature is 
due to the deflagration wave. The red lines for the 32 mm wedge and black line for the 
infinite wedge almost appear to overlap one another, while the pressure and temperature 
decrease in the downstream region due to the influence of the expansion waves for the 24 
mm wedge and the 19 mm wedge. For y = 20 mm, the pressure increases sharply first 
due to the detonation, and then drops to the value in the infinite case. The temperature 
rises rapidly first and then slowly. For the 32 mm wedge and the 24 mm wedge, the dis-
tribution of pressure and temperature in the upstream region is almost the same as that 
in the infinite case, but the pressure and temperature decrease dramatically at x = 30 mm 
and x = 25 mm, respectively, which should be attributed to the effects of the expansion 
waves. For the 19 mm wedge, the peak pressure and temperature are obviously smaller 
than those in the infinite wedge case. The interaction points of the expansion waves and 
OSW are near the transition point of ODW. Expansion waves affect the initiation of ODW 
and the pressure drop rapidly after the shock. For y = 28 mm, the pressure and temper-
ature lines overlap with those for the infinite wedge in the upstream region, but decrease 
abruptly at x = 33 mm due to the effects of the expansion waves in the 32 mm wedge 
case. For the 24 mm wedge and 19 mm wedge, the pressure increases as the flow passes 
through the OSW, but decreases subsequently due to the expansion waves. The OSW in 
the 19 mm wedge case is located more downstream and the peak pressure is smaller with 
respect to the other cases, which indicates that the OSWs are weaker with smaller angles. 

A conclusion can be drawn that the expansion waves affect their downstream flow 
field, but do not affect their upstream flow field. The structure of the ODW located up-
stream of the intersection point of the OSW and expansion wave is the same as that in the 
infinite case, while the shock wave is reduced downstream and the decoupling of the 
ODW may occur. The expansion waves emanating from the turning point intersect the 
ODW, which decrease the pressure and reduce the ODW strength, leading to a progres-
sive bending of the ODW. Simultaneously, the temperature downstream of the interac-

Figure 5. Contours of temperature and H2O mass fraction (black lines) induced by the infinite wedge,
32 mm wedge, 24 mm wedge and 19 mm wedge: (a) infinite wedge; (b) 32 mm wedge; (c) 24 mm
wedge; (d) 19 mm wedge.

Figure 6 shows the pressure and temperature curves along the lines y = 12 mm,
y = 20 mm and y = 28 mm of the flow field in Figure 5. These three lines cross the induction
zone, transformation point, and detonation zone, respectively. Comparing the pressure
and temperature curves in finite wedge cases with those in the infinite wedge case, the
region affected by expansion waves and the interaction point of expansion waves and
OSW can be established. For y = 12 mm, the pressure and temperature increase sharply
at x = 14.5 mm due to the OSW, while the second jump in pressure and temperature is
due to the deflagration wave. The red lines for the 32 mm wedge and black line for the
infinite wedge almost appear to overlap one another, while the pressure and temperature
decrease in the downstream region due to the influence of the expansion waves for the
24 mm wedge and the 19 mm wedge. For y = 20 mm, the pressure increases sharply first
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due to the detonation, and then drops to the value in the infinite case. The temperature rises
rapidly first and then slowly. For the 32 mm wedge and the 24 mm wedge, the distribution
of pressure and temperature in the upstream region is almost the same as that in the
infinite case, but the pressure and temperature decrease dramatically at x = 30 mm and
x = 25 mm, respectively, which should be attributed to the effects of the expansion waves.
For the 19 mm wedge, the peak pressure and temperature are obviously smaller than those
in the infinite wedge case. The interaction points of the expansion waves and OSW are
near the transition point of ODW. Expansion waves affect the initiation of ODW and the
pressure drop rapidly after the shock. For y = 28 mm, the pressure and temperature lines
overlap with those for the infinite wedge in the upstream region, but decrease abruptly
at x = 33 mm due to the effects of the expansion waves in the 32 mm wedge case. For the
24 mm wedge and 19 mm wedge, the pressure increases as the flow passes through the
OSW, but decreases subsequently due to the expansion waves. The OSW in the 19 mm
wedge case is located more downstream and the peak pressure is smaller with respect to
the other cases, which indicates that the OSWs are weaker with smaller angles.
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Figure 6. Pressure and temperature along y = 12 mm, y = 20 mm and y = 28 mm for the infinite
wedge, 32 mm wedge, 24 mm wedge and 19 mm wedge. (a) Pressure. (b) Temperature.

A conclusion can be drawn that the expansion waves affect their downstream flow
field, but do not affect their upstream flow field. The structure of the ODW located upstream
of the intersection point of the OSW and expansion wave is the same as that in the infinite
case, while the shock wave is reduced downstream and the decoupling of the ODW may
occur. The expansion waves emanating from the turning point intersect the ODW, which
decrease the pressure and reduce the ODW strength, leading to a progressive bending of
the ODW. Simultaneously, the temperature downstream of the interaction region is reduced,
which leads to an increase in the induction length of the chemical reaction. The induction
length would be increased enough to decouple the chemical process from the OSW; thus,
the decoupled combustion occurs downstream of the interaction region.

When the wedge length is decreased to 18 mm, the ODW quenches, as shown in
Figure 7a. Compared to 19 mm wedge case, the OSW decouples from the reaction front
totally, while there exist small zones of detonation in the transition region for 19 mm
wedge. As the wedge length decreases, the reaction region and the angle of the shock
wave downstream become smaller, as shown in Figure 7b,c. For the 10 mm wedge, the
combustible mixtures near the wedge remain almost non-reacted because the temperature
is reduced significantly by the expansion waves. A long time is needed for the temperature
to increase high enough to trigger a rapid reaction. The reaction should have been triggered
by the OSW due to the high temperature and pressure of the post-shock flow, but it is
suppressed by the expansion waves due to a decrease in the pressure and temperature of
the post-expansion waves. Therefore, the detonation is not initiated. Figure 8 shows the
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corresponding pressure and temperature distribution along y = 12 mm and y = 20 mm,
illustrating the location of the beginning of the interaction of the OSW and expansion wave.
In the 10 mm wedge case, the peak pressure is less than the first stage value of 247 kPa due
to the OSW for y = 12 mm, which indicates that the beginning of the interaction is located
upstream at the point (14.5 mm, 12 mm); for the other cases, it is located downstream.
For y = 20 mm, the peak pressure is similar with the peak pressure in induction zone
at y = 12 mm, which should have been attributed to the effects of the expansion waves,
illustrating that the beginning of the interaction is located upstream at the transition point
(22.5 mm, 20 mm). The expansion waves affect the detonation initiation. The deflagration
wave and the shock wave are reduced, which means that a detonation cannot be established.
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As the wedge length decreases, three combustion regimes, detonation, decoupled
combustion and no ignition, can be subsequently observed. When the OSW–ODW transi-
tion point is on the wedge, as in the case of the 32 mm wedge, the expansion waves do not
affect the evolution of the ODW, which may have been reduced far downstream, outside
the computational domain in this paper. When the transition point is located downstream
of the turning point of the wedge, as for the 24 mm wedge and 19 mm wedge, a detonation
can be initiated, but it is decoupled downstream. When the wedge length is less than a
critical value, as in the cases of the 18 mm wedge and 16 mm wedge, a detonation cannot be
established and a decoupled combustion is formed. For a wedge length small enough, as
in the case of the 10 mm wedge, a rapid reaction cannot be established, and the shock wave
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decays due to the effects of the expansion waves, which is a finding similar to the results
obtained by Papalexandris [29] and Fang et al. [31]. However, all the possible combustion
regimes induced by finite wedges are obtained in this study.

3.3. Initiation Criterion of ODWs for Finite Wedges

As is indicated in Section 3.2, the expansion waves that originated from the turning
point affect the downstream region and produce a decrease in the temperature and pressure,
which delays the initiation of the reaction and results in a decoupled combustion. However,
they do not affect the upstream region, and the upstream flow field is almost the same as
that in the infinite case. The location of the beginning of the interaction of the shock wave
and expansion wave is a key parameter for determining the expansion wave’s effects on the
detonation initiation. When the beginning of the interaction is located downstream of the
transition point, the evolution of the ODW is not affected by the expansion and the ODW
can be initiated. When the beginning of the interaction is located upstream of the transition
point, the ODW cannot be initiated. Thus, when the beginning of the interaction is located
at the transition point, it may have been the critical case, such as the 19 mm wedge case,
shown in Figure 9a.
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The flow Mach number before the left expansion wave varies in a small range, and the
angle of the left expansion wave changes within a small range. Thus, we can use an oblique
line to represent the left expansion wave. Assuming that the left expansion wave produced
from the turning point interacts with the shock wave at the transition point, a sketch of the
shock wave and the expansion wave in the critical case is presented in Figure 9b. The line
OD represents the OSW, i.e., the shock wave. The line OW is the wedge with the critical
length Lwc and angle θ. Line DW represents the left expansion wave. β is the shock wave
angle, while θe is the left expansion wave angle. L1 is the x coordinate of the transition
point D. The wedge angle θ was given previously, while β and L1 can be obtained from the
infinite case. The Mach number Ma1 of the flow upstream DW can also be derived from the
simulated infinite case, so θe can be obtained using the following equation:

θe = arcsin(
1

Ma1
) (4)

Therefore, the parameters θ, β, L1 and θe are known, and the critical length Lwc can be
obtained according to the relation of lines in Figure 9, expressed as

Lwc =
L1

cos θ
− L1 tan β− L1 tan θ

cos θ tan(θ + θe)− sin θ
(5)
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In Equation (5), the wedge angle θ is given as the boundary condition, and the shock
wave angle β can also be derived from the implicit relationship between the wedge angle θ
and the shock wave angle β, except for that from the simulation result.

tan(β− θ)

tan β
=

2 + (γ− 1)Ma0
2 sin2 β

(γ + 1)Ma02 sin2 β
(6)

where γ is the inflow specific heat ratio. Ma1 and L1 are related to the inflow parameters
and chemical reactions. Ma1 is the flow Mach number before the left expansion wave. The
flow passes through the deflagration waves and the flow Mach number decreases with
respect to the post-shock flow Mach number. Although the flow Mach number between
the deflagration waves and the expansion waves varies within a small range, it has little
influence on Lwc. Thus, Ma1 can be obtained using a point between the deflagration waves
and the expansion waves in the infinite wedge simulation case shown in Figure 9b or
the theoretical method in [19]. The x coordinate of the OSW–ODW transition point L1
is measured from the infinite wedge simulation results. The angle of the x axis and the
wedge is the wedge angle θ. If the x axis is parallel to the wedge, L1 should be obtained by
coordinate transformation.

From the infinite wedge case, it can be found that θ = 30◦, β = 40◦, L1 = 22.5 mm,
Ma1 = 2.13 and θe = 28◦; thus, Lwc = 19 mm. For the inflow conditions, Ma0 = 6.5,
P0 = 12.25 kPa, and T0 = 350 K, and the critical wedge length is 19 mm. Figures 5d and 7a
show the temperature contours and H2O mass fraction distribution for the 19 mm wedge
and 18 mm wedge. The expansion waves quench the ODW for the 18 mm wedge. When
the wedge length is less than 19 mm, the ODW cannot be initiated, indicating that the
predicted critical length is correct.

The induction length defined by Xiang et al. [34] is 10.5 mm for this inflow condition,
but the initiation of the ODW does not occur in the 16 mm wedge case, in which the wedge
length Lw and the induction length Lc satisfy the relationship Lw > Lc. Thus, the initiation
criterion proposed by Xiang is not suitable for the case in this paper.

3.4. Verification of the Initiation Criterion

To verify the initiation criterion, new cases are simulated. The inflow pressure P0 is
changed to 40 kPa, while the other inflow parameters and the wedge angle remain un-
changed. Figure 10 shows the temperature contours and the H2O mass fraction distribution
for different wedge lengths. Three combustion regimes—detonation, decoupled combus-
tion, and no auto-ignition—are also observed to take place sequentially as the wedge length
decreases. When the wedge length is greater than 5 mm, the ODW is initiated, and the
location of the transition point remains almost unchanged. When the wedge length is
smaller than 5 mm, the ODW cannot be initiated. As the wedge length decreases to 3 mm,
the gas remains almost non-reacted. For the inflow condition, it can be found from the
infinite wedge case that θ = 30◦, β = 40◦, L1 = 5.5 mm, and Ma1 = 2.13, so the critical wedge
length Lwc = 4.7 mm, which agrees with the simulated results, illustrating that the predicted
critical wedge length is correct.

Furthermore, for the 10 mm wedge, although the ODW is initiated and the incident
shock wave is coupled with the reaction front downstream, there are obvious differences in
the structures of the ODWs downstream. Figure 11 shows a comparison of the temperature
contours for the 10 mm wedge and the infinite wedge. The ODW is fully developed prior
to its interaction with the expansion waves. This interaction reduces the ODW strength and
leads to the bending of the ODW, which seems to stop at the angle 42.4. This is close to the
CJ detonation angle of 42◦ obtained by shock polar analysis, in which the CJ Mach number
is 4.42, which was obtained by the CHEMKIN package [39]. Thus, the ODW is reduced
to the CJ ODW downstream of the beginning of the interaction. This result is similar to
those obtained by Papalexandris [29] and Walter and Silva [30], which indicates that the
numerical results in this paper are reasonable.
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To verify the criterion further, we analyze more cases with different Mach numbers
and 40 kPa inflow pressure. Figure 12 presents the boundary of the initiation of detonation
in different Mach numbers and wedge lengths. The hollow square denotes no detonations,
and the solid square denotes detonations. The red triangle represents the critical wedge
length obtained by Equation (5). The initiation of ODW can be accurately distinguished by
the red triangle. Therefore, the critical wedge length can be used as a criterion to predict
the initiation of ODW induced by a finite wedge.
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The criterion proposed by Xiang et al. [34] cannot predict the critical wedge length
for the inflow condition in Section 3.2. The inflow condition discussed by Xiang et al. [34]
featured a high temperature in high altitude, which is different from the simulated cases in
this paper. Thus, the cases studied by Xiang et al. [34] and Fang et al. [40] are also simulated
in order to verify the criterion. The inflow conditions are Ma0 = 4.3, P0 = 119 kPa, and
T0 = 998 K. The wedge angle is 15◦ and the uniform grid with a size of 25 µm is employed.
The OSW–ODW transition pattern is a smooth transition, as shown in Figure 12, and is
similar to the results of Xiang et al. [34] and Fang et al. [40]. The ODW structure for the
infinite wedge is similar to that obtained by Fang et al. [40], while there is some divergence
in the location of the transition point compared with that recorded in Xiang et al. [34]. This
may have been attributed to different detailed chemical models applied in both papers.
From the infinite case, it is known that θ = 15◦, β = 26◦, L1 = 14.6 mm, and Ma1 = 2.7; thus,
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the critical wedge length Lwc = 8.2 mm. When the wedge length is less than 8 mm, the
ODW cannot be initiated, as shown in Figure 13. This indicates that the predicted critical
wedge length is correct.
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4. Conclusions

In this study, ODWs induced by finite wedges are simulated by Euler equations
with a detailed chemistry model. This study examines the effects of expansion waves
on the initiation of ODWs. As the wedge length decreases, three different combustion
regimes, ODW, decoupled combustion, no ignition, are subsequently observed to occur.
The expansion waves affect the flowfield downstream of the interaction region, while the
upstream region is not influenced, and is almost the same with that in the infinite wedge
case. The interaction decreases the pressure and temperature, leading to a progressive
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bending of the ODW, which would reduce to a CJ detonation wave or decouple with a
reaction front downstream. The location of the interaction point of the shock wave and the
expansion wave is a key parameter for the detonation initiation.

The critical wedge length can be derived from the relationship of the OSW, the expan-
sion wave and the ODW. Then, the initiation criterion of the ODW for the finite wedge can
be proposed. When the wedge length is greater than the critical wedge length, an ODW can
be initiated. When the wedge length is smaller than the critical wedge length, the initiation
of the ODW cannot be established. For wedge lengths small enough, no ignition occurs.
The initiation criterion can accurately predict the detonation initiation with different Mach
numbers and inflow pressures. Compared with previously proposed criteria, the criterion
in this study is predicted to perform better.
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