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Oblique detonation wave (ODW) reflection before an expansion corner leads to a sophisticated wave 
complex, whose steadiness is critical to achieve a practical oblique detonation engine. Both steady and 
unsteady wave complexes have been observed before, but the features of unsteady wave dynamics with 
related unsteadiness rules are still unclear so far. In this study, the ODW reflections before an expansion 
corner have been simulated using the reactive Euler equations with a two-step induction–reaction 
kinetic model, and the wave complex structures and dynamics have been analyzed correspondingly. 
Three subsonic zones have been distinguished, and their interactions were found to determine the wave 
complex steadiness. The main subsonic zone derives from the ODW reflection, which locates behind 
the Mach stem, while two other subsonic zones form due to the shock reflection downstream. The two 
downstream subsonic zones might travel upstream and combine with the main subsonic zone, resulting 
in two different unsteadiness modes. These wave complex dynamics were analyzed with respect to the 
deflection location, deflection angle and inflow Mach number, leading to the boundaries of combustion 
modes and ascertaining the rule of mode regime. Some transient phenomena related with the flow 
instability have been also discussed, clarifying fine flow structures further.

© 2021 Elsevier Masson SAS. All rights reserved.
1. Introduction

A current frontier of aeronautic engineering is developing air-
breathing propulsion systems for hypersonic aircrafts. Besides the 
well-known Scramjet [1,2], another ramjet based on oblique det-
onation wave (ODW) also attracts increasing attention in recent 
years [3,4]. This type of engine might be employed to develop 
advanced hypersonic aircrafts, benefiting from high thermal ef-
ficiency through pressure-gain combustion of detonation wave 
[5–7]. However, it is not easy to harness an ODW in the high-
speed inflow, which needs to first clarify the structure and stability 
of ODW.

The ODW has traditionally been treated as an oblique shock 
wave (OSW) with instant heat release [8–10]. This treatment was 
an oversimplification, also ignoring the initiation region which 
found later by studies [11,12]. The initiation is achieved through 
the transition from an OSW, and two types of initiation wave 
structures, smooth and abrupt, have been observed and analyzed 
in depth [13–16]. Further studies [17–21] pay much attention on 
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the ODW surface instability, illustrating the formation of fine wave 
structures and revealing the asymptotic growth of disturbance.

Above studies mainly use the assumption of a semi-infinite 
wedge. By relaxing it, a more realistic geometric confinement could 
be considered in several recent studies [22–25]. For instance, the 
ODW induced by a confined wedge is analyzed numerically and 
theoretically to combine the potential advantage of both ODW and 
the normal detonation [22,23] and a dual-angle ramp was uti-
lized to explore the possibility of wave configuration inside the 
detonation combustor [24,26]. With a finite-length wedge, an ex-
pansion wave from the rear is introduced, which might quench 
the ODW [27,28] or changes the wave structures and instability 
[29–31]. Moreover, there are few works in literature on the upper 
wall of the flow tunnel, which limits the inflow with the wedge 
(lower wall) together. Theoretically, the upper wall should have 
an expansion corner downstream, so the supersonic flow could be 
accelerated directly to generate the impulse. The upper wall has 
been considered in [32,33], but the ODW reflects on the turning 
point of corner exactly, inducing an ideal flow structure similar to 
that without the upper wall. Our recent studies [34–38] illustrates 
two non-ideal realistic flow structures: when the corner locates 
upstream of the undisturbed surface, the interaction of expansion 
fan and ODW results in a post-corner recirculation zone, coupling 
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Fig. 1. Schematic of oblique detonation engine (a) and computational domain (b).

with a gaseous wedge which replaces the original expansion fan; 
when the corner locates upstream of the unperturbed surface, the 
ODW surface reflects on the upper wall, leading to a Mach stem 
beneath the pre-corner upper wall.

As a successive work of the ODW–wall interaction, this study 
investigates the wave dynamics and explores the unsteadiness fea-
tures through simulating the ODW reflection on the upper wall 
before a corner. Previous study [35] indicates that the pre-corner 
ODW reflection could lead to either steady or unsteady wave com-
plex, but it is impossible to distinguish them from the wave con-
figurations before the thermal choking happens. Hence, this study 
analyzed their wave dynamics to clarify the destabilization fea-
tures, through 39 cases with different M0 and corner geometric 
parameters. Three possible subsonic zones have been observed, re-
vealing two different unsteadiness modes. Furthermore, the bound-
aries of these steady/unsteady modes have been also plotted, and 
some transient phenomena have been also discussed to clarify fine 
flow structures.

2. Physical and numerical models

Schematic of oblique detonation engine with its main geomet-
ric parameters is shown in Fig. 1. An upper wall with an expansion 
corner was used to model a simplified combustor–nozzle flow. 
Here, Ld and θd are the two bifurcation parameters: Ld represents 
the distance along the upper wall between the deflection point and 
the original undisturbed ODW surface positions which was deter-
mined by the von Neumann pressure behind the shock wave; θd is 
the angle of outward deflection wall. Two other geometric param-
eters, H and θw , denote the entrance inflow height and the wedge 
angle, respectively. The simulation is based on the Euler equations 
with a two-step kinetic model to simplify chain-branching kinet-
ics [39]. The induction reaction index ξ and heat release reaction 
index λ are the two key reaction variables for the transport equa-
tions
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Table 1
Chemical, gas-dynamic and geo-
metric parameters.

Q 25

γ 1.2
E I 4.0Ts

E R 1.0Ts

M0 6.5, 7.0, 7.5
θw 25◦
θd 35◦ , 40◦ , 45◦
H 150
Ld 1∼ 5 for M0 = 6.5

5∼25 for M0 = 7.0
20∼45 for M0 = 7.5

with the Heaviside step function

H (1 − ξ) =
{

1, ξ ≤ 1,

0, ξ > 1.
(2.3)

The equation of state should be changed to include the effects 
of heat release, depending on the second step index λ rather not ξ

e = p

ρ(γ − 1)
+ 1

2

(
u2 + v2

)
− λQ. (2.4)

It should be noted that this work adopts Euler equations, al-
though neglecting the diffusion effects may introduce some errors. 
As demonstrated in [14–21], almost all the previous numerical 
studies of ODWs assume an inviscid flow, so the Navier-Stokes 
equations could be simplified to be Euler equations. This is be-
cause Re, the Reynolds number, is usually very high in the ODW or 
other detonation works. The main error is probably derived from 
the boundary layer, which has been studied recently [40]. How-
ever, we estimate those simulations are still grid-dependence due 
to the resolution insufficiency. For our cases shown later, Re is on 
the scale of 107, so this simplification will not bring too much 
error. According to the boundary layer theory [41,42], the thick-
ness near the turning point takes below 1.2% of the inflow height, 
but simulating it accurately will take much more computational re-
sources. Hence, this study is performed based on Euler equations, 
which are solved using advection upstream splitting (AUSMPW+) 
[43] combined with a third-order Runge–Kutta algorithm. Flow 
parameters, such as pressure, density, temperature and velocities 
are normalized by the freestream inflow state. Initially, the whole 
fields are uniform with parameters calculated by M0. The bound-
ary conditions include the solid wall, the supersonic inflow and 
the supersonic outflow, which are handled by interpolation from 
inside.

The main parameters used in this study have been listed in 
Table 1. The chemical parameters are set to be the heat release 
amount Q = 25, specific heat capacity ratio γ = 1.2, activation en-
ergy of induction reaction E I = 4.0Ts , and activation energy of heat 
release reaction E R = 1.0Ts , in which Ts denotes the post-shock 
temperature of C–J (Chapman–Jouguet) detonation. This set of pa-
rameters does not correspond a concrete reactant, but provides a 
general heat release mimicking the induction–reaction kinetic pro-
cess [44]. The heat release amount Q here was 25, rather not 
50 like many previous studies, e.g. [39,45–47], so the correspond-
ing C-J Mach number is about 4.5, close to that of stoichiometric 
hydrogen-air mixtures in standard conditions. Other parameters 
(γ , E I , E R ) inherit from the previous study with no change, there-
fore, the typical ODW structures can be obtained with the inflow 
M0 = 6.5 ∼ 7.5, which is suitable for the engine application with 
high altitude [48]. On the geometric parameters, the inlet height 
and wedge angle are constant, i.e., H = 150, θw = 25◦ , while Ld
and θd are variable as the bifurcation parameters to investigate the 
effects of expansion corner. Three deflection angles larger than θw
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Fig. 2. ODW structure without the upper confinement in the cases of M0 = 6.5 (a), 
7.0 (b), and 7.5 (c).

(θd = 35◦ , 45◦and 55◦) are used to achieve a convergent-divergent 
flow. And the deflection location Ld changes with a different vari-
ation range according to θd and M0, as shown in Table 1, so differ-
ent processes could be observed and analyzed.

3. Results and discussion

3.1. Basic structures and resolution study

Three basic structures of ODW were simulated first using dif-
ferent M0, as shown in Fig. 2. These structures do not consider 
the upper wall, so the ODW surface extends outward the upper 
boundary without the reflection. The obtained basic structures are 
all smooth transitions from the OSW to ODW, while the initia-
tion position and the angle of ODW changes due to the variation 
M0, and the first one with M0 = 6.5 is close to the boundary 
between smooth transition and abrupt transition. Around the tran-
sition surface, a slip line almost parallel with the wedge manifests 
downstream, and the low M0 corresponds to an obvious slip line. 
Previous study, such as [17], indicates that the ODW surface might 
be unstable, generating fine-scale wave structures, but these sur-
faces are stable without any wrinkles. On the whole, this structure 
illustrates typical ODWs with smooth transition and stable surface, 
whose features have been studied systematically before [35,45].

To verify the simulated results are mesh-independent, a strict 
resolution study has been conducted by refining the mesh in both 
x- and y-directions, and the results of M0 = 7.0 case are shown in 
Fig. 3. The set of mesh used above use a square cell with length 
0.1 along the left and upper boundaries, so the mesh number is 
3000*2000. Although the cell may be distorted due to the un-
rectangle domain, the largest cell length remains to be smaller 
than 0.1. The refined mesh of resolution study uses a square cell 
with a length of 0.05 that the mesh number is 6000*4000 corre-
spondingly. As shown in Fig. 3, the contours of temperature overlap 
together, and the quantitative evaluation of pressure/temperature 
profiles illustrate almost identical distributions. The mesh resolu-
tion in this work is higher than our and other researchers’ previous 
studies, e.g. [27–30,34,40]. In addition, the set value of heat release 
amount (Q = 25) is relatively low, which reduces the requirement 
for mesh resolution. Therefore, the mesh with 3000*2000 or the 
3

Fig. 3. Temperature fields and pressure/temperature profiles along y = 100 in the 
case of M0 = 7.0.

length 0.1 is sufficient to capture the flow features, and thus used 
in the later simulations.

The upper deflected wall was introduced for the basic ODW in 
the case of M0 = 7.0 (Fig. 2b) and leading to the structures shown 
in Fig. 4. As shown in Fig. 4a, when the deflection location is ex-
actly on the wave surface by setting Ld = 0, there is almost no 
change in the flow field under the wall. However, by setting Ld
= 10, a steady wave complex resulting from the ODW reflection 
on the pre-corner upper wall arises. The front of wave complex 
is composed of the undisturbed ODW surface and one Mach stem 
of ODW reflection. At the connection point of the ODW surface 
and Mach stem, a transverse shock extends downstream and is 
reflected on the wedge resulting in the RTS (reflected transverse 
shock), which may be further reflected on the deflected wall fur-
ther. Therefore, three subsonic zones (SZs) can be observed due to 
multiple wave-wall reflection, as shown by black curves in Fig. 4b. 
It can also be found that the slip line extends downstream from 
the connection point, becoming unstable and causing vortex.

To facilitate the subsequent discussion, the schematic of the 
wave complex has been plotted in Fig. 5a and the SZs are marked 
one by one. The main SZ locates behind the Mach stem, which is 
usually the largest and plays a key role in the unsteady wave pro-
cess as discussed later. The subsonic zone near the wedge (lower 
wall) is named as the lower SZ, while the one near the deflected 
upper wall is named as the upper SZ. These subsonic regions have 
all reached their equilibrium positions, and the entire wave com-
plex is stable and will not change even after long enough itera-
tions. Moreover, this wave complex arises soon when Ld increases 
above 0. By defining the distance between the Mach stem and 
expansion corner along the upper wall as LM , the relationship be-
tween Ld and LM can be shown Fig. 5b. A slight increase of Ld
from 0 to 2 will cause a significant change in LM , but when the Ld
changes later from 2 to 10, the subsequent changes are almost lin-
ear. This demonstrates that the wave complex with Mach stem is 
universal, and its steadiness deserves more attention.

3.2. Effects of deflection location and angle

Based on the steady wave complex above, an unsteady one 
arises by increasing Ld to be 20 without changing θd , as shown in 
Fig. 6. In addition to the whole flow field, three small frames were 
drawn to show the evolution of unstable structures. As denoted by 
the time instant, the early-stage flow field at t = 294 has a simi-
lar wave complex like the last steady case. Nevertheless, the flow 
field then is not stationary, and causes subsequent changes in the 
wave locations. For the main SZ, the Mach stem travels upstream 
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Fig. 4. Temperature fields with sonic lines (by black curves), (a) Ld = 0, θd = 45◦ , M0 = 7.0; (b) Ld = 10, θd = 45◦ , M0 = 7.0.

Fig. 5. (a) Schematic of wave complex induced by ODW; (b) distance between the Mach stem and expansion corner with different Ld values.

Fig. 6. Temperature fields with sonic lines (by black curves) in the cases of Ld = 20, θd = 45◦ , M0 = 7.0.
while its rear boundary extending downstream. On the other side, 
both the lower and upper SZs travel upstream continuously. When 
t = 428, the lower SZ connects with the main SZ, as shown by 
the large frame of Fig. 6. The connection leads to the combination 
and expanding of two SZs, and triggers the thermal choke, which 
in turn leads to an unsteady wave complex. Generally speaking, 
this case demonstrates an unsteady wave complex induced by the 
4

combination of main and lower SZs, which is achieved by increas-
ing Ld .

To study the effects of θd , two additional cases are simulated 
given θd = 35◦or 55◦ . In these cases, Ld = 10 and M0 = 7.0, 
corresponds a steady complex shown in Fig. 4. Numerical results 
demonstrate that these wave complexes are both steady, so Fig. 7
only shows the flow fields after sufficiently-long time iterations. In 



K. Wang, P. Yang and H. Teng Aerospace Science and Technology 112 (2021) 106592

Fig. 7. Temperature fields with sonic lines (by black curves) in the cases of Ld = 10 and M0 = 7.0, (a) θd = 35◦; (b) θd = 55◦ .

Fig. 8. Temperature fields with sonic lines (by black curves) in the case of Ld = 20, θd = 35◦ , M0 = 7.0.
the case of θd = 35◦ , the upper SZ becomes large and very close to 
the rear boundary of the main SZ. This is because the expansion 
effect is weak with a small θd , then the Mach number of post-
corner zone is only above 1 slightly. Hence, the wave interaction 
induces a large SZ, as well as the fourth SZ by interacting with the 
slip line near the lower SZ, as shown in Fig. 7a. In the case of θd = 
55◦ , the upper SZ disappears and the lower SZ stays far away from 
the main SZ, with another small SZ near the slip line, as shown in 
Fig. 7b. On the whole, despite some differences in wave configura-
tion, both wave complexes are stable.

By varying both Ld and θd together, two additional cases are in-
vestigated using Ld = 20 while θd = 35◦or 55◦ . In the case of Ld

= 20, θd = 35◦ , an unsteady wave complex arises whose flow dy-
namics are shown in Fig. 8. As shown by the small frames at t = 
205 and 285, all three SZs are formed, but the upper SZ travels 
upstream faster than the lower SZ, which should be attributed to 
the low θd . Finally, the upper SZ instead of the lower SZ merges 
into the main SZ, as shown in the large frame of Fig. 8. Although 
the combined SZ does not choke the whole cross section then, 
the Mach stem travels upstream and the combined SZ expands 
forward and downward thereafter, leading to an unsteady wave 
complex. This unsteady complex is achieved by the combination of 
the main and upper SZs, different from that the case in Fig. 6. For 
the case of Ld = 20, θd = 55◦ , an unsteady complex arises through 
the combination of the main and lower SZs. Considering similar 
5

wave dynamics, the case with Ld = 20, θd = 45◦ is so not shown 
here.

Above results reveal two different wave dynamics related with 
unsteady complexes, one is through the combination of the main 
and lower SZs, while the other through the combination of the 
main and upper SZs. The difference of two dynamics could be dis-
tinguished from the temporal evolution of Mach stem locations, 
which are plotted in Fig. 9 with a steady wave complex case (Ld

= 10, θd = 45◦) plotted for reference. Clearly, the unsteady dynam-
ics related with the lower SZ have an obvious long quasi-steady 
stage, denoted by green and blue curves. In contrast, the unsteady 
dynamics related with the upper SZ, denoted by red curves, devi-
ates away from two other curves, indicating a different unsteady 
wave complex. To facilitate the subsequent discussion, the un-
steady wave complex induced by the lower SZ combination with 
the main SZ is named as unsteady mode 1, while the other one is 
named as unsteady mode 2.

As mentioned above, three types of wave complex have been 
observed that one is steady and two are unsteady. Based on the 
above results, the diagram of wave complex steadiness has been 
plotted in Fig. 9. The complex is steady with relatively low Ld , such 
as with Ld = 5 or 10. Increasing Ld makes the complex unsteady, 
but the complex mode is determined by θd . The unsteady mode 
1 arises in the cases of high θd , while the mode 2 in the cases 
of low θd . This is because the upper SZ is sensitive to θd , so the 
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Fig. 9. Temporal location of Mach stem in different cases with M0 = 7.0. (For inter-
pretation of the colors in the figure(s), the reader is referred to the web version of 
this article.)

Fig. 10. Diagram of wave complex mode with M0 = 7.0.

combination of the main and upper SZs always occurs with low 
θd , resulting in the unsteady mode 2. Simulations with a fine Ld or 
θd interval could determine more precise boundaries, but beyond 
the scope of this work on unsteadiness mechanisms.

3.3. Discussion on the complex features

Above 15 cases summarized in Fig. 10 are based on a fixed M0
= 7.0. As studied before [17], the surface instability of ODWs is 
sensitive to M0, and a low M0 might induce an upstream-traveling 
ODW [49]. Here, we simulate the cases with M0 = 6.5 and 7.5 to 
elucidate the effects of M0 further, whose flow fields without the 
upper wall have been shown in Fig. 2.

Given Ld = 20, θd = 45◦ , the wave complex is unsteady in the 
case of M0 = 7.0, but becomes steady in the case of M0 = 7.5. To get 
an unsteady wave complex, Ld has been increased to be 30, lead-
ing to an unsteady wave complex shown in Fig. 11. In these wave 
dynamics, the upper SZ first combines with the main SZ, resulting 
in the unsteady mode 2. With M0 = 7.5, totally 15 cases have been 
simulated, whose modes have been summarized in Fig. 13 and will 
be discussed later.

For the cases of M0 = 6.5, the complex becomes unsteady given 
Ld = 10, θd = 45◦ . By decreasing Ld to be 5 or even 1, which is 
helpful for the steadiness according to above cases, the complex 
6

remains to be unsteady. Further studies using θd = 35◦or 55◦can-
not change the complex to be steady, therefore the steady mode is 
absent in the cases of M0 = 6.5. One case of the unstable wave dy-
namics for M0 = 6.5 (Ld = 1, θd = 35◦) is shown in Fig. 12. It can be 
observed that an unstable wave complex appears, which includes 
a combination of the lower and main SZs, or unstable mode 1. For 
each case of M0 = 6.5, the wave complex is in unsteady mode 1.

Based on the cases with M0 = 6.5 and 7.5, the diagram of wave 
complex steadiness has been plotted in Fig. 13. For the case group 
of M0 = 7.5, the distribution of different modes is similar to that 
shown in Fig. 10, corresponding to the case group of M0 = 7.0. 
Generally speaking, when Ld is low, a stable mode is generated, 
and when Ld is large, an unstable mode 1 is generated in the cases 
of high θd . This rule is identical to that with M0 = 7.0, except the 
mode boundary variation quantitatively: increasing M0 from 7.0 to 
7.5, the steady/unsteady boundary moves toward large Ld , while 
the unsteady mode 1/mode 2 boundary moves toward large θd . 
However, there is still one special case, corresponding Ld = 25, θd
= 35◦ , M0 = 7.5. With the same M0 and Ld , a large θd corresponds 
steady wave complex, but it is unsteady mode 2, suggesting the 
regime boundary might be not as regular as the observed ones in 
this study using fine parametric intervals.

For the case group of M0 = 6.5, all the cases are unsteady mode 
1, while for cases with M0 = 7.0 and 7.5 all three modes can be 
generated. According to the mode regime of M0 = 7.0 and 7.5, we 
try to get the unsteady mode 2 of M0 = 6.5 by decreasing the value 
of θd and Ld , but both trails does not success finally. As shown by 
the flow dynamics in Fig. 11, the combination of the main and 
lower SZs happens soon, so there are no other steadiness modes. 
From the viewpoint of the mode regime, these cases could be ex-
plained by M0 decreasing from 7.0 to 6.5: the steady/unsteady 
boundary moves to Ld = 0 or less, and the unsteady mode 1/mode 
2 boundary moves below θd = 35◦ . Therefore, for the case group of 
M0 = 6.5, the solo-steady (Ld = 0) mode is not inconsistent with 
other case groups with M0 = 7.0 and 7.5, and the rule of mode 
regime for all three case groups is the same.

3.4. Discussion on the unstable phenomena

Besides the steadiness of wave complex discussed above, three 
phenomena related with flow instability have been observed and 
analyzed briefly here. The first one is the surface instability of 
Mach stem, and from the flow fields shown in Figs. 5–8, 11, and 
12, an unstable Mach stem with very fine structures could be ob-
served. The intervals of these fine structures are much less than 
the width of the corresponding cellular structures, with very weak 
transverse waves. To clarify its mechanism, further resolution stud-
ies are conducted by simulating the case with M0 = 7, Ld = 10, θd
= 45◦ , in which the lower and left boundary lengths are set to be 
360 and 150, respectively. Local temperature fields with different 
grid resolution are displayed in Fig. 14, and the estimated mesh 
number on the Mach stem varies between around 150 and around 
600. Obviously, the fine structures still exist regardless of the mesh 
length scale, and become more with a fine mesh set. Considering 
the Mach stem is essentially an overdriven normal detonation, the 
2D overdriven detonation in the tube was also simulated and the 
similar local structures appeared. These tests suggest that these 
fine structures derive from the destabilization of normal detona-
tion fronts at the initial stage. Some similar fine structures have 
been summarized before [50], but not in the ODW-induced flow 
fields.

The second instability phenomenon observed widely is the un-
stable slip line derived from the connection point. In almost each 
figure of flow fields, the vortex rolling induced by unstable slip 
line can be observed, whose mechanism should be attributed to 
Kelvin–Helmholtz instability (KHI). Because the unstable slip line 
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Fig. 11. Temperature fields with sonic lines (by black curves) in the case of Ld = 30, θd = 45◦ , M0 = 7.5.

Fig. 12. Temperature fields with sonic lines (by black curves) in the case of Ld = 1, θd = 35◦ , M0 = 6.5.
Fig. 13. Diagram of wave complex mode with M0 = 6.5 and 7.5.

of flow fields is transient that irrelevant with the focus of this 
work, this evolution is not analyzed here. The third instability phe-
nomenon is some transient streaks observed in the main SZ, but 
only appearing in some figures, such as Figs. 6 and 8. These streaks 
are featured by high temperature, which extend from left–bottom 
to right–up direction. However, these streaks are not observable 
in the wave complexes of steady mode. From the streak direction, 
it is deduced that the streaks might be triggered by the unstable 
slip line or the Mach stem movement. Hence, we revisit the ini-
tial stage of a case of steady mode (Fig. 4b), illustrating a serial 
7

Fig. 14. Local temperature fields in the case of M0 = 7, Ld = 10, θd = 45◦ , a fixed 
domain 360×150 using different mesh numbers: (a) 900×375; (b) 1800×750; (c) 
2700×1000; (d) 3600×1500.

of temperature gradient (along y− axis direction) fields in Fig. 15. 
The streaks appear in the early stage, but locate before the rolling 
vortex. Therefore, it could be concluded that the streaks are origi-
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Fig. 15. Temperature gradient along y-axis direction in the cases of M0 = 7.0, Ld = 
10, θd = 45◦ .

nated from the Mach stem movement, rather not the unstable slip 
line.

4. Conclusion

The wave dynamic features and the unsteadiness rules in the 
cases of the ODW reflection before an expansion corner have been 
investigated in this study. Numerical results show that a sophis-
ticated wave complex appears, the front part of which is com-
posed of an undisturbed ODW surface and a Mach stem by the 
ODW reflection. Three possible subsonic zones have been observed, 
and their interactions determine the wave complex steadiness. The 
main SZ derives from the ODW reflection, while the lower/upper 
SZ forms due to the shock reflection downstream. The downstream 
lower or upper SZ might travel upstream to disturb the main SZ, 
and then leads to an unsteady wave complex. Two different un-
steadiness modes have been distinguished, depending on which 
downstream SZ merges with the main SZ first. These wave com-
plex dynamics were analyzed with respect to the deflection loca-
tion, deflection angle and inflow Mach number, thereby plotting 
the boundaries of each mode and giving the rule of mode regime. 
Moreover, three transient phenomena related with the flow insta-
bility have been also observed, which are fine-scale cellular Mach 
stem, the unstable slip line, and the streaks inside the main SZ. 
Their formations are discussed and analyzed, clarifying the fine 
flow structures further.
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