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ABSTRACT
Oblique detonation waves (ODWs) have been studied widely as the basis of detonation-based hypersonic engines, but there are few studies on
ODWs in a confined space. This study simulates ODW reflection on a solid wall before an outward turning corner for a simplified combustor–
nozzle flow based on a two-step kinetic model. Numerical results reveal three types of ODW structures: stable, critical, and unstable. When
the reflection occurs at the turning point, the stable ODW structure remains almost the same as before reflection. When the wave reflects
at the wall before the turning point, either the critical structure or the unstable structure arises, which has never been investigated before.
Both structures have the same initial two-section detonation surface: but the critical one becomes stationary at a certain position, while the
unstable one keeps traveling upstream. By adjusting the location of the expansion wave and degree of the turning angle, the difference of the
two structures is attributed to the thermal choking appearing only in the unstable structure. The thermal choking is achieved by the merging
of subsonic zones, whose dependence on the various parameters is discussed.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0001845., s

I. INTRODUCTION

A current frontier of aeronautic engineering is develop-
ing air-breathing propulsion systems1–5 for hypersonic aircrafts.
Detonation-based engines6–9 are a new propulsion concept featur-
ing high thermal efficiency based on pressure-gain combustion. One
type of detonation-based engine that is attracting increasing atten-
tion is the oblique detonation engine (ODE), which is suitable for
air-breathing hypersonic propulsion. However, it is not easy to har-
ness the oblique detonation wave (ODW) in the high-speed inflow,
and the structure and stability of the ODW needs to be clarified first
by addressing the complicated interaction of shock, heat release, and
geometry.

Early research on ODWs10 used a spherical projectile launched
into a combustible mixture, which can initiate an ODW with a
relatively low Mach number because of the appearance of nor-
mal shock in front of the blunt surface. Later studies reproduced
the phenomenon numerically11,12 and experimentally,13,14 revealing

the structural features and mechanism of combustion instability.15

Meanwhile, the straight oblique shock wave (OSW), induced by the
presence of a wedge or ramp in the supersonic flow, has been pre-
dominantly used in engines. The OSW decreases the drag force from
the normal shock or detonation. The ODW has traditionally been
treated as an OSW with instant heat release.16,17 However, this treat-
ment is an oversimplification as found by numerical18 and exper-
imental19 studies of the initiation region. The transition from the
OSW to ODW could be viewed as ODW initiation. Two types of
this initiation, smooth and abrupt, have been observed and ana-
lyzed in depth.20–22 The instability of the ODW surface has also been
studied on the basis of the transition from the straight OSW to the
ODW.23–26

The aforementioned studies assumed a 2D semi-infinite wedge
or ramp, but a more realistic geometric confinement should be
included to promote application. Because the projectile is usu-
ally axisymmetric, studies have been done on ODWs triggered
by conical shock, revealing more sophisticated initiation and
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cellular structures.27,28 By eliminating the assumption of a semi-
infinite wedge or ramp, Papalexandris29 found that the expansion
wave derived from the wedge rear may quench the ODW. Further
studies30,31 on finite wedges found that rear expansion waves could
affect detonation instability and structure. ODWs triggered by a
double ramp were also analyzed to explore the possibility of wave
configuration inside the detonation combustor.32 However, the con-
finement of the combustor geometry, such as the upper wall of the
flow tunnel, has not been considered so far. This brings difficulties
and uncertainties to the combustor design, which needs a stabilized
ODW in a limited space.

This study simulates the ODW in a flow tunnel, focusing on
ODW reflection on the upper wall. The upper wall has an outward
turn, a simplified model of the combustor–nozzle flow in ODEs. Pre-
vious studies33,34 have considered the ideal situation in which the
ODW reflects at the turning point, so the structure is simple and
stable. Beyond that ideal case, this study investigates a series of real-
istic cases in which the reflection occurs before the turning point.
This study finds that reflection before the turning point, which is
unavoidable in reality, changes the whole wave structure owing to
the complicated interaction among the shock wave, heat release,
and expansion wave. Three types of wave structures are observed,
containing two structures not investigated before, which are named
the critical or the unstable structure. Their transition mechanisms
are analyzed in terms of the inflow Mach number, outward turning
angle, and location of the expansion wave. Some comments on these
structural findings on the application of ODW-based engines have
been given in Sec. IV.

II. METHOD
Figure 1 shows the physical model and main parameters of the

ODE and the computational domain. The simplified ODE geometry

studied is illustrated in Fig. 1(a) in which the ODW is first reflected
by the combustor upper wall and then affected by the expanding
nozzle. The corresponding computational parameters with an out-
ward turning wall in Fig. 1(b) were used to simulate the combustor–
nozzle flow. To ensure the ODW reflected before the expansion
wave, the original ODW position was first captured with no upper
wall there, and then, the upper wall was applied with different turn-
ing angles and turning point positions along the x axis to investigate
the flow state. In this study, Lt denotes the length of the upper wall
from the original, undisturbed ODW position to the turning point;
Ls is the distance between the final surface and the original loca-
tion; θ1 and θ2 are the angles of the wedge and the outward turning
wall, respectively; and H is the entrance inflow height. There is also
an expansion wave from the wedge or ramp, but it is far enough
downstream to have a slight effect.

The simulation is based on the Euler equations with a two-step
kinetic model to simplify chain-branching kinetics.35 The induction
reaction index ξ and heat release reaction index λ are the two key
reaction variables for the transport equations

∂(ρξ)
∂t

+
∂(ρuξ)
∂x

+
∂(ρvξ)
∂y

= H(1 − ξ)ρkI exp[EI(
1
Ts
−

1
T
)], (2.1)

∂(ρλ)
∂t

+
∂(ρuλ)
∂x

+
∂(ρvλ)
∂y

= [1 −H(1 − ξ)]ρ(1 − λ)kR exp[(−
ER
T
)] (2.2)

with the Heaviside step function

H(1 − ξ) = {
1, ξ ≤ 1
0, ξ > 1.

(2.3)

FIG. 1. Schematic of the oblique det-
onation engine (a) and computational
domain (b).

Phys. Fluids 32, 046101 (2020); doi: 10.1063/5.0001845 32, 046101-2

Published under license by AIP Publishing

https://scitation.org/journal/phf


Physics of Fluids ARTICLE scitation.org/journal/phf

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 neglecting the diffusion effects may
introduce some errors, but we still keep using Euler equations in
this study. Almost all the previous numerical studies of ODWs, e.g.,
Refs. 18 and 21–31, assumed an inviscid flow, so the Navier–Stokes
equations could be simplified to be Euler equations. This is because
Re, the Reynolds number, is usually very high in the ODW or other
detonation study. In this study, as the preliminary study of ODWs in
the confined space, the viscous effects are not considered to be com-
pared with previous results. The main error is probably induced by
the boundary layer, which has been studied recently.36 However, we
estimate that 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. Accord-
ing to the boundary layer theory,37,38 the thickness near the turning
point takes below 1.2% of the inflow height, but simulating it accu-
rately will take much more computational resources. Hence, this
study is performed based on Euler equations, which are solved using
advection upstream splitting (AUSMPW+)39 combined with a third-
order Runge–Kutta algorithm. The flow parameters are normalized
as follows:

p =
p̃
p0

, ρ =
ρ̃
ρ0

, T =
T̃
T0

, u =
ũ
√

RT0
, v =

ṽ
√

RT0
, (2.5)

where p, ρ, T, u, and v are the pressure, density, temperature, x-
velocity, and y-velocity, respectively. The main chemical parameters
are Q = 25, γ = 1.2, EI = 4.0Ts, and ER = 1.0Ts, where Ts is the post-
shock temperature and Q is the nondimensionalized specific total
energy.

In the simulations, the inflow Mach number M0 is a critical
parameter for the ODW state. The three values M0 = 6.5, 7.0, and
7.5 were used for this work. The left entrance height was set to
H = 140 at the location x = −5. The starting point of the wedge tip
was x = 0, and the wedge angle (θ1) was fixed to 25○. The length
Lt and angle θ2 of the outward turning wall were the controlling

parameters to vary the effect of the expansion wave. The flow field
was initialized to the freestream values, whose velocities were calcu-
lated via the inflow number M0. Slip-reflecting boundary conditions
were used for the wedge, the upper wall, and the outward turning
wall. The left boundary was fixed to supersonic inflow conditions.
Behind the outward turning wall and at the right exit boundary, we
used an outflow condition deduced from the interior. The grid and
related resolution study are given in the Appendix.

III. RESULTS AND DISCUSSION
A. Basic structure and ideal cases

First, the cases M0 = 6.5, 7.0, and 7.5 were simulated as basic
structures without including the effects of upper-wall confinement.
Figure 2 displays the flow fields for M0 = 6.5 and 7.5 in terms of tem-
perature and pressure. An ODW with an abrupt transition occurs
for M0 = 6.5, while an ODW with a smooth transition occurs for
M0 = 7.5. Moreover, increasing M0 causes the transition region to
move upward and the angle of the ODW surface to decrease. A slip
line emanates from the initiation region and extends downstream,
almost parallel with the wedge surface. These wave configurations
illustrate two typical ODW flow fields, similar to our previous results
based on the same codes.40

The results without the upper wall were used as the basis for
testing the ideal cases in which the ODW reflects exactly at the turn-
ing point. Figure 3 shows the structures with and without the upper
wall for M0 = 7.0. We first measured the position of the ODW sur-
face in Fig. 3(a) along the line y = 140 to be x = 155. Then, an upper
wall was introduced along the line y = 140 that turned outward
at (150, 140) with a 55○ angle deflected from the inflow direction,
i.e., θ2 = 55○. The ODW before the turning point in Fig. 3(b) is
not disturbed, but the region behind the turning point has a rel-
atively low temperature owing to the expansion wave originating
from the turning point. In contrast to the ODW in the unconfined
space [Fig. 3(a)], there is no strong shock or detonation wave in the
expansion region. Several other cases using different M0 and H val-
ues were simulated, indicating that these phenomena are universal
for the ideal cases.

FIG. 2. Temperature fields and pressure contours (black curves) for M0 = 6.5 (a) and 7.5 (b).
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FIG. 3. Temperature fields and pressure contours (black curves) for M0 = 7.0 without the upper wall (a) and with an outward turning wall with θ2 = 55○ (b).

Owing to the lack of experimental results with which to com-
pare directly, we performed the resolution study presented in the
Appendix. The case in Fig. 3(b) was the first in the resolution study,
and another case with ODW reflection was also tested. Further-
more, four sets of grids were used to examine the grid effects on the
instability of the Mach stem, which will be discussed later.

B. Structure and dynamics of nonideal cases
In ideal cases, reflection occurs exactly at the turning point.

To study realistic cases in which the ODW reflects elsewhere, it
is necessary to introduce the parameter Lt , defined as the distance
between the undisturbed ODW (without the upper wall) and the
turning point along the x direction. The ideal case, such as that of
Fig. 3(b), actually corresponds to Lt = 0. If Lt is negative, the turning
point is located upstream of the undisturbed ODW, so the reflec-
tion occurs in the post-expansion region. This may result in some
complicated structure that has not been studied to our knowledge.

However, this study focuses on cases with positive Lt in which the
ODW surface reflects on the upper wall before the turning point.
This is because reflection behind the turning point occurs in a super-
sonic flow accelerated further by the expansion wave, so it does not
affect the stationary ODW. In contrast, pre-turning reflection not
only results in variation of the structure but may also change the
stationary state of the structure.

The case with M0 = 6.5 and Lt = 5 is shown in Fig. 4. Given a
uniform inflow as the initial condition, the ODW is initiated and the
angle of the ODW surface increases gradually, reaching the turn-
ing point at about t = 41. Thereafter, the surface increases further
because it has not reached the equilibrium position, generating the
structure in Fig. 4(a) at about t = 90. We observe that the detona-
tion surface has two sections: one Mach stem near the upper wall
and the original ODW surface. Moreover, there are many fine struc-
tures on the Mach stem, indicating that the stem is unstable. Nev-
ertheless, the ODW of Fig. 4(a) is still transient and so propagates
upstream despite the very slow speed, evolving into the structure

FIG. 4. Temperature for M0 = 6.5 and Lt = 5 at t = 90 (a) and 280 (b).

Phys. Fluids 32, 046101 (2020); doi: 10.1063/5.0001845 32, 046101-4

Published under license by AIP Publishing

https://scitation.org/journal/phf


Physics of Fluids ARTICLE scitation.org/journal/phf

FIG. 5. Temperature for (a) M0 = 7.0 and Lt = 5; (b) M0 = 7.5 and Lt = 15.

of Fig. 4(b). The detonation Mach stem is close to normal deto-
nation and propagates continuously toward and beyond the inflow
boundary. Decreasing Lt from 4 to 1 with ΔLt = 1 does not change
the stationary state, and the structures are similar. Therefore, it is
impossible to generate a stationary ODW with positive Lt .

In contrast to the cases with M0 = 6.5, the stationary ODW
appears for certain Lt values for M0 = 7.0 and 7.5. Given Lt = 5 and
M0 = 7.0, a stationary ODW appears, as shown in Fig. 5(a). There
is also a stationary ODW for Lt = 5 and M0 = 7.5, and Fig. 5(b)
reveals a stationary ODW even after Lt increases to 15. However,
numerical results indicate that these stationary structures have a
similar wave configuration to that of the transient one, such as the
ODW in Fig. 4(a). The ODW surface reflects on the upper wall in
all cases of Figs. 5 and 4(a), generating a Mach stem with high post-
shock temperature followed by an expansion wave derived from the
outward turning wall. The stationary and transient structures can-
not be distinguished from the wave configuration. Considering the
similarity of the stationary and transient structures, we call the sta-
tionary ODW structure as the critical structure of ODW reflection.

To facilitate the analysis, the structure in each ideal case is named the
stable structure, and each transient structure is named the unstable
structure.

Although the critical structures appear in Fig. 5, the unsta-
ble structure appears when Lt is increased further. Figure 6 shows
the structure and dynamics of two unstable ODWs with M0 = 7.0,
Lt = 10 and M0 = 7.5, Lt = 25. Initially, an ODW structure with Mach
reflection forms quickly, as denoted by the elapsed time, and then,
the surface propagates slowly upstream. The white curves show the
positions of the ODW surface at different instants, indicating that
the speed is not constant but variable. In both cases, the propagation
velocity is slow after the two-section surface forms, but an accelera-
tion can be observed in the later stage, denoted by the last two white
curves in Fig. 6. It is impossible to explain the variation in surface
velocity so far owing to the lack of comprehensive study on the wave
structure. Explaining this variation needs an understanding of the
underlying mechanism of the critical and unstable structures.

The length Ls is defined in Sec. II and denotes the distance from
the position of ODW reflection to the turning point. Thus, Ls is a

FIG. 6. Temperature for (a) M0 = 7.0 and Lt = 10; (b) M0 = 7.5 and Lt = 25. The white curves represent the detonation surfaces at different instants.
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FIG. 7. Ls for ODW reflection with varying Lt .

parameter of structural instability that approaches infinity in unsta-
ble cases. To quantify and analyze the above results, we plot Ls as
a function of Lt in Fig. 7. When Lt = 0, all three structures are sta-
ble, regardless of M0. Increasing Lt may induce unstable structures
when M0 = 6.5 but critical structures for M0 = 7.0 and 7.5. When
Lt is increased to 2, Ls jumps to about 28 for M0 = 7.0 and about 21
for M0 = 7.5. A small variation of Lt results in a large variation of
Ls, indicating a nonlinear relation derived from the structural shift.
Increasing Lt above 2 introduces a slow increase in Ls, and the criti-
cal structure is observed in a range of Ls. The lower boundary of the
critical structure is 0, while the upper boundary depends on M0. The
critical-to-unstable shift occurs between 8 and 9 for M0 = 7.0 and
between 23 and 24 for M0 = 7.5. These results suggest that the criti-
cal structure is related to high M0 and small Ls, but a more detailed
analysis on flow fields is necessary.

C. Discussion on structural characteristics
To explore the mechanism of the critical structure, additional

simulations were performed by varying the outward turning angle
θ2 and keeping Lt = 0. Numerical results indicate that the sta-
ble structures appear when θ2 = 45.0○, regardless of M0. When θ2
decreases further to 35.0○, different types of structures appear, as
shown in Fig. 8. When M0 = 6.5, the unstable structure arises, and

Fig. 8(a) illustrates the temperature field at certain time (t = 330).
It is observed that the Mach stem is curved rather not straight and
will propagate upstream subsequently. On the contrary, the Mach
stem is straight and stationary when M0 = 6.5, demonstrating a crit-
ical structure in Fig. 8(b). The sonic curves, corresponding local
Mach number 1.0, are plotted in Fig. 8. For the critical structure of
Fig. 8(b), there is only one subsonic zone behind the Mach stem, but
there are several irregular subsonic zones in the unstable structures.
Using small decrements of θ2, Δθ2 = 0.5○, we found the smallest
angle corresponding to the stable structure to be 41.0○, 38.5○, and
35.5○ for M0 = 6.5, 7.0, and 7.5, respectively. Similarly to the struc-
tural shift caused by Lt variation, the structure becomes unstable for
M0 = 6.5 while becoming critical for M0 = 7.0 and 7.5. These results
indicate that the three structures are universal and depend on both
Lt and θ2 besides M0.

On the three structures, except for the stable structure simu-
lated previously, there are few studies on the critical and the unsta-
ble structures in the literature. These two structures have similar
wave configurations, featuring a Mach reflection of the ODW sur-
face on the upper wall. On the basis of their different propagation
features, the structure that becomes stationary at a certain position
has been named the critical one and the structure that keeps trav-
eling upstream has been named the unstable one. However, both
structures have the same initial wave configuration, so it is necessary
to determine the underlying differences between them.

Considering that the unstable structures have different flow
fields, we first plot two critical structures of ODW reflection with
sonic curves in Fig. 9. These two cases are designated critical struc-
tures but are close to the upper boundary of the critical structure.
By increasing Lt further, the unstable structure appears when Lt = 9
for M0 = 7.0 and Lt = 24 for M0 = 7.5. These flow fields reveal that
subsonic zones exist behind the Mach stem, which ends around the
outward turning point. One slip line and one oblique shock origi-
nate from the contact between the Mach stem and the undisturbed
ODW surface. The slip line becomes the lower boundary of the sub-
sonic zone, and the oblique shock, which is the secondary OSW,
extends downstream and reflects on the wedge. There are two sub-
sonic zones behind the reflection shock of the secondary OSW in
both cases. These are located close to the subsonic zone behind the
Mach stem. Furthermore, the subsonic zone may be generated near

FIG. 8. Temperature with sonic curves (by black contours, corresponding local Mach number 1.0) for θ2 = 35.0○ and Lt = 0: (a) M0 = 6.5; (b) M0 = 7.5.
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FIG. 9. Temperature of the critical structure of ODW reflection with sonic curves (by black contours, corresponding local Mach number 1.0): (a) M0 = 7.0, Lt = 8; (b) M0 = 7.5,
Lt = 23.

the upper wall after the turning point, as shown in Fig. 9(b), but the
zone is very small in this case. For the critical structure with low Lt ,
such as that in Fig. 8(b), there is only one subsonic zone behind the
Mach stem. Undoubtedly, there are no subsonic zones behind the
stable structures. Therefore, the formation of several subsonic zones

influences the shift from the critical structure to the unstable one
significantly.

To be compared with the critical structure, the flow fields at dif-
ferent instants of one unstable structure are plotted in Fig. 10. This
case corresponds to the one in Fig. 9(a), only increasing Lt from 8

FIG. 10. Temperature of the unstable structure of ODW reflection with sonic curves (by black contours, corresponding local Mach number 1.0), M0 = 7.0 and Lt = 9: (a) t
= 689; (b) t =1530; (c) t =1830; (d) t =1910.
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to 9. Initially, the wave configurations are similar in Figs. 9(a) and
10(a), but we observe that the Mach stem and secondary OSW still
propagate upstream slowly thereafter. After a slow evolution pro-
cess, the two small subsonic zones merge with the main subsonic
zone behind the Mach stem, as shown in Fig. 10(b). This merging
introduces the new disturbance to the subsonic zone, destabilizing
the wave system essentially. As shown in Figs. 10(c) and 10(d), the
connected subsonic zone blocks the whole flow tunnel, resulting in a
continuous propagation of the wave system. Comparing this evolu-
tion and the critical structure, it can be concluded that the merging
of subsonic zones determines the ODW stationary, leading to either
the critical structure or the unstable structure.

The schematic of the critical or unstable structure in Fig. 11
illustrates the instability mechanism. The Mach reflection induces
the main subsonic zone, while the secondary OSW, with its reflec-
tion on the wall, plays the key role in the formation of other subsonic
zones. The existence of more than one subsonic zone is necessary to
achieve the critical-unstable shift, at least in these cases. Increasing
Lt induces the unstable structure because the merging of these sub-
sonic zones happens, caused by the post-stem subsonic zone moving
downstream and the secondary OSW reflecting upstream. On the
contrary, decreasing Lt eliminates the subsonic zones derived from
the reflection of the secondary OSW. For example, there is only one
subsonic zone in the cases Lt = 5, M0 = 7.0 and Lt = 15, M0 = 7.5.
From the viewpoint of subsonic zone merging, it is easy to under-
stand the effects of M0 and θ2. High M0 suppresses the formation
of the subsonic zone behind the reflection of the secondary OSW, so
there is a wide range of Lt for critical structures. On the other side, in
the cases of low θ2, the expansion is weak with a relatively low Mach
number along the post-turning upper wall. Then, the subsonic zone
easily forms and merges with the post-stem subsonic zone, inducing
the unstable structure.

The merging of subsonic zones dominates the stationary state
of an ODW with Mach reflection, but it is difficult to predict the
criterion for the structural shift. This is because the flow is very com-
plicated and there are still unresolved problems. The key concern for
the subsonic zone is the Mach stem of the detonation surface. Stud-
ies on Mach reflection of OSWs have yielded theoretical expressions
for the growth rate and steady-state height of the Mach stem.41,42

FIG. 11. Schematic of the critical or unstable structure.

However, including heat release in the detonation brings great diffi-
culties, involving the interaction among two slip lines, three OSWs,
one expansion wave, and two solid walls. Furthermore, the Mach
stem is intrinsically unstable, so its features and mechanisms need
further study.

IV. CONCLUSION
This study has simulated ODW reflection on an upper wall

followed by an outward turning corner. Numerical results reveal a
critical and an unstable structure beside the stable structure of the
ideal case in which reflection occurs at the turning point. Both struc-
tures have the same two-section detonation surface, composed of
one Mach stem near the upper wall and the undisturbed ODW sur-
face. However, the unstable structure does not stop and results in an
upstream-traveling normal detonation, while the critical one gener-
ates a stationary structure. The type of ODW structure is sensitive to
M0, Lt , and θ2 and becomes unstable when M0 and Lt increase but θ2
decreases. The shift from critical to unstable structures results from
thermal choking of the unstable structures, although the wave con-
figurations of both structures are initially similar. By adjusting the
location of the expansion wave and degree of the turning angle, we
found that the thermal choking happens in the unstable structures.
Analysis of the structural characteristics shows that the merging
of subsonic zones dominates the stationary state of an ODW with
Mach reflection.

The critical and unstable structures bring new challenges to the
application of ODW-based engines. From the viewpoint of practi-
cal applications, a stationary ODW is necessary to achieve the steady
combustion, but this study indicates that a slight variation of inflow
parameters may induce the critical or unstable structures. Consider-
ing that the critical structure is still applicable in the engine, propos-
ing a criterion on these two structures is necessary for the design.
Furthermore, to contain these structures, the engine needs a rel-
atively large combustor chamber. This jeopardizes the application
potential of the ODW engine because several advantages root from
its small size. Finally, the direct shift from the stable structure to the
unstable structure, without the stage of the critical structure, sug-
gests that stable operation of the ODW engine is very difficult in low
Ma situations, deserving more attention in future work.
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APPENDIX: GRID RESOLUTION VERIFICATION
The resolution study performed on the size scale is shown in

Fig. 12 in which the temperature and pressure are obtained for
M0 = 7 and Lt = 0 and 5. [The corresponding temperature fields of
these two cases are shown in Figs. 3(b) and 5(a).] To distinguish the
effects of grid resolution, we quantitatively compare the tempera-
ture and pressure along different lines parallel with the x-axis. The
black solid lines show the results for the grid number 800 × 300,
and the dotted lines are the results computed with a half grid length
by doubling the grid number to 1000 × 600. We see that the solid
and dotted curves almost overlap with each other in Fig. 12, and the
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FIG. 12. Temperature and pressure along the line y = 90 (a) and 120 (b) based on different grid scales for M0 = 7 and Lt = 0 and 5.

temperature and pressure do not change with the grid scale. The
overall ODW dynamics is not affected.

The effect of grid size on the Mach stem surface was also inves-
tigated. Four grid numbers (400 × 150, 800 × 300, 1600 × 600, and

2400 × 900) were used for the case M0 = 7 and Lt = 5, and the
results are shown in Fig. 13. A few transverse waves are generated
along the Mach stem for all grid sizes, indicating a weakly unsta-
ble surface. Because the post-stem flow is subsonic, the disturbance

FIG. 13. Local temperature fields for M0 = 7 and Lt = 5 for grid numbers 400 × 150 (a), 800 × 300 (b), 1600 × 600 (c), and 2400 × 900 (d).
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from the lower and downstream boundary may travel upstream and
destabilize the surface. The size of transverse waves decreases with
improved grid accuracy, which means that the low grid resolution
may not reflect the true transverse wave scale. However, the chosen
grid size is sufficient to reveal the global structures for the purpose
of this work.
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