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ABSTRACT

The stationary characteristics of the oblique detonation wave (ODW) induced by the double wedge with an expansion corner are
investigated using two-dimensional Navier—Stokes equations along with a two-step induction-exothermic kinetic model. The results show
that the detached ODW can be reattached by expansion waves induced by the double wedge so that the standing window of ODW can be
expanded. The re-standing position of ODW depends on the location and strength of the expansion waves, which are governed by the first
wedge length L and the corner angle between the first and second wedge surface 0c. There is a critical angle reattachment that determines
whether the ODW can be reattached by expansion waves, and this critical angle increases as wedge length increases. However, the detached
ODW cannot be reattached when the wedge length is increased to a critical value regardless of the wedge corner. The re-standing position
moves downstream with the increment of 0c until the last Mach wave tangent to the subsonic zone behind the strong overdriven ODW
because no more Mach waves interact with the initiation zone. Moreover, the comparison of viscous and inviscid fields demonstrates that a
shorter wedge length is necessary for the viscous field to reattach the ODW because the recirculation zone forms a gas wedge that extends
the first wedge surface.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0140177

I. INTRODUCTION

Detonation is an extreme combustion wave that propagates at
supersonic speed in combustible gas. Detonation has the advantages of
rapid heat release and high thermal efficiency,' making it an ideal

smooth-transition pattern, in which the ODW and oblique shock
wave (OSW) are connected by a curved shock wave; the other is the
abrupt-transition pattern, in which the OSW is transformed into an
ODW through a triple-wave point.”* However, there are complex
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combustion mode for hypersonic air-breathing engines. The propul-
sion system based on detonation has a short combustion chamber and
light weight. At present, three detonation engines have been proposed
and widely studied. These are the pulse detonation engine (PDE),”’
rotating detonation engine (RDE),” ® and oblique detonation engine
(ODE).” "' In an ODE, an oblique detonation wave (ODW) induced
by a wedge or cone is applied to release fuel energy.'”'” The ODE is
self-ignited by the shock wave, has a simple structure, and is suitable
for high-Mach flight.'*"”

Recent ODW research has mainly concentrated on the initiation
structures'® *” and wavefronts instability’® > of detonation induced
by a semi-infinite wedge. Two initiation patterns”* are determined
by the inflow Mach number (Ma) and wedge angle. One is the

interactions in the ODE combustor caused by such factors as the shock
waves, boundary layer, and detonation—expansion.”'**>*> ** An
ODW with an abrupt initiation structure always has a shorter initia-
tion length owing to the interaction between transverse shock waves
and the boundary layer, while an ODW with a smooth initiation struc-
ture experiences less impact from the boundary layer.”*’

The initiation structure of an ODW can transform from abrupt
to smooth through expansion waves induced by a wedge corner.*' The
initiation length decreases with increasing wedge length until it is lon-
ger than the initiation length of the ODW induced by a semi-infinite
wedge.”""* However, the decreased inflow Ma or wedge angle results
in increased initiation length and transforms the initiation structure
from smooth to abrupt.”’ The initiation structure becomes unstable
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when the inflow Ma drops (or wedge angle rises) to a critical value,
causing the ODW to travel upstream and fluctuate at the equilibrium
point.*’ The unstable initiation structure can be re-stabilized by expan-
sion waves induced by the wedge corner.”**” The studies on the afore-
mentioned phenomena have demonstrated that both wedge angle and
inlet velocity determine the stationary nature of an ODW and that sta-
ble operation of an ODE requires the detonation waves to be initiated
and confined in the combustor. However, there are still significant
challenges with an ODE, such as the difficulty of achieving an attached
ODW in a finite-length combustor at a lower flight velocity. The
applied range of an ODE can be further extended when an attached
ODW s initiated and confined in the combustor at a lower flight
velocity. Therefore, it is necessary to investigate methods for control-
ling the detached ODW.

This work simulated an ODW induced by a double wedge with
an expansion corner using two-dimensional Navier—Stokes equations
together with a two-step chemical reaction model and analyzed the
effects of the location and strength of expansion waves on the standing
window of ODW. Unlike previous studies,”**"*****° this work uses a
wedge angle greater than the ODW detachment angle, implying that a
semi-infinite single wedge induces a detached ODW. The double
wedge adopted in the current work was a simplified model of a com-
bustor and nozzle of ODE such that this study can investigate the
effects of the complex wave—system interactions in the ODE combus-
tor, such as the interaction of shock-boundary, detonation—expansion,
on the standing window"” of ODW.

Il. PHYSICAL MODEL AND MATHEMATICAL METHODS

Figure 1 shows the schematic of an ODE and its classic flow field
in a combustor. The air is compressed by the OSW induced by the
inlet wedge and is mixed with the fuel. The supersonic inflow mixture
is compressed by the OSW induced by the combustor wedge, and the
temperature and pressure increase further. The high temperature trig-
gers the chemical reaction, which eventually results in an ODW. A
transverse shock wave (T-shock) is generated and connected with the
OSW-to-ODW transition point for abrupt initiation. This paper
focuses on the ODW structure and its stability in the combustor,
assuming a homogeneous combustible mixture as the inflow.

Inlet Combustor Nozzle
1. 1.

uel injection

FIG. 1. Schematic of an ODE and its classic flow field in the combustor.
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The simulation is based on the Navier—Stokes equations together
with a two-step chemical kinetic model to simplify chain-branching
kinetics.” This kinetic model belongs to an overall reaction mecha-
nism. It is used in two ways: One is to simplify detailed reaction mech-
anisms and improve computational efficiency for complex
phenomena; another goal is to investigate the complex wave—system
interaction of initiation zone, in which the structures can be controlled
through adjust some key chemical parameters. This study focuses on
the interaction of expansion waves and subsonic zone behind the
strong overdriven ODW. The results and conclusions could be more
general to some extent. This two-step reaction model introduces two
variables, ¢ and /, to describe the induction reaction and exothermic
reaction, respectively. The two corresponding reaction rates, ; and
®;, are computed using the Arrhenius formula for chemical reactions.
The governing two-dimensional Navier—Stokes equations and chemi-
cal reaction model are

dp  Opuj
8t + ij - O’ (1)
Opu,- 8pu,u] +p51] - 81,7
ot + Ox; - Ox; @)
dpe  Opuje +pu;  Oury; 0 kOT
8t + 8Xj B 8Xj + BXj x]' ’ (3)
9pé | Oplu; _
W axj = ¢, (4)
opl Oplu;
o o ®
with
B Ou;  Ou; 2 Oy,
v (i) Sae)
E /1 1
wz = H(1 — &)pkrexp {i[ <i_?)} (7)
w; =1 —H(1 = &)]p(l = Dkgexp (_—ER) (8)
A RT i

where Ej and Ep, are the activation energies of the induction and exo-
thermic reactions, respectively. The induced region is made to have
dimensionless unit length by adjusting the value of the induced reac-
tion rate constant k; = — Uy, where Uyy is the post-shock particle
velocity in the shock fixed frame for the corresponding
Chapman—Jouguet (C-J) detonation. The value of Uyy is calculated
by the following equations:

24 (y - 1)Mgy,
(y+1)Mg

1
21 \2 2
<1+’ Q) P O 1)
Y
The exothermic reaction rate constant is selected as kz = 3.0,

which is used to control the length of the exothermic reaction zone,
and H is the Heaviside step function

Uyn = /7 X ©)

wz—l
Mé]:(l—i—/ . Q)+
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H(l—@:{é: Sy (1)

The gas equation of state and the energy definition are
p = pRT, (12)
e:yR_Tl R L) (13)

where 5,7 is the Kronecker delta and the variables p, up e, T, p, 9, R,
and Q are the density, velocity in the j-direction, specific total energy,
temperature, pressure, specific heat ratio, gas constant, and total chem-
ical energy available in the mixture, respectively. All the variables are
non-dimensionalized by reference to the unburnt state of the gas
mixture

p p T i R
=—, ==, T:—7 u; = , R=—. (14)
, Po P Po To 7 VR T, Ry

The main chemical parameters are set as
Q=25 E =60T,, Ex=10T, y=13, Ry=397, (15)

where Ts is the temperature jump across the leading shock of
Chapman—Jouguet (C-J) detonation wave; the variables Ej, Eg, and Q
are non-dimensionalized by RyTo; and the viscosity u is computed via
the Sutherland equation.'' The chemical parameters are modeled by a
detailed reaction kinetics of the hydrogen/air mixture. The wedge sur-
face is modeled as a no-slip wall boundary for viscous field simulation.
The left and upper boundaries are modeled as inlet boundaries with
specific parameters, while the right boundary is a supersonic outlet
boundary. The laminar flow model is adopted to simulate the viscous
field in this paper. Although the boundary layer will undoubtedly
become turbulent over a long downstream distance, a qualitative study
assuming laminar flow should be sufficient to simulate the main wave
structure of the ODW field over a short range in the flow direction."’

In this work, the governing equations are numerically solved
using the dispersion-controlled dissipation (DCD) scheme"” with a
second-order Runge—Kutta algorithm, and the convection terms are
treated with Steger-Warming flux splitting.”” The DCD scheme is a
total variation-diminishing scheme that achieves second-order accu-
racy in a smooth field when the numerical dispersion is adjusted near
the shock wave, which is used to simulate the detonation field
widely.'”'%****°" The grid width of the outer boundary layer is A
= 0.1, and the grid width of the first boundary layer is A; = 0.01. The
growth rate of the grid width is 1.01. The time step is satisfied to the
Courant-Friedrichs-Lewy (CFL) condition to make the solving pro-
cess converge stably, which is determined by the CFL condition. The
CFL number is fixed at 0.3.

Ill. RESULTS AND DISCUSSION
A. Basic structures and grid resolutions

The baseline case M, = 8 was simulated with the Euler equations;
the temperature contours are presented in Fig. 2. In this simulation,
the inflow direction was at an angle of 30° from the x-axis. The multi-
wave point at which the OSW-to-ODW transition occurred was at
approximately x = 35. The T-shock was reflected as it interacted with
the wedge surface. The reflected shock wave interacted with the slip
line, forming a transmission shock that interacted with the ODW,

scitation.org/journal/phf
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FIG. 2. Temperature contours generated with different grids for My = 8. The grid
scales are 0.1 (upper) and 0.05 (lower).

resulting in the formation of a new multi-wave point. Because of the
downstream wavefront instability, more T-shocks were generated,
resulting in a “saw-tooth” structure on the wave surface.”””’

The grid independence of numerical simulation was tested and
validated. The numerical cases were simulated using two grid resolu-
tions with dimensionless grid scales of 0.1 and 0.05, corresponding to
10 and 20 grids in the induction zone of C-J detonation. The tempera-
ture contours are shown in Fig. 2. The multi-wave points, T-shock,
and reflected shock wave with different resolutions almost exactly
coincide. However, for a grid-scale of 0.05, the cellular structure at the
wavefront is early, and vortexes are observed in the slip line owing to
the Kelvin—Helmholtz (K—H) instability.

To quantify the effect of grid resolution, the pressure and temper-
ature distributions were extracted along the wedge and the lines y =10
and 20 in the flow field; these distributions are presented in Fig. 3. The
pressure and temperature distributions for the grid scale of 0.1 are
shown here as solid and dashed red curves, respectively. The black
curves are the corresponding distributions for a grid-scale of 0.05.
According to Fig. 3(a), the ODW fronts between y=10 and 20
approximately coincide for both grid resolutions. According to
Fig. 3(b), the pressure and temperature distributions along the wedge
coincide for both resolutions. Although the structure was more refined
with a grid scale of 0.05, the ODW standing state is unaffected by this
small-scale refinement. Therefore, a maximum grid scale of 0.1 was
used to strike a balance between simulation accuracy and processing
efficiency. On the basis of the above, the grid resolution used in this
investigation is appropriate.

For the single-wedge geometry, the wedge angle and inflow
Mach number M, are crucial to the initiation structure and the stabil-
ity of the ODW. For the oblique detonation induced by the single
semi-infinite wedge, there are two critical angles, C-] wedge-angle 0,
and detached angle 04, when the inflow Mach number is constant.
The attached ODW will be induced by the wedge when the wedge
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FIG. 3. Pressure and temperature distributions in the flow field (a) along the lines
y=10 and 20 and (b) along the wedge.

angle is between 0Oy and 04, which is the standing window of ODW. A
detached ODW can be observed if the wedge angle is greater than a
critical detachment angle 04 for a specific M, and a strong overdriven
ODW at the initiation zone is observed. The critical detachment angle
can be obtained by the detonation polar curve, which is computed by
Eq. (16). According to the detonation polar curves in Fig. 4, the ODW
detachment angle is 34.2° for My = 8 and 28.9° for M, = 7. The
wedge angle in this study is fixed at 30°, which is greater than the
detachment angle for M, = 8 and smaller than that for My = 7. As a
result, the ODW is detached when M, = 7. Figure 5 is the diagram of
the detached ODW field induced by the single wedge. The OSW has
transitioned to an ODW through a multi-wave point, a case similar to
the attached ODW with its abrupt transition structure. In contrast to
the attached scenario, the ODW continuously travels upstream

90 M, =7
M,=8
N T~ T ==~ CJ State|
5
Detached angle _ .
[ \ 0,=289° /: 104=34.2
Q60 \ ' '
— \ : :
RN T B = 54170
- I Standing window 1 i :
45 I o E
[ ki S
L // || Standing window 1 | E
I TR i‘ M E i L
309 10 20 30 20

1%

FIG. 4. Detonation polar curves for My = 7 and 8.
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FIG. 5. Diagram of the detached ODW field induced by the single wedge.

because the wedge angle is greater than the detached angle, causing
the ODW to enter a state of thermal choking. Furthermore, the recir-
culation zone caused by the interaction of the T-shock with the
boundary layer worsens the ODW instability

tan f§
tanff — 0
(y + 1)MZsin?B
1
yMZsin?f + lt\/(Mgsinzﬂ - 1)2 -2Q (y - ;) M3sin?f

(16)

B. Reattached ODW induced by the double wedge

The detached ODW may be reattached when the expansion
waves induced by the wedge corner interact with the strong overdriven
ODW in the initiation zone. Figure 6 depicts the effect of the first
wedge length and wedge corner on the ODW standing state induced
by the double wedge. When the wedge length is L = 66 and the corner
is 0c = 30°, the induced ODW stands on the wedge, whereas the
ODW induced by the single wedge with wedge angle 0; = 30° is
detached from the detonation polar curve, as shown in Fig. 6(a). As
illustrated in Figs. 6(b) and 6(c), the ODW remains detached when
the wedge length is increased to L="70 or the corner is decreased to
0c = 25°. The temperature contours of the ODW field with L =70
and 0¢c = 40° are shown in Fig. 6(d). The ODW in this figure is reat-
tached by the double wedge, and the recirculation zone is smaller than
in Fig. 6(a). From the preceding four cases, it is reasonable to infer that
both the wedge length L and corner 0 determine whether the ODW
can be reattached by the expansion waves.

Figure 7 illustrates the effect of the wedge length and second
wedge angle on the initiation length of the reattached ODW induced
by a double wedge. Figure 7(a) shows the temperature contours of the
ODW field induced by a double wedge with L =64 and 0c = 25°
(black curve) and 30° (red curve), and L =66 and Oc = 30° (blue
curve). The initiation structures of these cases are similar, but the initi-
ation lengths are different. The initiation length is longest for L =64
and 0c = 30° and shortest for L =66 and 6 = 30°. We can conclude
that the initiation length increases with decreasing wedge length and
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FIG. 6. Temperature contours of the ODW field induced by the double wedge with (a) L =66 and ¢ = 30°, (b) L=70 and Oc = 30°, (c) L=66 and Oc = 25°, and (d)

L=70and 6 = 40°.

increasing corner. Figure 7(b) shows the temperature contours of the
ODW fields induced by double wedges with L=70 and 0c = 50°
(black curve), L=70 and 0 = 40° (red curve), and L =68 and 0
= 40° (blue curve). The initiation lengths with L =70 and 0 = 50°
and 40° are coincident and shorter than with L = 68 and 0 = 40°.

To make a quantitative comparison, we extracted the pressure
distributions along the wedge and the line y = 60, as shown in Fig. 8.
The expansion waves induced by the wedge corner cause a sharp drop
in pressure along the wedge surface. The amplitude and position of
the pressure drop are determined by the interaction area and location
of the expansion waves, respectively. The pressure distribution along
the wedge is coincident before the corner for different 0 values, while
the pressure more sharply drops after the corner for L =64 and 0¢
= 30° than for L =64 and 0 = 25°. This means that the expansion
fan region is larger for 0 = 30° and L = 64. According to the pressure
distribution along the line y = 60 in Fig. 8(a), the ODW initiation posi-
tion is determined by the wedge length and corner, which, respectively,
regulate the location and interaction region of expansion waves.
However, the initiation length does not increase when the wedge cor-
ner is increased from 0 = 40° to 0 = 50° for the cases with L =70,
although the expansion fan region is different, as shown in Fig. 8(b).
For the cases with ¢ = 40°, the initiation position moves downstream
when the wedge length is decreased from L =70 to L=68. We can

deduce from this that the ODW can be reattached using a double
wedge, and reattachment is determined by the wedge length and cor-
ner. The initiation length increases with decreasing wedge length.
However, the effect of the wedge corner 0 on the initiation length is
uncertain.

C. Discussion on the ODW reattachment mechanism

The transverse shock wave interacts with the boundary layer and
generates a recirculation zone, which can be regarded as a gas wedge
called an “equivalent wedge” in this paper. The recirculation zone
plays an important role in ODW instability. The wave structures of an
ODW induced by a double wedge with L =70 are displayed in Fig. 9.
For 6 = 30°, the ODW is initiated and moves upstream [as shown in
Fig. 6(b)], so the detached ODW cannot be reattached by expansion
waves in this scenario. An attached ODW is observed when 0 is
increased to 50°, as shown in Fig. 9(b). Figure 9(a) shows the critical
position of the ODW (¢ =106.2). The recirculation zone is observed to
be equivalent to a gas wedge, and the angle is approximately identical
to the wedge angle. This indicates that the recirculation zone extends
the first wedge length. For 0c = 50°, the wedge combines with the
recirculation zone and forms a pseudo-double-wedge. The detached
ODW is also reattached, as depicted in Fig. 9(b). Therefore, a shorter
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FIG. 7. Temperature contours of the reattached ODW induced by a double wedge with (a) L =64 and 0c = 25° (black curve) and 30° (red curve), and L =66 and O¢ = 30°
(blue curve); (b) L=70 and Oc = 50° (black curve) and 40° (red curve), and L =68 and 0 = 40° (blue curve).

wedge is necessary to reattach the ODW in a viscous field owing to the
recirculation zone generated by the interaction between the T-shock
and the boundary layer, which is also illustrated in Appendix B.

The red dashed curves in Fig. 10 represent the sonic lines, while
the areas enclosed by the red curves are subsonic zones. The Mach lines
represent the upper critical position of the region influenced by the dis-
turbances in the supersonic field and are indicated by the blue curves.

60
(a)
S0fF =—— L=64&06.=25° K\
—— L=64&0.=30° -
4f ———— L=66&0,=30°
y=60
Q, 30F
20f
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° 20 20 60 30 100
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(b) “
L=70 & 0. = 40°
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0 . ,
20 20 50 80 100

X

FIG. 8. Field pressure distributions along the line y =60 and the wedge surface
for (a) L =64 and Oc = 25° (black curve) and 30° (red curve), and L =66 and 0¢
= 30° (blue curve); (b) L=70 and Oc = 50° (black curve) and 40° (red curve),
and L =68 and 0 = 40° (blue curve).

This figure shows that the disturbances affect the initiation zone when
the Mach lines intersect the subsonic zone. In this work, the disturban-
ces are mainly induced by the wedge corner and act on the leading shock
wave via expansion waves. Notably, Mach lines only exist in the super-
sonic flow field because the disturbance affects all the fields in the sub-
sonic flow region (as explained in Appendix A). Therefore, the
expansion wave must interact with the initiation zone of ODW if
change the standing state and position of the detonation wave. The cor-
responding recirculation zone is generated by the interaction of the T-
shock with the viscous boundary layer. The equivalent wedge corner
formed by this recirculation zone is less than the actual corner. The
expansion waves induced by the wedge corner can directly interact with
the strong overdriven section of ODW and reduce its strength when the
first wedge length is shorter (e.g., less than the oblique detonation induc-
tion length). However, it maybe changes the initiation structure and
even quenches the ODW.*' With the increase in the first wedge length,
the position of the expansion waves gradually moves downstream so
that the expansion waves cannot directly interact with the strong over-
driven ODW. However, it can reduce the strength of the strong over-
driven ODW when expansion waves interact with the subsonic zone
behind the strong overdriven ODW, as shown in Fig. 10. The initiation
structures of the detonation field induced by the double wedge with
L =64 are depicted in Figs. 10(a) and 10(b) for Oc = 25° and 0 = 30°,
respectively. As illustrated in Fig. 10(a), all the Mach lines originating
from the wedge corner interact with the subsonic zone behind the
ODW. The initiation length is shorter owing to a wider region of Mach
waves interacting with the subsonic zone when the wedge corner is
increased to O = 30°, as shown in Fig. 10(b). According to Figs. 10(c)
and 10(d), some Mach lines originate from the wedge corner that does
not interact with the subsonic zone. This further increases the wedge
corner but does not increase the initiation length of the reattached
ODW. The behavior is similar in Fig. 10(b), where the initiation location
remains unchanged when the second wedge angle is further increased
to 0c = 40°. (The diagram is not shown in this paper.)

The corner angle dominates the expansion fan according to gas
dynamics, and the last Mach wave deflects clockwise as ¢ increases.
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FIG. 9. Temperature contours of an ODW field induced by a double wedge with L =70 and (a) 0c = 30° (detached) and (b) 0c = 50° (reattached).

The expansion waves affect the initiation zone only when it interacts
with the subsonic zone behind overdriven detonation. The ODW
moves upstream owing to thermal choking if the wedge angle is
greater than the detachment angle. The thermal choking behind the
ODW may be weakened (or eliminated) by the expansion waves.
Additionally, the interaction area of expansion waves increases with
increasing wedge corner. A larger interaction region between expan-
sion waves and the subsonic zone causes a shorter initiation length, as
indicated in Figs. 11(a) and 11(b). The initiation length is unaffected

Mach line

by the wedge corner when it is increased to a critical value, as shown
in Fig. 11(b), where the last Mach wave is tangent to the subsonic zone
behind the overdriven detonation. Further increasing O does not
cause the initiation position to move downstream because no more
Mach waves are interacting with the initiation zone, as illustrated in
Figs. 11(b) and 11(c). We can conclude that there are two critical
values—one that determines whether the ODW can be reattached by
expansion waves and another one determines whether the ODW initi-
ation length can be altered by the wedge corner Oc.

FIG. 10. Initiation structure of the detonation field for (a) L =64 and 0c = 25°, (b) L =64, and 0c = 30°, (c) L =70 and Oc = 40°, and (d) L =70 and Oc = 50°. The red

curves are sonic lines, and the blue curves are Mach lines.
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Langency

FIG. 11. Three situations in which expansion waves interact with the subsonic zone. The relationship between the last Mach wave and subsonic zone: (a) intersectant, (b) tan-

gent, and (c) non-intersectant.

The critical reattachment angle 0 determines whether the ODW
can be reattached. Figure 12 shows 0c as a function of the wedge
length L. Whereas the black curve indicates that ODWs can be reat-
tached by expansion waves, the red curve indicates that ODWs cannot
be reattached by expansion waves. Between these two curves, there is a
critical reattachment curve. This demonstrates that the critical reat-
tachment angle increases as the wedge length increases. It should be
noted that the detached ODW cannot be reattached when L > 72 even
if the wedge corner is very large. The expansion waves do not interact
with the initiation zone so that cannot reduce the strength of strong
overdriven ODW. The expansion disturbance can only decrease the
angle of the downstream ODW but cannot change the stationary state
and position of the detonation wave.

IV. CONCLUSION

According to the detonation polar line, the attached oblique deto-
nation wave will be observed when the inflow Mach number is larger
than the critical Mach number, while the detached oblique detonation
wave will be induced when the inflow Mach number is less than that.
This work simulated the ODW induced by the double wedge with an
expansion corner by solving the Navier—Stokes equations together
with a two-step induction-exothermic chemical reaction kinetic mode.
The findings demonstrate that the wedge corner-induced expansion
waves can reattach a detached ODW and that the initiation length is
sensitive to the position and interaction region of these waves. The
ODW initiation length increases with decreasing wedge length. The

| ——%—— Attached
40r —&—— Detached

35
30

251

20

72

FIG. 12. Critical reattachment angle 0 as a function of wedge length L.

initiation length does not increase as the wedge corner increases
because no more Mach waves interact with the subsonic zone when
the last Mach wave is tangent to the subsonic zone. A shorter wedge is
required to reattach the detached ODW owing to the recirculation
zone generated by the interaction between the T-shock and boundary
layer extending to the first wedge surface. In addition, the critical reat-
tachment angle increases with increasing wedge length. When the
wedge corner is larger than the critical reattachment angle, the
detached ODW can be reattached by the expansion waves. The inter-
action region between the expansion waves and the initiation zone is
inadequate to reattach the detached ODW if the wedge is too long,
even when the wedge corner is very large. This work demonstrates
that the standing window of the ODW may be expanded using a dou-
ble wedge to induce it, which reduces the lowest critical Mach number
of an ODE. However, there are complicated interactions of wave and
system, which include the expansion waves, strong overdriven oblique
detonation wave, compress waves, and combustion waves, such that is
hard to deduce the quantitative formula of stability of ODW. Further
works should be carried out based on this work, and more numerical
simulations and theoretical analysis are required to establish a quanti-
tative theory formula to control the stability of ODW.
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FIG. 13. Diagram of the disturbance propagates in (a) subsonic and (b) supersonic
flow fields.
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APPENDIX A: ANALYSIS OF MACH WAVES

The disturbance spreads at sonic speed in the field. The distur-
bance affects all the fields in the subsonic flow, and the region it
affects is conical in the supersonic field, as illustrated in Fig. 13.
However, the Mach core degenerates into two lines in the two-
dimensional scenario, the two lines are Mach lines, which are used
to analyze the effect of expansion waves on the ODW initiation
length and reattachment. The upper Mach line angle « is calculated
using the characteristic equation

1
o= arcsin( ) + arctan (Z) , (A1)
Miocal u

where My, is the local Mach number. The Mach lines only appear
in the supersonic flow field because the Mach core only exists there.
As the numerical simulation is to solve the equations by discrete
method, the flow field is discretized into grid points. The Mach line
analysis method is very suitable to analyze the flow field affected by
expansion disturbance. According to the definition of the Mach line
and propagation characteristic of disturbance, the disturbances can
spread to all subsonic regions if the Mach line crosses the subsonic
zone.

APPENDIX B: SIMULATION RESULTS FOR AN INVISCID
FIELD

The Euler equations, which are similar to the Navier—Stokes
equations with zero viscosity u, were solved to simulate inviscid
flow fields. The wedge surface was modeled as a slip wall boundary
for the inviscid field simulation. For inviscid cases with wedge
length L = 85, the detached ODW cannot be reattached by the dou-
ble wedge with 0c = 25°, whereas an attached ODW is obtained for
Oc = 30°. Figure 14 shows the temperature contours of the reat-
tached ODWs induced by a double wedge with L=85 and 0¢
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FIG. 14. Temperature contours of detonation induced by a double wedge with
L=285 and Oc = 30° (blue curve), 40° (red curve), and 50° (black curve) for an
inviscid field.

= 30°, 40°, and 50°. Similar initiation structures can be observed.
The initiation lengths coincide for 0c = 40° and 50° but are both
longer than that for Oc = 30°. This also matches the simulation
results in Fig. 10.

Figure 15 shows the critical reattachment angle as a function
of wedge length L for the inviscid field. The red curve represents
ODWs that cannot be reattached by expansion waves, the black
curve represents ODWs that can be reattached, and the critical reat-
tachment curve is between these two curves. This demonstrates that
the critical reattachment angle 0 decreases with increasing wedge
length L. Although Oc is a relatively tiny value, the detached ODW
cannot be reattached when the wedge length is increased to L = 87.
The viscous field requires a shorter wedge than in the inviscid sce-
nario, mostly owing to the presence of recirculation, which
increases the whole wedge length and strengthens the ODW insta-
bility. Moreover, the streamwise induction length after the oblique
shock wave is 72.9, which is smaller than the first wedge length of
all inviscid cases to assure the initiation of ODW. However, the
actual streamwise induction length in the viscous field is smaller

45F

40 ——W%—— Attached
| —&—— Detached

351

FIG. 15. Critical reattachment angle 6 as a function of wedge length L for an
inviscid field.
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than this theory value because the boundary layer strengthens the
oblique shock wave, and the temperature near the wedge surface is
higher than the post-shock temperature of the inviscid field.
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