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Abstract

Standing oblique detonation engines (SODEs) have great potential in the field of air-breathing hyper-
sonic propulsion, making it necessary to carry out an in-depth study of their key flow phenomena. In this
paper, the asymmetric reflection of oblique detonation waves (ODWSs) and oblique shock waves (OSWSs)
is investigated, and the transition mechanism between regular and Mach reflections is illustrated through
theoretical analysis. In determining the reflection shock on the ODW side, two hypotheses, frozen chem-
istry and chemical equilibrium, are used to obtain two different sonic-point criteria, and the RR — MR
transition occurs between these two criteria. The von Neumann criterion is derived based on the asym-
metric reflection modeling of the leading inert shock of ODW and the OSW. The M R — RR transition
point obtained through inviscid numerical simulation is slightly larger than this von Neumann criterion.
This study provides a preliminary investigation of the complex ODW-OSW reflection phenomena in SODE
combustors.
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Nomenclature

Latin Superscripts
OSW - Obligue shock wave

ODW - Oblique detonation wave

SODE — Standing oblique detonation engine

fr — frozen chemistry
eq — chemical equilibrium

RR — regular reflection Subscripts

MR — Mach reflection 1 — upper wedge

ER — Equivalent Ratio 2 — lower wedge

SSW — separation shock wave vN — the von Neumann condition

RfSW — Reflected shock wave s_fr — the frozen chemistry sonic-point criterion
Greek s_eq — the chemical equilibrium sonic-point crite-
6 — wedge angle rion

B — wavefront angle e — equivalent

1. Introduction

In recent years, standing oblique detonation engines (SODEs) have received extensive attention in the
field of air-breathing hypersonic propulsion[1, 2]. Zhang et al.[3] and Han et al.[4] reveal the flow
structures in the combustor through large-scale SODE free-jet experiments conducted in a hypersonic
shock tunnel, named JF-12. The shock-dominated flow is the main feature of the flow within this
engine. The interaction between the shock wave and the detonation wave can be clearly observed in
Fig. 1.
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Fig 1. Schlieren photographs and schematics of SODE combustor flow fields.

The reflection of detonation waves is a common phenomenon during their propagation. Many experi-
ments and numerical simulations have focused on the unsteady reflection, i.e., the interaction between
a moving detonation wave and a fixed wedge. However, what is commonly observed in combustors is
the phenomenon of steady reflection of the detonation wave. In SODE combustors, the interaction of
the ODW with the turbulent boundary layer induces flow separation, during which the separation shock
wave (SSW) interacts with the incident ODW to form either a regular or Mach reflection wave structure.
It is worth noting that in both experimental tests and numerical simulations, the SSW is often treated
as an inert OSW, which can be attributed to the following three reasons:

(1). In the turbulent boundary layer separation, the SSW is relatively weak, making it generally more
difficult to induce the formation of detonation waves. (2). In SODE combustors, techniques such as
expansion walls and boundary layer control methods (e.g., blowing/bleeding) are employed to further
attenuate the SSW. (3). SODEs use intrusive fuel injection methods, such as strut injections and can-
tilevered ramps, which reduce the fuel content near the wall surface, leaving the SSW front in a lean
combustion state. This is unfavorable for the transformation of the SSW into a detonation wave.

Therefore, in this paper, the issue of interactions between SSW and incident ODW is reduced to the
problem of the asymmetric reflection of OSW and ODW in steady flows, with the physical model and
computational domain depicted in Fig. 2. The numerical methods and code validation are presented
in Section 2. The mechanisms of the transition between regular and Mach reflection are then ana-
lyzed, followed by the presentation of the dual-solution domain. Finally, the hysteresis phenomenon in
asymmetric reflection is discussed.

2. Numerical details

In this paper, the governing equations, multispecies reactive Euler equations, are solved by the cell-
centroidal finite volume method. For inviscid fluxes, these interface values are reconstructed using the
second-order total variation diminishing (TVD) scheme with the Continuous limiter, and the Harten-Lax-
van Leer contact (HLLC) approximate Riemann solver is used to solve the numerical flux. The second-
order implicit scheme is used for time integration. The operator-splitting method is used to overcome the
stiffness problem of the source term, where each flow step advances a four-step chemical reaction, and
the differential equation of chemical reaction part is solved by a point-implicit method. The source term
of chemical reactions is calculated using a detailed hydrogen-air combustion mechanism (involving 19
reversible elementary reactions among 9 species)[5, 6], which is widely used in the numerical simulations
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Fig 2. Detailed geometry of the computational domain.

of oblique detonation. More numerical details and some validation examples can also be found in Han
et al.[7]. To validate the accuracy of the numerical method with the chemical reaction mechanism, a
numerical validation of the detonation wave reflection experiment is given in this paper. The experimental
conditions are described with reference to Ref.[8]. The numerical simulations closely match the wave
structures of the Mach reflection and the regular reflection, as shown in Fig. 3. The y in the experiment
in Fig. 3(a) is 6°, and the x obtained from the numerical simulation is also 6°.

3. The RR — MR transition

The detonation/shock polar analysis for the asymmetric OSW-ODW reflection in steady flow is presented
in Fig. 4. In this analysis, R1 and R2 represent the polar diagrams of the OSW and ODW in the free-
stream, respectively. Due to the high temperature of the free-stream, the assumption of a calorically
perfect gas becomes invalid, and vibrational energy excitation must be considered. As a result, the
polar diagram R1 is derived by incorporating vibrational excitation into the shock relations. The polar
diagram R2 for the ODW is obtained by solving the shock relations coupled with chemical equilibrium.
Two reflection shock waves are generated in the asymmetric OSW-ODW reflection flow field, as shown
in Fig. 5. The reflection shock wave on the OSW side is denoted as RfSW2, while the reflection shock
wave on the ODW side is denoted as RfSW1. The RfSW2 is a detonation wave, and its polar diagram is
determined using shock relations coupled with chemical equilibrium.

In the OSW-ODW reflection problem discussed in this paper, the key challenge is determining the polar
diagram of RfSW1. The deflection angle of the free-stream across the ODW is 23°, with theoretical
values for the post-wave temperature and Mach number of 3076.9 K and 1.44, respectively. Given the
high temperature of the gas mixture, vibration excitation must be considered in the reflection process.
By solving the shock relations with only considering vibration excitation, and assuming the chemical
kinetic process is frozen (i.e., maintaining a constant species composition when the flow across the
RfSW1), the polar diagram /" is derived. Since the reversible nature of the chemical kinetic model
employed in this paper, incompletely reacted hydrogen and intermediate species (e.g., H, O, OH, etc.)
are observed behind the detonation wave. As the gas mixture passes through the reflected shock, its
temperature increases, causing the chemical equilibrium to shift in the reverse direction, which results
in a higher mass fraction of hydrogen. Under the hypothesis that the gas mixture remains in chemical
equilibrium after passing through the RfSW1, the polar diagram r¢? can be obtained by solving the shock
relations coupled with chemical equilibrium. As shown in Fig. 4, the difference between the two polar
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Fig 4. Detonation/shock polar diagrams representation of the asymmetric OSW-ODW reflection in a
steady flow field.
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Fig 5. Schematic illustration of (a) a RR wave configuration and (b) a MR wave configuration in steady
flows.

diagrams is quite evident.

In this paper, the sonic criterion is adopted as the critical criterion for the transition from regular to
Mach reflection. Due to the different hypotheses regarding the state of gas mixture behind the RfSW1
(frozen chemistry versus chemical equilibrium), the sonic points on the two polar diagrams are distinct,
as shown in Fig. 4. Consequently, two distinct critical criteria are established: the equilibrium sonic
criterion, denoted as 0, .,, and the frozen sonic criterion, denoted as 6, ;.. Numerical simulations
indicate that the transition point from regular to Mach reflection lies between the equilibrium and frozen
sonic criteria. This outcome is expected, as the actual flow exhibits chemical non-equilibrium, and
the numerical simulations in this paper also employ a finite-rate chemical model. Therefore, chemical
equilibrium and frozen chemistry represent two limiting hypotheses.

4. The MR — RR transition

At the same flow deflection angle, the higher temperature behind the ODW results in a lower post-wave
Mach number compared to that behind the OSW. The pressure increase caused by the reflection shock
on the ODW side is smaller, and the weak solution branches of the reflection shock (i.e., /" or %)
do not intersect with the strong solution branches of R1 and R2. The polar diagram (Fig. 4) indicates
that there does not appear to be a von Neumann condition in the asymmetric reflection for OSW and
ODW under the current inflow, i.e., there is no dual-solution domain. However, in the polar diagrams,
the shock/detonation waves are treated as discontinuities. The detonation wave is generally regarded
as the leading shock and the subsequent reaction surface, which are not fully coupled due to chemical
non-equilibrium, as shown in Fig. 6.

In the asymmetric reflection of OSW and ODW, OSW first interacts with the inert shock. If OSW interacts
with the inert shock and forms Mach reflection, then Mach reflection can be induced throughout the entire
OSW-0ODW asymmetric reflection flow field. For 6, = 23°, the wavefront angle of the ODW is 53.4°,
which is the same as that of the inert shock. The inert shock is equivalent to the shock wave generated
by a wedge with an angle of 35.6°(i.e., 6.) under the current inflow condition (frozen chemistry). The
polar analysis of the asymmetric reflection between the OSW and the inert shock is shown in Fig. 7. A
von Neumann criterion exists in the reflection of the OSW and inert shock, which implies the existence
of a dual-solution domain in the asymmetric reflection of OSW and ODW.

Inviscid numerical simulations are used to determine the transition points of RR +— M R, with the flow
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deflection angle 6, varied in intervals of 0.1°. The RR — M R transition point is numerically determined
to be 10.25°, and the M R — RR transition point is 8.45°, with the interval [8.5°, 10.2°] representing
the dual-solution domain. As shown in Fig. 8, the RR — MR transition point lies between ¢, ;, and
0s_cq, While the MR — RR transition point slightly greater than the von Neumann criterion of the
asymmetric reflection between OSW and inert shock.

MR—RR: 8.45° (CFD) RR—MR: 10.25° (CFD)
| I
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Fig 8. Comparison among the analytical RR +— M R transition points and CFD results.

5. The hysteresis loop

With 0, fixed at 23°, 6, follows a variation path: 8.4°— 8.6°— 10.2°— 10.5°— 10.2°— 8.6°— 8.4°,
and the corresponding evolution of the flow field illustrated in Fig. 9. For clarity in the discussion, the
path 8.4°— 8.6°— 10.2°— 10.5°, which corresponds to an increase in 0,, is defined as the positive
path, while the path 10.5°— 10.2°— 8.6°— 8.4°, corresponding to a decrease in 6, is defined as
the negative path. Using the quasi-stationary technique[9], the converged flow field from the previous
geometric configuration is used as the initial condition for the subsequent case involving variations in
6,. Along the positive path, when 6; lies in the closed interval [8.4°, 10.2°], the flow field exhibits
a regular reflection wave configuration. However, as 6; increases from 10.2°to 10.5°, the reflection
pattern formed by OSW and ODW transitions from regular reflection to Mach reflection. Along the
negative path, the flow field remains in the Mach reflection wave configuration as 6; decreases from
10.5°to 8.6°. However, as 6, decreases further from 8.6°to 8.4°, the Mach stem within the flow field
disappears, and the flow field transitions to a regular reflection wave configuration. In the numerical
simulations in this section, the angular interval [8.6°, 10.2°] of 6, represents the dual-solution domain,
where the reflection pattern depends on the evolutionary path.

6. Conclusion

In this paper, the asymmetric reflection of ODW and OSW is investigated through numerical simulation
and theoretical analysis, and the mechanism of RR and MR transition is presented. For the RR —
MR transition, the core is to determine the polar of RfSW1 (see Fig. 5). By using two hypotheses
of frozen chemistry and chemical equilibrium, two different sonic-point criteria are obtained, and the
RR — MR transition occurs between these two sonic-point criteria. It is easy to understand that the
actual physicochemical processes are chemical non-equilibrium and the chemical kinetic model used in
this paper is also a finite-rate model. For the M R — RR transition point, the core is the interference of
the leading inert shock of the ODW with the OSW. The M R — RR von Neumann condition is obtained
by modeling the asymmetric reflection of OSW with inert shock. Numerical simulations show that in
the asymmetric reflection of ODW with OSW. the transition point of M R — RR is slightly larger than
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this von Neumann criterion. The hysteresis loop of the flow field evolution is obtained through inviscid

numerical simulation, which verifies the reasonableness of the transition mechanism derived from the
theoretical analysis.

Under the current inflow condition, a dual-solution domain exists for the asymmetric reflection of ODW
and OSW. This dual-solution domain cannot be directly obtained by polar analysis of ODW and OSW
(see Fig. 4), which highlights the complexity of the interaction between ODW and OSW.
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Fig 9. Mach contours illustrating the hysteresis loop.
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