
1 
 

On the evolutions of triple points structure in wedge-stabilized oblique 1 

detonations 2 

Zhenye Luan1, Yue Huang,1,a Ralf Deiterding2, and Yancheng You1 3 

AFFILIATIONS 4 

1 School of Aerospace Engineering, Xiamen University, Xiamen, 361005, China 5 

2 School of Engineering, University of Southampton, Southampton, SO16 7QF, United Kingdom 6 

 7 
a) Corresponding author: huangyue@xmu.edu.cn 8 
 9 

ABSTRACT 10 

The oblique detonation induced by a two-dimensional semi-infinite wedge is simulated numerically with the 11 

Navier–Stokes equations and a detailed H2/air reaction model based on the open source program-Adaptive Mesh 12 

Refinement in Object-oriented C++. A spatially seventh-order-accurate Weighted Essentially Non-Oscillatory 13 

scheme is adopted for the convective flux discretization. The formation and evolution of the oblique detonation 14 

induced by wedges at different angles and inflow conditions are investigated and a prediction model for oblique 15 

detonation flow field is proposed. The results show that the formation of oblique detonation flow field can be divided 16 

into two processes. The first process is similar to the oblique shock flow field with unreactive inflow. When the 17 

inflow passes through the wedge, the oblique shock wave starts to form at the tip, followed by the unstable curved 18 

shock surface and triple point. In this process, a thin reaction layer is formed on the wedge front, but the thickness of 19 

the reaction layer is almost constant. The second process is similar to process of deflagration to detonation. As the 20 

reaction rate increases, the deflagration front is fixed on the wedge, the reaction layer thickens, and the deflagration 21 

front gradually approaches the oblique shock wave. When the deflagration front is coupled with the oblique shock 22 

wave, the oblique detonation is formed. Moreover, a theoretical prediction model for the triple point location is 23 

proposed. Compared with the numerical simulation results, the theoretical model prediction for the position of the 24 

transition point of oblique shock wave-oblique detonation wave is relatively acceptable. 25 

Keywords: oblique detonation wave; transition structure; theoretical model prediction; numerical simulation 26 
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1. INTRODUCTION 27 

An oblique detonation engine (ODE) is a potential propulsion device based on a stationary oblique detonation 28 

wave (ODW). The oblique detonation in the combustion chamber is induced by supersonic reactive inflow over a 29 

wedge, which is relevant and close to practical configurations for hypersonic propulsion operation. It has received 30 

much attention since the 1980s due to its potential advantages of greater efficiency and shorter combustor length in 31 

comparison with the traditional scramjet. However, the formation and the stabilization mechanism of an oblique 32 

detonation wave (ODW) have not been clearly explained theoretically [1-6].  33 

A wealth of analytic and numerical studies on the fundamental issues about the ODW induced by the wedge can 34 

be found in the literatures. The early theoretical solutions of oblique detonations under different shock angles and the 35 

ODW structures as the basic foundation were obtained by the pioneering works of Gross [1], Pratt et al. [2], Powers 36 

et al. [3,7,8], and Emanuel et al. [9] using reactive Rankine–Hugoniot analysis, in which the ODW is approximated 37 

as an oblique shock wave (OSW) coupled with an instantaneous heat release from the reaction zone. The method of 38 

characteristics with a one-step Arrhenius chemistry model was developed by Verreault et al. [10] to simulate ODW 39 

initiation from a wedge. This resulted in the determination of the wave-angle evolution. A simplified characteristics 40 

formulation of linearized Euler equations and linearized Rankine–Hugoniot jump conditions across the leading 41 

oblique shock were employed more recently by Martínez-Ruiz et al. [11,12] to analyze the OSW-ODW transition in 42 

wedge-induced oblique detonations. The characteristics of wedge-induced OSW-ODW transitions are mainly 43 

affected by reaction kinetics. A one-step Arrhenius chemistry model with sufficiently large activation energies can 44 

lead to a transition occurring at a triple point for a wide range of combinations of incoming Mach number and wedge 45 

angle. Since the detailed flow structure of an oblique detonation under different OSW-ODW transition types is 46 

difficult to describe by experimental measurement, high-precision numerical simulation has become the main 47 

research method for oblique detonation under high Mach number conditions. 48 

The basic formation structures of an ODW attached to a wedge were first addressed in the pioneering simulation 49 
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work of Li et al. [13]; the OSW-ODW transition occurs abruptly at a triple point, which is usually referred to as the 50 

abrupt transition mode. The smooth transition mode of the OSW-ODW was first shown in the numerical simulations 51 

of Vlasenko et al. [14] and was confirmed in the numerical study by Da Silva et al. [15]. Two distinct OSW-ODW 52 

transition modes have been verified numerically for a wide range of chemical kinetics, free-stream Mach numbers, 53 

and wedge angles. Ghorbanian and Sterling [16] have numerically analyzed the formation of oblique detonation over 54 

a variable-polar-ramp and shown reaction-polar diagrams, suggesting that the formation process of oblique 55 

detonation is analogous to DDT. Sislian et al. [17] described the effects of incomplete fuel/air mixing on two types 56 

of ramjets performance characteristics by assuming a Gaussian distribution of equivalence ratio in the combustible 57 

mixture flow, and the deflagration distortion is observed clearly. The formation and stability of a near-CJ ODW were 58 

numerically investigated by Fusina et al. [18]. It was found that the ODW is shown to be resilient to inhomogeneities 59 

in the oncoming fuel–air mixture and the induction process and radical formation within the ODW structure were 60 

analyzed. Zhang et al. [19] studied the formation of ODW with various equivalence ratio and found that the initiation 61 

length as a function of equivalence ratio displays a classical “V-shaped” curve, similar to the relation between 62 

detonation cell size and initiation energy [20]. Iwata et al. [21] simulated the shock-induced combustion from a 63 

supersonic spherical projectile, illustrating several shock-flame configurations induced by inflow equivalence ratio 64 

inhomogeneity. They also performed simulations on wedge-stabilized oblique detonations [22] with different 65 

Gaussian equivalence ratio distributions, demonstrating that the near-wedge deflagration fronts are distorted into a 66 

complicated surface, generating the so-called “V-shaped” deflagration front and “V+Y” Mach stem. Fang et al. [23] 67 

focused on the formation and characteristic parameters of the oblique detonation wave with inhomogeneous mixing 68 

of hydrogen and air inflow for a better understanding of oblique detonation wave engine performance under practical 69 

operating conditions. Bachman and Goodwin [24] presented a new ignition criterion curve that was added to the 70 

traditional stability limits in order to include the effects of chemical kinetic timescales and wedge surface length on 71 

the prediction of ignition and formation of ODWs. This ignition criterion was demonstrated to accurately predict 72 
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formation and ignition location of an ODW on an inviscid wedge surface. Since two-dimensional numerical 73 

simulations are computationally demanding, numerical studies tend to focus on a limited number of cases (e.g., by 74 

fixing the wedge angle or the incoming stream’s properties), so that only limited portions of the accessible parametric 75 

space are explored. As a result, despite significant work, there is still a lack of a complete parameter specification for 76 

ODW formation, which makes it impossible to predict the structure and the transition type of ODW.  77 

This paper analyzes the change of the relative position of flame and OSW in the process of the establishment of 78 

ODW flow field. The influence of different wedge angles on the flow field in the engine in real situation is simulated 79 

in the hope of summarizing some rules for the prediction of oblique detonation structure. The paper is organized as 80 

follows. Section 2 summarizes the numerical methods used to solve the equations and the calculation model for the 81 

simulations. In Section 3, the AMROC code and the convergence of grid resolution is verified. Section 4 analyses 82 

the results and discuss the formation of ODW flow field and the gradual combustion enhancement process during the 83 

formation of ODW. Section 5 contains our conclusions. 84 

2. NUMERICAL METHOD AND CALCULATION MODEL 85 

2.1. Numerical method 86 

The system of governing equations are the two-dimensional compressible reactive Navier–Stokes equations, 87 

which we write in the form of an inhomogeneous convection-diffusion equation as 88 
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where i=1,2...Nsp and Nsp is the number of species. In Equation (1), 
xG  and 

yG  are the fluxes of the diffusion terms, 93 
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which are defined as  94 
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In Equations (3) and (4), iY  is the mass fraction of component i in the mixed gas, 
iD  and 

jD  represent the 97 

mixture diffusion coefficients, ( / )k T x    and ( / )k T y    represent the energy fluxes caused by heat 98 

conduction, 
1
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    represent the energy fluxes caused by species 99 

diffusion, and   is the viscous stress tensor, which is specified as 100 
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In addition, E in Equation (1) is the total energy per unit mass, which reads 103 
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The quantity ih  is the specific enthalpy of component i, which reads for a thermally perfect gas 105 
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The variable i  is the mass generation rate of component i, which can be obtained by a detailed chemical 107 

reaction mechanism consisting of J reactions as 108 
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where 
f

ji   and 
r

ji   represent stoichiometric coefficients of forward and reverse chemical reaction. nW  110 

represents the molar mass of component i. The forward and reverse chemical reaction rate constants are given by 111 

Arrhenius formulas: 112 

( ) ( )
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

= −                         （10） 113 

In Equation (10), activation energy and pre-exponential factor refer to the corresponding chemical reaction 114 

mechanism. The ideal gas equation for mixtures is used to close the system of Equation (1). 115 

The numerical simulations have been carried out using the open-source code AMROC [25,26] based on a 116 

structured adaptive mesh refinement (SAMR) framework [27]. An operator splitting technique (or, the method of 117 

fractional steps) for the computation of the time-dependent reactive flow (see [28]) is used to solve Equation (1). 118 

This technique allows a decoupled treatment for the time-implicit discretization of the local source term and the time-119 

explicit discretization of the hydrodynamic transport term. The convection terms in Equation (1) are discretized with 120 

the seventh-order WENO-symmetric-order optimized (WENO-SYMOO) scheme as shown by Martin et al. [29]. The 121 

optimal third-order strong stability preserving (SSP) Runge-Kutta scheme [30] is used for time integration in 122 

combination with time-splitting and the fourth-order accurate semi-implicit GRK4A method [31] for source term 123 

integration. A detailed H2-Air reaction mechanism including 9 species (O2, H2O, H, O, OH, H2, HO2, H2O2, N2) and 124 

34 elementary reactions has been used [32]. 125 

2.2. Calculation model 126 

Fig. 1 shows the two-dimensional computational domain and boundary conditions. The two-dimensional 127 

rectangular region is selected to make the boundary and structured grid parallel to the Cartesian coordinate axis (X-128 

axis and Y-axis), respectively, so as to eliminate the calculation error caused by the otherwise non-Cartesian oblique 129 

boundary. The left boundary and upper boundary are free stream boundary conditions. The right boundary is opened 130 

to the atmosphere with the outflow boundary condition. The lower boundary represents the wedge surface that is set 131 

as no-slip boundary condition. The angle between the free stream and the X-axis is θ. 132 
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 133 

Fig. 1 Schematic of the computational domain and boundary conditions 134 

The free stream is a mixture of hydrogen, oxygen and nitrogen with a mole fraction ratio of 2: 1: 3.76. The 135 

difference of oblique detonation flow field is compared when the wedge angle θ is 15° (case1), 20° (case2) and 25° 136 

(case3). Considering a flight altitude of 30 km and a flight Mach number of 10, the ambient flow is pre-compressed 137 

twice by weak oblique shock waves in the aircraft inlet. The deflection angle is 12.5°. Therefore, the inflow 138 

temperature of 1021K, the inflow pressure of 56kPa, and inflow Mach number of 4.3 are obtained [33]. The 139 

computational domain along the X- and Y- axis are (−1mm, 79mm), (0, 20mm), respectively. The position of the 140 

vertex of the wedge in the computational domain is (0mm, 0mm). The computational base cell size is set to 25μm × 141 

25μm and refined to up to 3.125μm × 3.125μm adaptively on-the-fly. The half reaction length (hrl) is 0.59314mm 142 

for the current initial conditions, as calculated by Cantera [34], which corresponds to about 190 points per half 143 

reaction length (190 pts/ hrl). 144 

3 VERIFICATION OF CODE AND GRID RESOLUTION 145 

To verify the accuracy of the numerical simulation, the model and grid resolution are validated. First of all, 146 

based on the work by Viguier [35], the comparison of numerical and experimental ODW field with the results 147 

calculated by the code in this paper are displayed in Fig. 2 with the same inflow conditions. As can be seen in Fig. 148 

2a, the numerical schlieren of ODW field calculated by AMROC agree well with the experimental ODW field. 149 

Typical structures and phenomena can be clearly distinguished: OSW, triple point ODW slip line and transverse wave. 150 

Similarly, the comparison of numerical simulation results is also highly consistent, as shown in Fig. 2b. Moreover, 151 



8 
 

the method of characteristics (MoC) is an exact method for steady supersonic flow when the number of characteristics 152 

is sufficient. In the previous paper [36], the numerical methods of AMROC are compared with those using the method 153 

of characteristics (MoC) [10]. The AMROC solutions are in excellent agreement with the MoC results. Therefore, 154 

the above proves the reliability of the code (AMROC) used in this paper. 155 

 156 

(a) Comparison of experimental schlieren from Viguier [35] (left) and numerical schlieren using AMROC (right) 157 

 158 

(b) Comparison of numerical results between Viguier [35] (left) and simulation using AMROC (right) 159 

Fig. 2 Comparison of numerical and experimental results between Viguier [35] and simulation using AMROC 160 

The numerical detonation simulation results are sensitive to the grid length scale. Two scales of mesh are 161 
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selected for a mesh resolution and convergence study to ensure the independence of the results with respect to the 162 

grid scale. Coarse mesh: minimum mesh size is 6.25μm × 6.25μm for level 3 refinement; Fine mesh: minimum mesh 163 

size is 3.125μm × 3.125μm for level 4 refinement. And the refinement factor is set as 2 for each level. As shown in 164 

Fig. 3, the structures of the oblique detonation wave system obtained are basically consistent and difficult to 165 

distinguish. A quantitative comparison is conducted by plotting the pressure and temperature along three typical lines 166 

(i.e. y = 0 mm, 2 mm and 10 mm), as shown in Fig. 4. These lines correspond to different flow regions of the ODW 167 

field, including the wedge surface, OSW surface and steady ODW surface. The curves nearly overlap with trivial 168 

differences. Therefore, coarse mesh (6.25μm × 6.25μm for level 3 refinement) is sufficient to capture the main ODW 169 

structures. To capture the structure of ODW flow fields in more detail, the fine mesh (3.125μm × 3.125μm for level 170 

4 refinement) is selected in this paper. 171 

 172 

Fig. 3 Density fields with different grid scales in the case2 173 
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 174 

(a) Temperature                                          (b) pressure 175 

Fig. 4 (a) Temperature and (b) pressure along different lines parallel to the X-axis with different grid scales in the case2 176 

4. RESULTS AND DISCUSSION 177 

4.1. The formation of smooth oblique detonation 178 

Fig. 5 shows the diagram of Mach number and locally enlarged temperature and pressure at t=2.5μs when the 179 

ODW flow field is established, as well as the parameters variation curve along the streamline of case2. Based on the 180 

changes of temperature, pressure and components on the streamline, first of all, an OSW is generated at the tip of 181 

wedge when inflow enters the flow field. The flow field downstream is not stable, so a weak compression wave (CW) 182 

is formed between the OSW and the flow field downstream to balance the pressure in the flow field. A triple point is 183 

formed on the shock front and moves downstream. A thin chemical reaction layer is formed on the wedge surface, 184 

which shows KH instability near the wedge surface as well as slip line. However, the chemical reaction is slow at 185 

this time, the flow field is similar to that of unreactive flow. 186 
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 187 

Fig. 5 Diagram of Mach number, local enlarged temperature and pressure at t=2.5μs, and the parameters variation curve 188 

along the streamline of case2 189 

With the passage of time, the diagram of Mach number, local enlarged pressure, and parameters variation curve 190 

along the streamline in the flow field of case2 at t=14.8μs are shown in Fig. 6. The expansion rate of the reaction 191 

front becomes faster, the reaction layer becomes thick, the chemical reaction rate accelerate, and the deflagration 192 

surface begins to form. With the expansion of the combustion products, the distance between the deflagration surface 193 

and the OSW (induction length) decreases, and the intensity of deflagration gets higher, approaching CJ conditions. 194 

Moreover, the new triple points are formed and propagate downstream along the wave front, which stabilizes the 195 

front of OSW and ODW behind. It indicates that the motion of the triple points can stabilize the uneven internal flow 196 

field until a stable ODW is formed. 197 
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 198 

Fig. 6 Diagram of Mach number, local enlarged pressure at t=14.8μs, and the parameters variation curve along the streamline 199 

of case2 200 

Figure 7 shows the pressure in the flow field and the motion of triple points at different times after OSW-ODW 201 

transition of case2. Before the formation of the first triple point, the front of ODW is highly unstable, indicating that 202 

the pressure fluctuation frequency is high, but the amplitude is not large. After the formation of the triple points, the 203 

pressure fluctuation between the triple points decreases in frequency but increases in amplitude. This is manifested 204 

by the lengthened distance between transverse waves and the increased peak pressure of triple points. Finally, the 205 

ODW surface becomes smooth, and the parameters before and after the ODW are stable. 206 
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 207 

Fig. 7 Diagram of pressure in the flow field after OSW-ODW transition at different times of case2 208 

The parameters of a line parallel to the Y-axis and crossing the stable ODW front (e.g. x=30 in Fig.7) are 209 

extracted, as shown in Fig. 8.The dashed line represents the CJ temperature and pressure calculated by Cantera [34] 210 

under the conditions of inflow in this paper, which are 3012K and 2.5bar respectively. The induction length is 0.36mm. 211 

Compared with the CJ value, the temperature in the flow field is similar, the pressure is slightly higher, and the 212 

induction length is slightly lower, which is 0.28mm. In general, the numerical simulation results are close to the ZND 213 

solution, which proves the reliability of the numerical simulation results in this paper again. 214 



14 
 

 215 

Fig. 8 Temperature, pressure, components along x=30mm in Fig. 7 216 

Fig. 8 shows the smooth transition structure and a more detailed triple point structure. The main structure of 217 

transition is two compression waves accompanied by chemical reaction, and the front of waves is unstable. A more 218 

detailed schematic structure is shown in Fig. 11. Similarly, the detailed structure of the triple points is also enlarged. 219 

It can be found that there is a Mach stem between the transverse wave, OSW and ODW, and a shock wave is used to 220 

balance the pressure of the flow field near the triple points, therefore the final structure of triple point is y-shaped. 221 

 222 

Fig. 9 Enlarged diagram of smooth transition structure and triple points structure 223 

Pressure traces along different streamline lines through the transition structure of the flow field in Fig. 9 are 224 

shown in Fig. 10. The compression strength of the fluid passing through OSW on streamline 1 is the same as that on 225 

streamline 2, but the burning strength of the deflagration surface on streamline 1 is lower than that on streamline 2. 226 
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Pressure peaks on streamlines 3 and 4 are almost the same and higher than streamlines 1 and 2, indicating that the 227 

OSW on streamlines 3 and 4 has been transformed into an ODW. The differences are that the detonation front on 228 

streamline 4 is an overdriven detonation, and the inflow pressure is compressed to a value higher than stable ODW, 229 

as compared with Fig. 8. The first compression of inflow on streamline 3 is almost the same as that of stable ODW, 230 

but after that, the inflow does not expand and decompress, but continues to be compressed until it reaches the intensity 231 

of overdriven detonation wave, which is called transitional detonation in this paper. 232 

 233 

Fig. 10 Pressure on different streamline lines through smooth transition structure of the flow field in Fig. 9 234 

Based on the analysis above, the detailed schematic structure at the smooth transition position of OSW-ODW is 235 

extracted, as shown in Fig. 11. There is a curved transitional detonation wave between the OSW and ODW, and the 236 

three waves are separated by two compression shock waves. The temperature and density of the flow field after the 237 

three waves are discontinuous, while the velocity and pressure are continuous, resulting in two slip lines. The two 238 

transitional compression shock waves and the reaction front generate reflected shock waves at the slip line. The 239 

position with higher heat release rate (HRR) represents the position of the reaction front, and a discontinuity occurs 240 

at the position of the slip lines. When the OSW-ODW transition occurs, the pressure is the highest, and the overdriven 241 

detonation is generated and then decays to a CJ detonation. 242 
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 243 

Fig. 11 Schematic of detailed structure at the smooth transition position of OSW-DOW 244 

The variation of parameters and structures in the process of the establishment of the ODW flow field is analyzed 245 

in this section. More importantly, the detailed triple points structure and schematic diagram of OSW-ODW transition 246 

structure is extracted. Similar to the DDT process, the transition process and structure are analyzed in detail, which 247 

provides a certain reference for the prediction of ODW flow field structure. 248 

4.2. The formation of abrupt oblique detonation 249 

The formation of ODW and the smooth transition structure of OSW-ODW is analyzed in detail in Section 4.1. 250 

In this section, the inflow temperature, pressure and Mach number in case2 were changed to 765K, 33.5kPa and 3.94, 251 

respectively, to form an abrupt-type ODW and analyze its transition structure. Firstly, the initial OSW flow field and 252 

the reaction layer thickening process are the same as the smooth-type ODW in Section 4.1. However, due to the 253 

decrease of inflow energy, the OSW-ODW structure changes, as shown in Fig. 12. In contrast to smooth-type ODW, 254 

the relative position of the transitional detonation, overdriven detonation and the triple point are changed. 255 
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 256 

Fig. 12 Enlarged diagram of abrupt transition structure 257 

Similar to Fig. 10, streamlines at four typical positions in the OSW-ODW transition structure were taken and 258 

the pressure on the streamlines was compared, as shown in Fig. 13. The pressure variation on the four streamlines 259 

is the same as that on the streamlines of smooth-type ODW in Fig. 10. The only difference is that in the smooth-260 

type ODW, the triple point is formed by OSW, transitional detonation and weak CW. However, now the triple point 261 

is formed by OSW, ODW and overdriven detonation in the abrupt-type ODW, as shown in Fig. 14. The angle and 262 

intensity of OSW change when the inflow Mach number is reduced. The energy of inflow is lower after being 263 

compressed by OSW, so the induction time is longer, resulting in an increase in the formation time of ODW. In this 264 

process, the upward expansion velocity of combustion products is so fast that it affects the flow parallel to the 265 

wedge, which can be seen from the deflection angle of the streamline lines. And the deflagration surface quickly 266 

approaches the weak CW behind the OSW and transitional detonation and overdriven detonation are generated. 267 

Finally, the position of the triple point is stable on the ODW, forming the shape of abrupt-type ODW. In this 268 

process, because the intensity of the OSW and ODW differs greatly and there is no transition wave between OSW-269 

ODW, , resulting in the formation of Mach stem at the triple point to form a y-shaped structure, similar to the triple 270 

points downstream of the smooth-type ODW in Fig. 9.  271 
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 272 

Fig. 13 Pressure on different streamline lines through abrupt transition structure 273 

 274 

Fig. 14 Schematic of detailed structure at the abrupt transition position of OSW-DOW 275 

4.3. A method of transition point prediction for oblique detonations 276 

In the process of the establishment of the ODW flow field, the OSW compresses the pressure and temperature 277 

of the reactants, and then the rapid chemical reaction begins at some point near the wall. In the process of rapid 278 

expansion of combustion products, the angle between the deflagration surface and the wall is greater than that 279 

between the OSW and the wall. In the direction normal to the OSW, the deflagration flame gradually approaches the 280 

OSW, and then the ODW is generated. Based on Sections 4.1 and 4.2, a theoretical model for predicting the position 281 

of the triple point is proposed in this section, which is of certain reference for predicting the structure of oblique 282 
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detonation flow field. The following is a detailed analysis of this process. 283 

Fig. 15 is a schematic diagram of the ODW flow field. Firstly, the turning angle of the first OSW can be obtained 284 

by Eq. 11 in gas dynamics, 285 

2 2

1 1 1

2 2

1 1 1

tan( ) ( 1) sin ( )

tan ( 1) sin ( ) 2
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 287 

Fig.15 Schematic diagram of ODW flow field 288 

In the ODW flow field, the angle of OSW and the inflow Mach number basically satisfy Eq. 11, indicating that 289 

the first OSW has nothing to do with whether the inflow is reactant. Thus, β1 is determined when the inflow Mach 290 

number is constant. Based on Fig. 11, 291 
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Due to the slow combustion rate of deflagration surface, the parameters such as pressure, temperature and 293 

velocity change slowly. V2 is considered as a constant value, which can be directly calculated by Eq. 11. The γ before 294 

and after OSW and ODW is assumed to be a constant, respectively. V3 is the expansion velocity of combustion 295 

products, that is, the deflagration velocity. As the reaction layer thickens from the wedge, the flame surface remains 296 

flat. It can be considered that the maximum deflagration velocity is reached when the products begin to expand. 297 

According to CJ theory, the maximum deflagration velocity is about 1/2 of CJ detonation velocity. Under the 298 

assumption above, the position of the triple point and the angle of the deflagration surface can be simply predicted. 299 
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Based on the above prediction model, the pressure gradient diagrams of case1, case2, case3 and abrupt case are 300 

shown in Fig. 16. The yellow dots represent the position of the triple point. The red line represents half of the H2O 301 

mass fraction after complete reaction in the flow field, and the position of the rapid reaction, which is defined as the 302 

deflagration surface or reaction front in this paper. Fig. 16 proves the theoretical analysis of the interaction of the 303 

deflagration surface and ODW and structure changes in the formation process of ODW in section 4.1 and 4.2. 304 

 305 

Fig. 16 Verification of the prediction model of ODW flow field 306 

Table 1 summarizes the relevant parameters required by the prediction model above and the comparison between 307 

the prediction and the simulation results at different cases, in which the parameters with upper quotes is the theoretical 308 

predicted values, otherwise is the numerical simulation values . After passing the first OSW, the movement direction 309 

of inflow is parallel to the wall, and the reaction layer becomes thick at a certain point that is defined as the 310 

deflagration surface starting point δ. It can be found from the table that the δ and angle of the deflagration surface β2 311 

are greatly affected by the wedge angles. The larger the wedge angle, the faster the reactants combust, the closer the 312 

δ is to the vertex of the wedge, and the larger the angle of the deflagration surface is. The theoretical prediction error 313 

of the triple point position is about a few millimeters, which is small enough to be acceptable. It is worth mentioning 314 

that in the whole prediction model, all parameters are derived theoretically, and only δ is extracted from the simulation 315 
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results. This means that as long as the determination method of δ is given, the basic configuration of ODW flow field 316 

can be roughly described theoretically under given flow conditions. Therefore, future work will focus on the 317 

derivation of δ and the improvement of the model. 318 

Table 1. Comparison of parameters of theoretical prediction model in different ODW flow fields 319 

 θ (°) δ (mm) M2 V2 (m/s) β1 (°) β2 (°) β2’ (°) 

(x, y)  

(mm, mm) 

(x’, y’)  

(mm, mm) 

case1 15 18.4 3.22 2983 10.66 21.74 17.40 (35.0, 6.6) (46.0, 8.7) 

case2 20 7.0 2.85 2865 10.86 23.32 18.07 (12.9, 2.5) (17.0, 3.3) 

case3 25 2.9 2.47 2701 11.55 23.96 19.09 (5.5, 1.1) (7.1, 1.4) 

abrupt 20 43.4 2.54 1942 11.81 29.60 25.92 (62.4, 13.4) (76.2, 15.9) 

This section proposes a simple theoretical prediction model that predicts the triple point. The prediction model 320 

is analyzed and verified in detail and compared with the flow field obtained by numerical simulation. The results 321 

show that, based on the assumptions in this paper, the error of the theoretical prediction model for the position of the 322 

triple point is relatively acceptable for such a simplified model. However, in order to predict the flow field of ODW 323 

more accurately, improvement is necessary, which is also the main work in the future.  324 

5. CONCLUSIONS 325 

In this study, two-dimensional simulations are carried out in order to investigate the formation and evolution of 326 

the oblique detonation induced by wedges at different angles and inflow conditions, a detailed model of transition 327 

structure of OSW-ODW is analyzed and a theoretical prediction model that predicts the triple point is proposed.  328 

The change from OSW to ODW is a process that shows a continuous transition from deflagration to detonation 329 

conditions. OSW is generated at the tip of wedge when inflow enters the flow field, followed by a curved shock. A 330 

weak compression wave is formed between the OSW and curved shock to balance the pressure in the flow field. 331 

Therefore, a triple point is formed when inflow enters the flow field. A thin chemical reaction layer is formed on the 332 
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wedge surface, which shows KH instability near the wedge surface as well as slip line. However, the thickness of the 333 

reaction layer is limited by the reaction rate. With the passage of time, the reaction layer thickens due to the fast 334 

expansion rate of the reaction front, and the deflagration surface begins to form. The distance between the deflagration 335 

surface and the OSW decreases, and the intensity of deflagration gets higher, approaching CJ conditions. In this 336 

process, the new triple points are formed and propagate downstream along the wave front, which stabilizes the front 337 

of OSW and ODW behind. It indicates that the motion of the triple points can stabilize the uneven internal flow field 338 

until a stable ODW is formed. 339 

A simple theoretical method to predict the triple point is proposed. The prediction model is analyzed and verified 340 

based on the numerical simulation results in this paper. The results show that, based on the assumptions in this paper, 341 

the error of the theoretical prediction model for the position of the triple point is relatively acceptable. However, more 342 

validation and accurate revisions for this model are expected in the future. 343 
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