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ABSTRACT

A numerical simulation solving the Reynolds-averaged Navier–Stokes equation is presented to investigate the initiation and evolution of the
wedge-induced oblique detonation wave (ODW) with emphasis on the effects of the burning boundary layer. The nondimensional activation
energy (Ea) is selected as the bifurcate parameter, which varies from 30 to 50. The largest induction ignition length behind the oblique shock/
detonation wave is shown to be proportional to the Ea. The initiation of ODW can be attributed to the collision and diffraction of reactive
waves. The wave configuration, a series of compression waves (or shock wave), is observed at the conjunction point of the burning boundary
layer and combustion wave, which intensifies the pressure jump as increasing the Ea. The polar line analysis demonstrates that the pressure
jump triggers the transition from regular reflection to Mach reflection near triple-point. The oscillations of the ODW wave structures, for
example, the triple-point and Mach stem, can be attributed to the Rayleigh–Taylor instabilities developed on the reaction front of the bound-
ary layer, which shall be appropriately suppressed to remain the steadiness of the ODW and flow configuration.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0118194

I. INTRODUCTION

Detonation has attracted increasing attention in advanced air-
breathing propulsion systems aiming at hypersonic flight because of
superior thermodynamic cycle efficiency compared with the conven-
tional constant-pressure combustion.1,2 A variety of detonation-based
propulsion schemes have been proposed and tested,3,4 in which the
oblique detonation wave engines (ODWEs) have stimulated research-
ers’ interest because of their promising suitability in practical applica-
tions.5 Figure 1 shows the schematic of a typical ODWE, in which an
oblique detonation wave (ODW) is established on the wedge of the
combustor.6 ODWEs can also be interpreted as shock-induced com-
bustion ramjet (shcramjet),7 which has the advantages of compact
engine structure and decent thrust performance due to pressure-gain
combustion. Jiang et al.8 produced a standing ODW with 50ms time
at Ma¼ 9 inflow condition through a ground test conducted in a

hypersonic flight-duplicate shock tunnel, which suggested that ODWE
could operate under hypersonic flow conditions.

Figure 1 shows the typical wave configuration of delayed ODW,
in which the triple-point connects an inert oblique shock wave (OSW)
emanated from wedge tip, a combustion wave (CW) developed from
wedge surface, and an oblique detonation front.9 Such flow structure
was observed in a number of experimental investigations8,10–13 and
has been the spot of various numerical studies.14–18 The essential
behaviors of ODW, such as OSW-to-ODW transition pattern,19

cellular-like structures, and ODW evolution, have been widely investi-
gated by mean of numerical simulation solving Euler equation; that is,
the viscous effect of fluid motion is excluded. To categorize the transi-
tion patterns, various factors have been tested in previous studies,
including the critical Mach number,20 the ratio of the induction time
to the total reaction time,15 dilution ratio of argon,21 and the ratio of
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the inflow velocity to Chapman–Jouguet (CJ) detonation velocity.16

The wave structure and relaxation process around the triple-point is of
particular importance in affecting the ODW behavior.17,18,22 By alter-
ing the inflow Mach number (6.6–7.0), various flow configurations,
such as k-shaped, X-shaped, and Y-shaped shock structure, could be
observed; moreover, the secondary ODW can convert to a normal det-
onation wave.23 Cellular structure is an essential characteristic of nor-
mal detonations and plays a crucial role in affecting the stability of
detonation propagation. For ODW, analogous cellular structures were
also observed in numerical simulations.24–26 It was found that the
resulting stability of the ODW front depends upon activation energy,
wedge angle, and Mach number.27–29 The pattern of cellular structure
is primarily determined by the left- and right-running transverse
waves (TWs), which result from the periodic alteration of the reaction
zone thickness due to the spatial or temporal oscillation of the leading
shock front. The periodic perturbations of inflow,30,31 such as sinusoi-
dal pressure and density disturbance, exhibit impacts on the initiation
of ODW, cellular-like structure, and the motion of the triple-point on
the ODW front. The Mach reflection of ODW impinging on an out-
ward turning wall, owing to the post-surface thermal choking and the
enhanced surface instability,32 the ODW front moves upstream move-
ment and thus cannot be anchored on the wedge.33

Nevertheless, the state-of-the-art numerical simulations have not
fully unveiled the effects of viscosity on the initiation and evolution of
ODWs. Rosato et al.13 showed that the ODW front undergoes a cycle-
to-cycle variation of underdriven-to-overdriven detonation, which can
be attributed to the flow turbulence. The existing studies34,35 demon-
strated that the increasing temperature in the boundary layer (BL) of
the induction region leads to an earlier onset of the overall ODW
structure. Meanwhile, the presence of the BL strengthens the OSW
and consequently facilitates the formation of ODW.36 The OSW-to-
ODW abrupt transition results from the upward motion of the triple-
point with inflow parameters 1.0 atm, 300K, and Ma¼ 7.0, which
shall be attributed to shock/BL interaction.37 Therefore, the Euler
equation must be replaced by Navier–Stokes equation in the simula-
tion in order to underline the mechanism for this enhancing effect of
ODW formation. In turbulent flow, increasing turbulence intensity
would switch abrupt transition to smooth transition and facilitates the
initiation of ODW.38 Considering the viscous effects enables the

resolution of the transverse wave/BL interaction, such as the appear-
ance of separation bubble34,39 (see Fig. 1), which has been observed
in the experimental study by Zhang et al.40 During the evolution of
wedge-induced ODW, two close separation bubbles may coalesce,
the subsequent expansion of which tends to accelerate the ODW
propagation downstream and eventually leads to flowing out of
the wedge.41 The separation bubble evolution behavior caused by
the ODW/BL interaction could play a crucial role in determining the
combustion modes for real combustion facilitates. Under suitable
conditions, a stabilized overdriven normal detonation wave might
be produced.42,43 The existing studies manifested the importance of
fluid viscosity during the evolution of ODW with emphasis on the
shock-induced separation flows (such as OSW/BL and ODW/BL
interaction) as well as its impact on the wave configuration.
Nevertheless, the effects of viscosity on ODW initiation and the
subsequent wave structures have not been fully understood, which
motivates the current study.

In Sec. II, the Reynolds-averaged Navier–Stokes (RANS) equa-
tion incorporating the Spalart–Allmaras turbulence model and two-
step chemical reaction is presented, and the numerical scheme and
computation setup are introduced. In Sec. III, the initiation character-
istics and effects of the burning BL for the wedge-induced ODW are
studied with the dimensionless activation energy. The characteristic
length and evolution of ODW initiation are analyzed under the vis-
cous condition; a new wave structure emerges from the intersection of
the burning BL and the CW, which affects the reflection pattern near
the triple-point; and the long-term development of the burning BL
contributes to the oscillation of the ODW flow field for large activation
energy.

II. NUMERICAL METHOD AND COMPUTATION SETUP
A. Governing equations and discretization

In the study, the two-dimensional reactive Navier–Stokes equa-
tions coupled with a two-step chemical chain-branching kinetics
model are employed. The nondimensional formulation in curvilinear
coordinates is given as follows:44

�W
@t

þ
�F
@n

þ
�G
@g

¼ 1
Re1

�F v

@n
þ

�Gv

@g

� �
þ �S; (1)

FIG. 1. Schematic depiction of oblique detonation wave engine (left) and its classic flow field (right).
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with

�W ¼ J�1W; �F ¼ J�1ðnxFþ nyGÞ; �G ¼ J�1ðgxFþ gyGÞ;
�F v ¼ J�1ðnxFv þ nyGvÞ; �Gv ¼ J�1ðgxFv þ gyGvÞ; �S ¼ J�1S;

(2)

where J�1; nx; ny; gx; gy are the grid metrics for coordinate transfor-
mation from (x, y) to ðn; gÞ. W is the conservative solution vector, F
and G are the convective terms, Fv and Gv are the diffusive terms, and
S is the reaction source term

W¼ q qu qv qE qkI qkR
� �T

;

F¼ qu qu2þp quv ðqEþpÞu qukI qukR
� �T

;

G¼ qv quv qv2þp ðqEþpÞv qvkI qvkR
� �T

;

Fv¼ 0 sxx sxy usxxþvsxyþkeff
@T
@x

qDeff
@kI
@x

qDeff
@kR
@x

� �T
;

Gv¼ 0 syx syy usyxþvsyyþkeff
@T
@y

qDeff
@kI
@y

qDeff
@kR
@y

� �T
;

S¼ 0 0 0 0 qxI qxR
� �T

;

(3)

where q is density, u and v the x- and y-direction components of veloc-
ity, E the total energy per mass, and p the pressure, respectively. The
equation of state is

p ¼ ðc� 1Þq E � u2 þ v2

2
þ kRQ

� �
; (4)

where Q is the energy released from the chemical reaction by consum-
ing unit mass.

Following our previous work,45 a two-step chemical reaction
model referring to hydrogen–air mixtures is used here. The induc-
tion and exothermic reaction zone are, respectively, characterized
by individual progress variables, denoted by kI and kR (the
subscripts I and R refer to the induction and exothermic
reaction, respectively), which vary from 0 to 1 during the reaction
period. The chemical reaction ratio, xI and xR, is defined as
follows:46

xI ¼ �KIHðkIÞ exp � Ea
RT

� �
;

xR ¼ KR 1�HðkIÞ½ �ð1� kRÞt;

HðkIÞ ¼
1; 0 < kI � 1;

0; kI � 0;

( (5)

where Ea is the activation energy, � the reaction order, typically being
specified as 0.5, and KI and KR the pre-exponential factors controlling
the induced and exothermic reaction, respectively. The Heaviside
function HðkIÞ turns off the progress of kI at the end of the induction
zone.

Stresses (sxx; sxy , and syy) can be written in the same form as
those in laminar flow

sxx ¼ 2
3
leff 2

@u
@x

� @v

@y

� �
; syy ¼ 2

3
leff 2

@v

@y
� @u

@x

� �
;

sxy ¼ syx ¼ leff
@u
@y

þ @v
@x

� �
:

(6)

The effective transport properties, that is, viscosity leff , thermal
conductivity keff , and mass diffusivity Deff , should be modified by
including enhancement due to turbulence, that is,

leff ¼ ll þ lt ;

keff ¼ kl þ kt; k ¼ lcp
Pr

; (7)

Deff ¼ Dl þ Dt ; D ¼ l
qSc

;

where subscripts l and t indicate laminar and turbulence parameters.
The laminar viscosity ll can be calculated based on Sutherland law. In
turbulent flow, the effective viscosity should be determined based on
the adopted turbulent model, that is, Spalart–Allmaras turbulence
model47 in the conservative form without a trip term in this work,
which has been applied in the study on shock wave/BL interaction48

and detonation engine41,49 and achieves comparable numerical results.
With knowledge of viscosity, the remaining transport properties could
be evaluated in terms of the nondimensional parameters, that is, the
Prandtl number and Schmidt number. These parameters for laminar
flow are specified to be Pr¼ 0.72 and Sc¼ 0.5, which are corrected to
be Pr¼ 0.9 and Sc¼ 0.5 when the flow becomes turbulent.

All physical parameters in the governing equations are normal-
ized by referring to the uniform free stream (the subscript1), such as

x ¼ x�
lref
; u ¼ u�

u1
; p ¼ p�

p1
;T ¼ T�

T1
;Q ¼ Q�

u21
;W ¼ W�

R1
, where W repre-

sents the specific gas constant or specific heat here.
The convective fluxes are calculated via the fifth-order weighted

essentially non-oscillatory (WENO) finite difference method50 com-
bined with a Riemann problem solver and the Roe-HLLE method.51,52

To suppress numerical dissipation and improve the resolution effi-
ciency of the origin WENO-JS scheme, the WENO-Z method is
adopted here with the new smoothness indicators.53 The discretization
of viscous terms is processed by the fourth-order accuracy finite cen-
tral differencing scheme in the least stencil restricted by the total width
of the fifth-order WENO stencils with various Taylor expansion
coefficients.54,55

An ordinary differential equation is determined via spatial discreti-
zation, which can be solved through semi-implicit additive Runge–Kutta
(ARK) methods. The ARK approach can effectively deal with the stiff-
ness issue caused by chemical reactions. The open-source package
ARKode, developed by Lawrence Livermore National Laboratory,56 has
been incorporated into our solver to fulfill the temporal discretization.
The butcher table employed in the current ARK method is ARK4(3)6L
[2]SA57 and can achieve fourth-order accuracy in time-marching.

B. Physical model and flow condition

A schematic depiction of the computational domain is presented
in the right part of Fig. 1. The angle of the wedge is fixed at hW ¼ 25�.
The free stream is parallel to the horizontal direction. The inlet bound-
ary is supersonic uniform inflow, and the upper and outlet boundaries
are zeroth-order extrapolation outflow. The surface of the wedge is
subject to no-slip and adiabatic conditions.

Based on the classic physicochemical values of hydrogen–air
mixtures,46 the physical–chemical parameters of supersonic reactive
flow are specified as P1 ¼ 1:0� 105 Pa, T1 ¼ 300 K, Q�=R1T1
¼ 50; Ea ¼ E�

a=R1T1, where Ea varies from 30 to 50, and the range
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of Ea is also adopted by Zhang et al.58 when considering the effects of
initial pressure in simple chemical reaction model. Across the detona-
tion structure, the initially unburnt mixture alters to the von
Neumann states as passing through the shock wave and eventually
converts to the burnt combustion products at the end of the reaction
zone downstream. The variations of the mixture states are character-
ized by distinct heat capacity ratios.

Comprehensive examinations on the evolution of hydrodynamic
discontinuities and the unsteadiness of detonation in turbulent flow
are performed using the in-house solver, which has also been
employed to determine the flow configurations and evolution of
ODW in our previous study.45,49 The grid independence, monitoring
the wall-distributed pressure and temperature, had been tested using a
finite length wedge-induced ODW with inflow Mach number 7.0,
wedge angle 29.0�, and the viscous computation proves that the grid
size, 20.0lm for the far-wall grid and 0.2lm for the first layer grid of
the wall, can resolve the flow configurations well,49 and accordingly is
utilized in the present study.

III. RESULTS AND DISCUSSION

The activation energy plays a crucial role in affecting the funda-
mental flow structures of wedge-induced ODW. The numerical simu-
lations by parametrically varying the Ea are visualized in Fig. 2. The
major wave configuration in the current viscous simulation is a triple-
point connecting the OSW, CW, and ODW, which is analogous to the
inviscid computation.18,23 The activation energy determines the sensi-
tivity of the reaction rate to the flow temperature. As the nondimen-
sional activation energy Ea increases from 30 to 50, the reaction rate is
substantially suppressed; consequently, the ODW appears at a larger
distance from the edge and meanwhile evolves over a longer period. It
is also found that near the ODW triple-point, the regular reflection
(RR) gradually transforms to the Mach reflection with rising Ea.
Owing to the high temperature close to the wedge surface, the burning
BL stretches from the wedge tip and joins the CW downstream. An
in-depth discussion is given in Secs. IIIA and IIIB to interpret the
effect of burning BL on initiation characteristics and wave configura-
tion of wedge-induced ODW.

FIG. 2. Temperature contours of ODW with different activation energy: Ea ¼ 30 (a), Ea ¼ 35 (b), Ea ¼ 40 (c), and Ea ¼ 50 (d) (red solid line: sonic line).
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A. Initiation of ODW

1. Induction ignition length

The induction ignition length lign is defined as the distance from
the inert OSW to the following reaction front [see Fig. 2(b)] and can
thus be determined by monitoring the reaction progress along the
streamline crossing the post-shock flow field. It also can be theoreti-
cally calculated with OSW jump relation and chemical kinetic model
via lign ¼ uOSW � tind for simplicity25 (uOSW is the post-OSW velocity
and tind is the induction time that reactant behind OSW suffered),
which is considered as the minimum length for wedge-triggered
ODW.59 For the partial OSW front near the wedge surface, lign curves
are of similar geometry for all Ea, as shown in Fig. 3(a), which can be
attributed to the high temperature in the BL, that is, approximately
10.8 times higher than the inflow temperature. In such high-
temperature conditions, the induction reaction in association with
heat release takes place readily instead of being dominated by shock-
induced combustion. Outside the burning boundary layer, the temper-
ature ratio induced by the OSW is around 3.6, that is, substantially
smaller than that in the BL, and consequently, a positive correlation
between the maximum lign and Ea can be inferred. With higher activa-
tion energies, for example, Ea ¼ 40 and 50, a longer lign contributes to
a sufficient development of the burning BL.

Figure 3(b) indicates good agreement between computation
results and predicted values at relatively low activation energies, that
is, Ea � 35. As Ea increases, the shock-induced combustion is delayed
and the BL develops and thickens along the wedge surface. It causes
the deflection angle of fluid particles passing through OSW larger than
the wedge angle so that the wave angles of inert OSW are 0.9�–1.9�

higher than the predicted value (32.4�) based on the quasi-steady flow
field. It suggests that the OSW tends to be intensified, which facilitates
the chemical reaction with higher post-shock temperature and thus
lowers the induction length lign compared with the predicted value for
Ea 	 40. Subsequent to the initiation of ODW, it arrives at the quasi-
steady stage, during which an additional characteristic length ldet is
defined as the distance from the wedge tip to the projection of the
triple-point of ODW on the wedge surface [see Fig. 2(b)]. Obviously,

the ldet is more suitable to evaluate the minimal length for a successful
wedge-induced ODW. For Ea ranging from 30 to 40, the ldet in both
initiation and quasi-steady stages is greater than the predicted lign,
implying that the ODW will not be established on an improper wedge
if the forecasted lign is adopted as a guideline to estimate wedge length,
and therefore, a redundancy length should be considered in the practi-
cal ODWE design.

2. Collision between combustion and shock

To clarify the role of shock-induced combustion during the initi-
ation and evolution of ODW, the closed-up numerical Schlieren
images of typical snapshots are given in Fig. 4. At t¼ 18.88 and 35.77
[see Figs. 4(a-i) and 4(b-i)], reactive fluid element passing through
inert OSW is ignited at individual induction distances. The combus-
tion products with smaller density and higher temperature tend to
push the reactive wave from the wedge surface toward inert OSW.
Two modes of reactive wave and shock wave interactions can be
observed depending on the activation energy. With relatively low acti-
vation energy, that is, Ea ¼ 30, the leading shock front and reaction
front are decoupled, while with the relatively higher activation energy,
that is, Ea ¼ 40, the reactive is coupled. The reactive wave would
unavoidably collide with the inert OSW, generating a local high-
temperature region [see Figs. 4(a-ii) and 4(b-ii)] and triggering rapid
chemical reaction. An outward movement of the reactive wave is
driven by the high-temperature and high-pressure products.
Consequently, a strong overdriven ODW (OODW) is established
through the collisional interaction. Close to the triple point, the pres-
sure of the OODW is 7.0–7.5MPa [see Figs. 4(a-iii) and 4(b-iii)],
which is much higher than the theoretical value (5.5MPa) of the
strong solution for ODW. As the OODW evolves, the subsonic zone
behind the OODW broadens in association with gradual fall of pres-
sure. Figure 5 shows the temporal variation of pressure close to the tri-
ple point of the OODW. It indicates that the pressure in the long-term
limit tends to be independent of the activation energy and is approxi-
mately 5.8MPa close to the maximum theoretical value of strong
ODW. The initiation process of ODW can be deemed as the coupling

FIG. 3. Induction ignition length along the wave front of OSW/ODW (a) and comparison with the predicted values (b) with different activation energies.
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FIG. 4. Numerical Schlieren image near triple-point for typical snapshots of ODW initiation procedure when Ea ¼ 30 (a) and 40 (b) (solid line: red-sonic line; purple-production
mass fraction, kR ¼ 0:05).
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effects of reactive wave diffraction and shock wave/reactive wave
collision.

In particular, more attention should be paid to the subsonic zone
behind strong OODW, where any acoustic disturbances can propagate
upstream. The profile of the subsonic zone is enclosed by the sonic
line, as shown in Fig. 2, and the area of the subsonic region is propor-
tional to Ea, which increases from 9.95 to 112.47 mm2. As activation
energy increases, the shock front and heat-released front are highly
coupled, which lead to a severe collision with inert OSW and induce a
larger zone of strong OODW, and accordingly, the area of the sub-
sonic region grows. However, an increment of Ea also leads to the
chemical reaction rate slowing down, which tends to weaken the cou-
pling between the leading shock front and the reaction front.
Therefore, it is necessary to reveal the formation reason for stronger

CW during the formation of OODW, and the mechanism will be dis-
cussed in Sec. III B.

B. Effects of burning boundary layer

The impacts of BL on CW as well as the detonation evolution
are discussed in-depth in this section, to clarify whether new wave
configurations emerge with the existence of the burning BL. The
pressure distribution of the wedge wall with Ea ¼ 30–50 is shown in
Fig. 6(a). Several stages of substantial pressure rise can be recognized,
such as the separation and reattachment shock waves. Figure 6(b)
presents the numerical Schlieren and iso-pressure contour, which indi-
cates that a succession of pressure waves are emanated from the con-
junction point of the burning BL and CW and subsequently reflects at
the solid wall. With relatively high activation energy, for example, Ea
¼ 50, a shock wave is formed [as shown in Fig. 8(b)], and a significant
pressure jump across the reflection point (from 2.07 to 4.10MPa) is
observed, which can be attributed to the pressure accumulation near
the conjunction point due to longer induction length. At intermediate
activation energies, for example, Ea ¼ 35; 40, the reflection point close
to the separation bubble experiences a less remarkable step of pressure
jump. However, at relatively low activation energy, for example, Ea
¼ 30, the pressure increases from 1.97 to 2.76MPa. Therefore, the
pressure rise at the reflection point is proportional to the Ea.

1. Irregular reflection

The polar line analysis is used to grasp the transition principle
between regular and irregular reflection for transverse wave/CW inter-
action near the ODW triple-point with emphasis on the effects of
burning BL. The relationship between pressure ratio and deflection
angle has been presented in our earlier study.45 Because of the curva-
ture effects and chemical reaction, it is difficult to completely describe
the state at the post-front in terms of only one polar line. Instead, we
will focus on a small region of the post-front to obtain a qualitative
understanding of the interaction transition. Positive angles in the

FIG. 5. Pressure evolution near triple-point behind strong OODW for various Ea.

FIG. 6. Pressure profile along wedge surface (a) with various activation energy and local numerical Schlieren image (b) of ODW transition region when Ea ¼ 30 (iso-pressure
line: 2.0–3.0 MPa).
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shock polar lines correspond to clockwise deflections in the following
discussion.

The polar lines of TW, ODW, and CW are depicted in Fig. 7(a),
where the intersection points of polar lines accordingly refer to the
number labels indicated in Fig. 7(b). In the presence of BL, the effec-
tive deflection angle in region (1) is 0.8�–1.6� larger than the wedge
angle over the considered activation energy range, that is,
Ea ¼ 30� 50. In spite of discrepancies in the OSW strength at differ-
ent Ea, the parameters characterizing the post-shock state do not vary
significantly. Approximately, the post-OSW state could be specified at
point (1) with a wedge angle of 25� on polar line ROSW . The crossing
point (2) between RODW and the polar line (for the TW) originating
from point (1) characterizes the state behind ODW, which locates at
the strong solution branch. Providing that the leading shock of the
overdriven ODW is sufficiently strong, the local post-ODW state
appears to be insensitive to the activation energy. It indicates that the
pressure ratio in region (2) takes the numerical value of about 58 for
all Ea (see Fig. 5), which is in good agreement with 55 from polar dia-
graphs. Accordingly, in our simulation with Ea ¼ 30� 50, the state
behind strong overdriven ODW could be represented by point (2).
The possible states across CW are located on polar line R1 originating
from point (1). The polar line R2 describes the states behind reactive
waves with the coming flow condition represented by point (2). The
curves R1 and R2 intersect at the point ð5mÞ, which locates at the left
strong solution branch of R1 and accordingly implies the occurrence
of an inverse Mach reflection (InMR).

The state behind CW plays a decisive role in determining the
reflection type of TW/CW interaction. Figure 7(b) shows that the
wave angle along the curved CW would continue to increase rather
than remain constant. Along the CW, we can define two typical zones
(3) and (7), which is marked in Fig. 7(b). Due to the existence of pres-
sure wave or shock wave near the conjunction point of burning BL
and CW, pressure in region (7) is greater than that in region (6), and
their difference becomes higher as Ea increases. To match the high-
pressure zone, the deflection angle of CW for region (7) must raise,
and so does that for region (3). As shown in Fig. 7(a), points

ð3Þ; ð30Þ; and ð300Þ corresponding to deflection angles 8�, 24�, and 28�,
respectively, are utilized to describe the typical state behind the CW at
selected Ea. Then, point (4) can be determined via overlap condition
between R3 (or R0

3;R3
00) and R2 (or R1), where R3;R0

3; andR3
00 are polar

lines originating from points ð3Þ; ð30Þ; and ð300Þ, respectively.
When the deflection angle of CW (hcomb) is relatively small (8�),

the overlap point between polar lines R3 and R2, denoted by point
(4r), (5), locates at the weak solution branch, which theoretically
implies the occurrence of a RR. Meanwhile, R3 and R2 intersect with
the strong solution branch of R1 at point (4m) and (5m), respectively.
It suggests the Mach reflection (MR), and a divergent stream tube will
be formed behind the Mach stem (MS). In the absence of unique
boundary condition downstream, the subsonic flow cannot be acceler-
ated to match the supersonic flow downstream, which results in the
prohibition of MR. Thus, for hcomb ¼ 8�, only RR is admissible. As the
deflection angle of CW increases, for example, hcomb ¼ 24�, the inter-
section of the weak solution branches of R0

3 and R2 at point ð40rÞ; ð5Þ
can still be seen, which remains the possibility of RR. However, the
deflection angle of the crossing point ð40mÞ determined by R0

3 and R1

alters. Specifically, the direct Mach reflection (DiMR) occurs, which is
associated with a Mach stem consisting of DiMR and InMR, and it
leads to a convergence stream tube and thus matches the supersonic
flow downstream. Therefore, the situation characterized by
hcomb ¼ 24� is in the dual-solution region, in which both RR and MR
are available. The critical condition for the transition from RR to dual-
solution region can be determined by the single point where R0

3;R2,
and R1 intersect simultaneously. According to the polar line analysis,
the critical deflection angle is evaluated to be hcomb ¼ 22:6�. For
hcomb ¼ 28�, R3

00 and R2 interact with the strong solution branch of R1

at point ð400Þ and (5m), respectively. Nevertheless, there is no overlap
between R3

00 and R2, and accordingly, only MR is admissible.
Particularly, the critical condition for the transition from dual-solution
region to single MR region can be determined when R2 is tangential to
the detachment point of R3

00.
The deflection angles of CW corresponding to the activation

energies 30, 35, 40, and 50 are 10�, 21�, 28�, and 30�. Accordingly, an

FIG. 7. Polar line of shock reflection (a) and closed-up pressure contours (b) for ODW transition zone with Mach reflection (Ea ¼ 40).
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MR is observed for hcomb 	 21�, which is slightly less than the lower
critical value (22.6�) for the dual-solution zone via polar line analysis.
The effect of chemical reaction may facilitate the MR when Ea
increases.

2. Oscillation of wave structure

In addition to the effects of the burning BL on the wave configu-
ration of ODW, the Rayleigh–Taylor (R–T) instability is provoked by
the favorable density gradient at the downstream BL. To analyze the
steadiness of the ODW flow, the impacts of the R–T instability must
be accessed. Then, during a typical period, the Cartesian coordinates
of the triple-point of ODW and bottom end point of Mach stem [see
P1 and P2 in Fig. 8(b)] are extracted and transformed to polar coordi-
nates ðr; hÞ, and r is replaced with �r ¼ r � rmin (rmin is the minimal
value of polar coordinate r). The ð�r ; hÞ vs time is illustrated with the
style of the bubble diagram in Fig. 8(a), where the vertical coordinate
is the polar angle h and the area of bubbles is characterized by �r . The
polar angle of the ODW triple-point in the period is stable, hovering

around 34.3�, which compares well with the wave angle of inert OSW;
the �r suffers a diminishment following by a raise, which manifests that
the ODW triple-point moves forward and backward along the inert
OSW with a small oscillation amplitude. For the bottom end point
of the Mach stem (P2), both �r and h exhibit a clear variation [see
Fig. 8(a)], which undergoes a more severe fluctuation than the ODW
triple-point. Especially, the dimensionless time here is nearly in the
magnitude of 100 ls, and the oscillation recorded in the current simu-
lation can be considered as high frequency.

The activation energy characterizes the sensitivity of the reaction
rate to temperature variation, which can be triggered by the propaga-
tion of pressure waves in the burning BL. The reaction enhancement
due to such temperature perturbation could be stronger in the burning
BL for larger activation energy, which can evoke flow perturbation. As
the burning BL develops for wedge-induced ODW (Ea ¼ 50), the rela-
tively smooth flame surface near the wedge tip tends to become corru-
gated. Because of the long-distance/long-time growth of the burning
BL, the bubbles composed of low-density combustion products accel-
erate into the high-density reactants behind inert OSW, which initiates

FIG. 8. Change trend of the triple-point (a), zoomed-in numerical Schlieren image (b), and temperature contour (c) of ODW when Ea ¼ 50.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 116103 (2022); doi: 10.1063/5.0118194 34, 116103-9

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/pof/article-pdf/doi/10.1063/5.0118194/16600657/116103_1_online.pdf

https://scitation.org/journal/phf


the R–T instabilities as indicated in Fig. 8(b). The bubble and spike
structures grow periodically and alternately, leading to the oscillation
of the CW in association with the BL. The fluctuating CW interacts
with the transverse wave causing Mach reflection and thus transmits
the oscillating behavior to both Mach stem and incident shock wave
(SW). The unsteady incident SW impinges on the wall, leading to the
establishment of the separation bubble. The unstable incident SW
aggravates the self-excited oscillation of the separation bubble, which
propagates upstream through the subsonic region of the BL, acting as
an input excitation for the point of deflection SW impinging on the
wall. Thus, the deflection SW moves in a reciprocating motion along
the wedge wall, which feedbacks to the conjunction point of CW and
the burning layer. Meanwhile, the pressure disturbance caused by the
CW and burning BL propagates downward, acting as the excitation
factor for the wave structure downstream.

IV. CONCLUSIONS

In this work, we have conducted a high-resolution simulation to
describe the initiation and evolution of the wedge-induced oblique det-
onation wave (ODW) with emphasis on the effects of the burning
boundary layer (BL). The Reynolds-averaged Navier–Stokes equation
equipped with Spalart–Allmaras turbulence model and a two-step
chemical reaction has been numerically solved using WENO-Z recon-
struction and the additive Runge–Kutta method.

The induction ignition length lign behind OSW/ODW front
shows a maximum value, which is proportional to activation energy
(Ea), and effectively governed by the burning BL near the wedge sur-
face, but by the shock-induced combustion outside the burning BL.
During the initiation of ODW, the collision occurs between the
shock-induced combustion wave and the inert OSW, which forms a
high-pressure/temperature zone expanding outwards, known as the
diffraction of the reactive wave. The area of the subsonic zone behind
strong overdriven ODW monotonically increases with the intensity of
combustion wave in the quasi-steady flow field.

A series of compression waves (or shock wave) are emanated
from the conjunction point of the burning BL and combustion wave,
which further strengthens the pressure jump as Ea increases. In the
presence of those compression waves, the deflection angle of the com-
bustion wave becomes larger to match the resulting high-pressure
zone. According to the polar line analysis, regular reflection transitions
into irregular reflection as the deflection angle becomes larger, which
agrees well with the numerical simulation. Particularly, for Ea ¼ 50,
the reaction front of the burning BL is subject to Rayleigh–Taylor
instabilities, which leads to oscillations of the triple-point and Mach
stem of the ODW flow structure.

The current work shows that the burning BL contributes to the
ODW initiation and reflection type near triple-point. To avoid the
oscillation of the flow configuration and thus to hold the ODW steady,
the development of the burning BL should be suppressed appropri-
ately, and the induction ignition length must be precisely controlled
via the hot jet mounted on the wall or a novel geometry configuration.
In addition, the simulation results demonstrate that the strength of the
compression wave emanated from the conjunction point of the burn-
ing BL and the combustion wave depends on the activation energy.
However, there is no quantitative prediction in theory. To address this
issue in the future, an elaborate theoretical model based on boundary
layer theory, chemical kinetics, and shock relation should be

developed, which can also assess the strength of the combustion wave;
with the aid of shock/combustion interaction, a fundamental profile
on the ODW flow field can be established theoretically while account-
ing for the effects of BL.
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