
SPECIAL ISSUE PAPER 687

Numerical modelling of oblique shock and detonation
waves induced in a wedged channel
H Y Fan and F K Lu∗

Aerodynamics Research Centre, Department of Mechanical and Aerospace Engineering, University of Texas at Arlington,
Arlington, Texas, USA

The manuscript was received on 3 August 2007 and was accepted after revision for publication on 14 February 2008.

DOI: 10.1243/09544100JAERO273

Abstract: A computational study of wedge-induced oblique shock and detonation wave
phenomena in the flow of a combustible mixture over a wedged channel is presented with the
purpose of understanding the fundamental gasdynamics of the waves and their interactions. A
two-dimensional, time accurate, finite-volume-based method was used to perform the computa-
tions, and a five-species, two-step chemical reaction is assumed for a stoichiometric hydrogen–air
mixture.The combustion channel is made of a wedged section followed by a constant area section.
The simulation was performed with wedges of up to 20◦ semi-angle and Mach numbers from 1.25
to 6, with other inflow parameters fixed. Within the computational domain either propagating
or standing shock and detonation wave configurations were obtained depending on the flow
Mach number and the wedge semi-angle. Four flow modes, namely, a propagating detonation
wave, a standing detonation wave, a propagating shock wave, and a standing shock wave mode
were identified. The two detonation-based modes were emphasized. Detonation initiation, prop-
agation, and the induced wave interactions of these modes were investigated. The shock-based
modes were also studied briefly. Phenomena explored included overall wave structures, deto-
nation initiation arising from shock coalescence, location of initiation, and double detonation
initiation. The physical mechanisms of these phenomena were analysed.
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1 INTRODUCTION

Oblique shock theory indicates that the supersonic
flow of a perfect gas with a specific heat ratio of γ

past a sharp wedge at zero incidence is governed by
the incoming Mach number M1 and the wedge semi-
angle θ . For semi-angles below a maximum value, the
theory admits a weak and a strong solution. The strong
solution is unrealizable physically. The weak solution
comprises an oblique shock inclined at an angle β to
the incoming stream. When the wedge angle equals
θmax, a sonic condition exists downstream of the shock.
When θ exceeds θmax, there is no attached shock solu-
tion. Instead, a curved bow shock forms upstream of
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the wedge. The value of θmax is a function of M1 for a
given perfect gas. When an attached shock solution is
available, there is conical symmetry in that there is no
geometric lengthscale.

Beyond the simple configuration described above,
one can construct more complicated ones, such as
a double wedge or a wedge expansion. These con-
figurations introduce a geometric lengthscale that
seriously affect the flow downstream. For example,
the compound wedge produces shock–shock inter-
actions that depend on the second wedge angle θ2,
as described in reference [1]. A further complica-
tion arises if the wedge is placed in the middle of a
channel, as may be found in scramjet modules with
sidewall or two-dimensional compression surfaces,
where multiple wave interactions occur [2–4]. For a
sufficiently large value of M1 which admits an attached
shock solution, the subsequent shock reflections even-
tually result in a flow Mach number that cannot
turn the flow through θ . A curved, terminal shock
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forms when this happens. The downstream flow then
becomes subsonic. Subsequently, downstream distur-
bances can cause flow instability that ‘pop’ the shock
system forwards, past the wedge to result in a bow
shock configuration, a phenomenon known as ‘inlet
unstart’ in high-speed propulsion. Should the wedge
be short, that is, should it terminate at a shoulder par-
allel to the incoming flow, the above phenomenon still
exists.

If the incoming flow is that of a supersonic com-
bustible mixture as, for example, in certain proposed
detonation-based propulsion systems [5–8], the shock
may induce combustion, depending on the mixture
composition, and flow and geometric parameters.
Possibilities of deflagration or detonation or post-
shock stability arise. To address these issues, a com-
prehensive numerical study of a confined wedge in
a supersonic, combustible flow was performed. To
capture the essential physics, two-dimensional Euler
computations were performed to avoid the complica-
tions of transport properties.The chemical reaction for
a stoichiometric H2/O2/N2 flow is described by a sim-
ple two-step reaction involving five species: H2, O2, N2,
H2O, and OH. The code that was used included a two-
temperature model for vibrational non-equilibrium,
but this effect was found to be negligibly small. The
computations, nonetheless, were performed with the
non-equilibrium model kept intact.

1.1 Literature review

Wedge- and cone-induced oblique shock and deto-
nation waves have recently received attention due
to their potential application in hypersonic propul-
sion devices. These include ram accelerators (see e.g.
[9–11]) and oblique detonation wave engines
(ODWEs) [12–14].

Experimental observations of oblique shock-
induced detonation [15–20] have shown that there are
at least two different types of flow that can arise. The
first is a direct initiation of a detonation wave within
a stagnation region. The second is an oblique shock
wave that transitions to an oblique detonation wave a
certain distance from the wedge’s leading edge.

Numerical simulation of wedge- and cone-induced
detonation has been done in the recent past
[9, 12, 21–30]. These studies were concerned with the
body in a semi-infinite domain. Generally, the stud-
ies showed two possible ways in which a detonation is
achieved. In the first, an attached oblique shock in the
incoming premixed combustible mixture transitions
to a detonation, arising from the compression. In the
second, a direct initiation is obtained. Under certain
conditions, a stable wave system is not achieved.

A wedge confined in a channel and the induced
complex wave interactions appear to be a realistic

model to the flow of a ram accelerator or an ODWE.
In this situation, the extra compression from multi-
ple shock reflections is expected to trigger detonation.
The multiple oblique wave reflections eventually ter-
minate with subsonic outflow. When this happens,
an unstable wave system arises, with the detonation
wave propagating upstream. This unstable detonation
mode has been proposed as a possible propulsion
technique for high-speed flight [6, 7]. The intrinsic
unsteadiness of the confined detonation flow is the
subject of the present study.

2 METHOD

2.1 Model equations and numerical
considerations

The numerical technique was previously reported by
Kim et al. [31] and only a brief overview is pro-
vided here. The time-dependent, two-dimensional,
Euler equations are used to describe an inviscid, non-
heat-conducting, reacting gas flow in which thermal
non-equilibrium is modelled with a two-temperature
model. These equations can be expressed in Cartesian
coordinates as

∂U
∂t

+ ∂F
∂x

+ ∂G
∂y

= S (1)

where U is the vector of conserved variables, F and
G are the convective flux vectors, and S the vector of
source terms

U =

⎡
⎢⎢⎢⎢⎣

ρs
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ρev

ρE
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0
0
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0

⎤
⎥⎥⎥⎥⎦

(2)

The subscript s = 1, 2, 3, . . . , Ns where Ns is the number
of species. The first Ns rows represent species conti-
nuity, followed by the two momentum conservation
equations for the mixture. The next row describes the
rate of change in the vibrational energy and the final
row is the total energy conservation equation. The
terms u and v are the velocities in the x and y direc-
tions, respectively, ρ = ∑Ns

s=1 ρs is the mixture density,
ρs is the density of species s, p is the pressure, ev is
the vibrational energy, E is the total energy per unit
mass of mixture, ws is the mass of production rate of
species s per unit volume, and wv is the vibrational
energy source.
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The internal energy based on the two-temperature
model is assumed to comprise an equilibrium por-
tion at the translational temperature T and a non-
equilibrium portion at the vibrational temperature Tv,
and can be defined as

e = eeq(T ) + ev(Tv) (3)

These energy components can be determined with
certain thermodynamic relations.

The source terms for the species mass production
rate in the chemical reactions can be written as

ws = Ms

Nr∑
r=1

(βs,r − αs,r)(Rf ,r − Rb,r) (4)

where Ms is the molecular weight of species s, Nr the
number of reactions, αs,r and βs,r are the stoichiometric
coefficients for reactants and products, respectively, in
the rth reaction. The forward and backward reaction
rates of the rth reaction are Rf ,r and Rb,r , respectively.
These rates can be determined by the Arrhenius law.

The source term of vibrational energy can be
written as

wv =
∑

s

Qv,s +
∑

s

wsev,s (5)

The first term on the right-hand side, Qv,s, represents
the vibrational energy exchange rate of species s due
to the relaxation process with translational energy,
which can be determined by the Landau–Teller for-
mulation [32, 33]. The second term, wsev,s, represents
the amount of vibrational energy gained or lost due
to production or depletion of species s from chemical
reactions.

A finite-volume algorithm is used to solve these
equations numerically. The advantage of this method
is its use of the integral form of the equations, which
ensures conservation and that allows for the correct
treatment of discontinuities. Non-equilibrium flow
involving finite-rate chemistry and thermal energy
relaxation often can be very difficult to solve numeri-
cally because of stiffness. The present method includes
a point implicit treatment of source terms to reduce
the inherent stiffness of the system by effectively
rescaling all the characteristic times in the fields into
the same order of magnitude. A ‘local ignition averag-
ing model’ (LIAM) [31] is further taken to handle the
additional stiffness in the ignition cells. The basic idea
for this model comes from the fact that the species
mass fractions are changing drastically in a very short
period when the reactants are ignited but reaches
equilibrium soon afterwards. LIAM separates the cell
in which the ignition condition is met and then inte-
grates the chemical kinetics equations alone in that
cell with a time step much smaller than the flow

solver time step. Temporal accuracy is improved by
using a two-step explicit Runge–Kutta time integration
scheme instead of first-order accurate Euler integra-
tion. Moreover, Roe’s flux-difference split scheme is
implemented for the cell interface fluxes, and a mono-
tone upstream-centred schemes for conservation laws
extrapolation approach is further combined for a high
spatial accuracy. The method hereby yields second-
order accurate results in both space and time at
smooth parts of the flow, while it still keeps first-order
accuracy at discontinuities as shock waves.

In the present study, the Rogers–Chinitz [34]
hydrogen–air combustion mechanism of five species
(N2, O2, H2, H2O, and OH) and two reactions (H2 +
O2 = 2OH and 2OH + H2 = 2H2O) is used. This model
was developed to represent hydrogen–air chemical
kinetics with as few reaction steps as possible while
still giving reasonably accurate global results. In this
model, nitrogen is counted as a collisional partner in
the thermodynamic model and relaxation process, but
not included in the chemical reaction model since the
maximum temperature in the hydrogen–air reaction
does not reach the dissociation temperature of nitro-
gen. The previous work by Kim et al. [31] demonstrated
that this simplified reaction mechanism together with
the solution strategies discussed above can handle the
stiffness in time caused by the reaction and accurately
represent the physical system.

2.2 Geometric configuration and flow conditions

The wedged channel geometry is shown in Fig. 1. The
two-dimensional channel is formed from a symmet-
ric wedge with a straight end-section symmetrically
arranged within a straight chamber. The wedge semi-
angle θ ranges from 2.5 to 20◦. The sharp wedge,
pointing upstream, is 60 mm wide and is attached to
an aftbody, 100 mm long, and of the same width as
the base of the wedge. The entire channel is 100 mm
wide. The upper half of the wedged channel is taken
as the computation domain. The length of the com-
putational domain varies from 300 through 800 mm

Fig. 1 Schematic of the wedged channel configuration
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depending on θ . This variation ensures that the clear-
ance between the wedge tip and channel inlet remains
sufficient for the simulation.

The incoming supersonic flow comprises a pre-
mixed stoichiometric hydrogen–air mixture. The
pressure and temperature of the flow are fixed at
p1 = 0.1 MPa and T1 = 700 K, respectively, while the
incoming Mach number is allowed to vary from 1.25
through 6. The left boundary of the domain is kept
at the inflow conditions. At the outflow boundary,
non-reflective characteristic boundary conditions are
implemented. Computations were performed only on
the upper half of the configuration due to the geo-
metric symmetry. Slip conditions are imposed at the
surfaces of the wedge, aftbody and the confined chan-
nel. The different parts of the computational domain
are meshed with structured grids, which are not all
identical. The minimum and maximum grid spacings
used in the present study are 0.4 and 1.0 mm, respec-
tively. A mesh convergence study by Kim et al. [31]
showed that these grid sizes can well handle the
problems to be modelled spatially. A similar mesh con-
vergence test done by Lu et al. [35] in a related work
also showed that a maximum grid spacing of 1.0 mm
can capture the detonation waves. It has to be noted,
however, that such a grid scale may be too coarse
to resolve the finer spatial detonation features. For
example, an important characteristic that needs to be
resolved is the induction layer, a very small zone with
no heat release between the shock front and the follow-
ing reaction zone. To analytically estimate the smallest
lengthscale is difficult since it depends on the reaction
mechanism and the flow initial conditions. Neverthe-
less, according to a recent comprehensive numerical
study [36], it is concluded that for the stoichiometric
hydrogen–air mixture in the current study, the induc-
tion zone length can be as short as 0.15–0.2 mm. (See
also references [37] and [38] for a review of the spatial
resolution requirements of detailed chemistry in deto-
nation modelling.) The above discussion implies that a
mesh with maximum grid spacing of less than 0.15 mm
is necessary if this layer is to be resolved properly. With
the chosen numerical method and the existing com-
putational resource, simulation on such a small mesh
size will result in an extraordinarily time-consuming
effort. Such an effort may not be worthwhile since the
present study focuses on the large-scale features of
detonation waves from an applied perspective, such
as the behaviour of detonation initiation and propaga-
tion, and the induced wave interactions. The selected
mesh size is hereby considered to be adequate. The
flow solver time step in the simulation is 10−7 s, which
is typical, and was proved capable of resolving the
timescales of interest [31, 35, 39]. The matrix of test
cases is shown in Fig. 2. The figure also shows various
flow configuration domains which will be discussed
later.

Fig. 2 Matrix of test cases and flow modes

3 RESULTS AND DISCUSSION

Detonation initiation is accompanied by a deflagration-
to-detonation transition unless the initiation energy
is sufficiently high [40]. The previous work using
the same numerical technique suggests that a tran-
sition phenomenon can be captured [31, 35, 39].
Though a transition process may appear in some
cases, the present simulations show in general that
the ignited flow can transit rapidly to the Chapman–
Jouguet (CJ) state (pCJ = 0.665 MPa, TCJ = 3014 K, and
DCJ = 1927 m/s). The rapid transition in the present
simulations supports the experimental observation by
Lu and Wilson [41] that shock-induced detonation
occurs almost instantly and seems to indicate that a
direct initiation is possible with shock-induced deto-
nation. In the present study, the discussion is based on
the assumption that the combustion rapidly transits to
detonation.

Moreover, shock and detonation polar diagrams
are provided in the discussion where necessary to
assist in interpreting the numerical simulation results
obtained in this study.The polar diagrams are obtained
from an idealized planar shock or detonation wave
analysis assuming that the specific heat ratio is con-
stant. The shock polar technique for a perfect gas is
well described in gasdynamics texts (see e.g. [42]).
The detonation polar diagrams used in the discus-
sion are determined assuming that the heat release
after the detonation front is constant, and that the
heat release can be evaluated from the numeri-
cal simulation results of the related cases. Details
of the detonation polar technique can be found in
reference [43].
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3.1 Typical modes

Within the computational domain, either propagating
or standing shock and detonation wave configura-
tions are obtained depending on the flow incoming
Mach number M1 and the wedge semi-angle θ . More-
over, whether a detonation occurs also depends on
the values of M1 and θ . Consequently, the shock and
detonation wave configurations in the wedged chan-
nel can be classified into four major modes depending
on whether they are propagating or standing and on
whether detonation occurs or not. Configurations that
yield propagating detonation waves (PDWs) belong
to the ‘PDW mode’. The other three modes are cor-
respondingly denoted as the ‘propagating shock wave
(PSW) mode’, the ‘standing detonation wave (SDW)
mode’, and the ‘standing shock wave (SSW) mode’.
These four modes are indicated in Fig. 2.

As can be seen in Fig. 2, the propagating modes
are located to the left while the standing modes are
located to the right, separated by a complex area.
This complex area (bounded approximately by the two
straight dashed lines) can be regarded as a transi-
tion region because, within that area, propagating and
standing modes can occur alternately (for example,
see the test points in the region for θ = 12.5–17.5◦).
In Fig. 2, the complex area stretches to the upper
right as M1 and θ increase. This reveals that the larger
the wedge semi-angle, the larger the incoming Mach
number required to achieve a stabilized wave system.
Finally, the boundary separating the detonation mode
from the non-detonative (shock) mode is also plotted
in Fig. 2 by a curved dashed line. Here, attention is
focused on the detonative modes; the non-detonative
modes are only briefly discussed.

3.1.1 PDW mode

The PDW mode can be initiated either after multiple
oblique shock reflections in the aftbody area or directly
at the wedge tip, depending on M1 and θ , for the given
incoming pressure and temperature. In this mode,
a detonation wave that is formed following a num-
ber of shock reflections propagates upstream because
the detonation wave speed is larger than the incom-
ing local flow velocity in the channel. Alternatively, a
detonation wave that is formed at the wedge tip can
also propagate upstream if the post-wave reflections
cause the downstream flow to become subsonic and
unstable. In this latter case, downstream subsonic flow
allows disturbances to propagate upstream to over-
take the original wedge-attached detonation wave,
an example of which will be discussed subsequently.
There appears to be various ways for initiating and
propagating the detonation wave even in this mode.
Some of these are discussed with the following three
examples.

Fig. 3 Evolution of the PDW for M1 = 3 and θ = 5◦;
example case 1 of the PDW mode

The first example is the case for M1 = 3 and θ = 5◦.
Figure 3 shows the isobars at various times follow-
ing the initial establishment of an attached, oblique
shock train. At t = 0.4275 ms, a detonation kernel is
induced over the aftbody, just downstream of the
wedge shoulder, after six reflections from the wedge-
attached shock. Correspondingly, the shock polar dia-
gram of Fig. 4 shows that at the moment just before
the formation of the detonation kernel, the pres-
sure is raised to above the CJ value by six shock
reflections (state 7). The detonation kernel grows to
fill the entire width of the channel by t = 0.435 ms.

Fig. 4 Polar diagram for M1 = 3 and θ = 5◦; example
case 1 of the PDW mode
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Fig. 5 Evolution of the PDWs for M1 = 3.5 and θ = 12.5◦;
example case 2 of the PDW mode

The kernel’s downstream propagating front is elon-
gated by the incoming flow. However, the upstream
front is travelling against the incoming flow and prop-
agates at a slower rate. As this upstream detonation
front propagates past the wedge, it encounters and
overtakes the steady, oblique shock system. Eventually,
this detonation front exits the wedge area, becomes
purely normal in the straight inlet channel and propa-
gates out of the left computational boundary.

The next example is for the M1 = 3.5 and θ = 12.5◦

case. The evolution of the shock and detonation wave
is shown by isobars in Fig. 5. The wedge tip induces an
attached shock which is reflected off the channel wall
and impinges the aftbody to ignite a detonation ker-
nel, as can be seen by the isobars at t = 0.0625 ms. This
instant is depicted by the corresponding shock polar
in Fig. 6. The polar shows that the flow after two shock
reflections (i.e. state 3) attains the CJ pressure.The sim-
ulation shows an expansion fan from the wedge shoul-
der interacting with the reflected wave but the interac-
tion is weak and thus is not considered in constructing
the polar. The detonation kernel grows and reaches
the opposite wall on which it is reflected. The deto-
nation kernel then evolves into an oblique front at t =
0.08 ms. This oblique front is not stable and propagates

Fig. 6 Polar diagram for M1 = 3.5 and θ = 12.5◦; exam-
ple case 2 of the PDW mode

forward, eventually evolving into a normal front by
t = 0.13 ms. The detonation wave continues to propa-
gate upstream, overtaking the oblique shocks to enter
the inlet until it exits the left computational boundary.

The third example is for M1 = 4.5 and θ = 20◦, and
is shown by isobars in Fig. 7. This case represents the

Fig. 7 Evolution of the PDW for M1 = 4.5 and θ = 20◦;
example case 3 of the PDW mode
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strongest wave initiation and interaction among the
three examples for the PDW mode. A detonation wave
is directly initiated from the wedge tip, as the incom-
ing Mach number is sufficiently large for the wedge
that the post-shock parameters exceeds the CJ state
and thereby triggers detonation. The numerical results
show that detonation is ignited at the very instant that
the flow passes the wedge. Figure 7 shows the detona-
tion wave ‘DW’ already forming at t = 0.005 ms. The
detonation front that impinges the wedge tip devel-
ops promptly to over the whole wedge surface. The
detonation front is reflected off the opposite chan-
nel wall to induce further shock reflections, which
eventually results in a subsonic downstream flow.
This then causes the wave system to coalesce and to
propagate upstream to overtake the existent oblique
detonation front. A new normal front forms and
propagates upstream to exit the left computational
boundary.

The polar diagram for only the oblique detonation
wave and its reflected shock is plotted in Fig. 8. The
figure also plots a shock polar with a dash-dotted
line assuming an inert flow. Thus, an oblique shock
due to a 20◦ deflection in an inert flow is represented
by the path 1′ → 2′, whereas the oblique detonation
wave due to the same deflection is represented by the
wriggly line 1′ → 2, indicating obviously that the post-
detonation flow exists at a higher state than a post-
shock flow. The post-shock inert flow (state 2′) actually
raises the pressure to above the CJ value, implying an
unstable situation that triggers detonation. This is in
accordance with the simulations that detonation is ini-
tiated essentially from the moment the flow arrives
at the tip of the wedge. The shock polar originating
at 2 further suggests that the wedge-induced detona-
tion wave is unable to induce a reflection to yield a
uniform downstream flow. This fact is added evidence

Fig. 8 Polar diagram for M1 = 4.5 and θ = 20◦; example
case 3 of the PDW mode

of the unsteadiness of this simulated shock and det-
onation wave configuration. The displacement of the
detonation polar above the shock polar (state 1 versus
1′) is due to the pressure rise accompanying the heat
release from the detonation.

The pressure distributions on the lower computa-
tional boundary on which detonation is initiated are
shown in Fig. 9 for the above three PDW examples.
Instead of following the actual computational bound-
ary, the abscissa plots the horizontal distance. In the
figure, three instants of time from detonation initiation
together with a time just before detonation initiation
are used to record the pressures for each of the first two
cases. Because the third case directly initiates detona-
tion from a very early time, three time instances from
detonation initiation are only used to record the cor-
responding pressure distributions. The results clearly
show that the multiple shock reflections result in a
narrow, high thermodynamic parameter region where
the combustible gaseous mixture reaches the CJ state
and begins to detonate. The peak detonation pres-
sures and temperatures are much higher than the CJ
state, with the tendency that the peak value increases
as M1 and θ increase. As the detonation wave prop-
agates over the wedge, the second and third cases
present an abrupt Taylor expansion after the deto-
nation front whereas the first case presents a gentler
expansion behind the detonation front. Furthermore,
when the detonation wave moves in the straight inlet
area, the flow behind is able to maintain fairly uniform
conditions.

3.1.2 SDW mode

A detonation wave can be stabilized by a wedge to
achieve an SDW mode if the incoming Mach number
is large enough. Basically, the stabilization of the det-
onation wave depends directly on a balance between
the wave propagation rate and the local flow speed.
Whether the wave is stable ultimately depends on the
two input parameters M1 and θ . Two stable configu-
rations apparently can be achieved, namely, a normal
detonation wave stabilized in the aftbody area or an
oblique detonation wave stabilized from the tip of the
wedge. A series of wave reflections occur downstream
of the detonation wave.

The first example of the SDW mode is for the M1 = 5
and θ = 5◦ case. The evolution of the SDW is shown by
isobars in Fig. 10. The polar diagram for the shock sys-
tem before detonation initiation is plotted in Fig. 11.
Detonation is initiated after three shock reflections in
the aftbody area (t = 0.1275 ms) in the tip area of the
third oblique shock that impinges the channel surface.
The weak expansion waves emanating from the wedge
shoulder (4 in Fig. 11) do not affect the detonation
initiation significantly. The flow state in 5 before det-
onation initiation (e.g. pressure) exceeds the CJ value
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Fig. 9 Pressure distributions on the lower computational boundary for the three example cases of
the PDW mode: (a) example case 1: M1 = 3, θ = 5◦; (b) example case 2: M1 = 3.5, θ = 12.5◦;
(c) example case 3: M1 = 4.5, θ = 20◦

as shown in the polar of Fig. 12. This ensures shock-
initiated detonation. The detonation kernel rapidly
enlarges, reflects off the aftbody surface and eventually
stabilizes to a detonation front at t = 0.35 ms, with a
λ-foot structure that will be further discussed later.

The next example is for the M1 = 5.5 and θ = 10◦

case. The evolution of the SDW for this case is shown
by isobars in Fig. 12. The polar diagram for the shock
and detonation system is presented in Fig. 13. To
assist in the explanation, the figure also plots the
polar for a reflected shock assuming inert flow as a
chained line. Detonation is initiated after the attached
shock impinges the wall surface in the aftbody area
(t = 0.03 ms). The actual detonation process proceeds
according to 1 → 2′ → 3. Moreover, the shock polar
of Fig. 13 shows that an inert flow would reach state
3′ with a pressure exceeding the CJ value. Just as in
the above case, such a situation is not achieved and a
detonation is initiated. The detonation kernel expands
rapidly and impinges the opposite aftbody surface
to result in an oblique detonation front at about
t = 0.04 ms. The induced detonation front and the
following shock wave structure develop and eventually
stabilize after t = 0.2 ms.

The final example of the SDW mode is for the M1 = 6
and θ = 15◦ case, which is the strongest case of the
three discussed. The evolution of the SDW is shown
by isobars in Fig. 14. Detonation is directly initiated
at the wedge tip. Hence, a very early flow ignition is
observed at t = 0.005 ms. A detonation wave evolves
over the entire wedge surface and is then reflected
off the opposite channel wall to form a complete
oblique detonation front. Behind the oblique deto-
nation wave is a shock reflection on the wedge. Fur-
ther shock and expansion interactions and reflections
occur in the aftbody area that are finally stabilized
after t = 0.24 ms. The polar diagram of the detona-
tion wave and the reflected shock are depicted in
Fig. 15. Included in the figure is the polar of an attached
shock assuming inert flow, shown by a chained line.
The results suggest that an inert flow can reach the
CJ pressure after passing over the wedge (state 2′

in Fig. 15), implying that detonation can be directly
initiated at the wedge tip, as demonstrated in the
simulation.

The pressure distributions at selected times for the
above three examples are shown in Fig. 16. The data are
recorded on the upper computational boundary for
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Fig. 10 Evolution of the SDW structure for M1 = 5 and
θ = 5◦; example case 1 of the SDW mode

the first two cases and on lower computational bound-
ary for the third case in order to capture the detonation
initiation process. As in the PDW mode, three time
instances from the detonation initiation together with
the instant just before detonation initiation are used
to record the pressures for the first two cases and only
three time instances from detonation initiation are
used for the third case. The results in the figure show
the narrow region with high thermodynamic parame-
ters (in the figures, the pressures) arising from shock
reflections that initiate the detonation. The detonation
front strengths and the post-wave thermodynamic
parameters are generally higher than the CJ state.

Fig. 11 Polar diagram for M1 = 5 and θ = 5◦; example
case 1 of the SDW mode

Fig. 12 Evolution of the SDW structure for M1 = 5.5 and
θ = 10◦; example case 2 of the SDW mode

It is worthwhile to examine the wave structures
obtained in the aftbody area for the SDW mode. From
shock theory, oblique shocks cannot be maintained
in a straight channel since no flow deflection bound-
ary conditions exist in such a domain. Nonetheless,
the results for the SDW mode show the presence of
oblique wave reflection in the straight section (for
example, in Figs 10, 12, and 14). Such a train of oblique
shock waves can exist only in concert with a train of
expansion waves originating from the opposite wall.
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Fig. 13 Polar diagram for M1 = 5.5 and θ = 10◦; exam-
ple case 2 of the SDW mode

Fig. 14 Evolution of the SDW structure for M∞ = 6 and
θ = 15◦; example case 3 of the SDW mode

For this particular geometry, an oblique shock formed
in the region downstream of the detonation front
will encounter the expansion waves generated at the
wedge shoulder and a mutual wave interaction is set
up – the shock compresses the flow after it, whereas the
expansion waves that keep in step with the shock then
expands the flow. Since both of the waves are oblique,
their alternate actions induce flow disturbances that
propagate obliquely in the channel to eventually form
the stabilized wave structures.

Fig. 15 Polar diagram for M1 = 6 and θ = 15◦; example
case 2 of the SDW mode

For a better view of the mutual interaction between
opposite families of oblique shock and expansions,
one of the three selected examples above was
re-computed with the length of the aftbody elongated
to three times the original. The stabilized pressure
distribution for the elongated aftbody case is shown
in Fig. 17 using a three-dimensional contour plot.
The pressure peaks and valleys attain a regular pat-
tern that arises from the mutual wave interaction.
The figure also shows a decreasing tendency of the
pressure fluctuation towards downstream as can be
anticipated.

3.1.3 Non-detonative modes

For certain combinations of the input parameters M1

and θ , particularly, for small θ , no detonation occurs.
Instead, either a propagating or a standing shock,
namely the PSW or the SSW mode, forms within the
computational domain. An example of the PSW mode
is shown in Fig. 18 via isobars for M1 = 1.5 and θ = 10◦.
The polar diagram for this case is depicted in Fig. 19,
which suggests that the wedge-attached shock is
unable to induce a regular flow reflection for the given
deflection angle. In fact, the low value of the incoming
Mach number causes the shock to be detached around
the wedge and this results in unsteadiness in the con-
fined channel flow. The numerical simulation for this
case shows that the multiple wave reflections fail to
stabilize in the channel. Disturbances that occur in
the subsonic flow downstream propagate upstream,
thereby causing the multiple waves to coalesce into
the initial wedge-attached shock. Eventually, the wave
coalescence produces a relatively strong normal shock
which detaches rapidly, such that at t = 0.625 ms, and
propagates out of the computational domain.

The pressure distribution along the lower compu-
tational boundary is shown in Fig. 20. The figure
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Fig. 16 Pressure distributions on the upper computation boundary, for example, case 1 (M1 = 5,
θ = 5◦) and case 2 (M1 = 5.5, θ = 10◦) and on the lower computation boundary, for
example, case 3 (M1 = 6 and θ = 15◦) for the SDW mode

indicates a pressure rise at the wedge apex at t =
0.005 ms and an expansion at the wedge shoulder. The
multiple shock reflections along the wedge surface
are obviously expressed in the pressure distribution
at t = 0.4 ms. The final distribution at t = 0.625 ms

Fig. 17 Stabilized pressure distribution for M1 = 5.5 and
θ = 10, an example case of the SDW mode

presents a strong pressure rise ahead of the wedge fol-
lowed by a relatively flat plateau and a rapid drop at
the shoulder. It can be seen that, despite compression
from multiple shocks, the pressure does not approach
the CJ level, leading to a non-detonative post-shock
flow.

A stabilized, non-detonative mode occurs at higher
Mach numbers while keeping the semi-angle small.
An example of this SSW mode is shown in Fig. 21
for M1 = 5 and θ = 2.5◦. The polar diagram for this
case is plotted in Fig. 22. The numerical simulation for
this case shows that the flow stabilizes with six stand-
ing oblique shocks in the channel. The stabilization
process is also evident in the surface pressure distri-
butions along the lower boundary, as shown in Fig. 23.
The sequence of shock reflections resulting in distinct
pressure jumps is obvious in this figure, reaching a
steady state at t = 0.45 ms. The pressure stabilizes to a
level below the CJ value (state 7 on the polar diagram)
and, thus, no shock-induced detonation occurs within
the computation domain.

Nevertheless, it can be easily shown that for the
SSW mode, a long configuration can induce a suffi-
ciently large number of wave reflections to cause the
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Fig. 18 Evolution of PSWs for M1 = 1.5 and θ = 10◦; case
of a PSW mode

Fig. 19 Shock polar diagram for M1 = 1.5 and θ = 10◦;
example case of a PSW mode

pressure to exceed the CJ value, thereby inducing deto-
nation. In the above example, from the polar diagram
of Fig. 22, one can predict that two more reflections
(states 8 and 9 on the dash-dotted polars) will bring
the pressure to exceed the CJ value. Further simula-
tions (not shown) also reveal that the increase in the
number of reflection waves initiates detonation when
the wedge is elongated while keeping other geometric
parameters constant.

Fig. 20 Pressure distribution on the lower computa-
tional boundary for M1 = 1.5, θ = 10◦; example
case of an PSW mode

Fig. 21 Evolution of the SSWs structure for M1 = 5 and
θ = 2.5◦; example case of an SSW mode

Fig. 22 Shock polar diagram for M1 = 5 and θ = 2.5◦;
example case of an SSW mode
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Fig. 23 Pressure distribution on the lower computa-
tional boundary for M1 = 5, θ = 2.5◦; example
case of an SSW mode

3.2 Further observations

3.2.1 Detonation waves induced by shock coalescence

The simulations reveal that detonation may not only
be initiated by oblique shock reflections induced in
the wedged channel but may also be induced by sub-
sequent upstream-moving shocks. The latter situation
usually occurs when (M1, θ) are in the transitional
region between the PSW and PDW modes (Fig. 2). In
this situation, the shock waves at early time appear
similar to those in the PSW mode, namely, multi-
ple reflections following the wedge-attached shock.
This shock system eventually results in a subsonic
downstream flow that allows disturbances to propa-
gate upstream, and hence causing multiple waves to
coalesce with the initial wedge-attached shock. Unlike
in the PSW mode, the coalescence of the shocks may
induce a detonation wave.

Moreover, there appears to be two different possi-
bilities for detonation initiation through shock coa-
lescence. An example of detonation induced by shock
coalescence is shown in Fig. 24 for the case of M1 = 1.5
and θ = 12.5◦. Shock waves downstream of the wedge-
attached shock propagate upstream and at t = 0.5 ms
have coalesced to a relatively strong, normal shock.
The strong shock at this time continues to propa-
gate upstream to overtake the wedge-attached shock.
When the shock passes over the wedge tip at about
t = 0.67 ms, the flow is ignited at the vicinity of base
of the coalesced shock front. The initiated detonation
wave expands rapidly and propagates towards both
ends of the channel.

The second possibility is presented in Fig. 25 for
the case of M1 = 1.75 and θ = 15◦. Here, shock waves
after the wedge-attached shock coalesce with those
upstream, eventually resulting in one strong λ shock.
In Fig. 25, it can be seen that the wedge-attached
shock begins to be deflected by the first reflected shock
at t = 0.3 ms to yield a Mach reflection. The Mach
stem impinging the upper surface increases in length

Fig. 24 Evolution of the PDWs induced by upstream-
moving shock waves (M1 = 1.5 and θ = 12.5◦,
first possibility)

(and strength), and eventually detonation is ignited
by the shock at its rear near the channel lower sur-
face at about t = 0.3875 ms. Again, the detonation
wave expands and propagates to the two ends of the
channel.

3.2.2 Number of reflected shocks and location of
detonation initiation

A classification scheme can be devised based on N , the
total number of oblique shocks that exists before det-
onation initiation in either the PDW or SDW modes.
For example, N = 1 indicates that detonation is initi-
ated after a wedge-attached oblique shock impinges
on the wall surface, and N = 2 means that detonation
is initiated after two reflections and so on. In addition,
N = 0 denotes that detonation is initiated directly after
the wedge-attached oblique shock. The demarcations
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Fig. 25 Evolution of PDW induced by upstream-moving
shock waves (M1 = 1.75 and θ = 15◦, second
possibility)

for N = 0, 1, and 2 are plotted in Fig. 2. Further, for the
cases considered, N can reach up to 12. These values
are indicated by small numerals adjacent to symbols.

The larger the incoming Mach number M1 or the
wedge semi-angle θ , the fewer shock reflections are
needed for detonation to be ignited. Hence, the upper-
right region in Fig. 2 is where detonation can occur
directly from the wedge-induced shock. The following
N = 1, 2, . . . , 12 contours locate successively towards
the lower-left corner of Fig. 2.

Detonation can be initiated from either the wall
surface or the wedge-body surface of the considered
channel. When M1 and θ are given, the detonation
initiation location is the surface on which a shock
reflection first raises the pressure to the CJ value. Con-
sequently, when N is odd, the initiation is from the wall
surface while if N is 0 or even, detonation is initiated
on the wedge-body surface.

3.2.3 λ-structure

In the PDW mode, if a propagating detonation front
passes over the oblique shock reflections that are
initiated from the wedge apex, a Mach reflection, λ-
structure can appear. This phenomenon can be seen
in Figs 3, 5, and 7. A more detailed discussion of this
phenomenon is now given using Fig. 26 for two cases,
namely, M1 = 3.5, θ = 12.5◦ and M1 = 4.5, θ = 20◦. In
the figure, the λ-structure is presented at instants
when the detonation front is over the wedge area,
through isobars, isotherms, and isopycnics. The fig-
ures depict a wave structure formed by an upstream
propagating normal detonation wave intersecting a
stable oblique shock (or detonation) wave through a
Mach stem. A contact discontinuity exists after the
triple point that separates the fluid that has passed
through the whole channel from the fluid that has
passed only through the normal detonation wave.
The contact discontinuity can be clearly seen in the
temperature and density contours.

On the other hand, in the SDW mode, a detonation
front encountering the expansion fan at the wedge
shoulder is weakened and deflected so as to form a
standing λ-foot. This phenomenon can also be clearly
seen in the results of the previous three examples of the
mode. Such λ-foot structures are further illustrated in
detail in Fig. 27 for the cases of θ = 5◦ with M1 = 4.75,
5.5, 5.25, and 5.5. From the results, it is obvious that the
deflected part of the detonation front depends on the
streamwise position where it is stabilized. The farther

Fig. 26 Mach reflection λ-structure for two PDW cases:
(a) M1 = 3.5 and θ = 12.5◦; (b) M1 = 4.5 and
θ = 20◦
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Fig. 27 Expansion fan λ-structure at four different M1

with θ = 5◦ in the SDW mode: (a) M1 = 4.75; (b)
M1 = 5; (c) M1 = 5.25; (d) M1 = 5.5

the detonation front is from the wedge shoulder, the
larger the portion of the front that is influenced. Thus,
Fig. 27(a) shows the case in which the detonation front
is situated just before the wedge shoulder and conse-
quently, it is not significantly affected by the expansion
fan. However, Fig. 27(d) shows the case in which the
detonation front is located rather far from the wedge
shoulder and is thereby deflected most seriously by the
expansion waves.

3.2.4 Double detonation initiation

In some cases, after detonation has been initiated
and developed, a subsequent detonation kernel may
still be triggered occasionally ahead of an existing
detonation wave. This double detonation initiation
phenomenon may arise in both the PDW and SDW
modes. Three examples are shown in Fig. 28 with
isobars to record the second detonation initiation pro-
cesses. The first two cases belong to the PDW mode
while the third is of the SDW mode. It can be seen
that the second detonation initiation in each case
starts in a tip area of an oblique shock ahead of the
detonation wave. It is thought that the second det-
onation wave is excited by the strengthening of the
upstream oblique shock from the upstream propagat-
ing detonation fronts. When a second detonation is
initiated, it promptly expands to mix with the origi-
nal detonation front to share the reactants in the small
area between the two detonations. The mixing pro-
cess forms a new complex detonation front that either
propagates upstream or is stable.

Fig. 28 Double detonation initiation phenomenon for
three different cases: (a) M1 = 4 and θ = 10◦; (b)
M1 = 4.5 and θ = 10◦; (c) M1 = 4.75 and θ = 5◦

4 CONCLUSIONS

The wedge-induced shock and detonation waves
occurring in a two-dimensional symmetric wedged
channel was studied numerically. A five-species and
two-step reaction mechanism was adopted to model
the thermo-chemical dynamics of the detonation pro-
cesses and a time-accurate and finite-volume-based
method was used to simulate the processes numeri-
cally. Semi-wedge angles of up to 20◦ were considered.
The incoming Mach number was allowed to vary while
the other inflow aerodynamic parameters were fixed.
A qualitative understanding of the complex and rich
shock and detonation flow was obtained. Emphases
were paid on detonation phenomena. Different shock
and detonation flow configurations were identified
that are demonstrated to depend on the incoming
Mach number and the wedge angle. In particular, four
typical flow modes were presented that are classified
based on the viewpoints whether the shock and deto-
nation wave structure is propagating or standing and
whether detonation occurs in the channel. Many flow
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phenomena associated with the studied shock and
detonation systems were presented and analysed.
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