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Abstract  When the cell width of the incident deto-
nation wave (IDW) is comparable to or larger than the
Mach stem height, self-similarity will fail during IDW
reflection from a wedge surface. In this paper, the det-
onation reflection from wedges is investigated for the
wave dynamic processes occurring in the wave front,
including transverse shock motion and detonation cell
variations behind the Mach stem. A detailed reaction
model is implemented to simulate two-dimensional cel-
lular detonations in stoichiometric mixtures of Hy/O;
diluted by Argon. The numerical results show that the
transverse waves, which cross the triple point trajec-
tory of Mach reflection, travel along the Mach stem and
reflect back from the wedge surface, control the size of
the cells in the region swept by the Mach stem. It is the
energy carried by these transverse waves that sustains
the triple-wave-collision with a higher frequency within
the over-driven Mach stem. In some cases, local wave
dynamic processes and wave structures play a dominant
role in determining the pattern of cellular record, lead-
ing to the fact that the cellular patterns after the Mach
stem exhibit some peculiar modes.
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1 Introduction

Recently an increasing number of investigations have
been carried out on detonation reflections from wedges.
Some questions still remain unanswered, such as the
influence of the reflection on the detonation wave front
structures, the wave dynamic phenomena occurring in
the reflection processes, and the interaction between
the inside-cell transverse waves and the main transverse
wave of Mach reflection and their effect on the trajectory
of triple point collision. It is well known that in a detona-
tion front structure, the leading shock is wrinkled, con-
sisting of alternate weak incident shocks and stronger
Mach stems, and jointed at the triple points by transverse
waves which travel back and forth perpendicular to the
wave front and extend back into the reaction zones.
The transverse waves interact with the reaction zones
and shear layers behind the leading shock, and induce
endothermic or exothermic combination depending on
the local wave structures. When an incident detonation
wave (IDW) diffracts over a wedge, such unsteady and
nonequilibrium processes normally cause complicated
wave phenomena of interest. Moreover, when the cell
width of IDW is comparable to or larger than the Mach
stem height, self-similarity will fail during IDW reflec-
tion over wedges.

Zhang et al. [1] reported a large scale experiments
on detonation reflections in acetylene—air mixtures. The
transition from a regular to Mach reflection was found
to take place in the Mach reflection regime predicted
by the three-shock theory . Guo et al. [2] and Thomas
et al. [3] experimentally visualized the detonation reflec-
tion from wedges and smaller detonation cells behind
the Mach stem were demonstrated by a smoked foil
record technology. For Mach-reflected detonations, it
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was found that the main trajectory triple points are
always not in a straight line [2,4,5]. However, both
the present numerical simulations and cellular patterns
from experiments are not informative enough to inter-
pret the curved trajectory due to the low resolution.
Moreover, in most of pioneering researches [4,6,7], the
idealized single-step or two-step reaction models were
applied to simplify the chemical reaction kinetics which
involves actually multiple species and multiple charac-
teristic reaction scales. Nevertheless, it is known that, for
detonation simulations, quantitatively different chemi-
cal kinetics can produce quantitatively different results.
Hu et al. [8] simulated various cases of detonation reflec-
tions over wedges with a detailed chemical reaction
model and demonstrated difference in the trajectory
of triple points between shock waves in inert gases and
non-cellular detonations in combustible mixtures of
hydrogen and oxygen.

In this paper, the cellular detonation reflection from
wedges is investigated for the wave dynamic processes
occurring in the wave front, including transverse shock
motion and detonation cell variations behind the Mach
stem. A detailed reaction model is implemented to sim-
ulate two-dimensional (2D) cellular detonations in stoi-
chiometric mixtures of H/O»/Ar.

2 Governing equations

With usual assumption that dissipative effects, such as
viscous, heat-conductive and diffusive effects, are ne-
glected, the governing equations of gaseous detonations
are the 2D multi-component Euler equations with chem-
ical reaction source terms. The equations can be written
in conservation form with ns continuity equations for a
perfect gaseous mixture in Cartesian coordinates:

U oF oG
il =s, M
at ox ay
where,
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where, U denotes unknown variables, F and G the fluxes,
S the chemical reaction source term. ¢; = p;/p (i = 1,ns)
is mass fraction of the species i. m = pu, n = pv, u and
v are velocity components in x- and y-direction, respec-
tively. The density of each species is denoted by p;. The
total energy per volume E is defined as

E = ph—p+ p?+1%)/2. 4)

Each species is usually assumed to be a thermally perfect
gas, and the specific heat and enthalpy for each species
can be calculated by thermal polynomial equations as
given in Ref. [9]. Then, the mixture enthalpy 4 is the
summation of all the partial enthalpies of each compo-
nent as following:

h = Zcihi. (5)

i=1

According to Dalton’s law, pressure p is the sum of the
partial pressures of all species, and can be calculated by
the equation of state for a perfect gas.

ns
p= Z piR;T, (6)
i=1

where, R; is the gas constant of species i, and T is the tem-
perature of the gas mixture. For an elementary chemical
reaction, the chemical production rate w;, derived from
a reaction mechanism of nr chemical reactions, can be
calculated by

nr

ns ns
o= Wi > (v, = vp) (ke [T00)" = koo [T600). (7)
j=1 =1

r=1

where, i and j denote the species number in the rth ele-
mentary reaction. The molecular weight of each spe-
cies is denoted by W;. vj. and v]. are the stoichiometric
coefficient of species i in the rth reaction appearing as
the reactant and product, respectively. The molecular
concentration of each species is denoted by y;. k5 and
kp, denote the forward and the backward reaction rates.
The forward reaction rate of each reaction is calculated
by the Arrhenius law [Eq. (8)] and the corresponding
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Fig. 1 Verification by
comparison of numerical
(lower half) and experimental
Schlieren [3] (upper half) of
detonations reflection over
wedges with angle a 30°, b 60°
in conditions of 2H,+O,+Ar,
Py = 20kPa at room
temperature and mesh size of
A =0.2mm

backward reaction rate can be derived from the equilib-
rium constant [Egs. (9)—(11)] and k.

kfr = C, T" exp[—Ea,/RT], 8)

Kbr = Kfr/Ker, )
P\ ZE W)

Ker = Kpr (Ra_t]nj) s (10)

S 7 ’ S?, hir
icpr = exp| D | (viy = v) 2 1)) (11)
i=1 i i

In the present study, the reacting species include Hz, O,
H, O, OH, H,O, and a certain percentage of Argon as
an inert diluent.

3 Numerical algorithms

Equation (1) is discretized in space by using the second-
order explicit dispersion-controlled dissipative (DCD)
scheme [10,11] proposed by Jiang et al. in 1995 for
shock wave capturing. The time marching integration is
performed by using a Runge—Kutta algorithm with sec-
ond-order accuracy. During the computation, the con-
tribution from fluid dynamic terms is calculated first to
obtain an intermediate value of U /, which is followed by
a calculation accounting for chemical reaction contribu-
tion to evaluate U for the next time step. The approach
allows separately solving fluid dynamic and chemical
reaction contributions with different time steps to make

the At consistent with the CFL condition and the re-
quired time scale for the stiff ODES of the reactions.

4 Numerical results and discussion
4.1 Verification

Although cellular detonations involve slip layers which
are unstable to the Kelvin—-Helmholtz instability and
jets which produce Rayleigh-Taylor-type instabilities,
only macro phenomena in wave dynamics occurring in
the reflection of gaseous detonations over wedges are of
interest in this paper. To verify the numerical algorithms,
detonation wave reflections from wedges with different
wedge angles in stoichiometric mixtures of hydrogen
and oxygen diluted by 25% Argon (2H; + O + Ar,
Py = 20kPa at room temperature) are simulated and
then compared with experimental Schlieren. Two kinds
of reflection mechanism of detonation waves, regular
and Mach reflection are shown in Fig. 1, where the exper-
imental pictures are put in the upper half and the numer-
ical results in the lower half. From these figures, it can be
seen that the angle of triple point trajectory, x in Fig. 1a
and the reflection angle in Fig. 1b are in good agreement
with the experiments.

4.2 Chemical reaction scales and detonation cells
The characteristic size of detonation cells and the degree

of regularity depend on the composition of the fuel
and initial thermal conditions. But the characteristic size
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usually is one or two orders of magnitude greater than
the 1D steady detonation reaction length which is con-
trolled by the non-dimensionalized activation energy
Ea = Ea/RT of the detonatable mixtures [12]. Numer-
ical simulations show that increasing Ea favors more
irregular cellular structures characterized by the higher
frequency of appearance and disappearance of the triple
points, larger variation of local shock speeds inside det-
onation cells, stronger shock wave interaction at triple
points and deeper penetration of un-reacted gas pockets
[7]- In nature, each elementary reaction has its own Ea
and the characteristic reaction length scale, which result
in different effects on the cell size.

Figure 2a, b show 1D variations of mass concentra-
tions after the wave front of a ZND detonation and a
cellular detonation, respectively. As shown in Fig. 2a, be-
tween the Champaman—Jouguet plane and the leading
shock where ucy + acy = D = 2198 m/s and pcy/po =
16.7 according to C-J theory for the considered reactive
mixture, Hy decreases quickly to its equilibrium value
due to the chain reactions, while the active radical H
arrives its peak value shortly after the leading shock and
then decreases nearly to its equilibrium state. However,
OH arises slower and peaks in the region before the
C-J plane. Obviously, these species undergo reactions
of different length scales. In the case of cellular deto-
nation shown in Fig. 2b, radical H demonstrates a char-
acteristic length of about 8 mm nearly similar to that in
ZND detonation. At the same time, the reaction perfor-
mance of OH is quite different from that in ZND case.
It experiences vibrations in the propagation direction
and maintains a comparative higher average concentra-
tion during a comparative longer distance. Furthermore,
OH accumulates to a peak value immediately when the
front arrives at point 2 as a result of triple point collision
whereas it delays at the center of the cell, point 1. Trans-
verse wave collision, triple wave evolution, temperature
variation and induction reaction in the flow field behind
the cellular detonation front can answer for these differ-
ences.

Note that for the quantitative purpose, numerically
generated cellular detonation patterns are superior to
experimental ones because of the difficulty in depositing
a uniform coating of soot on a foil in practical applica-
tions. To demonstrate the quantitative feature of the cell
structure, numerical simulations have been proved to be
more informative [13]. Initiated by the 1D wave front
shown in Fig. 2a and transverse perturbations along the
leading shock, 2D cellular detonation comes into being
and evolutes to a stable pattern, as shown in Fig. 3.
Compared with results in the pioneering research which
applied a simplified single step reaction model [7,12],
our results are similar to their cases of lower activity
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Fig. 2 aOne-dimensional (/D) detonation wave and the distribu-
tion of mass concentration of species (detonation mixture: 2Hy +
O + Ar, Py = 16kPa, Ty = 298K). b Two-dimensional cellular
detonation and distributions of species concentration along the
cell centerline (detonation mixture: 2Hy 4+ O + Ar, Pgp = 16 kPa,
To = 298K) at two time instants: the leading shock arriving at
point 1 (dash line) and point 2 (solid line)

energy of Ea = 2.1. But for detonation waves, quanti-
tatively different chemical kinetics can produce quan-
titatively different results. In this study with a detailed
elementary chemical model, it covers alonger way to sta-
bilize the cellular variation from initial perturbations. It
is reasonable that there are more characteristic reaction
length scales affecting the cell generation and evolution
process in the present case than the pioneering simu-
lation in which only one chemical reaction length scale
works.
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Fig. 3 Time-integrated
maximum pressure contours
of 2D cellular detonation
showing cell pattern
evolution, mesh size of

A = 0.083 mm

4.3 Wave dynamics of Mach reflection

One transient multi-wave structure of the detonation
front is shown in Fig. 4 on the background of numeri-
cal cellular record. Like the diffraction of a nominally
planar gaseous detonation over a wedge, the leading
front of cellular detonation is divided into two parts, the
cellular incident detonation wave is named as W-IDW
(for convenience and same hereinafter) and the main or
macro Mach stem is named as W-MS which is actually
an overdriven detonation. These two parts and the main
transverse wave of the macro reflection are named as
W-TW joint at the main triple points. The triple points
form a trajectory named as W-Trajectory. Each triple-
wave structure unit along the wrinkled W-IDW or W-MS
consists of a local incident shock, Mach stem and trans-
verse waves, named as C-IDW, C-MS and C-TW, respec-
tively. It is known that the C-TW propagates back and
forth perpendicular to the wave front and joints the
C-IDW and C-MS at the triple points which finally inte-
grate the trajectory inside a cell named as C-Trajectory.
The detailed structures are labeled in Fig. 4. The simula-
tions are carried out by using a detonatable gaseous mix-
ture of 2H,+ 02+ Ar at an initial pressure of pg = 16 kPa
and room temperature.

As for the fact that the cell size itself keeps chang-
ing during Mach reflection along the wedge, no general
conclusion can be drawn to make it clear. There is some
evidence that the changes are due to higher temperature
after the overdriven detonation wave which forms the

Fig. 4 Multi-wave detonation front reflecting from a wedge of
angle o = 19.3°, gas mixture of 2H; + Oy + Ar at initial pressure
of Py = 16kPa and Ty = 298 K, and mesh size of A = 0.083 mm.
(Note: W-Trajectory: main triple-point trajectory of detonation
reflection; W-TW: main transverse wave or main reflected wave
of detonation reflection; W-IDW: main incident detonation wave;
W-MS: main Mach stem of detonation reflection; C-Trajectory:
local triple-point trajectory inside a cell; C-IDW: local incident
detonation wave inside a cell; C-TW: local transverse waves inside
a cell; C-MS: local Mach stem inside a cell. In above terminology,
W- and C- means wave structure involves the macro reflection
over the wedge and wave structure inside one detonation cell,
respectively.)

Mach stem, and to lessen extent pressure effects. One
must also consider that these transverse waves, C-TW,
propagate laterally across the main reflected shock wave
[3]. In some cases, local wave dynamic processes and fine
structures may play a dominant role on the cell record
along the wedge surface. As a result, the cell patterns
after the Mach stem would exhibit some peculiar fea-
tures.
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Figure 5 shows several successive instantaneous pro-
files of pressure along the centerline (marked by dot-
dot-dash line in the subfigure) of three conjoint cells
(labeled as Cell-1, Cell-2, and Cell-3). Four pressure
peaks appear due to the collisions of macro and local
waves within these three cells. Cell-1 is entirely out of
the region swept by the W-MS, while Cell-2 and Cell-
3 lie on each side of the W-Trajectory. In Cell-1, the
shock pressure decays quickly from its maximum value
to a lower level towards the cell center point, and then
rises to the next peak near the cell end. During the sec-
ond half of the above process, the collision at the tails
of two C-TWs (which form a structure like the comet
tails following the cell end) drives up the shock pres-
sures, but it never exceeds the maximum value at the
collision point of the heads of corresponding transverse
waves along the detonation wave front. In Cell-2, some
quantitatively different things occur. After the similar
decay process, the shock pressure climbs to a higher peak
value rapidly and sharply due to the collision between
the local C-TW and the global W-TW. Moreover, the
impact between the tails of the two kinds of transverse
waves mentioned above is so strong as to overrun the
pressure of the corresponding leading shock and form a
stronger comet wake structure. In Cell-3, as a result of
the collision of stronger transverse waves in the region
swept by the W-MS, the peak value of shock becomes
higher than that in Cell-1, but still lower than that in
Cell-2.

The evolution of the cellular front along the wedge is
given in Fig. 6 by the instantaneous pressure contours
according to the time sequence. In these figures, white
parts represent high pressure values. The label above
each subfigure means the sequence number of the cor-
responding cellular front, for example, F-385 is the 385th

1.0 1 t“:-—%-f .—_J ;"'f‘

L A
08r F  cell f

06 |

p/MPa

0.4

02 f

. ll‘.lli[\..!

0.0L
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x/m

Fig. 5 Variations of pressure along the center lines of three cells
near the wedge apex, the cell pattern is intercepted from Fig. 4

@ Springer

wave front. From F-385 to F-393, two C-TWs run face to
face along the front and finally collide in the unreflected
region. In this case, the first transverse wave impinges
the wall a little before the wedge apex, as shown in
F-390. Then from F-390 to F-403, it can be found that
the reflected C-TW and the W-TW propagate synchro-
nously and incorporate into one. Thus in Fig. 5 one can
see that the W-Trajectory and the local C-Trajectory
superpose each other. It is imaginable that if the wedge
apex does not lie very close to the point where the local
C-TW hits the wall, difference will occur, which will be
presented hereinafter. From F-403 to F-415, the second
triple point leaves the W-IDW, crosses the W-TW, moves
along the W-MS, and then impacts the wedge surface.
From subfigures such as F-403, F-415 and F-429, one can
find that the W-TW decays due to the energy consump-
tion in induction reaction of the mixture in the zone after
the local incident shock wave. Consequently, it is re-
enhanced by the collision between the local triple point
and the macro triple point. Subfigures from F-478 to
F-500 show the development of transverse waves along
the W-MS during a later stage. Due to smaller influ-
ence from the unsteady collision and communication
between waves on both sides of the main triple point,
they appear more regular. Consequently, the cells in
this region are relatively uniform and regular as shown
in Fig. 4. This is contrary to what mentioned in Ref. [5],
in which smaller spacing of transverse waves was found
at the foot of W-MS, while the transverse wave spac-
ing behind W-IDW persisted in the region behind the
W-MS. The reason may be that different scale, L/, is
used in the present study, where L denotes the length
scale of the wedge and A the length scale of the cells.
In these subfigures, local transverse waves in the region
swept by the W-MS are stronger and extend farther into
products than those in the un-reflected region.

As mentioned above, when the W-MS connects to a
local incident shock, a C-IDW within the W-IDW, the
W-TW then is attenuated because energy is transferred
to the induction pocket (see subfigure F-415 in Fig. 6).
In such phases, the local portion of the W-Trajectory
bends towards the wedge surface consequently, such as
the third cell boundary along the W-Trajectory as shown
in Fig. 4. In order to explain these unsteady and chem-
ical non-equilibrium phenomena, mass fraction of OH
and H, temperature and pressure distribution flood are
shown in Fig.7. In such lower temperature region behind
the C-IDW, more fraction of H and less of OH have been
generated. This indicates that the chemical reaction of
mixtures in this region is in the stage of induction, not the
exothermic stage. As the reflected shock is re-enhanced
shortly after the collision of the local triple point and
the main triple point, the W-Trajectory will be adjusted
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Fig. 6 Instantaneous F-385
pressure contour during

cellular detonation reflection

from a wedge of angle

a = 19.3° for a gas mixture of

2H; + O, + Ar at conditions

of Py = 16kPa, Ty = 298K,

F-390 F-393 F-396 F-403 F-406

EEEPEEEE

F-408 F-410 F-415

and a mesh size of
A = 0.083 mm

F-420 F-426 F-429 F-435 F-440 F-442 F-445
F-478 F-485 F-489 F-494 F-500

g

towards the original direction. In Fig. 7b, the induction
zone shown by the distribution of H behind C-MS within
W-IDW is evidently longer than that behind the W-MS,
but shorter than that behind the C-IDW above it, which
is consistent with the thermodynamic parameters and
chemical reaction rates in these regions. These differ-
ent length scales can be seen in Fig. 7e quantitatively
demonstrated by the length scale of radical H. The lo-
cal high temperature area in Fig. 7c and the domain
of high OH concentration in Fig. 7a along the W-TW
behind the induction pocket mentioned above make it
clear that the exothermic reaction is strengthened by
the collision between C-TW and W-TW. This process
may be called as local reignition. Several exothermic is-
lands scatter in the backward flowfield behind the lead-
ing front, as shown in Fig. 7a, which indicates that the
reactive flow in this region is chemical non-equilibrium
and nonuniform. Higher temperature regions can be
found in Fig. 7c, which correspond to these exothermic
islands.

4.4 Triple-point trajectory of Mach reflection

A numerical and an experimental soot record are inte-
grated in Fig. 8. Due to C-TW reflecting back from the

I

wedge surface, those cells near the W-Trajectory are
split into smaller ones. Cells near the W-Trajectory both
in the numerical (upper half) and experimental (lower
half) cellular patterns appear irregular. Although the
cell pattern is highly sensitive to the boundary condition,
noises and perturbations within the actual flowfield, the
cell structures appear determinate to certain extent. For
example, the evolutions and patterns of cells near point
1 and 2 in the numerical results look very like those in
the experiment record as shown in Fig. 8.

In the W-IDW region, the transverse wave changes
its propagation direction twice. First it turns an angle a
(the wedge angle, see Fig. 4) when crossing the W-tra-
jectory, and then impinges back when reflecting over the
wedge surface. This is one of the main reasons that can
explain the difference of cell size after the W-IDW and
after the W-MS, beside the increase of thermodynamics
parameters after the W-MS.

As shown by the numerical cell patterns in Figs. 4 and
8, the wedge apex happens to lie at the vertex of one cell
before the wedge apex. The trajectory of triple point of
Mach reflection, W-Trajectory, looks like a straight line
and just starts from the wedge apex. In Fig. 9, the wedge
apex is adjusted and located at the center point of the
nearest cell. The trajectory appears to be a curve and
does not start from the wedge apex. The wave fronts at
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Fig. 7 Frontstructure (F-415) near the main triple point and state parameters: a Mass fraction of OH, b mass fraction of H, ¢ temperature,
d pressure, e induction reaction length scales behind different waves shown by the mass fraction of H

different time sequence are also shown by variation of
pressure defined as follows:

f(®) = ((3p/8x)* + (Bp/3y)H°*°.

As to the start point of the trajectory, front F3 shows
that it is still near the wedge apex. Because the cell
boundaries record the historical peak value of pressure,
it is the high pressure generated by the cell-inside trans-
verse wave impinging on the wedge surface that over-
writes the pressure of the triple point of macro reflection
and makes the main trajectory invisible. Furthermore, as
soon as the W-IDW begin to diffract form the wedge, its

(12)
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foot part happens to be the local C-IDW, which is weaker
than C-MS. Consequently, the main triple point and the
reflected wave are weak at the beginning, which makes
the main trajectory even more difficult to be identified.

From Figs. 8 and 9, it can be seen clearly that the total
number of the transverse waves is decreasing along the
triple point trajectory of Mach reflection. For example,
in the visual field of the upper half of Fig. 8, transverse
waves incorporate three times in case that C-TWs and
the W-TW propagate in the same direction. Hereinto,
one occurs at the wedge apex, the other two occur near
cells marked by 1 and 2. It can be seen that, from wave
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Fig. 8 Numerical (upper half) and experimental (lower half) soot
in the Mach reflection region

F1 F2 F3 F4 F5 F6  F7 F8 9 Fl10

-
-
3

S
<

Fig. 9 Time-sequential cellular detonation wave fronts with time
intervals between two consecutive wave fronts being 10Az, 13At,
12At,10At, 8At, 20At, 26 At, 30At, 26 At, fronts shown by pressure
variation

fronts F3 to F4 and from F7 to F8 in Fig. 9, these com-
plicated processes are also obvious.

5 Conclusions

The process of 2D cellular detonations reflecting from
wedges is numerically modeled on the basis of multi-
species reactive Euler equations with an elementary
reaction model. It can be concluded from the simula-
tions that: (1) The C-TWs, which cross the W-Trajectory,
travel along the W-MS and reflect back from the wedge
surface, control the size of the cells in the region swept
by the Mach stem, W-MS. (2) It is the energy carried
by local transverse waves that sustains the triple-wave-
collision with a higher frequency within the over-driven

Mach stem. (3) If the W-MS connects to a C-IDW within
the W-IDW, the W-TW then will be attenuated due to
energy transfer to the induction pocket, resulting in the
fact that the local portion of the W-Trajectory bends to-
wards the wedge surface. (4) The total number of trans-
verse waves within the front decreases when the cellular
detonation wave diffracts over a wedge. (5) The high
pressure generated by the cell-inside transverse waves
impinging on the wedge surface overwrites the pressure
near the triple point of Mach reflection and makes the
main triple-point trajectory invisible, which can explain
why the trajectory is not a straight line and may not start
from the wedge apex in some cases.
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