Effects of disturbance on detonation initiation in H2/O2/N2 mixture
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Abstract

Detonation initiation has been extensively investigated in the past several decades. In
the literature, there are many studies on detonation initiation using a large amount of blast energy
and obstacles to respectively achieve direct detonation initiation or deflagration to detonation
transition (DDT). However, there are few studies on detonation initiation with a non-uniform
initiation zone. In this work, two-dimensional numerical simulations considering detailed
chemistry and transport are conducted to investigate the effects of disturbance on detonation
initiation in a stoichiometric H2/O2/N2 mixture. The high-pressure and high-temperature
detonation initiation regime is imposed by a sinusoidal disturbance. Introduction of such
disturbance is found to promote the onset of detonation and to reduce time and distance for
detonation formation. This is mainly because such disturbance can induce shock wave interaction,
which generates transverse waves. The reflected transverse waves result in local
autoignition/explosion. The coherent coupling between local autoignition and pressure wave
resulting from a large amount of heat release eventually leads to the detonation development. It
is found that the distance and duration for detonation initiation become shorter when a
disturbance with smaller wavelength or larger amplitude is enforced. When the ratio between the
wavelength and amplitude of disturbance is fixed, the change in wavelength and amplitude has
little influence on detonation initiation. Therefore, disturbance with either small wavelength or

large amplitude can be used to promote detonation initiation.
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I. INTRODUCTION

Detonation initiation is a fundamental combustion problem, which is related to the
development of high-performance detonation engines and the control of accidental explosion.
Generally, there are two ways to form a detonation. One is referred to as direct or blast detonation
initiation [1-4], in which a large energy source is deposited rapidly into the combustible mixture
to directly initiate detonation. The other is deflagration to detonation transition (DDT) [5-10],
which involves the acceleration of a flame through obstacles and/or turbulence. No matter which
way is used to achieve detonation initiation, both the disturbance and instability development
play important roles during detonation initiation [8, 11]. Therefore, many studies investigated
the influence of these factors on detonation initiation.

Chue et al. [12] conducted one-dimensional simulations to study how periodic
longitudinal perturbations in density affect detonation development. They found that the
frequency of the applied perturbation plays an important role in the formation of detonation. In
their 1D simulations, Mazaheri [13] and Ng and Lee [14] found that local density disturbance
can promote the onset of detonation due to the amplification of local disturbance or instability.
Qi and Chen [15] assessed the effects of local temperature perturbation on 1D direct detonation
initiation. They found that a cold spot can promote direct detonation initiation. Such unexpected
observation was shown to be caused by the opposite effects of temperature perturbation: a locally
low temperature reduces the chemical reaction rate while it also increases the local volumetric
energy density when the pressure remains unchanged [15]. Radulescu et al. [16] examined the
influence of cellular instability on the direct initiation of 2D weakly unstable detonations. Their
results indicate that multi-dimensional perturbations and cellular instabilities inhibit the initiation
of inviscid detonations. Ng et al. [11] noticed that a large wavelength of perturbation was used
by Radulescu et al. [16] and thereby they examined the effects of perturbation wavelength and

channel size on direct initiation of 2D weakly unstable detonations. They found that high



frequency, small amplitude perturbations can generate fine scale instabilities which can
accelerate the heat-release rate and thereby promote the onset of detonation [11].

Besides detonation initiation, there are many studies on detonation propagation in
spatially inhomogeneous mixtures. Li et al. [17] examined the effects of 2D spatial heterogeneity
on the near-limit propagation of a pressure-dependent detonation. They found that the spatial
heterogeneity enables the detonation wave to propagate at near limit conditions at greater
velocities and in thinner layers than the corresponding homogeneous case. Mi et al. [18-20]
studied the effect of spatial discretization of energy on detonation propagation. They found that
the average detonation wave speeds in a spatially inhomogeneous reactive medium is
significantly greater than the corresponding CJ speed of the homogeneous reactive medium. It
is noted that there are many studies on DDT caused by obstacles, boundary layers and turbulence,
for which the readers are referred to the review paper [8] and references therein.

One-step chemistry was used in most of the previous studies mentioned above. However,
as demonstrated by Body [13] and emphasized by Lee and Higgins [21], successful detonation
initiation can always be achieved due to the absence of the cross-over temperature in a one-step
chemistry model. One-step chemistry cannot predict a distinct value for the critical initiation
energy below which no detonation occurs and it therefore has limitations in the study of
detonation initiation. Besides, Radulescu and coworkers [22, 23] found that physical diffusion
needs to be considered for simulating detonation with irregular structure. Hence, in the present
study, a detailed chemical mechanism for hydrogen oxidation with 9 species and 25 elementary
reactions [24] and the full reactive Navier-Stokes equations is considered in simulating
detonation initiation in an H2/O2/N2 mixture.

The objective of this study is to investigate the influence of disturbance of detonation
initiation region on the detonation initiation process. Two-dimensional numerical simulations

with adaptive mesh refinement are conducted, and detailed chemistry and transport are



considered. The detonation is initiated by a region with high temperature and pressure. The
detonation initiation regime is imposed by a sinusoidal disturbance, and the influence of the
wavelength and amplitude of the disturbance on detonation initiation is examined. Besides, the
influence of the ratio of wavelength and amplitude of the disturbance on detonation initiation is

also investigated.

II. NUMERICAL MODEL AND MOTHODS

We consider 2D detonation initiation in H2/O2/N2 mixture. The numerical setup is
sketched in Fig. 1. Initially, a static stoichiometric H2/O2 mixture with 70% (in volume) nitrogen
dilution (i.e., the molar ratio is H2:02:N2=2:1:7) is uniformly distributed in the whole
computational domain. To initiate detonation, a thin region (0<x<1 cm) with high temperature
and pressure (7:=800 K, P.=50 atm) is placed on the left side. The mixture on the right side is
at Tr=298 K and Pr=0.2 atm. Disturbance is introduced to the surface of detonation initiation
region at x=1 cm. A sinusoidal perturbation with the amplitude of 4 and wavelength of 4 is
imposed along the y-direction. To investigate the effect of disturbance on detonation initiation,
here we change the wavelength A from 1 mm to infinity (i.e., A=c0, which is equivalent to the

case without disturbance) and amplitude 4 from 1 mm to 6 mm.
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Fig. 1. Schematic of the initial and boundary conditions used in the simulation of
detonation initiation in H2/O2/N2 mixture. A sinusoidal perturbation with the amplitude of 4 and

wavelength of 4 is introduced to the surface of detonation initiation region at x=1 cm.

As indicated in Fig. 1, an adiabatic no-slip wall boundary condition is used for the left



and right sides of the computational domain. For the top and bottom sides of the computational
domain, a periodic boundary condition is used to exclude the influence of wall boundary layers
on the detonation initiation and development [25].

The parallel block-structured mesh refinement framework AMROC [26] is used for
simulation. AMROC solves the Navier-Stokes equations for unsteady, 2D, multi-component,
compressible reactive flows using the second-order accurate MUSCL-Hancock finite volume
scheme. A hybrid Roe-HLL Riemann solver for mixtures of thermally perfect gases is used to
calculate the convective fluxes. A second-order accurate central difference scheme is used for
multi-species diffusion terms. A semi-implicit Runge-Kutta method of 4™ order is adopted to
integrate stiff reaction terms and coupled to the finite volume transport scheme via Godunov
splitting. A target CFL number of 0.98 is used together with dynamic time step adjustment. This
efficient and adaptive solver has been extensively validated for supersonic combustion and
detonation problems [27-30]. More details on governing equations and numerical schemes of

AMROC can be found in Ref. [26] and thereby are not represented here.
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Fig. 2. Distribution of the initial adaptive mesh for the case of A=2 mm and /=2 mm. The

number shows the mesh level L and the corresponding mesh size is equal to 500/2F um.

To accurately and efficiently resolve the detonation initiation process, dynamically
adaptive mesh refinement strategy is used in AMROC. Figure 2 shows an example of the initial
adaptive mesh distribution. The gradients of temperature, density and pressure are used to control
the adaptive mesh refinement and coarsening. The mesh size before refinement is 0.5%0.5 mm?.

After five level mesh refinement, the finest mesh size is 15.6x15.6 um?. The induction length



for a CJ ZND detonation profile in the present mixture H2/O2/N2 at 7x&=298 K and Pz=0.2 atm is
around 0.63 mm, and thereby it is covered by more than 40 points. Therefore, the detonation is
adequately resolved in this study. Besides, grid convergence is ensured through comparison
among results from different finest mesh sizes of 31.2, 15.6 and 7.8 um as shown in Fig. 3. It is
seen that the results by using mesh I (with the finest mesh size of 31.2 um) significantly differs
from that by using mesh II (with the finest mesh size of 15.6 pum) and mesh III (with the finest
mesh size of 7.8 um). This indicates that insufficient resolution affects the detonation initiation.
It is observed that the results from mesh II are almost identical to those from mesh III. Therefore,

numerical convergence is reached and the finest mesh size of 15.6 um is used in all the

simulations.
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Fig. 3. Shock wave trajectories during detonation initiation and propagation processes
predicted by simulations using different mesh level for A=15 mm and 4=2 mm. The coarsest
mesh size is fixed at Ax=500 pm. The maximum mesh level for mesh I, II, and I1I are respectively
L=4, 5, and 6. The finest mesh size is equal to Ax/2%., which is 31.2, 15.6 and 7.8 um for mesh

I, II, and III, respectively.

As additional verification and to demonstrate the validity of the general simulation setup,

we compare our computational results with those reported by Oran et al. [31] and Wang et al.



[32]. Specifically, the detonation propagation in hydrogen/oxygen/argon (with molar ratio of
H2:02:Ar=2:1:7) mixture at 298 K and 6.67 kPa is simulated. The detonation propagates in a
channel with a height of 6 cm, which is same as that in Refs. [31, 32]. The cellular structure is
shown in Fig. 4. The cell size is approximately 55 mmx30 mm, which is very close to the values
of 54 mmx31 mm and 54 mmx30 mm respectively obtained by Oran et al. [31] and Wang et al.
[32]. Meanwhile, the average speed of detonation propagation from our simulation is 1598 m/s,
which is close to the values of 1625 m/s and 1595 m/s respectively obtained by Oran et al. [31]
and Wang et al. [32]. Therefore, the current 2D numerical simulation can reproduce the results
reported in the literature. It is noted that systematic convergence studies for AMROC have been
conducted before by Deiterding [33-35]. The readers are referred to these publications for more

details.
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Fig. 4. Numerical soot foils for detonation propagation in 2H2+0O2+7Ar mixture at 298 K

and 6.67 KPa.

III. RESULTS AND DISCUSSION

First we consider detonation initiation with fixed amplitude of disturbance 4=2 mm. The
effects of disturbance on detonation initiation are assessed through comparing results for
different wavelengths, A, of the perturbation located at the surface of detonation initiation region

as indicated in Fig. 1.
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Fig. 5. Temporal evolution of pressure distributions along the fixed line at y=1.5 cm for

(a) A= (i.e., without disturbance) and (b) /=30 mm and 4=2 mm.

Figure 5 shows the temporal evolution of pressure distributions along the fixed line at
y=L1.5 cm. When there is no disturbance in the initiation region (i.e., A=), the leading shock
propagates to the right side at the speed of 1350 m/s. The unburned gas is compressed by the
leading shock to reach 956 K and 3.3 atm, at which the ignition delay time is about 25 ms.
Therefore, autoignition cannot immediately happen and the reaction zone cannot couple with the
leading shock. Consequently, detonation initiation fails when no disturbance is introduced to the
initiation region. However, when a disturbance is introduced to the initiation region (i.e., A=2
mm and A=30 mm), Fig. 5(b) shows that successful detonation initiation is achieved. As the
leading shock propagates to the right side, local autoignition occurs immediately after the leading
shock around x=7 cm which is shown later in Fig. 6(b). The pressure waves generated by heat
release accelerate the propagation of the reaction front. At the time of /=74 ps, the leading shock
arrives at x=11.9 cm. The reaction zone couples with the leading shock, resulting in an overdriven
detonation and the pressure of the leading shock is around 11 atm. Then the overdriven

detonation decays and eventually becomes a self-sustained detonation propagating at the C-J



velocity of 1711 m/s. Therefore, the above results indicate that the disturbance with the

wavelength of =30 mm can promote the onset of detonation.
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Fig. 6. Evolution of temperature contour for A=30 mm and 4=2 mm. For each frame, the

vertical height is 30 mm (i.e., 0<y<30 mm).

Figures 6-9 further show the details on the detonation initiation process with A=30 mm.
The evolution of temperature distribution is shown in Fig. 6. At the beginning, a curved leading
shock is generated at the right surface of the detonation initiation region with sinusoidal
disturbance. As the leading shock waves propagate and interact with each other due to the
collision at the symmetry line, y=4/2=15 mm and the reflection at the top and bottom sides of
periodic boundary, y=0 and y=4=30 mm, local autoignition is triggered around /=40 us as shown
in Fig. 6(b). Heat release from such nearly constant-volume autoignition can generate a pressure
wave, which further compresses the unburned gas and induces further autoignition. Eventually,
coherent coupling between autoignition and pressure wave leads to the detonation development
according to the SWACER (Shock Wave Amplification by Coherent Energy Release) mechanism
of Lee et al. [36, 37]. Figure 7 shows the trajectories of shock wave and reaction front along the
fixed line at y=1.5 cm. It is observed that the distance between the leading shock wave and

reaction front remains nearly constant for <67 ps. This corresponds to the so-called quasi-steady



state, which also occurs in one-dimensional direct detonation initiation (e.g., [15]). Around =67
us, the reaction front generated by local autoignition starts to accelerate due to the coupling
between autoignition and pressure waves. Eventually, it catches up and merges with the leading
shock around =74 ps, resulting in a detonation propagating afterwards as shown in Fig. 7. Figure
6(c) shows that the detonation is formed around x=11.9 cm at =74 ps. Therefore, the detonation
development occurs due to the SWACER mechanism [36, 37] that the coherent coupling between

heat release and pressure pulse leads to detonation development.
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Fig. 7. Evolution of the trajectories of shock wave and reaction front along the fixed line

at y=1.5 cm for A=30 mm and 4A=2 mm. The solid lines are obtained from a simulation including

diffusion; the symbols correspond to the inviscid case.

To quantify the effects of diffusion on detonation initiation, we have also conducted a
simulation without considering physical diffusion (i.e., solving reactive Euler equations instead
of reactive Naiver-Stokes equations). The comparison shown in Fig. 7 indicates that the
detonation initiation is not affected by diffusion transport. It is noted that some numerical
diffusion always exits. As shown in Fig. 3, grid convergence is achieved at least in terms of
detonation initiation distance. Physical and numerical diffusion plays a more important role in

unstable cellular detonations as pointed out by Radulescu and coworkers [22, 23].
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It is noticed that in the last two frames in Fig. 6, instabilities appear at the interface of hot
burned gas and cold unburned gas in which a large difference in density exists. In the present 2D
simulation, the vortex stretching effect in the third dimension is not included and thereby the
instabilities are not accurately captured. Nevertheless, the shock/pressure wave interactions
captured in the present 2D simulation do show the promotion of detonation initiation by the
perturbation introduced at the surface of detonation initiation region. Such promotion is expected
to become stronger in 3D than in the 2D case. For example, Kuchugov et al. [38] found that 3D
perturbations grow faster than 2D ones in Rayleigh-Taylor instabilities. In 3D, the wave
collisions increase and so does the number of transverse waves, resulting in more advanced local

autoignition and detonation development. This is a subject deserving further study.
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Fig. 8. Evolution of density gradient contour for A=30 mm and 4=2 mm.

To further interpret the autoignition and detonation initiation, the evolution of density

gradient distribution is plotted in Fig. 8. Initially, the curved leading shock is generated due to
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the pressure discontinuity. Since the shock propagation velocity along the x-direction is different
for different parts of the curved leading shock, shock interaction occurs. Around the symmetry
line at y=1/2=15 mm, the strong interaction among shock waves generates transverse waves and
slip lines as indicated in Fig. 8(b). The two transverse waves propagate upward and downward,
respectively. The unburned gas has high reactivity after it is compressed by the leading shock
and transverse waves. As a result, when the transverse waves are reflected at the symmetric lines,
they can further compress unburned gas for a second time, which induces local autoignition as
shown in Fig. 8(c) and Fig. 6(b). The local autoignition is confirmed by the fast production of
OH radicals. The local autoignition can generate a strong pressure wave as shown in Fig. 8(d).
The pressure wave can then further compress the unburned gas between the leading shock and
reaction front and thereby trigger autoignition therein. Consequently, the reaction front
propagation accelerates and subsequently catches up and couples with the leading shock,
indicating the formation of detonation (see Fig. 8(e) and Fig. 6(c) for =74 ps). Eventually, the
fully-developed and self-sustained detonation propagates to the right side at the CJ speed of 1711
m/s (see Fig. 8(f) and Fig. 6(e)). The triple points are generated through the interaction among
incident shock, Mach stem and transverse wave. Regular movement of triple points forms a
cellular structure [36], which is the most significant feature of detonation as shown in Fig. 9 for
x>25 cm. However, before the detonation is fully developed, the cell size is changing and the
big cells (which appear within 12.5<x<23 cm in Fig. 9) are due to the fact that the initial
perturbation still affects the movement of triple points and the cellular structure. According to
these simulations, the big cell size is proportional to the wavelength of disturbance. For the stage
of fully-developed and self-sustained detonation propagation, a regular cellular structure is

observed in Fig. 9 and the cell size is about 1.1 cm.
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Fig. 9. Numerical soot foils for /=30 mm and 4=2 mm. The vertical height is 30 mm.

The above results are for the disturbance with the wavelength of A=30 mm. We also study
detonation initiation with different wavelengths of disturbance. Figure 10 shows the distribution
of the density gradient, pressure and temperature contour for A=15 mm and A=30 mm at the same
time of =15 ps. Compared to the larger wavelength of A=30 mm without local autoignition at
the present time, local autoignition already happens for the smaller wavelength of 1=15 mm,
which results in a pressure wave after the leading shock. Therefore, with the decrease of the
disturbance wavelength, the local autoignition appears earlier and so does the coupling between
autoignition and pressure waves, which leads to detonation development according to the
SWACER mechanism. Consequently, a disturbance with small wavelength can be used to

promote detonation initiation.
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Fig. 11. Evolution of shock wave trajectories for disturbances with different wavelengths
but fixed amplitude of 4=2 mm. The dashed lines indicate the time and position of detonation

formation.

The results for detonation initiation with different wavelengths of disturbance are
summarized in Fig. 11. For A= (i.e., without disturbance), the shock wave propagates at the
speed of 1350 m/s and no autoignition happens afterwards. Thereby, detonation initiation fails.
For 42=30 mm, as discussed above, the detonation forms around /=74 s, and the propagation
speed of the shock wave increases suddenly for £~74 ps. As the wavelength of disturbance is
decreased to /=15 mm, the time for detonation development reduces to 42 ps. This indicates that
disturbance with shorter wavelength promotes detonation initiation more efficiently than that
with longer wavelength. This is because at fixed amplitude, a shorter wavelength corresponds to
larger curvature of the leading shock and thereby stronger shock wave interaction. This is
consistent with results shown in Fig. 10. For /=1 mm, rapid autoignition happens after strong
interaction of the leading shock, and the reaction zone can immediately couple to the leading
shock wave. Detonation formation only takes 9.5 ps for A=1 mm, which is about one order
smaller than that of A=30 mm. Therefore, the distance and duration for detonation formation can
be greatly reduced through decreasing the disturbance wavelength.

The above results are for disturbances with different wavelengths but fixed amplitude of
A=2 mm. We also consider disturbances with different amplitudes but fixed wavelength, for
which the results are summarized in Fig. 12. For a small amplitude of A=1 mm, the leading shock
is not accelerated since weak interaction of shock wave cannot induce autoignition. Therefore,
detonation initiation fails for A=1 mm. With the increase of the amplitude of the disturbance to
A=2, 4 and 6 mm, successful detonation initiation is achieved. Moreover, the distance and
duration of detonation formation both decrease as amplitude increases. Therefore, increasing the

amplitude of disturbance can also greatly promote detonation initiation. This is reasonable since
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at fixed wavelength, larger amplitude corresponds to higher curvature of the leading shock and

thereby stronger shock wave interaction.
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Fig. 12. Evolution of shock wave trajectories for disturbances with different amplitudes
but fixed wavelength of /=30 mm. The dashed lines indicate the time and position of detonation

formation.
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Fig. 13. Change of the leading shock pressure Pshock With the shock position Xshock along
the line at y=1.5 cm for disturbances with fixed wavelength of A=30 mm but different amplitudes

of A=2, 4, and 6 mm.

Figure 13 shows the change of the leading shock pressure with the shock position for
disturbances with different amplitudes but fixed wavelength of A=30 mm. For 4=2 mm, there
are two peaks of shock pressure, which correspond to the double collisions of transverse waves.
At the location of the second peak of shock pressure, an overdriven detonation develops with the
peak pressure being around two times the pressure of the von Neumann spike. During its
propagation, the overdriven detonation decays and it eventually becomes a self-sustained
propagating detonation with shock pressure being close to pressure of the von Neumann spike.
For A=4 mm, only one peak of shock pressure appears when the shock arrives at Xshock=7.55 cm,
which corresponds the one collision of transverse waves. However, the larger amplitude of
disturbance generates stronger shock wave interaction. Thereby, the distance for detonation
formation is reduced. For even larger amplitude of 4=6 mm, the distance for detonation

formation is shown to be further reduced to Xshock=3.2 cm.
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Fig. 14. Change of the distance for detonation formation with wavelength or amplitude

of the disturbance.

The influence of wavelength and amplitude of disturbance on the distance for detonation
formation is summarized in Fig. 14. When the amplitude of disturbance is fixed to be 4=2 mm,
Fig. 14(a) shows that the distance for detonation formation increases almost linearly with the
wavelength of disturbance. When the wavelength of the disturbance is fixed to be A=30 mm, Fig.
14(b) indicates that the distance for detonation formation decreases almost linearly with the
amplitude of disturbance. Finally, when the ratio between the wavelength and amplitude of
disturbance is fixed to be A//4=15, the distance for detonation formation remains nearly constant.

These trends are reasonable since the wavelength and amplitude determines the shape (or

18



curvature) of the initial shock and the intensity of subsequent shock wave interaction. The above
results indicate that in order to efficiently promote detonation initiation, a disturbance with small

wavelength or large amplitude can be used.

IV. CONCLUSIONS

Two-dimensional numerical simulations are conducted for detonation initiation in
H2/02/N2 mixtures. Detailed chemistry and transport are considered and block-structured
adaptive mesh refinement is used to efficiently resolve the detonation development. A
disturbance is introduced on the surface of high pressure and high temperature initiation region.
Periodic boundary conditions are used for the top and bottom sides of the computational domain.
The influence of disturbance on detonation initiation is examined. It is observed that the
disturbance can induce complex shock wave interaction, which generates transverse waves
propagating in opposite directions. It is the reflected transverse waves that trigger local
autoignition/explosion. The coherent coupling between local autoignition and pressure wave
leads to detonation development. With the decrease of the disturbance wavelength or increase of
the disturbance amplitude, the shock wave interaction becomes stronger and thereby the distance
and duration for detonation initiation become shorter. However, proportional change in
wavelength and amplitude (i.e., their ratio is fixed) does not lead to the obvious change in the
distance and duration for detonation initiation are almost constant. Therefore, disturbance with

either small wavelength or large amplitude helps to promote detonation initiation.
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