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Abstract

This study aims to contribute to the understanding of imploding detonations from a numerical perspective, focusing primarily
on the detailed transient and wave structures during implosion that are challenging to capture experimentally. An inviscid
perfect gas model with a single-step Arrhenius reaction is employed. Imploding detonations are initiated by collisions of
multiple small hot spots, and both two-dimensional circular and polygonal implosions are examined, with attention to the
effects of obstacles and varying ignition pressures. For circular implosions, a slight acceleration of detonation velocity is
observed at ignition, with significant acceleration occurring only in the final stages. Near the implosion center, local wave
velocities exceed twice the Chapman—Jouguet velocity, yet the wave front maintains cellular instabilities until the collapse
is complete. Additionally, the merging of transverse waves is observed during the implosion. In polygonal cases, a small
number of “ignition edges” allows regular reflection, preserving the initial wave front geometry, while increasing the number
of ignition lines leads to Mach reflection and the formation of a circular wave front. When obstacles are introduced, the
detonation reflects off the obstacle, causing localized delays in the wave front that cannot be fully compensated, as transverse
waves are unable to propagate sufficiently in the circumferential direction to smooth out disturbances. Similar effects are
noted for implosions with non-uniform ignition pressures. It should be noted that the findings are based on a simplified model

and do not account for real gas effects or additional physical processes present in actual detonation implosions.
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1 Introduction

During the implosion of an inert cylindrical shock wave, the
inward acceleration can create extreme thermal conditions,
potentially approaching a singularity at the center. It has been
demonstrated that light is emitted near the center of the col-
lapse during the implosion of a two-dimensional (2D) inert
shock wave [1, 2]. In the context of an imploding detonation,
a strongly overdriven detonation approaches a strong shock
very close to the global implosion center, as the heat release
at the front is relatively small compared to the mechanisms
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of area convergence [3]. However, in the case of multidi-
mensional imploding detonations, it remains uncertain how
inherent cellular instabilities might affect the degree of accu-
mulation at the core.

Early pioneering studies, such as those conducted by
Knystautas and Lee [4, 5] and Ahlborn and Huni [6], have
been fundamental in shaping the understanding of detonation
wave implosions. In a successful implosion apparatus [5],
detonation was initiated by spark ignition in the annulus at
one end of a co-axial tube. When it emerges, it diffracts, pro-
ducing a cylindrical detonation wave that converges toward
the center of the test section. Disturbances are further intro-
duced by placing a small cylindrical obstacle within the test
section, which causes the detonation wave to reflect and
diffract around the obstacle. Initially, these disturbances are
pronounced, and the local wave front lags behind the sur-
rounding wave fronts. However, as the wave approaches
the center, these disturbances are gradually smoothed out.
This phenomenon was referred to as the “curvature distribu-
tion mechanism,” where local perturbations are redistributed
around the detonation front by transverse waves [5].
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Theoretically, Li and Ben-Dor [7] developed an area-
Mach number relation for detonation waves, based on a
similar concept for inert shock waves proposed by Whitham
[8]. According to the model, significant acceleration is
expected only near the implosion center, and the velocity pro-
file as a function of radius is highly sensitive to even minor
variations in the initial velocity. More recently, Rodriguez
Rosero et al. [9] revisited this topic through a series of
experiments, investigating the mechanisms responsible for
asymmetric implosion. This was achieved by intentionally
canting the width of the test section at a small angle, enabling
the observation of asymmetries. Their theoretical results,
based on the assumption that the local detonation velocity
depends on boundary-layer displacement, aligned with the
observed experimental offsets. These findings confirmed that
momentum losses to the walls of the thin channel are the pri-
mary cause of asymmetry.

Oran and DeVore [10] conducted a numerical study of
cylindrically imploding detonations with various assump-
tions regarding the reaction models, achieving quantitative
agreement with the Chester-Chisnell-Whitham theory. Their
simulations, which covered both symmetrical and perturbed
detonation implosions, used a relatively coarse mesh reso-
lution. In the present study, the objective is to extend the
previous findings through the application of more advanced
numerical techniques. The present approach ensures that the
domain is sufficiently large and allows precise capture of
cellular instabilities. Additionally, it aims to provide a thor-
ough understanding of the implosion process, with particular
emphasis on the final collapse.

2 Physical modeling

The numerical simulation of detonation implosion remains
a largely underexplored area, and the influence of the ini-
tial ignition process on the final outcomes of detonation
implosion is not well understood. Furthermore, the use of
detailed chemical models is computationally prohibitive, as
the simulation domain may encompass thousands of deto-
nation cells. More critically, the thermal conditions near the
implosion center may exceed the capabilities of conventional
thermodynamic models. Although such high-cost and com-
plex simulations may be challenging to implement at present,
they could become feasible once the general behavior of det-
onation implosion is better understood.

In light of these considerations, this study adopts a simpli-
fied reaction model, specifically a one-step chemical reaction
model. This model has been extensively employed in mul-
tidimensional, large-scale detonation simulations, such as
those involving cylindrical diverging detonations [11, 12],
inhomogeneous detonations in semi-confined channels [13],
and three-dimensional detonation structures [14]. We fol-
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low the governing equations outlined in [11-14], which
employ nondimensional forms, a one-step reaction model,
and neglect viscous effects. The two-dimensional reactive
Euler equations are expressed as follows:
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where p, p,u, v, A, and E denote dimensionless density,
pressure, the fluid velocities in the x and y directions, the
mass fraction of the reactant, and the total energy per unit
volume, respectively. The chemical reaction rate follows the
Arrhenius equation ® = —K plexp (—E,/T), where E, is
the activation energy and K is a scaling factor adjusted to
ensure that the ZND half-reaction length (51 /2) is of unit
length scale. The ideal gas law in nondimensional form is
written as p = pT, and the total energy per unit volume
isgivenby E = p/(y — 1) + %p (u2 + v2) + A0 Q, where
Q represents the heat released by chemical reaction. The
dimensionless forms of variables with respect to the state of
the unburned gas are given by:
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where R is the gas constant. The variable with a prime indi-
cates its dimensional form, and the one with a subscript 0
indicates the corresponding value of the unburned gas.

A key assumption in the present study is that, at or near
the onset of implosion, the detonation front is cellular rather
than planar. Additionally, it is assumed that the distribution of
these cellular instabilities retains some anisotropy, i.e., not
all cellular structures from every direction are perfectly in
phase shortly after ignition. These assumptions are consistent
with the behavior observed in experiments. In contrast, if the
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detonation wave were initialized as perfectly planar and the
propagation distance did not allow for the development of
cellular structures, the scenario would resemble quasi-1D
rather than 2D detonation implosion.

To model this, we set the activation energy E, to 27,
representing a weakly unstable gas mixture. The imploding
detonation is ignited by numerous small hot spots. The size
of these ignition bubbles is chosen to be smaller than the
detonation cell size, which allows for the self-generation of
natural cellular structures in the simulation. The other param-
eters chosen are y = 1.2 and Q = 50, which correspond to a
Chapman-Jouguet (CJ) detonation velocity of D¢y = 6.81.
The unreacted quiescent gas is initialized with a pressure of
1 and a temperature of 1.

Figure1 presents a schematic of a sample hexagonal
implosion to illustrate the computational setup. The reac-
tive gas is surrounded by hexagonal ignition sources (with
n = 6 edges), while the inert gas with a pressure of 1 and
a temperature of 1 occupies the outer region. The distance
from the center to the edge of the ignition source, denoted
as r, is kept constant at 700 unit lengths for all cases in the
present study. The center of the domain, which represents
the anticipated global implosion center for a perfectly sym-
metrical implosion, is located at (x, y) = (0, 0). Small hot
spots are attached one by one with no spacing in-between
and are arranged in a linear pattern to create a line of ignition
sources, with several such lines (n) collectively creating the
initial polygonal detonation. By default, the temperature for
these ignition spots is set to 10, the pressure to pjg = 60,
A = 1, and the radius to 5. This set of ignition parameters
was selected somewhat arbitrarily, primarily to ensure that
the gas can be directly detonated. Meanwhile, a case with
a higher ignition pressure is also considered to investigate
its influence. By arranging the positions of these small igni-
tion bubbles, the present study investigates both cylindrical
symmetric (circular) and polygonal ignition configurations.

Additionally, it is important to emphasize that the entire
domain is simulated, rather than a quarter of it, to avoid
potential boundary-related issues. The phenomenon might
not be perfectly symmetrical, particularly near the center,
as we do not assume symmetry a priori. Simulating the full
domain also helps mitigate numerical challenges associated
with setting appropriate boundary conditions for sharp cor-
ners. Inspired by previous works [5, 10], a circular obstacle is
introduced in some cases to artificially trigger disturbances.
The center of this obstacle is fixed at (x, y) = (350, 350).

The simulations are conducted using the block-structured
adaptive mesh refinement (AMR) solver for combustion,
PeleC [15]. The piecewise parabolic method (PPM) [16]
is employed to reconstruct values at the cell faces, and an
iteratively coupled scheme based on the spectral deferred
correction (SDC) approach [17] is used to advance the sys-
tem through each numerical time step. The present solver has

Inert gas

n==6

Fig. 1 Schematic of the numerical setup. The small red circles (not
to scale) represent ignition hot spots, arranged to form a hexagonal
implosion. The blue dashed circle indicates the locations of ignition
spots for the circular ignition cases. The gray solid circle denotes the
obstacle used to trigger large disturbances in certain cases

been validated through channel detonation simulations for
both stable and mildly unstable detonations, producing cell
sizes and regularities that align with the findings reported in
reference [18]. Based on the temperature and density gradi-
ents, three levels of mesh refinement are applied to adaptively
refine the mesh around the leading detonation waves and
transverse waves, with the finest level of resolution set to
10pts/L1/2 (i.e., Ax = 1/10) for most cases. Higher reso-
lutions, up to 80pts/£1 2, are used for the benchmark case,
although no significant differences are observed for the con-
cerns addressed in this study. Simulations are performed on
the Tianhe supercomputer at the Tianjin Supercomputer Cen-
ter, China.

3 Results

In total, 14 cases were investigated, as listed in Table 1,
varying the number of ignition sources, obstacle size, and
other specific settings. The first group (cases 1-3) represents
the circular implosion benchmark, which receives greater
emphasis. The remaining cases examine the effects of igni-
tion energy (case 4), ignition shapes (cases 5-7), obstacles
(cases 8—12), and non-uniform ignition (cases 13 and 14).
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Table 1 Key parameters for each case

Case Side no. (n) Tobs Specific setting

1 - _ —

2 - - Ax =1/20

3 - - Ax =1/80

4 - - pig =90

5 _ _

6 _ _

7 18 - -

8 - 25 -

9 - 50 -

10 - 100 -

11 9 50 -

12 18 50 -

13 18 - pig = 90 for quadrant I
14 18 - pig = 120 for quadrant I

The parameter rqps denotes the obstacle radius. The default resolution
is Ax = 1/10, and the ignition pressure is pjz = 60

3.1 Circular implosion benchmark
3.1.1 Overview of wave structures

The analysis begins with Case 1, where circular ignition
sources are applied. The instantaneous implosion process
of detonation is described in Appendix 1. As observed, the
interaction of neighboring ignition bubbles facilitates the for-
mation of the detonation front. This multi-headed detonation
front converges symmetrically before reflecting, resulting in
the formation of a highly dense region. Figure 2 presents the
numerical soot foil obtained during the implosion, reveal-
ing the cellular structure of the wave propagation. As seen
in subsequent figures, cross-lines are employed to assist in
identifying the absolute center of the computational domain.
Notably, the simulation domain is sufficiently large, encom-
passing multiple detonation cells from the ignition source
to the center, thereby approximating the high-pressure con-
ditions observed in experimental setups [5, 9]. The small
cells near the outermost region are induced by the perturba-
tion from high-pressure ignition sources. These small cells
require some distance to relax, allowing them to develop a
natural cellular structure and eliminate the initial ignition
wavelength.

In the enlarged view shown in Fig.2, two dashed blue
lines are included to illustrate that during the implosion pro-
cess transverse waves do not merely accumulate in number
but merge. Given the mild irregularity of the cellular struc-
ture, the wave count is conducted manually from shortly
after ignition until near the center. As illustrated in Fig.3,
the number of transverse waves (n) decreases as the wave-
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front approaches the center. The detonation cell number

density, defined as the number of detonation cells per unit

; -1 1
wavefront length, is computed as A~' = 7 - el Notable

variations in A ™! during the range r &~ —700 to —450 indi-
cate that the initial decrease in the number of transverse
waves within this range is primarily due to the transition
from small ignition bubbles to the intrinsic cell size. Fol-
lowing this phase, a plateau in cell number density A ™! is
observed fromr ~ —450to —150, with the near-constant cell
size likely resulting from minimal acceleration, as depicted
in the instantaneous velocity profile shown in Fig.4b, even
though the detonation remains slightly overdriven. Within
this nearly constant velocity range, transverse waves merge
as r decreases, thereby facilitating the maintenance of a con-
sistent cell size. As the implosion center is approached (from
r ~ —150to 0), the detonation becomes strongly overdriven,
leading to a rapid increase in cell number density A~!. This
increase may result from a combination of rapid transverse
wave accumulation, where n continues to decrease as trans-
verse waves merge, and wave fronts significantly accelerate.
Importantly, the value of n does not tend toward zero as r
approaches 0.

Despite the reduction in wave number, the wave number
density per unit area increases. Furthermore, the two arrowed
dashed lines highlight the trajectories of two triple points,
indicating regions where information from a specific point
can be transmitted. A more detailed analysis of these regions
will be presented later.

3.1.2 Simulation results with finer mesh resolutions

The influence of mesh resolution on the simulation results
is reported herein. The soot foil in Fig. 4a corresponds to a
simulation with a resolution of 20 pts/£1 /2 (Case 2). The gen-
eral observations remain largely unchanged. A much higher
resolution simulation (80pts/£;,2, Case 3) was performed
using an intermediate time result from the coarser resolution,
focusing on an area with a radius of 120 near the center, as
indicated by the dashed circle in Fig. 4a. Without this restric-
tion, the simulation would have taken an impractically long
time to complete.

Figure 5 provides a comparison of the zoomed-in density
contours at t = 90 and the corresponding soot foil images
across three different mesh resolutions. No significant dif-
ferences are observed qualitatively. Moreover, as presented
in Fig.3 quantitatively, the results obtained at 20pts/£,2
indicate a slight delay in the transition of the detonation
from initial bubble sizes to the natural cell size. However,
it is evident that the detonation cell number density from
r ~ —400 to —150 is in good agreement with the results
from the 10pts/£1/2 resolution. More importantly, all three
resolutions exhibit closely matched curves for both n and
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Development of cellular structure
after initial disturbances

Fig. 2 Soot foil for the benchmark (Case 1). The blue dashed lines
represent sample trajectories of triple points as they propagate toward
the center. The red cross-lines mark the exact center of the computational
domain. The parameter w denotes the angle from a point along the
trajectory relative to the center

A~! during the final acceleration stage, thereby validating
the adequacy of the mesh resolution utilized in the present
study.

To analyze the velocity profile, we consider an arbi-
trary line extending from the ignition point to the center.
Specifically, the line from (—700, 0) to (0, 0), and plot the
instantaneous velocity as a function of radius in Fig. 4b. The
observed fluctuations are attributed to cellular instabilities.
A rapid acceleration is observed as the wave approaches the
center. In fact, a closer examination of the radius-time plot
in Fig. 4c reveals that the acceleration begins almost imme-
diately after detonation initiation (at ¢+ = 0), owing to the
convergent nature of detonation propagation [19]. This is

1000 T T T T T T
= - - —40.4
‘\ ~A - -#- -p, Case |
800 |- Y - -A- -p,Case2
v - - -p,Case3
Vo —e— 1!, Case 1 103
600 |- \ \\ —a— 21 Case 2
\[ A —e— 1!, Case 3
N
400
200 -
0 0.
-700  -600 -500 -400 -300 -200 -100 0

7

Fig.3 The number of transverse waves () at the detonation front and
the cell number density (>~ at different radial locations

evidenced by the slope of the front tracking curve, which is
slightly steeper than that of the CJ tracking during the initial
period (from ¢ = 0 to approximately 30).

Near the center (r ~ 0), significant acceleration is
observed; however, the precise extent of this acceleration is
difficult to discern from Fig. 4c. This observation aligns with
detonation implosion experiments, where directly measur-
ing the final velocity is challenging. In such cases, indirect
methods such as measuring pressure distributions are com-
monly employed [20]. The velocity profiles from all three
simulations exhibit similar amplitudes and trends. Notably,
the radius-time plot shows that all three simulations converge
at exactly the same time. In Sect. 3.1.3, the highest resolution
results will be used to closely examine the flow behavior near
the implosion center. For the remaining cases, a resolution
of 10pts/£;/, will be utilized to enable a parametric study
without compromising the essential flow features.

3.1.3 Observations near the center

This section focuses on the final stage of the convergence
process using the results from Case 3. The field of view for
the zoomed soot foil in Fig. 6a is limited to a radius of 130,
while Fig.6b presents the detonation wavefront structures
at several time steps leading up to the final collapse. The
time interval between wavefront images, from outer to inner
regions, is 0.05, and the unit length reference indicates that
these fronts are extremely close to the center.

Even at the final measurable stages, with a length scale
on the order of the unit length, the wavefront remains highly
corrugated and does not exhibit a smooth symmetric front.
This raises the question: in the inviscid limit, and without
accounting for detailed thermal and physical modeling near
the center, is it still reasonable to consider an ideal singularity
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Fig. 4 Results for higher mesh resolution. a Soot foil for 20pts/£; 2,
with the blue dashed circle indicating the refinement region for the simu-
lation at 80 pts/£1 2; b Instantaneous velocity along the radial direction;
(¢) Shock location versus time plot
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© 80 pts/ty;

Fig.5 Comparison of the density contours (left) at # = 90 and soot foil
images (right) near the center, with three different mesh resolutions

for detonation implosion, or is it more accurately described
as a multi-front collision phenomenon?

This idea is further supported by the soot foil in Fig. 6a,
where we can trace a triple point from the outer edge to the
center, as long as the mesh resolution allows. However, this
conclusion is not absolute, as we cannot guarantee that sim-
ilar findings would hold under all conditions. For example,
for highly overdriven detonations, it is possible to encounter
less unstable behaviors. Yet, it is expected that the transi-
tion from a CJ detonation to a highly overdriven detonation,
where transverse instabilities settle down, requires a signifi-
cant propagation distance. Previous studies [6, 7, 10, 20], as
well as Fig. 4b indicate that the propagation length with sig-
nificant overdrive is limited to a small portion of the domain.
This suggests that an extraordinarily large domain (for sim-
ulation) or test section (for experiment) would be necessary
to allow the instabilities to fully stabilize, should this phe-
nomenon exist.
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\

(b)

Fig.6 Flow features very close to the center for Case 3, with the finest
mesh resolution of 80pts/£/>. The yellow boxes in b and ¢ indicate
the length reference. a Cellular structure near the center; b Wavefronts
during final implosion, from outer to inner, with a time interval of 0.05

Moreover, the thermal state can be extreme. Figure 6¢c
presents the maximum temperature recorded in each com-
putational cell immediately after reflection following the
convergence of the detonation wave at the center. The high-
est value recorded for this case exceeds 78, which is higher
than the value of approximately 57 recorded in Case 2 with a
lower resolution. This variation in maximum temperature is
expected, as the wave evolves into a randomly multi-headed
structure with a high overdriven factor.

Nevertheless, the elevated temperature indicates that the
assumptions of ideal gas behavior and conventional chemical
equilibrium models commonly used in detonation simula-
tions become increasingly invalid as the detonation wave
approaches the global implosion center. The present study
shows that the maximum temperature generally exceeds 20
(equivalent to 6000 K approximately, a typical upper limit for
JANAF polynomials [21]) in a circular region with a radius
of 10 length units from the center. Additionally, sporadic
spots with temperatures over 20 are observed, likely due to
the accelerated detonation coupled with transverse wave col-
lisions, which occur at least 45 length units from the global
implosion center.

3.2 Impact of varying ignition conditions
3.2.1 Effect of higher initiation pressure

As mentioned in Sect.2, the parameters for the small igni-
tion bubbles are arbitrarily chosen only to ensure that the
gas can be directly detonated. Unlike wide channel detona-
tions, where the initial ignition method plays a minor role in
the final detonation characteristics, the ignition method may
significantly affect the outcome in the current scenario. In

between neighboring fronts; ¢ Maximum temperature recorded in each
computational cell during the approach to and reflection off the center.
The black dashed line represents the instantaneous wavefront of the
reflected shock shortly after reflection from the center

cylindrical diverging detonations, varying the energy of the
point ignition source can lead to direct detonation, delayed
ignition, or even failure [11]. For cylindrical converging
(imploding) detonations, the velocity profile over the radius
has been shown to be sensitive to even small increases in ini-
tial velocity above the CJ value [7]. Therefore, it is of interest
to examine the effects of modifying the initial detonation state
by adjusting the parameters of the ignition bubbles.

To illustrate this concept without exhaustively covering
all possibilities, a simulation with a higher initiation pres-
sure (Case 4) is considered. The ignition bubble pressure
was increased by 50%, with all other parameters remaining
unchanged. The soot foil obtained is qualitatively similar to
that of Case 1; therefore, the soot foil image of Case 4 is
provided in Appendix 2. Figure 7 shows the velocity profiles
and leading shock trajectories. As shown in Fig. 7a, due to the
oscillatory nature, visually, there appears to be little differ-
ence between the velocity profiles from this initial condition
and that from Case 1. However, the radius versus time plot in
Fig. 7b demonstrates that the higher initiation pressure results
in an earlier collapse. Aside from this, the general observa-
tions remain largely unchanged. To maintain consistency, all
subsequent simulations used the same initiation pressure as
in Case 1.

3.2.2 Polygonal ignition

Based on the previous findings regarding ideal cylindrical
implosions, this section examines experimental setups where
polygonal-like disturbances may arise. For example, in some
cases, the supporting stands [9] of the test section can induce
the formation of a polygonal (or near-polygonal) detonation
front, or multiple ignition sources may be employed directly

@ Springer
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Fig.7 Implosion with a higher ignition pressure (Case 4, 1.5 times the
ignition pressure of Case 1) for the bubbles. a Profile of the instan-
taneous velocity of the wavefront; b Location of the wavefront as a
function of time. The results of Case 1 are also shown for comparison

to generate a converging detonation [4, 22]. It is of interest to
observe how these non-circular arranged sources affect the
imploding process. In particular, we investigate the implosion
of a polygonal detonation ignition. Simulation results for
n = 3,6, 18 are presented in Fig. 8, corresponding to Cases
5-7. For polygonal ignition, the shock location is measured
along a line (e.g., the red dash-dot line in Fig. 8a) connecting
the center of one ignition edge to the global implosion center,
with the distance from any edge to the center maintained at
700 units. The wavefront structure during the implosion is
shown in Appendix 1.

Asbackground, when a shock or detonation wave interacts
with a wedge, it can reflect in two ways depending on the
wedge angle: regular reflection or Mach reflection (Fig. 8d).
At larger wedge angles, regular reflection occurs, with the
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incident shock deflecting the flow and the reflected shock
redirecting it so that the flow remains parallel to the wedge
surface. If the wedge angle falls below a critical threshold,
the reflected shock becomes too weak to restore parallel flow,
leading to the formation of a third shock known as the Mach
stem.

For the implosion with three ignition lines (Fig.8a), an
imaginary wedge can be defined for each ignition line, such
as the top-right ignition line highlighted by the red dashed
line. The corresponding schematic is shown on the left of
Fig. 8d. In this case, the imaginary line perpendicular to the
ignition line represents the bottom of the wedge, and the
wedge’s surface is formed by the symmetry of two neigh-
boring ignition lines. The variable 6y, denotes the angle of
the wedge, and the detonation propagates toward the surface
of the wedge. Since this angle (6, = 60°) exceeds the criti-
cal transition angle for detonation Mach reflection to regular
reflection [23, 24], causing the detonation front to maintain
a triangular shape throughout the process.

When the number of ignition lines is increased to 6
(Fig. 8b), the wedge angle is reduced to 30°, resulting in Mach
reflection. The corresponding schematic is shown on the right
of Fig. 8d. The Mach reflection of detonation waves has been
extensively studied both experimentally by Fortin et al. [25]
and numerically by Li and Lee [26, 27], including on curved
surfaces [28-30]. Due to the finite characteristic length scale
of the detonation, Mach reflection is a non-self-similar phe-
nomenon. Initially, it follows a frozen limit, and at the far end,
it follows an equilibrium limit. The growth rate of the Mach
stem at the equilibrium limit is smaller. These observations
are confirmed in the present simulation (Fig. 8b), where the
trajectory of the triple point of the Mach stem is not straight,
and the growth rate of the Mach stem height decreases over
time. As a result, the Mach stems interact with each other
during later stage. Interestingly, the detonation front remains
a dodecagon for a significant amount of time (see Appendix
1 for wavefront structures during implosion).

When the number of ignition lines is increased to 18
(Fig. 8c), we observe that a cylindrical detonation front forms
very early on. The soot foils for this polygonal case are quite
similar to the symmetrical benchmark Case 1 when posi-
tioned away from the ignition sources. Figure 8e summarizes
the radius versus time plots for various values of n, showing
that the n = 18 case is only slightly slower than the circular
case. The n = 6 case shows no noticeable acceleration until
the final stage, while the n = 3 case follows the CJ detonation
trajectory closely, exhibiting only regular reflections.

Figure 9 shows the Mach reflection after ignition for the
n = 18 case discussed previously. Due to the small wedge
angle (A, = 10°), the Mach stem is less overdriven (i.e.,
(Vms/ DCJ)2 = 1.0, where Vs is the Mach stem velocity).
At t = 30, the triple points from neighboring Mach stems
make contact. As observed in detonation Mach reflection



Two-dimensional numerical simulation of imploding detonations

Page 9 of 17 2

(c)n=18

Fig.8 a—c Soot foils for implosions with three different polygonal igni-
tion sources; d Schematics of regular and Mach reflections with respect
to a and b; e Detonation wavefront location as a function of time. The
blue dashed lines in a and b indicate the imaginary wedge correspond-
ing to the detonation ignited from the top-right ignition line (the red
dashed line). This detonation propagates in the direction indicated by
the arrow. The green dash-dot line in b denotes the trajectory of the
triple point of the Mach stem

Incident
detonation
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Fig.8 continued

experiments by Fortin et al. [25], for small wedge angles,
it is difficult to pinpoint the exact triple point of the Mach
stem, and the front appears more curved and continuous.
Our present simulation shows similar behavior: when the
two triple points from neighboring Mach stems meet, the
front appears continuous from an observer’s perspective. This
could explain why, in certain experimental setups, multiple
ignition sources can still lead to a well-formed cylindrical
implosion.

3.3 Implosions with obstacles or non-uniform
ignition

3.3.1 General observations

Inspired by the experimental work of Knystautas and Lee

[5], we artificially introduced an obstacle to disturb the wave

front, as shown in Fig. 10a. A cylinder with a radius of 50
length units is placed in the path of the imploding detona-
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Fig.9 Zoomed density contours showing the detonation wave structure
during the initial stage of implosion (n = 18), including the formation
and growth of the Mach stem. The black dashed lines represent the
symmetry axes between two neighboring ignition lines

tion, with the center of the cylinder located 495 unit lengths
away from the center (Case 9). For better visualization, the
domain is rotated to examine the interaction between the
cylindrical detonation wave and the obstacle in Fig. 10b. The
wave reflects from the obstacle surface and, upon diffraction,
the distinct cellular structures vanish in the soot foil record.
We observe a higher density region where the reaction zone
thickens. The wave then reflects from the line of symmetry
and re-initiates the gas, coupled with a strong Mach stem that
generates dense, small detonation cells. This re-acceleration
causes the local wave front to catch up with the global wave
front. As aresult, at later stages, the wave front becomes less
asymmetrical, and from the soot foil (Fig. 10a), it appears
that the global implosion center remains near the center of
the computational domain. It is worth noting that, similar
to the experimental records by Knystautas and Lee [5], no
significant shift in the global implosion center was detected
when the obstacle was implemented.

3.3.2 Effects of disturbance size
This section presents results for various obstacle sizes (Cases

8-10, Fig. 11). The middle row shows a zoomed view of the
soot foil near the center of the simulation, with an obstacle

@ Springer
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Fig. 10 Circular ignition with an obstacle of r = 50. a Soot foil; b
Curved detonation wave front propagates over the obstacle, shown by
zoomed density contours. The view is rotated for easier visualization
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.35 5 10

Density 0_

Fig.11 Circular ignition with obstacles of varying sizes: a rops = 25; b
robs = 50; ¢ rops = 100. The left images show sample density contours
before the final collision, and the right images show zoomed-in soot foils
at the center. The black dot circle is used to highlight the asymmetry of
the wavefront

radius of 50 units discussed in Sect.3.3.1, as the benchmark.
A slight shift in the global implosion center is visible, with
the global implosion center moving toward the obstacle. The
other two rows show simulations with an obstacle half the
size of the radius of the benchmark case (Fig. 11a) and one
that is twice the radius (Fig. 11c). For larger disturbances,
the shift in the global implosion center is more pronounced,
while for the smaller obstacle, the collapse still occurs near
the original center.

To facilitate comparison, instantaneous wave fronts are
also shown (leftin Fig. 11). Even for the smallest disturbance,
the distances between the wave front and the center mea-
sured along various directions, such as along the path to the

Fig. 12 Implosion with non-uniform ignition pressure. The pressure
in the top-right 1/4 portion of the ignition sources is increased by a
50% and b 100% compared to the benchmark Case 1. The top shows
a zoomed-in snapshot of the density contour before the final collapse,
and the bottom shows a zoomed-in view of the soot foil near the center

obstacle (i.e., top-right direction) and other directions, still
deviate. This suggests that the azimuthal asymmetry along
the curved wave fronts persists without being fully smoothed
out, rather, the apparent restoration of its former symmetry
as discussed by Knystautas and Lee [5] is likely due to the
limited resolution of the observation method.

Additionally, detonation implosions with polygonal igni-
tion sources were tested with an obstacle (Cases 11 and 12).
Since the observations closely align with those found for cir-
cular ignition, the results are provided in Appendix 2.

3.3.3 Effects of non-uniform ignition

In this set of cases, we increased the pressure of the ignition
bubbles in the top-right portion (i.e., quadrant I). In one case,
the elevated pressure is 1.5 times the original pressure (i.e., 90
unit pressure), and in the other case, it is twice the original
pressure (i.e., 120 unit pressure) (Cases 13 and 14). Both
simulations use polygonal ignition with n = 18.

The soot foil near the center and a selected snapshot of
the density contour close to the center are shown in Fig. 12.
Additional snapshots of wavefronts during implosion can be
found in Appendix 2. Both cases show a noticeable offset
in global implosion center. From the wave front at the final
collapse, we observe that the second case produces a more
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Fig. 13 a Angle of influence plot based on the formula by Knystautas
and Lee, compared with measurements from Case 1; b Trajectories of
triple points originating from two ignition points for the implosion with
non-uniform ignition (Case 14)

elliptical wave front. In fact, the elliptical shape persists until
the final collapse.

Recall from the introduction that information is believed
to propagate at the speed of the transverse wave, which is
close to the sound speed behind the leading shock [5]. The
angle of influence relative to the center, w, is defined as the
angle formed by a point along a trajectory, the corresponding
ignition point, and the center of the collapse (see Fig.2). We
plot w as a function of the distance between the point and the
center based on the derivation by Knystautas and Lee [5]:

B fRs C1 (Ry) dRg
rRe D(R) Ry’

0

@ Springer

where C1(R;) is the sound speed behind the shock front
and D(Ry) is the instantaneous detonation velocity. This
formulation is based on the assumption that transverse per-
turbations propagate at the local sound speed. For a CJ
detonation wave, the function C;/D is constant and is given
by Ci/D=y/(y +1).

In Fig. 13a, the blue line corresponds to the approximate
solution based on the CJ detonation assumption, and the
actual solution, as exemplified by Case 1, closely aligns
with this CJ-based solution. The result suggests that infor-
mation originating from a specific point can only influence
the detonation front when it is extremely close to the center.
For implosions with shifts in the global implosion center, as
shown in Fig. 13b, the influential zone of information carried
from a point, bounded by the pair of blue and red trajectories
of triple points, also remains largely constrained. Moreover,
for multidimensional imploding detonations, as noted earlier,
the front remains multi-headed near the center. Furthermore,
tracking a transverse wave over a physically relevant length
scale (i.e., one that is not microscopic such that it is sig-
nificantly smaller than O(£1/2)) indicates that a disturbance
signal cannot traverse the front sufficiently to smooth out the
perturbations.

It is important to emphasize that the present simulation
spans a relatively large diameter in terms of the number
of detonation cells, yet the detonation front near the center
still exhibits strong transverse instabilities. It is well estab-
lished that, in piston-supported overdriven detonations, the
degree of overdrive significantly influences the propagation
mode. Specifically, when the critical overdrive threshold is
exceeded, the detonation transitions from an unstable to a
stable propagation regime [31]; however, it might require
significant distance for these instabilities to dissipate. The
distance required, as well as its dependence on activation
energies, remains an open question. It is hypothesized that
for a sufficiently large diameter, there may be a chance for a
smooth front without transverse instabilities, but this requires
further investigation, as significant acceleration occurs only
within a small part of the computation domain. This study
provides an intuitive numerical illustration based on a mild
activation energy while maintaining a reasonable computa-
tion domain size.

4 Conclusion

In this study, an imploding detonation was simulated over
a sufficiently long travel distance using a classical Arrhe-
nius reaction model with mild activation energy. For circular
implosions, acceleration was observed from the onset, but
significant acceleration only occurred very close to the cen-
ter. When higher energy was applied to the ignition sources,
the wave front reached the global implosion center earlier,
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although the essential characteristics remained qualitatively
unchanged.

For implosions ignited with polygonal sources, the results
revealed either regular or Mach reflection of cellular det-
onations, depending on the number of ignition lines. In
the case of regular reflection, the detonation front profiles
remained consistent, and the detonation propagated close to
the Chapman—Jouguet velocity without any noticeable accel-
eration. In contrast, the combination of Mach reflection and
cellular instability facilitated a transition to a more circular
shape. As the number of ignition lines increased, the wave
front transitioned into a circular shape, becoming indistin-
guishable from that produced by circular ignition.

Simulations were carried out with a circular obstacle
placed far from the center. As the obstacle size increased, the
final wave front became more distorted (non-circular), and
the global implosion center shifted toward the obstacle. How-
ever, this shift was minimal for smaller obstacles. A similar
observation was made for implosions with non-uniform igni-
tion pressure, where the final wave shape became elliptical.
These results suggest that the smoothing effect of transverse
waves alone is insufficient to eliminate disturbances. More
importantly, the wave fronts remained multi-headed, even
very close to the center.

However, these findings are not definitive, as accurate
physical modeling of very strong imploding waves was not
considered. The present results are limited to the specific
parameters selected in this study, such as mild activation
energy, a finite and reasonable simulation domain size, and
the inviscid limit. Further research is required to better under-
stand these phenomena.

Appendix 1: General wave structure during
circular and polygonal implosions

Figure 14 presents snapshots of density contours during the
implosion process for Case 1, with a time interval of 20. The
ignition hot spots form a circular pattern (Fig. 14a), trigger-
ing cellular wave fronts that implode toward the center, while
relatively weak shocks propagate outward through the inert
gas (Fig. 14b—e). The spacing between the transverse waves is
small relative to the simulation domain, making them indis-
tinct in the density contours, although they can be clearly
observed in soot foils (Fig.2). Finally, the waves reflect off
the center in Fig. 14f.

Density O.hS P 3 _10 21
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Fig. 14 Density contours illustrating the implosion process for Case 1

‘l(f)t=100

As an alternative to the density contours for illustrating
the implosion process, the entire wave front structure can be
shown in a single figure for clarity and simplicity. Figure 15
displays the wave front structure during polygonal implo-
sions.

Itis noted that for n = 6, where Mach reflections occur but
the growth rate of the Mach stem is relatively small, the wave
fronts remain in a dodecagonal shape for most of the time,
as seen in the colored lines highlighted in Fig.15b at t =
60. In this case, the blue dashed lines represent the incident
detonation waves, while the red dashed lines represent the
Mach stem. Around ¢+ = 90, when the Mach stems interact
with each other, the wave front recovers to a more hexagonal
shape.
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(@yn=3

Fig. 15 Wave fronts during the implosion process for Cases 5-7, with
different numbers of ignition edges: an=3; b n=6; cn=18. The wave
fronts are shown at time intervals of 10, progressing from the outer
region to the inner region. The colored dashed lines in b highlight the
dodecagon ¢ = 60

@ Springer

Appendix 2: Supplementary soot foils and
wave structures near collapse

Figure 16 presents the numerical soot foils for cases not
included in the main text.

Figure 17 illustrates the influence on polygonal implosions
disturbed by an obstacle, focusing on the zoomed-in regions
of Fig. 16d, e near the center. The results are qualitatively sim-
ilar to those seen in circular implosions with obstacles, where
the global implosion center shifts slightly toward the obsta-
cle. Therefore, further discussion on these results is omitted
in the main text.

Figure 18 shows the wave fronts near the final collapse for
a polygonal implosion (n = 18) with non-uniform ignition
pressure (Cases 13 and 14). The wave front remains cellular
and does not transition to a circular shape until the collapse
is complete.
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Fig. 16 Full set of numerical
soot foils for cases not included
in the main text

(e) Case 12 (f) Case 13
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Fig. 17 Zoomed-in view of soot foils for polygonal implosions with an
obstacle radius of 50:an =9;bn = 18

)
/(b) Case 14

Fig. 18 Wave front structures during the final collapse for a polygonal
implosion (n = 18) with non-uniform ignition pressure (Cases 13 and
14). From outer to inner, the time interval between neighboring fronts
is 0.1

«10-

(a) Case 13
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