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Abstract
The factors that influence the symmetry of an imploding detonation are investigated experimentally and theoretically. Deto-
nations in sub-atmospheric acetylene–oxygen were initiated and made to converge in an apparatus that followed that of Lee
and Lee (Phys Fluids 8:2148–2152, 1965). The width of the test section was controlled with a wave-shaping insert, which
formed the test section against the viewing window, creating an effectively two-dimensional problem with a channel width
comparable to the detonation cell size. The convergence of the detonation was observed via self-luminous open-shutter pho-
tography and high-speed videography. The resulting videos were analyzed to quantify the wave speed, degree of asymmetry,
and direction and magnitude of the offset in the center of convergence. To determine the experimental parameters that influ-
ence the symmetry of the imploding wave, the wave-shaping insert was intentionally canted by 0.3◦–0.6◦, accentuating the
asymmetry of the imploding detonation. The experiment was modeled using a Huygens construction wherein the detonation
is treated as a collection of wavelets, each assumed to propagate locally at a velocity determined by the channel width. The
results of the model reproduced the observed offsets in detonation convergence from the center of the apparatus, confirming
that velocity deficits resulting from the narrow channel width control the observed asymmetry.

Keywords Converging detonation · Implosion · High-speed videography · Numerical model · Acetylene–oxygen

1 Introduction

Due to the potential to attain high-energy-density states with
minimal energy input, imploding shock waves and deto-
nations remain a fascinating phenomenon. For a perfectly
symmetric imploding detonation or shock wave, a singular-
ity in temperature and pressure is theoretically obtained at
the center of implosion [1], while in practice asymmetries
resulting from instability limit the states thatmay be obtained
[2]. Applications of imploding detonations include serving
as effective pre-detonators for fuel-air engines [3] and poten-
tially as initiators for fusion energy reactors [4]. Imploding
detonations have also been demonstrated to be an effective
metal-shaping mechanism [5].

Communicated by H. D. Ng.

B S. Rodriguez Rosero
sebastian.rodriguezrosero@mail.mcgill.ca

1 Department of Mechanical Engineering, McGill University,
817 Sherbrooke St W, Montreal, QC H3A 0C3, Canada

2 Department of Chemistry and Chemical Engineering, Royal
Military College of Canada, 13 General Crerar Crescent,
Kingston, ON K7K 7B4, Canada

The potential usefulness of the focusing phenomenon
makes it of interest for study in various fields, with most
experiments done with imploding shocks (rather than det-
onations). First, the seminal work of Perry and Kantrowitz
in 1951 investigated whether converging shock formation
was possible in a cylindrical shock tube with a converging–
diverging obstacle [6]. Later, Saito and Glass revisited
imploding shocks with an explosive-driven hemispherical
cavity [7]. Through spectroscopic measurements, their study
revealed a temperature of more than 10,000 K at the focal
point. More recently, others have revisited the converging
shockwave problem, particularly on forming complex polyg-
onal shocks through various obstacle configurations [8].
A comprehensive review of imploding shock research can
be found in the recent book by Eliasson and Apazidis [9].

In contrast with imploding shock waves, the problem
of imploding gaseous detonations has been comparatively
less experimentally studied. The development of an exper-
imental apparatus to investigate imploding detonations was
performed by Lee andKnystautas in the 1960s. In their study,
three generations of the imploding detonation experiment
were tested, as seen in Fig. 1. The first, in 1965, consisted
of a series of stacked flanges with a center disk held at the
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Fig. 1 Three generations of imploding detonation experiments were
done by Lee and Knystautas, graphics from [10, 12–14]

center of a hollow cavity. Here, the detonation would ini-
tiate on one side of the disk, wrap around, and converge
on the other side, where a window was located [10]. This
study served to experimentally validate the self-amplifying
characteristics of imploding detonations, a phenomenon
previously described using the Chester–Chisnell–Whitham
(CCW) method [11]. Their second generation, from 1969,
changed how the implosions were formed. This apparatus
contained a wide cylindrical cavity with an array of tubes
attached to the outer wall. A series of initially planar det-
onations would be spark-initiated at the end of the tubes;
these hemispherical expanding detonations would then enter

the cylindrical cavity and combine to form a polygonal con-
verging detonation [12, 13]. This new apparatus improved
the optical access to the experimental test section. In 1971,
their third and last version of the experimentwas constructed.
This iteration used a long annular channel to create a planar
detonation, which then propagated through a converging–
diverging section before reaching the test section, where a
double window arrangement allowed for observation [14].
In this last study, the presence of a curvature preservation
mechanism that acts against local wavefront perturbations
was first hypothesized.

Ahlborn and Huni performed further investigation of
imploding detonations in [15], where the velocity profile of
an imploding detonation was quantified and was found in
agreement with the results reported in Lee and Lee [10].
Later, Terao and co-workers revisited the imploding detona-
tion problem in [16–18] where they confirmed the existence
of self-amplification of the converging front in the case
of spherically converging detonations. Recent studies of
imploding detonations in condensed-phase explosives have
adopted a similar approach to Knystautas et al. in [12] to
evaluate different aspects of multipoint initiation [19–21].

As described in [14], the degree of symmetry in which
a detonation wave converges directly determines the extent
to which energy is accumulated at the focal point. Thus, in
theory, a perfectly symmetric imploding detonation would
lead to an infinitely dense energy state. However, it was
also mentioned that although “there is no obvious physi-
cal characteristic of the apparatus that could be traced to
cause the particular asymmetries observed,” it was found to
be challenging to create perfectly symmetric imploding deto-
nations. At the time, it was hypothesized that this asymmetry
originated from instabilities inherent in the detonation front,
which persisted to the point of focus of the wave. However,
the exact mechanism that causes the asymmetry has yet to
be explicitly identified. Therefore, this study aims to revisit
the problem of imploding cylindrical detonations in gaseous
mixtures, particularly to provide new insight into the primary
mechanisms that cause asymmetry in imploding cylindrical
detonations.

To avoid complex three-dimensional effects, the dynamics
of thewave across the thickness of the cylindrical channel can
be suppressed by making the channel thin, i.e., with a thick-
ness comparable to the detonation cells size. Recently, the use
of thin channels—conceptually similar to Hele-Shaw cells in
classical fluid dynamics—by Radulescu and co-workers has
permitted the suppression of cellular dynamics in the direc-
tion perpendicular to the visualization window, enabling the
dynamics of two-dimensional cellular detonations [22–25]
and shock–flame interactions [26] to be revealed in exquisite
detail. Adopting themethodology of a thin channel, however,
can result in the dynamics of the wave being extraordinarily
sensitive to the geometric details of the experimental appa-
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ratus, particularly in an imploding geometry. Quantification
of this sensitivity is the objective of the present study.

In Sect. 2 of the present paper, the imploding detona-
tion apparatus is presented in detail. The use of open-shutter
photography and high-speed videography of the imploding
detonations is presented in Sects. 3 and 4, respectively, and
metrics to quantify the symmetry of the imploding wave are
proposed. To investigate the mechanism for the observed
sensitivity of the implodingdetonation, the apparatus is inten-
tionally operated with a slight gradient in channel width
across the diameter of the cylindrical test section. The results
are analyzed and modeled via a Huygens-like construction
of the detonation wave dynamics in Sect. 5, and the compar-
ison of this model to the experimental results is discussed in
Sect. 6.

2 Experimental device

The implosion device consisted of a series of aluminum
stacked flanges assembled to create an internal cylindrical
cavity with rounded edges, measuring 50.8 mm in height
and 359.7 mm in width. A 25-mm-thick, 330-mm-wide cen-
ter disk created the constant-width 13-mm channel through
which the detonations propagated. Figure2 shows a sec-
tion view of the experimental apparatus, highlighting its
main features, the gas-handling system used, and the path
through which the detonations propagate before conver-
gence. As seen in Fig. 2, the detonations originated at the
pre-detonator (described below) and propagated through
a 12.5-mm-inner-diameter tube until entering the cavity
through a 19.05-mm-diameter inlet, wrapping around the
center disk, and converging at the test section. Two different
setups were used to capture the imploding detonations: First,
a primary surface mirror mounted above the apparatus was
used with a Shimadzu HPV-X2 camera (CCD sensor resolu-
tion of 400×250 px, triggered with a PDA-55 photodiode)
to record high-speed videos. Second, a Sony Alpha 6000
DSLR camera was mounted directly above the window to
capture open-shutter pictures of the detonations while per-
forming experiments in a darkened laboratory. For some of
the open-shutter pictures, a Thorlabs 550-nm short-pass fil-
ter (FESH0550) was used to limit the light captured from the
reaction products. Two window designs were tested, the first
with a small 50-mm-wide window in an aluminum flange,
and the latter with a larger 304.8-mm-wide window that
spanned the entire test section, as shown in Fig. 2. Only
the experiments using the large window were used for the
analysis reported in this paper. Some of the early tests done
with the small window are included in the supplementary
material.

Since the symmetry of the imploding detonations was
influenced by the concentricity of the flanges and center disk,

all parts were machined with 0.001-inch (25 µm) tolerance
using interlocking lips. In addition, because the apparatus
was sealed using Buna-N rubber o-rings and gaskets (for the
window), the 18 grade-8 bolts that held the apparatus together
had to be uniformly torqued to a set amount, typically around
3.5 N · m, to ensure a uniform channel width. This technique
was adopted as it was noticed through early experiments that
slight changes in the assembly of the apparatus would lead
to significantly different symmetry of the imploding deto-
nation. Controlling the compression of the different seals
greatly improved the reproducibility of the experiment. For
each set of tests, the width of the test section was measured
using amicrometer and a reference plane placed on top of the
top ring, before closing the apparatus, which was kept sealed
until all tests were finished. The compressed thickness of the
1.59-mm-thick rubber gasket sealing the window was then
added to the measured width. A value of 20% compression
was estimated from the measured data and used consistently
for all tests. Because the apparatus was not modified between
tests, any asymmetry originating from the assembly should
be consistent for tests of the same kind.

Two configurations for supporting the center disk were
tested: (1) a support cylinder with six diverging channels
and (2) six individual diamond-shaped airfoils with extended
trailing edges; the second configuration was used for all
tests reported in this paper. A brief discussion of the effects
observed while using different support designs is included in
the Appendix.

At the point of convergence, a modular aluminum insert
sat on top of the center disk and was used to reduce the
channel width at the test section to a few millimeters. This
wave-shaping insert was used to reduce three-dimensional
effects by trimming the detonation front, allowing only a thin
wave layer into the converging section. Two inserts with dif-
ferent diameters, 204 and 254mm, were used; both inserts
have rounded walls meant to redirect the discarded section
of the detonation wavefront away from the test section, lim-
iting its influence on the resulting implosion. In addition, the
inserts were sandblasted and painted matte black to improve
the visibility of the wavefronts.

Detonation initiation was done through spark discharge
with a custom-made energy delivery system. Since the spark
energy was insufficient to consistently achieve direct initia-
tion or prompt DDT at low initial pressure (below 15 kPa),
a pre-detonator section was installed. This section consisted
of a 12.5-mm-wide and 381-mm-long cavity filled with a
sensitive gas mixture at a much higher initial pressure than
the inside of the apparatus. A Shchelkin spiral was added to
promote the fast occurrence of DDT within this section. The
pre-detonator was filled to 100 kPa and separated from the
rest of the experiment by a 12.7-µm-thick Mylar diaphragm
which was ruptured by the high-pressure wave after initia-
tion.
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Fig. 2 Section and detailed views of the experimental apparatus displaying key features and dimensions. A plumbing and instrumentation diagram
is also included in the figure. At the top of the figure, w is the channel width at the test section

Thegaseousmixtures used are stoichiometric and equimo-
lar acetylene–oxygen. While the stoichiometric mixture was
used for experiments, the more sensitive equimolar mixture
was used for the pre-detonator. Acetylene–oxygen was cho-
sen as the test mixture because of its small cell size at the
pressure range that the experimental apparatus could toler-
ate (2.5–40 kPa). This mixture was also easier to initiate
than other gaseous mixtures, such as ethylene–oxygen or
hydrogen–oxygen, which were also tested. Both mixtures
were prepared in separatemixing tanks via themethod of par-
tial pressures using the gas-handling system shown in Fig. 2,
and several days were allowed before testing to ensure the
proper mixing of gases inside the tanks. The apparatus was
evacuated between tests to the lowest measurable pressure
for the experiment,≈ 0.1 kPa, for several minutes to remove
residual gas.

3 Open-shutter photography

Several open-shutter pictures of the imploding cylindrical
detonations were taken to capture the cellular structure.

Figure3 shows pictures of the stoichiometric acetylene–
oxygen detonations under various conditions. Both the
support airfoils and the 254-mm-diameter wave-shaping
insert were used. The window was partially covered with
an opaque ring used to reduce the viewing area to approxi-
mately 180mm in diameter. This was done to block the light
emitted by the detonation wave before entering the thin test
section, which would otherwise make capturing the much
dimmer cellular detonation in the test section difficult. Ini-
tial pressure before initiation was set to 2.5 kPa for pictures
a and b, set to 4 kPa for picture e, and set to 5 kPa for pic-
tures c, d, and f. The difference between pictures a and b, and
c and d is that a 550-nm short-pass filter was added to the
camera for pictures b and d. Pictures e and f illustrate the
shape of the detonation structure after the test section was
intentionally canted (see details given in Sect. 4.2.2). All
pictures, including those with the same initial pressure, were
taken in different tests. The pictures were post-processed to
enhance cellular structure visibility by modifying the texture
and final exposure of the images.

As seen in the detonations initiated at 2.5 kPa, the lopsid-
edness of the cellular structure is indicative of a detonation
near failure, where different sections of the front may have
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Fig. 3 Showcase of different
open-shutter pictures captured
with the experimental apparatus.
Pictures a and b captured at
2.5 kPa, e at 4 kPa and c, d, and
f at 5 kPa. Pictures b and d were
captured with the 550-nm filter.
A uniform 3.56-mm-wide test
section was used for all pictures
except e and f where the test
section was intentionally canted.
The 254-mm-diameter insert
was used for all the pictures
shown

reverted to a deflagration before reaching the test section.
In contrast, detonations initiated at higher pressure display
a more uniform pattern. For detonations in a canted test
section, cell size appears larger on the side closer to the

implosion focus. Also captured in the pictures are combus-
tion by-products, which appear orange, presumably due to
continuous (black body) emission from condensed phase
products.
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4 High-speed videography

The following are the results collected for this experiment
through high-speed videography. The Shimadzu HPV-X2
camera was set to 2,000,000 FPS, 200 ns of shutter time,
and a varied aperture to ensure optimal visualization of the
wavefront. Figure4 shows an array of frames displaying a
converging detonation as captured in the apparatus. This
example corresponds to a detonation initiated at 30 kPa ini-
tial pressure, andwith the largewave-shaping insert (254mm
diameter) in place, limiting the channel width in the test
section to 3.56 mm. The detonation is seen immediately
after it arrives in the test section and converges to the
center.

4.1 Image processing from high-speed videos

Several parameters were collected from the video of each
test to characterize the behavior of the imploding detona-
tions. A MATLAB script employing the image processing
toolbox [27] was developed to analyze the videos. This script
worked by first separating all frames showing the detonation
front within the test section for individual analysis. Then, an
edge-finding algorithm was used to approximate the perime-
ter, area, and centroid of the shape bound by the detonation
front as it converged. These data were subsequently used to
determine three geometric parameters of interest. Also, the
velocity at different front locations was estimated; the pro-
cess details are described below.

Fig. 4 Frames showing a
converging detonation as
recorded from the high-speed
video. The detonation wave was
initiated at 30 kPa, and the
254-mm-diameter insert was set
to a constant 3.56-mm channel
width. Concentric circles
following the converging front
are shock waves created at the
moment the detonation enters
the cavity and impacts the center
disk. High-speed videos of the
converging detonations are
found in the supplementary
material
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The three geometric parameters used to characterize the
imploding detonations are the symmetry ratio, the off-center
offset, and the azimuth. Because the symmetry ratio cannot
be measured at the center of convergence, the trend in which
these parameters develop over the frames studied was used to
extrapolate the parameters to their value at the convergence
center through a linear fit.

The symmetry ratio is defined as

4π A

p2
(1)

which approaches unity as the front approximates a circle.
In the equation, A corresponds to the area bounded by the
front, and p is the perimeter of the area. The off-center offset
of the detonation was measured as the distance between the
centroid of the front and the center of the test section, which
was obtained from a calibration picture taken for each test
batch. The azimuth of the detonation center was calculated
to determine its angular position with respect to the center
of the test section. Figure5 illustrates the different geomet-
ric parameters extracted from the video frames. Note that
the primary source of uncertainty in the measurement orig-
inates from the limited image resolution coupled with the
self-luminous videos used. Based on the video calibration
used, it is expected for the wavefront position uncertainty to
be bound to approximately ± 1 mm.

The pressure range for all high-speed videography tests is
5–40kPa.No tests done at 2.5 kPawere included in the results
because, at this initial pressure, local extinction of the deto-
nation front was frequent, which led to poor reproducibility.
Experimental cell size data for the acetylene–oxygenmixture

Fig. 5 Diagram showing the geometric parameters extracted fromhigh-
speed videos of frames before convergence. The slice used to measure
the velocity of the front at the left and right sides of the center of conver-
gence is also shown. Slices takenwere always alignedwith themeasured
azimuth

were obtained from [28–30] and fitted to approximate the cell
size over the experimental pressure range. The relation used
is

λ(P) = 28.66 · P−1.139 (2)

where pressure, P , is in kilopascals and cell size in millime-
ters. All the data displayed in the results section are plotted
over the width of the test section w, normalized by the cell
size λ. In cases where the test section width is not uniform,
the width at the center of the apparatus was used.

To capture the velocity of the front, a one-dimensional
slice of a fixed section of the view area was taken from all
frames sampled (as shown in Fig. 5). These slices were then
stacked in an array where the columns correspond to the
different frames, and the rows are the slices showing the det-
onation. The front location for each frame was determined
through a finding algorithm that probed pixel by pixel until
it found the front based on changes in light intensity. Then,
the velocity at the front was approximated by fitting a curve
through the pixels showing the detonation front. The velocity
reported in the results corresponds to the average veloc-
ity before convergence. High-speed videos would often be
rotated so that the sampled sections of the detonation front
were aligned with the azimuth, and off-center offset data
were used to select the location of the slices, always match-
ing opposing sides of the converging wavefront.

4.2 Symmetry dependence on channel width

Asmentioned in Sect. 4.1, several parameters were collected
from the different high-speed videos of the imploding det-
onations under varying initial pressure. For these tests, the
geometry of the test section was characterized by measuring
the channel width throughout the test section with a microm-
eter, as described in Sect. 2. The tests performed are divided
into constant-width and varying-width tests.

4.2.1 Constant-width tests

This corresponds to the first series of tests done with the
apparatus, where the test section was set to have a constant
channel width of 3.56 mm with a measured variation of less
than 6%, which was attributed to the machining tolerances
of the apparatus. Figure6 shows the data collected from tests
with initial pressure between 5 and 40 kPa. Each data point
represents the average of at least three tests, and error bars are
the calculated standard deviation for each set. Figure6a con-
tains the geometric parameters that were extracted from the
high-speed videos, and 6b shows the measured front velocity
at two opposing sides on the front, which are aligned to the
azimuth calculated for each test. The CJ velocity of stoichio-
metric acetylene–oxygen at room temperature for the same
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Fig. 6 Measured data from tests with constant channel width. Tests
were done with the 204-mm-diameter insert with a uniform 3.56-mm
channel width. The pressure range is 5 to 40 kPa in increments of
2.5 kPa. Error bars represent the standard deviation between the multi-
ple tests done at each initial pressure. The width at the center of the test
section was used to calculate w/λ in all tests

pressure range was estimated using the NASA CEA code
[31] and is included in the figure.

As seen in Fig. 6a, all constant-width tests display a high
degree of symmetry, evidenced by a consistent symmetry

ratio of around 0.9 and a maximum off-center offset of only
5mm, compared to the overall diameter of the center disk of
330mm. The off-center offset also increased as the number
of cells across the width of the channel approached unity
(w/λ = 1). The azimuth determined varies significantly
between −30◦ and 30◦, which is to be expected consider-
ing the low off-center offset measured. At the same time, the
detonation velocity measured at opposing sides of the con-
verging detonations was found to be close to the expected CJ
velocity, and no increase in velocity of the wave as it con-
verged toward the center was noted (see Sect. 5 for further
details).

4.2.2 Varying-width tests

Through experience with the apparatus, the experiment was
found to be extraordinarily sensitive to the way it was assem-
bled and that small variations in the setup, like uneven
compression of the rubber seals, would lead to inconsisten-
cies in the results, evidenced by an off-center offset in the
center of the implosion. This findingmotivated the deliberate
canting of the wave-shaping insert to quantify the influence
of the non-uniformity in the width of the test section on
the results. For these tests, the test section was intentionally
canted by inserting precisely measured metal shims under
the wave-shaping insert. Figure7 gives an exaggerated illus-
tration of how the test section shape changed after canting,
and Table 1 reports the canting angle, which was calculated
from measured channel width data for each of the tests with
different wave-shaping inserts.

Figure 8 displays the data collected for the varying-width
tests with both the large and small inserts. The geometric
parameters shown in Fig. 8a present a contrasting behavior
to what is seen in the constant-width tests. The symmetry
ratio is close to unity and is consistent for the large insert
but decreases with a reduced number of cells per channel
width for the small insert. In the case of the off-center off-

Fig. 7 Demonstration of how the insert is canted for experiments with
varying test section width. The canting was exaggerated in this image
for better visualization
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Table 1 Canting information for each of the test runs with different
insert sizes

Insert Canting angle (◦) wcenter (mm)

204mm 0.63 2.36

254mm 0.34 3.10

The angle was defined from the side of least width to the side of max-
imum width. The test section width was measured at the center of the
wave-shaping insert

set, both datasets have a trend where the off-center offset
grows significantly as the number of cells diminishes, reach-
ing a maximum value of about 10mm for the large insert and
20mm for the small one. Last, contrary to the constant-width
tests, both datasets have a uniform and distinct azimuth. The
azimuth detected in both cases matches the location where
the channel width was the thinnest or where the metal shims
were placed.

In the case of velocity, as shown in Fig. 8b, c, a trend
similar to that of the off-center offset is seen in the velocity
measured on the thinnest side of the front. Here, a deficit

Fig. 8 Measured data for varying-width tests. Tests were done with
the 204-mm- and 254-mm-diameter inserts, with the canting angle
described inTable 1. Error bars represent the standard deviation between

the multiple tests done at each initial pressure. The width at the center
of the test section was used to calculate w/λ in all tests
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from the CJ velocity grows as the number of cells within the
channel decreases. This trend is present in both small and
large insert tests. The fact that the large insert tests show a
lesser asymmetry is believed to come from the fact that the
large insert was not canted as much as the smaller one. This
was done to prevent completely closing one side of the test
section with the edge of the larger insert.

5 Analysis

As shown in Sect. 4.2, variations in the width of the test sec-
tion affect the symmetry of the converging fronts, evidenced
by the significant off-center offset and consistent azimuth
measured. Two hypotheses were proposed to explain the
observed behavior:

1. The velocity deficit is caused by the change in the local
front area relative to the area of the front at the start of con-
vergence, a phenomenon often described using the CCW
method for geometric shock dynamics. The variation in
width across the channel would result in an asymmetry in
the degree of area convergence.

2. The velocity deficit is caused by a phenomenon described
by Fay in [32] where the detonation wavefront loses
momentum when confined within a thin (width on the
order of a few cells) channel because of the negative dis-
placement of the boundary layer, with the extent of the
velocity deficit depending on the relative scale between
the cell size and the width of the channel.

It is possible to rule out hypothesis 1 by recognizing that—
although some thermodynamic properties like pressure vary
significantly through area convergence—detonation velocity
is mainly insensitive to this effect, a phenomenon experi-
mentally verified by [15]. Through their experiments, the
detonation velocity was found to only increase by about 20%
after the radius of convergence had reached a twentieth of
its initial size. This finding was also verified in the present
study through the velocity estimated fromhigh-speed videos.
Figure9 shows the curve used to estimate the velocity of an
imploding detonation in a constant-width test section. Here,
the red circles correspond to the tracked position of the det-
onation front at each frame, and the blue line is a linear fit
of this data. The goodness of the fit was characterized by the
R2, and the estimated detonation velocity is included in the
figure. As seen in the figure, there is no noticeable velocity
deficit caused by the decrease in the radius of convergence of
the front as the detonation converges. Under the same princi-
ple, the change in the local front area (which varies much less
than the radius of convergence) from propagating through a
varying-width channel is unlikely to cause the off-center off-
set observed in the results. In addition, if area convergence

Fig. 9 Space–time (x–t) plot of a 30 kPa detonation in a constant-
width section. Lines extracted from video frames are stacked vertically,
showing detonation entry in the test section (upper left) and propagation
to the apparatus center (lower right). The large wave-shaping insert was
used

because of the canting was the cause of the offset, the effect
should be independent of pressure. However, the data show
an increase in the off-center offset with decreasing initial
pressure (increasing detonation cell size).

To confirm whether boundary layer displacement—
Hypothesis 2 above—is the mechanism behind detonation
wave asymmetry, a numerical model based on a Huygens
construction was formulated to simulate the dynamics of
a converging detonation in a thin channel of non-uniform
width. In this model, the detonation wavefront is modeled as
a series of small planar fronts that converge based on the ori-
entation of neighboring fronts and a locally constant velocity
set by the channel width. This approach is a treatment simi-
lar to that done by Neemeh in [33], who studied cylindrical
shock convergence in narrow channels based on the formu-
lation by Mirels [34].

5.1 Wavefront initiation and propagation

This detonation front was initialized in a Cartesian plane as
N points around a perfect circle with a diameter equal to the
diameter of the test section. The front was thus divided into
N − 1 local fronts, each defined as the line connecting two
neighboring points. Here, the position of the first point at the
first step is given by

p j
i = p j

i (x, y) (3)

with j defining the current time step, and i defining the cur-
rent point. A study of grid independence for this model was
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Fig. 10 Schematic of the numerical model

performed, and convergence of results was found if at least
100 elements were used.

The propagation of the converging front was done by first
tracing a line connecting points i and i+1. Then, the inwards-
pointing normal vector of the line was determined and used
as the direction in which this local front propagated. The
point i + 1/2, the midpoint between i and i + 1, was then
found and used as the position from which to propagate the
local front forward. After the direction and origin point were
determined for all of the small fronts, each was propagated
inwards as

p j+1
i = p j

i+1/2 + v j
i+1/2�t (4)

with v j
i+1/2 the local velocity, and �t a fixed time step. Sub-

sequently, point i + 1/2 became point i for the new time
step, and the process was repeated. Figure10 is a graphical
representation of this model.

5.2 Local velocity estimation

The local velocity v j
i+1/2 was determined by implementing

the velocity deficit through the boundary layer displacement
theory described in [32]. This approach approximates the
detonation as quasi-one-dimensional (i.e., cellular structure
is not considered) and adiabatic. The boundary layer dis-
placement thickness is thus given by

δ∗ = 0.22 t0.8
(

μe

ρ1v

)0.2

(5)

where ρ1 is the upstream density, μe the viscosity of the gas
in the reaction zone, t is the hydrodynamic thickness of the

detonation, defined as 1.5λ, and v is the detonation velocity.
Transport properties of the stoichiometric mixture at room
temperature were obtained using the NASA CEA program.

The velocity deficit is given by

v

vCJ
= 1 − 0.53 ε ζ (6)

where ζ is the fractional increase in the area of any stream
tube compared with its area at the shock front, and ε is a
parameter that relates to the pressure gradient across the det-
onation front. The expression for ζ is given by

ζ = 2δ∗

w
(7)

where w is the local channel width, obtained from measure-
ments as described in Sect. 2. For the numerical simulations,
the channel width at the position of each midpoint, p j

i+1/2,
was used as the width of the local front at that location.

The parameter ε is a constant that depends on the pres-
sure rise across the reaction zone, which is expected to be
between 1 and 2 [32]. This constant was determined for
this experiment by comparing the velocity deficit model
with experimental data of velocity deficits of cylindrical
detonations in stoichiometric acetylene–oxygen obtained by
Ng et al. [35] in a setup similar to the current geometry
(thin cylindrical channels). In this case, ε ≈ 1.4 was found
to match the experimental data well. In summary, the local
velocity was determined from (5), (6), and (7) using a root-
finding method (fzero function in MATLAB) to determine
the local velocity of the front. Alternatively, the CJ speed
may be used to estimate the boundary layer displacement
thickness δ∗, in which case root-finding is not needed. Both
methods were tested and resulted in similar trends, although
the use of the CJ speed will result in an under-prediction
of δ∗.

6 Discussion

As mentioned in Sect. 5, based on the results obtained from
the varying-width tests, it is expected that the asymmetry of
the imploding detonations is produced by a local velocity
deficit caused by the negative displacement of the bound-
ary layer and manifested by a low number of cells available
within the test section.

In such a case, the numerical model formulated, which
depends only on the conditions of the test section and
gas, should match the measured off-center offset from
the high-speed videos. Figure11 is a comparison between
the numerical model output and a high-speed video from the
tests using the 204-mm-diameter canted insert, both at 5 kPa
initial pressure. Also, Fig. 12 compares the off-center offset
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Fig. 11 Comparison between the output from the numerical model and
a high-speed video test. For both the experiment andmodel, the thinnest
side is located at the left (corresponding to an azimuth of 180◦)

measured for the different tests and the one predicted with
the numerical model, using the test section data from Table 1
to determine local front velocity.

As seen in Fig. 11, the numerical model adequately repro-
duces the features observed in the high-speed video, both
matching the axis in which the front is asymmetric and
the shape in which this asymmetry is present. Features that
the numerical model does not capture are the presence of
striations and irregularities that are seen on the detonation
front, which form as the detonation weakens by propagat-
ing through the thin channel and cell size increases. The fact
that the model does not reproduce these features is expected
since this model does not account for transverse waves at
the detonation front. The implosion of this oval-shaped front
along a line (rather than the point implosion of a symmetric
detonation) is believed to give rise to the line of intense lumi-

Fig. 12 Comparison between experimental results and numerical pre-
dictions of the varying-width tests

nosity observed at the center of convergence in open-shutter
photographs of asymmetric detonations, as seen in picture
f from Fig. 3.

Figure 12 shows that the model effectively reproduces
the behavior of increasing off-center offset with a decreas-
ing number of cells within the test section. Particularly, it
adequately recreates the off-center offset measured from
both test sets shown. Note that for the tests using the
254-mm-diameter insert, there is some discrepancy between
the measurements and the model curve. It is possible that
because the insert is wider, disturbances of the wavefront
generated as the detonation turns around the center disk
increased, thus explaining the inconsistency in the results. It
is also expected that other discrepancies between the numer-
ical model and results come from secondary phenomena not
accounted for by the model, such as the presence of a cellu-
lar structure, or the limitations of the measurement process,
which is constrained by image resolution and the accuracy
with which the width of the test section can be determined.
The wavefront-tracking limitations may be partially reme-
diated using schlieren visualization instead of self-luminous
videography.

In any case, as evidenced by the adequate agreement
between the model and the data, it is confirmed that the pri-
mary mechanism that causes asymmetry of the detonations
is the velocity deficit due to boundary layer displacement. In
the present experiment, the non-uniformity in channel width
is what led to asymmetry in the converging front.

7 Conclusions

The use of a cylindrical test section with a width on the order
of the detonation cell size (i.e., a thin channel) has permitted
the dynamics of imploding detonation waves in acetylene–
oxygen to be observed in a two-dimensional geometry using
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both open-shutter photography and high-speed videography.
While this technique permits the three-dimensional dynam-
ics of the wave to be suppressed, it results in an additional
complication in that the wave dynamics become sensitive to
the assembly of the apparatus (e.g., non-uniform compres-
sion of the rubber seals in assembling the apparatus may
result in observable asymmetry and offset from the appara-
tus center as the detonation implodes). The detonation wave
also exhibited a remarkable persistence of perturbations that
were introduced to the wave as it entered the apparatus and
transitioned to a cylindrical detonation. To further investigate
the mechanism responsible for the asymmetry of the implo-
sions, the width of the test section was intentionally canted to
result in a slight gradient in channel width (0.3◦–0.6◦) across
the test section. A Huygens-like wave propagation model,
wherein the local width of the channel determines the instan-
taneous propagation velocity of the detonation, was able to
reproduce the asymmetries and offsets observed in the exper-
iments successfully. This agreement between the experiment
andmodel confirms that momentum losses to the walls of the
thin channel are the primary cause of the asymmetry observed
in this investigation. The findings of this study can guide
future use of this (and similar) apparatus in investigating the
states that may be obtained in imploding detonations.

Appendix: Influence of the support structure

Two different designs for the supports of the center disk were
tested, as shown in Fig. 13a. The first is a cylinder with six
equally spaced diverging channels, and the second consists of
six individual diamond-shaped airfoils with extended trailing
edges. Figure13b compares tests done with each of the two
configurations.

From comparing the tests done with the cylinder and air-
foils, it is clear that the support structure exerts a significant
influence on the final symmetry of the front, even with the
curvature distributionmechanismmentioned in [14]. As seen
in Fig. 13b, the cylinder support imprints a hexagonal pat-
tern onto the converging front, which is visible until the
detonation converges. This phenomenon is explained by the
interaction of different detonation waves exiting the cylin-
der and producing Mach stems as they come in contact. In
contrast, this effect was minimized with the airfoils, allow-

Fig. 13 Influence of the support structure on the shape of the imploding
detonations. The 254-mm-diameter insert was used for this test, and the
test section width was set to a uniform 3.56 mm

ing for a smooth imploding front to be formed. Note that
an investigation on the impact of diamond-shaped airfoils in
the path of propagating planar detonation waves was done in
[13].
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