
Driver Gas Reduction Effect of Pulse-Detonation-Engine
Initiator Using Reflecting Board

Masashi Wakita,∗ Ryusuke Numakura,† Takatoshi Asada,‡ Masayoshi Tamura,§

Tsuyoshi Totani,¶ and Harunori Nagata∗∗

Hokkaido University, Hokkaido 060-8628, Japan

DOI: 10.2514/1.50043

To reduce driver gas usage of a pulse detonation engine operating in airbreathing mode, the authors

experimentally examined a combination method of a reflecting board and overfilling of the driver gas. This method

has the potential to reduce the predetonator diameter by half and shorten the overfilling distance h to the reflecting

board position w. Experiments with stoichiometric hydrogen–oxygen and hydrogen–air mixtures as driver and

target gases, respectively, showed that the overfilling distance necessary to have a planar detonation wave propagate

in a detonation chamber is reduced to 30 mm when a reflecting board is used with a reflecting board clearance of

w� 10 mm. With an overfilling distance of 30 mm, the transformation of the detonation wave from cylindrical to

toroidal did not occur because of the mixing effect of the driver gas and the target gas around the reflecting board. A

100-mm-thick reflecting board prevents the mixing effect, and a successful transformation from cylindrical to

toroidal becomes possible with an overfilling distance as small as 17.2 mm.

Introduction

A PULSE detonation engine (PDE), in which propellant burns in
detonation waves intermittently, has attracted the attention of

researchers because of its simplicity and theoretical higher thermal
efficiency [1–4]. The major issue that needs to be resolved for the
practical use of a PDE is detonation initiation. Detonability is an
indicator of the ease of initiating detonation of combustiblemixtures.
When a PDE operates in airbreathing mode, the combustible gas is
likely to be a fuel–air mixture, and its detonability (meaning
detonation initiation ability of the combustiblemixture) is lower than
that of fuel–oxygen mixtures [5]. Another case in which one may
encounter a low-detonability condition is when the fuel is in the
liquid phase. The energy required to initiate detonation with low-
detonability propellants, such as those mentioned previously, is too
large to directly initiate a detonation wave using a typical energy
source [4].

To initiate a detonation wave using a typical energy source, many
researchers employ a deflagration-to-detonation transition (DDT)
process. Unfortunately, a low-detonability combustible mixture
needs both a long distance and time for the DDT process, resulting in
a decrease in operating frequency and thermal efficiency. Many
researchers have succeeded in reducing the DDT length and time by
using vortex generators, such as a Shchelkin spiral, in an upstream

region of the detonation chamber. However, vortex generators in a
detonation chamber can cause nonrepeatable ignition due to a
temperature increase during operation.

Another possible method of detonation initiation is the
predetonator concept. It is common knowledge that the smaller the
diameter of a tube, themore easily a detonationwave can be initiated.
As Fig. 1a shows, the predetonator concept uses a two-step detona-
tion initiation process. A detonation wave readily commences in a
small diameter tube (predetonator) using a low-energy source. To
reduce the DDT length, a high-detonability mixture of propellants is
often added as a driver gas to the upstream region of the predetonator.
In the next stage, the detonationwave transmits into a larger-diameter
detonation chamber containing a low-detonability mixture of
propellants (target gas) [4]. Detonation transition through an abrupt
area change, such as from the predetonator to themain chamber, is of
foremost interest in the field of fundamental detonation study, and
there have been many investigations concerning this issue [6–9].
Mitrofanov and Soloukhin have shown that the tube diameter dmust
be at least 13 times the cell size � for a successful detonation
transition [10]. Matsui and Lee proposed the critical tube diameter
concept, meaning that the tube diameter dc under this marginal
condition represents detonability [11]. Knystautas et al. obtained dc
values of various combustible mixtures and showed that the relation
of dc � 13� is valid for various mixtures [12]. However, many
subsequent experimental studies showed that dc � 13� does not
work out, which has been well reviewed in [13]. Moen et al. found
that dc=� ranges from 13 to 24 for fuel–air mixtures [14]. Many
researchers have demonstrated that dc varies between 4� and 30�,
depending on the type and concentration of the diluent [15–18].

Most of the initiators use a driver gasmixture in the uppermost part
of the tube, as Fig. 1a shows. Typical compositions of a driver gas
mixture are hydrogen–oxygen and ethylene–oxygen. The short DDT
length (or time) of these mixtures allows for an extremely short
predetonator. Using a driver gas mixture improves the ignition
probability and reliability of a PDE system. However, the additional
oxygen in the driver gas means an increase in the onboard propellant
weight and reduces Isp of the PDE system. Recent performance
analyses byAamio et al. [19] andBrophy et al. [20] have shown that a
driver gas accounting for only 1% of the total combustion chamber
volume results in a 22% reduction in Isp. Accordingly, we must keep
the driver gas usage as small as possible. Because the amount of the
driver gas is proportional to the sectional area of the predetonator, Isp
increases as the diameter of the predetonator decreases.

Many methods to enhance the detonation transition at the abrupt
change of area have been proposed. Typical methods are the use of
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1) shock reflection and shock-focusing devices and 2) a cone-shaped
exit having a gradual area change to reduce lateral expansion. An
example of detonation transition enhancement using the concen-
tration of shock wave reflection and focusing is the experimental
research of Moen et al. [21]. They showed that an annular orifice at a
predetonator exit enhances the detonation transition, and the most
efficient blockage ratio (BR) (equal to the obstacle surface area
divided by the predetonator cross section) was around 0.5. By using
an annular orifice of BR� 0:5 at the predetonator exit, the critical
tube diameter dc is reduced to 5:7�–7�. Sorin et al. installed an
inversed intermediate single-ended tube at the predetonator exit and
provided a critical tube diameter of 2:2� for a double-shock reflec-
tion [22]. As an example of a cone-shaped exit, Khasainov et al.
showed that a cone-shaped exit with a half angle of less than 45 deg
enhances the detonation transition [23]. The critical tube diameter
decreases linearly with the angle from 13� to 1�.

The critical diameter of the predetonator is determined by the cell
size of the target gas mixture. An effective method to reduce the
diameter of the predetonator is to overfill the driver gas over the
predetonator exit area, as Fig. 1b shows. In this method, the cell size
of the driver gasmixture determines the diameter of the predetonator.
Because the cell size of the driver gas mixture is usually one to two
orders ofmagnitude smaller than that of the target gasmixture [5], we
can reduce the predetonator diameter according to the scale ratio of
the cell sizes. Accordingly, a drastic reduction in the predetonator
volume, in comparison with the other enhancement devices men-
tioned previously, is possible using this method. On the other hand,
minimization of the overfilling distance h, in Fig. 1b, arises as
another challenge to reducing driver gas usage.

To realize a successful transition of detonation at the predetonator
exit in a PDE operating in airbreathing mode, in which the combus-
tible gas is a fuel–air mixture, the authors also have proposed a PDE
initiator that uses a reflecting board near the exit of the predetonator
tube, as Fig. 1c shows [24,25]. Figure 2 shows an overall photograph
of a PDE initiator with a reflecting board. In these studies, the authors

showed that the minimum diameter of the predetonator with a
reflecting board is expressed by dc � 6:3�.

In this study, the authors propose a combinationmethod that uses a
reflecting board and overfilling of the driver gas to reduce the driver
gas usage of a PDE initiator. This method has the potential to reduce
the predetonator diameter by half and shorten the overfilling distance
h to the reflecting board position w, as Fig. 1d shows. This study
consisted of two steps. In the first step, we developed a preliminary
design based on our previous work and made a performance
evaluation. The second step was an experimental investigation into
the driver gas reduction ability of this method.

Pulse-Detonation-Engine Initiator with Reflecting Board

Outline of Pulse-Detonation-Engine Initiator with Reflecting Board

Teodorczyk et al. analyzed a quasi-detonation wave propagating
in an obstacle-laden channel and showed that Mach reflections at a
rigid wall play an important role in detonation propagation [26].
Jones et al. showed numerical results in which a detonation wave
entering a wide channel from a narrow tube decayed once and then
recommenced owing to a Mach reflection at the sidewall of the
channel [27]. Ohyagi et al. observed this phenomenon experi-
mentally [28]. Murray and Lee [29] and Murray et al. [30] studied
transitions of a planar detonation wave from a circular tube to a
cylindrical detonation expanding radially outward between a pair of
parallel plates, and they showed that aMach reflection of a diffracted
wave from the wall opposing the tube exit promotes the transition of
detonation. De Witt et al. investigated detonation initiation via the
interaction of a high-speed shock/flame complex and a disk or a cone
obstacle placed in the middle of the detonation chamber [31].

Inspired by these results, the authors have proposed aPDE initiator
using a circular disk called a reflecting board near the exit of a
predetonator to promote detonation transition by Mach reflection on
the board [23]. To evaluate the performance of this PDE initiator, the
authors conducted experiments using the configuration shown in
Fig. 3. The predetonator diameter d, the diameter of the detonation
chamberD, and the gap of the annular pathL are 20, 100, and 15mm,
respectively. Combustible gases were stoichiometric hydrogen–
oxygenmixtures diluted with nitrogen or argon. There is no compos-
ition change from the predetonator to the detonation chamber. The
initial pressure was 1 standard atmosphere (atm). We determined
critical values for the cell size � for successful transitions with
various reflecting board distances by changing the concentration of
the dilution gas. The critical value of the cell size � correlates
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strongly with the dimensions of the predetonator, and the threshold
limit value ofd=� for a successful transition is 13without a reflecting
board. We have confirmed that a reflecting board at the appropriate
position improves the threshold limit value of the d=� to 6.3.
Accordingly, the reflecting board reduces the predetonator diameter
by one half.

A detonation wave propagates around the reflecting board,
changing its shape through three transition processes, as Fig. 4
shows. Thefirst transition process is fromaplaner detonationwave in
the predetonator (Fig. 4a) to an expanding cylindrical detonation
wave between the front flange surface and the reflecting board
(Fig. 4b). The second transition process occurs on the sidewall of the
detonation chamberwithwhich the expanding cylindrical detonation
wave collides. This collision converts the wave into a imploding
toroidal detonation wave (Fig. 4c). The third transition process
occurs in the rearward region of the reflecting board through the
implosion of the imploding toroidal detonation wave. The wave
implosion causes a reinitiation of a spherical detonation wave, which
becomes a planar detonation wave in the downstream of the
detonation chamber (Fig. 4d). Many researchers have performed
experimental or numerical studies on detonation initiation by an
imploding detonation wave, such as the third transition process [32–
35]. Jackson and Shepherd [36] and Jackson et al. [37] designed an
initiator for creating a collapsing toroidal detonation wave front and
showed chemiluminescence images of the collapsing toroidal wave
front concentrating at the central axis of the initiator.

Previous research byWakita et al. [24] revealed that the transition
from the incident planar detonation wave (Fig. 3a) to an expanding
cylindrical detonationwave (Fig. 3b) in thefirst transition process is a
sufficient condition for successful detonation wave propagation in
the detonation chamber. Successful transition to the expanding cylin-
drical detonation wave (Fig. 3b) occurs when the predetonator
diameter d is larger than 6:3� and the reflecting board distance w
equals the predetonator diameter d.

Preliminary Design of the Initiator

This section describes the preliminary design of the initiator when
we use a stoichiometric hydrogen–oxygenmixture as a driver gas.As
mentioned in the preceding section, a successful transition to an
expanding cylindrical detonation wave (Fig. 4b) is a sufficient
condition for a successful transition to a planer detonation wave in
the detonation chamber. It is reasonable to assume that overfilling the
upstream of the reflecting board with driver gas, as Fig. 1d shows,
will ensure the initiation of an expanding cylindrical detonationwave
in the detonation chamber. From this consideration, we chose the
predetonator diameter d and the reflecting board clearance w to be
seven times the cell size � of the driver gas, being larger than the
critical value of 6:3�, which was described in the preceding section.
The cell size � of a stoichiometric hydrogen–oxygen driver mixture
is about 1.2 to 1.3 mm at ambient pressure. Therefore, we chose the
predetonator diameter d and the reflecting board clearance w to be
10 mm. The overfilling distance of the driver gas in this initiator,
sufficient for a successful transition, is expected to be 10 mm, which
is the same value as the reflecting board clearancew. The gap of the
annular path L and the thickness of the board were 10 and 5 mm,
respectively.

Experimental Details

Experimental Apparatus

Figure 5 shows a schematic of the experimental apparatus. It
consists mainly of a detonation chamber and a predetonator. The
detonation chamber is 280 mm long, with an internal diameter of
100 mm. The predetonator upstream of the detonation chamber is
540 mm long, with an internal diameter of 10 mm. This length is
sufficiently long compared with the DDT length of a stoichiometric
hydrogen–oxygenmixture for this tube diameter. Four shafts support
the reflecting board, which is 80 mm in diameter and 5 mm thick, as
Figs. 2 and 5 show. As the preceding section describes, we chose the
reflecting board clearance w, based upon the cell size of the driver
gas, to be 10mm.This apparatus has four ports P1, P2,D1, andD2, as
shown in Fig. 5, for pressure sensors (PCB 113A26, Piezotronics
Co., Ltd.). Soot foils collect tracks of the triple points of detonation
waves at the following four locations in Fig. 6: location I is the
surface of the front flange, location II is the upstream surface of
the reflecting board, location III is the downstream surface of the
reflecting board, and location IV is the sidewall of the detonation
chamber.

Overfilling Procedure and Experimental Condition

To overfill the driver gas in the combustion chamber, an additional
volume was installed in the upstream of the predetonator, as Fig. 5
shows. The additional volume is a 1 in. internal diameter tube and is
connected with the predetonator via a ball valve. Figure 7 shows the
overfilling procedure. Initially, the valve is closed and the driver gas
mixture and the target gas mixture fill the upstream and downstream
areas of the valve, respectively (Fig. 7a). A gas-handling machine
prepares and completely mixes these mixtures. The pressure of the
driver gas p1 is higher than that of the target gas p2. When the valve
opens (Fig. 7b), the driver gas overfills to the position h where the
balance pressure p3 is established. Common to all experiments,
the balance pressure (initial pressure) is 1 atm. A control device
determines the timing of the valve opening and ignition, and it
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activates a spark plug 0.5 s after the valve opens. A characteristic
overfilling distance hc serves as a criterion of the driver gas amount:
The distancehc is the overfilling volume of the driver gas at the initial
pressure divided by the cross-sectional area of the detonation
chamber. Note that the actual overfilling distance can be different
fromhc because of thevolume of the reflecting board. In all cases, the
driver gas and the target gas are stoichiometric hydrogen–oxygen and
stoichiometric hydrogen–air mixtures, respectively. The maximum
value of the differential pressure (p1 � p2) in the present study is
about 1.3 atm at hc � 30 mm.

Results and Discussion

Performance Confirmation of Preliminary Design

Filling the driver gas mixture (stoichiometric hydrogen–oxygen
mixture) into the entire test section, we checked the initiator
performance. Figure 8 shows pressure histories at ports P1 to D2 for
the same experiment. All of the pressure histories exhibit a rapid
pressure rise. The time lags of the steep pressure rises of P1–P2 and
D1–D2 give velocities of 2.9 and 3:0 km=s, respectively. These
values are close to the theoretical Chapman–Jouguet (CJ) detonation
velocity of 2:8 km=s under a stoichiometric hydrogen–oxygen
mixture. Accordingly, a CJ detonation wave is transmitted along the
axis in the predetonator and the combustion chamber.

Figure 9 shows soot tracks, and Fig. 10 shows a detonation
transition diagram based on the soot tracks. Figure 9a shows the soot
track of the front flange surface. The diameter of this soot track is
100 mm, which is the same as the diameter of the detonation
chamber. In the left figure, the central white circle is the predetonator
exit, and the four surrounding circles correspond to the support
shafts. An annular black ring surrounds the predetonator exit. The
detonation cell patterns extend outside the black ring, as the close up
in the right figure shows. Figure 9b shows the soot track of the
upstream surface of the reflecting board. The four white circles
correspond to the support shafts again. The cell pattern suggests a
detonationwave propagating radially from the center of the reflecting

board. As Fig. 10 shows, the incident planar detonation wave
diffracts at the exit of the predetonator and is weakened by the
expansion wave from the edge of the predetonator. As a result, the
incident detonation wave cannot attenuate longer than this reflecting
board clearance. At the center of the reflecting board, the detonation
wave recommences and spreads back to the front flange. The annular
black ring of the front flange surface corresponds to the interface
between the diffracted shock from the predetonator and the
detonation wave from the reflecting board. The detonation wave
from the reflecting board collides with the front flange surface. This
collision strengthens the detonation wave propagating in the radial
direction, as the dashed–dotted line in the figure shows. This is the
reason the cell size on the reflecting board (Fig. 9a) is bigger than that
on the front flange (Fig. 9b). In this way, an expanding cylindrical
detonation wave evolves between the front flange and the reflecting
board. Like a detonation wave emerging from a tube exit, the
expanding cylindrical detonation wave emerges from the edge of the
reflecting board and then comes under the influence of the rarefaction
wave. Figure 9d shows the soot track of the sidewall of the detonation
chamber. The size of the track is 700 � 1700 mm, and the front
flange is at the left end. The axial position of the reflecting board is
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p2 p3

a) Valve close b) Valve open
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Fig. 7 Overfilling procedure.
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from 10 to 15 mm from the left end. As location 1 in Fig. 9d shows,
the expanding cylindrical detonation wave emerging from the edge
of the reflecting board collides with the sidewall at a zonal area. The
width of this zonal area is approximately 12 mm, being close to the
reflecting board clearance w� 10 mm. Because the cell size � of a
stoichiometric hydrogen–oxygen mixture is about 1.2 to 1.3 mm at
ambient pressure, the distance between the edge of the reflecting
board and the front flange (namely, the reflecting board clearance)
corresponds to 8–9�. In a cross-sectional surface, Fig. 10 shows the
expanding cylindrical detonation wave diffracts only from the edge
of the reflecting board to the left, as the dashed line in the figure
shows. An earlier study revealed that, when a detonation wave
transits from a rectangular channel to an unconfined space, the
critical width of the flow channel is 10� [10]. Comparedwith the half
value of 10�, the value of 8–9� is large enough for the expanding
cylindrical detonation wave to survive the rarefaction waves. The
expanding cylindrical wave keeps its strength while it passes over
the gap in the annular path L and causes a strong reflection on the
sidewall (location I in Fig. 9d). At the left end of location II in Fig. 9d,
comparatively small cells are observable, showing evidence of
overdriven detonation. This result shows that the strong reflection of
the expanding cylindrical detonation wave caused a successful
reinitiation of an imploding toroidal detonation wave (Fig. 4b).
Figure 9c is the soot track on the downstream surface of the reflecting
board. In this figure, an annular ring divides the surface into the inner
area and the outer area. Cell patterns observable in the inner area
show the imploding toroidal detonation wave diffracted to the
downstream surface of the reflecting board, as Fig. 10 shows. Not
only the pressure history but also the soot track pattern prove the
successful transition of the detonation.

Notable results of this performance confirmation test are as
follows:

1) We obtained a successful transition of a detonation wave by
setting the predetonator diameter d, the reflecting board clearancew,
and the gap of the annular path L to 10 mm. Note that this
predetonator diameter d is below the classical critical diameter of
13�, meaning 16 to 17 mm for a stoichiometric hydrogen–oxygen
mixture.

2)All three transitions around the reflecting board, such as a planer
wave to an expanding cylindrical wave, the expanding cylindrical

wave to an imploding toroidalwave, and the imploding toroidalwave
to a planar wave, were successful.

Detonation Transition Using the Overfilling Method

By using the overfilling method, we examined the detonation
transitions around the reflecting board by changing the characteristic
overfilling distance hc. The driver gas mixture and the target gas
mixture are a stoichiometric hydrogen–oxygen mixture and a
stoichiometric hydrogen–air mixture, respectively. Figure 11 shows
soot tracks with a characteristic overfilling distance hc of 10 mm,
which is the same length as the reflecting board clearance w�
10 mm. Although cell patterns appear around part of a shaft, as
Fig. 11a shows, this pattern is quite different from that of Fig. 9a. No
cell pattern is observable on the upstream surface of the reflecting
board, as Fig. 11b shows.Accordingly, the detonation reinitiation did
not occur on the reflecting board, resulting in the failure of the
detonation transition to the detonation chamber in this condition. A
possible cause of this result is the lower quality driver gas in the
upstream of the reflecting board due to the mixing of the driver gas
and target gas. Our overfilling method, shown in Fig. 7, has a mixing
effect on the driver gas and the target gas at the contact surface during
the period the valve is open to ignition. Therefore, the concentration
of nitrogen at the leading edge of the driver gas likely rises at the end
of the overfilling procedure. Preparing an uncontaminated driver
gas mixture in the upstream of the reflecting board is crucial to
developing an expanding cylindrical detonation wave under this
experimental condition.

Figure 12 shows soot tracks with a characteristic overfilling
distancehc of 20mm. There is an annular black ring on the surface of
the front flange (Fig. 12a), just like in Fig. 9a. Figure 12b shows the
cell patterns of a detonation wave propagating radially in the area
outside the ring. These results prove a successful transition from a
planar detonation wave in the predetonator to an expanding cylin-
drical detonation wave between the front flange and the reflecting
board. The influence of the four shafts to the detonation transition
was not observed in the cell patterns, because the cylindrical
detonation wave reinitiates the inner region of the bolt radius and the
detonation wave spreads before the influence reaches the entire
circumference. On the sidewall of the detonation chamber (location I
in Fig. 12c), there is a zonal area, at which point the expanding
cylindrical detonation wave vertically collides with the sidewall. The
width of the zonal area is approximately 10mm, which is close to the
width that location I in Fig. 9d shows. Accordingly, the expanding
cylindrical detonation wave survived the rarefaction wave from the
edge of the reflecting board and reached the sidewall, just as the
transition in Fig. 10 describes. However, as location II in Fig. 12c
shows, no cell pattern is observable in the right side of the zonal area,
meaning that the transition from the expanding cylindrical
detonation wave to an imploding toroidal detonation wave failed.

Figure 13 shows soot tracks with a characteristic overfilling
distance hc of 30 mm. The soot tracks around the reflecting board
show similar patterns to those in Fig. 12. The incoming planar
detonation wave transmitted to an expanding cylindrical detonation
wave successfully, and the expanding cylindrical wave reached the
sidewall. Unfortunately, the imploding toroidal detonation wave did
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Fig. 10 Schematic diagram of detonation transition around reflecting
board.
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not commence on the sidewall. However, unlike the hc of the 20 mm
case, the detonation cell structure reappeared on the downstream half
of the combustion chamber sidewall as the bottom, right close up in
Fig. 13d shows. Figure 14 shows pressure histories at ports P1 to D2
for this experiment. Because ports D1 and D2 are 74 and 110 mm,
respectively, from the left end of the soot track in Fig. 13d, the
location of the detonation reappearance is between these two ports.
At port D1, the history shows a small oscillation continuing for about
30 �s before the rapid pressure increase and, at port D2, the history
also appears to be a small pressure oscillation, showing that a
decaying shock wave passed through ports D1 and D2. The time lag
between the small pressure oscillations of these two ports is about
21 �s. This time lag gives the velocity of the pressure wave from
ports D1 to D2 to be 1:7 km=s, which is considerably larger than the
speed of sound under a stoichiometric hydrogen–air mixture. This
decaying shock does not spread along the sidewall of the detonation
chamber but would have spread from the center of the chamber. Cell
patterns near the location of the detonation reappearance are
irregular, which is the characteristic appearance of a soot track when
a detonation wave collides vertically with a soot foil. The time lag
between the rapid pressure increases of these two ports is about
10 �s. This time lag gives the velocity of the pressure wave from
ports D1 to D2 to be 3:6 km=s, which is considerably larger than the
theoretical CJ detonation velocity of 2:0 km=s under a stoichiom-
etric hydrogen–air mixture. Soot tracks and pressure histories in
Figs. 13 and 14 lead to a detonation reinitiation mechanism, as
Fig. 15 shows. The expanding cylindrical detonation wave fails to
transit to an imploding toroidal detonation wave, and a torus-shaped
compression wave encompasses the combustible gas in the deto-
nation chamber. This torus-shaped pressure wave concentrates at the

axis of the detonation chamber behind the reflecting board,
generating a region of high temperature and high pressure sufficient
for detonation reinitiation. A hemispherical detonation wave
evolving from this region propagates and reaches ports D1 and D2
with a small temporal difference.
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Fig. 12 Soot tracks with characteristic overfilling distance hc�
20 mm.
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Owing to this mechanism, a successful detonation transition is
possible, even in a case where the expanding cylindrical detonation
wave fails to transit to an imploding toroidal detonation wave. The
nitrogen concentration resulting from the mixing effect around the
reflecting board affects the probability of a successful detonation
transition. In the condition of hc � 30 mm, the nitrogen concen-
tration around the reflecting board is low compared with the hc �
20 mm case. As a result, the pressure after the compression wave
increases, resulting in the improvement of the reinitiation probability
behind the reflecting board. These experimental results prove that the
transition from a expanding cylindrical detonation wave to an
imploding toroidal detonation wave is not a necessary condition, but
the transition to an imploding toroidal shock is likely a necessary
condition for successful detonation initiation in a detonation
chamber filled with a target gas. They also prove that the minimum
characteristic overfilling distance hc of this detonation initiator is
30 mm.

Although a successful detonation initiation in the detonation
chamber is possible without a transition from an expanding cylind-
rical wave to an imploding toroidal wave, interruption of detonation
propagation during a transition process is unfavorable for the
operation frequency because of the decrease in flame propagation
velocity. Accordingly, it is important to avoid themixing effect of the
driver gas and the target gas around the reflecting board to ensure a
successful transition from an expanding cylindrical detonation wave
to an imploding toroidal detonation wave. Figure 16 shows a
schematic diagram of driver gas overfilling around the reflecting
board with a characteristic overfilling distance hc of 30 mm. As
shown in Fig. 16, assuming that the driver gas overfilled from the
annular orifice around the reflecting board spread like a cylindrical
shape, the distance of the leading edge of the cylinder is represented
as w� �hc � w� � �Achamber=Aorifice�. Achamber is the area of the
detonation chamber cross section, and Aorifice is area of the annular
orifice. From this relation, the driver gas flows into the detonation

chamber along the sidewall, and the leading edge of the driver gas can
reach as far as 66 mm from the front wall. Therefore, the mixing
effect at the leading edge of the driver gas is unlikely to result in an
increase in nitrogen concentration at the origin of the imploding
toroidal detonation wave (see Fig. 16).

A possible cause of the increase in nitrogen concentration at this
region is the inflow of the target gas from rearward of the reflecting
board, as Fig. 16 shows. To confirm this effect, we increased the
thickness of the reflecting board from 5 to 100 mm and conducted
similar experiments. Figure 17 shows the soot track on the sidewall
with a characteristic overfilling distance hc of 17.2 mm. The size of
the track is 700 � 1100 mm, and the right end corresponds to the
downstream end of the new reflecting board. In thisfigure,we can see
cell structures at 10 mm from the left as evidence of a reinitiation of
an imploding toroidal detonation with such a short overfilling
distance. Accordingly, the characteristic overfilling distance hc to
have an imploding toroidal detonation wave is less than 17.2 mm
when using a reflecting board with an appropriate thickness. The fact
that there is a case of a successful detonation transition into the
detonation chamber, even when the transition to an imploding
toroidal detonation wave is unsuccessful (hc � 30 mm case), shows
that an imploding toroidal detonation wave formation is a sufficient
condition to have a planar detonation wave propagate in the
detonation chamber.

Comparing Fig. 1b with Fig. 1d, the reduction effect of the
reflecting board on the overfilling distance is estimatedwith regard to
our detonation chamber of 100 mm ID. A previous study by Wakita
et al. confirmed that the critical tube diameter of the predetonator
without a reflecting board was 20 mm when a stoichiometric
hydrogen–oxygen driver gas mixture at atmospheric pressure fills an
entire section [24]. In view of the fact that the cell size of this initial
condition is about 1.2–1.3 mm, it is appropriate to consider the
critical diameter to be 20 mm from the relation of Dc � 13�.
Figure 18 shows the soot tracks on the sidewall of the detonation
chamber in this condition. The track is 70 � 170 mm, and the
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predetonator exit is at the left end. The predetonator diameter is
increased to 20 mm to satisfy the 13� criterion. At 60 mm from the
left end, there is a boundary between two different soot track patterns.
A spherical detonation wave reinitiated at the predetonator exit and
collided with the upstream of the boundary vertically. In the
downstream of the boundary, a complete planar detonationwavewas
established. For these reasons, we can identify the point as a
transition point from the expanding spherical detonation to the planar
detonation wave. We assume that the planar detonation wave of the
driver gas passing through the circular tube with the constant section
is able to transmit to the target gas composition. This result shows
that the minimum overfilling distance without a reflecting board,
which is shown as h in Fig. 1b, is 60mm. However, when we overfill
a driver gas mixture of hydrogen–oxygen for any overfilling distance
using our method, we could not observe a successful transition. This
is because ourmethod cannot substitute the target gas in the upstream
of the detonation chamber perfectly with the driver gas. Part of the
target mixture remains after the overfilling procedure at the upstream
corner of the detonation chamber. Additionally, mixing of the driver
mixture and the target mixture occurs at the leading edge of the driver
mixture. By using a reflecting board, as shown in Fig. 1d, the
characteristic overfilling distance hc required to have a planar
detonation wave propagate in the detonation chamber decreases to
17.2 mm. Accordingly, a reflecting board with an appropriate
thickness not only solves the difficulty in substituting the gas in the
upstream of the detonation chamber, it also reduces the driver gas
overfilling distance h.

Conclusions

A detonation wave propagates around the reflecting board,
changing its shape through three transition processes: from planer to
cylindrical, toroidal, and back to planar again. Inspired by our previ-
ous result, that showed the transition to an expanding cylindrical
detonation wave is a sufficient condition to have a planar detonation
wave propagate in the detonation chamber successfully, the authors
experimentally examined a combinationmethod of a reflecting board
and the overfilling of driver gas. A preliminary experiment with a
stoichiometric hydrogen–oxygen mixture (cell size �� 1:2 to
1.3 mm) showed that the appropriate values for the predetonator
diameter and the reflecting board clearance are 10 mm for both. The
diameter of 10 mm is half that for the casewithout a reflecting board.
This means that the method reduces the amount of driver gas in the
predetonator to one quarter. The advantage of the reflecting board
that adjusts the amount of the driver gas to one quarter can be applied
to all the fuel–air mixtures that satisfy the relational expression of
13� that shows the critical tube diameter.

By using this initiator configuration, a successful transition to the
detonation chamber is observedwhen the overfilling distance hc is at
least 30 mm.With an overfilling distance hc of 30mm, an expanding
cylindrical detonation wave transforms, not to an imploding toroidal
detonation wave, but to a torus-shaped pressure wave because of the
mixing effect of the driver gas and the target gas around the reflecting
board. The torus-shaped pressurewave concentrates at the axis of the
detonation chamber behind the reflecting board, generating a region
of high temperature and high pressure sufficient for detonation
reinitiation.

Although the critical overfilling distance of 30 mm is small
compared with the case without a reflecting board, this result is still
far from its full potential. The nitrogen concentration resulting from
themixing effect around the reflecting board affects the probability of
a successful transition from an expanding cylindrical detonation
wave to an imploding toroidalwave.A reflecting board 100mm thick
prevents the effect of the inflow of the target gas from the rear of the
reflecting board. As a result, a successful transition from an
expanding cylindrical detonation wave to an imploding toroidal one
becomes possiblewith a characteristic overfilling distance as small as
17.2 mm. Accordingly, the reflecting board makes the driver gas
overfilling distance h at least three times smaller. As a common
interpretation, the cylindrical to the toroidal detonation on the
sidewall plays a vital role in the successful transition, and we must

prevent themixing effect completely at the reinitiation position of the
toroidal detonation wave.
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