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Abstract Experiments are carried out to investigate the
mechanism of the deflagration-to-detonation transition
(DDT). Because, this mechanism has relevance to safety
issues in industries, where combustible premixed gases are
in general use. A stoichiometric gas of oxygen and hydro-
gen (oxy-hydrogen) is ignited in a tube, repeated obsta-
cles are installed, and the DDT behaviours are visualized
using a high-speed video camera. The pitch and height of
the repeated obstacles and the initial pressure of the oxy-
hydrogen premixed gas are varied in an attempt to obtain
the optimum conditions that cause DDT a short distance
from the ignition source. The experiments identified DDT
as being essentially caused by one of the following mech-
anisms: (1) A deflagration wave is accelerated in terms of
a vortex, which is generated behind the obstacle, and the
flame acceleration induces a secondary shock wave. Eventu-
ally, the shock–flame interaction ahead of the obstacle causes
DDT via a very strong local explosion. (2) Each shock wave
generated by relatively weak local explosions between the
obstacles is not sufficient to cause DDT directly, but DDT
results from an accumulation of shock waves. The detona-
tion induction distance is also examined, taking into account
the physical and chemical parameters of the obstacles and
the oxy-hydrogen premixed gas.
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1 Introduction

It is generally known that combustion waves propagated in a
premixed gas can be classified as either deflagration waves or
detonation waves. A detonation wave is not generated simul-
taneously with ignition, unless an extremely high ignition-
energy is supplied to the premixed gas, but is produced via
a deflagration-to-detonation transition phenomenon called
DDT [1]. In a confined tube, DDT occurs without any diffi-
culty if the premixed gas possesses a high reaction rate, or
if the premixed gas is ignited in a small-diameter tube, or if
the inner wall of the tube can be made rough, e.g., by equip-
ping the tube with a spiral-coil. The technique of inserting a
spiral-coil into a tube is commonly used to produce detona-
tion waves. The role of the spiral-coil is to produce turbulent
flow ahead of the deflagration wave, thus increasing the prop-
agation velocity of the deflagration wave, causing DDT via
a local explosion [1]. However, the ultimate phenomenon in
DDT is somewhat uncertain, because the phenomenon occurs
in a localized region during an extremely short period of time.

It has been argued that an obstacle influences flame accel-
eration by causing positive coupling between the flame and
a turbulence [2]. An induction time gradient obtained by tur-
bulent mixing leading to the initiation of a detonation wave is
proposed as the SWACER mechanism [3]. An experimental
study of DDT in a smooth tube filled with an oxy-hydrogen
mixture showed that the turbulent motion of the flame trig-
gered DDT, and the scale of the turbulence was also eval-
uated [4]. A deflagration wave, propagated at about half
the Chapman–Jouguet (C–J) detonation velocity, has been
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shown to cause successful detonation initiation [5]. A laser
system has been used as a light source to visualize the onset of
DDT and describe the various possible transition modes [1].
A photographic study of quasi-detonation waves in a rough
tube was carried out to demonstrate the dual role of obsta-
cles, such as the positive role of re-initiation, by providing a
reflection surface for the shock wave, and the negative role
of detonation attenuation [6,7]. The effects on flame accel-
eration of a re-circulation zone between orifice plates have
been pointed out [8–11], and DDT under elevated tempera-
ture and pressure has also described [12]. Numerical simula-
tions have also been performed, revealing that DDT depends
strongly on obstacle spacing, and suggesting two important
effects: formation of perturbations increasing the flame sur-
face area and formation of a Mach-stem between the obsta-
cles [13]. Furthermore, for quasi-detonations, both the initial
DDT and the succeeding detonation re-ignitions, occur when
the Mach-stem created by the reflection of the leading shock
wave from the bottom wall collides with an obstacle [14].
Experimental investigations of the effects of scale on deto-
nation onset have shown that the detonation cell-width λ is a
reliable scaling parameter for characterization of detonation
onset conditions [15]. The transition mechanism from defla-
gration to a detonation wave has been explored by changing
the configurations of the tube [6,16–18]. Changes in DDT
behaviour with variations in the regularity of the cellular
structure on the detonation front were also examined [19].
Experimental studies of reduction of the detonation transi-
tion distance showed that the distance was dependent on a
reduced activation energy and a normalized heat of reaction
[20]. DDT phenomena in a narrow channel were also inves-
tigated to determine an empirical equation for the detonation
induction distance from an ignition source [21]. Although a
great deal of effort has been devoted to studying DDT mech-
anisms by changing the experimental conditions, the final
stage of DDT is still open to discussion. In particular, not
much is known concerning the onset mechanism of a local
explosion. Furthermore, the optimum spiral-coil dimensions
for producing DDT a short distance from the ignition source
have not yet been completely quantified. Therefore, much
more research is obviously needed to understand the opti-
mum conditions for causing DDT. Investigations concerning
DDT behaviour and the detonation induction distance are of
particular importance, not only with respect to countermea-
sures to detonation hazards, but also with respect to practical
applications in pulsed detonation engines [20].

The present study addresses issues concerning DDT
mechanisms above repeated obstacles, and experiments are
carried out primarily by visualizing DDT phenomena. A sto-
ichiometric premixed oxy-hydrogen gas is ignited in a tube
equipped with repeated obstacles, and the DDT behaviours
are visualized using a high-speed video camera. The pitch,
d, and height, h, of the repeated obstacles, and the initial

pressure of the oxy-hydrogen premixed gas, p0, are varied to
examine DDT mechanisms and to obtain the optimum con-
ditions for causing DDT.

2 Experimental setup

Figure 1 shows a schematic diagram of the experimental
setup. The detonation tube used in this experiment is con-
structed from a combustion tube of length 1.58 m and a
dump tube of length 3.17 m, and has an inner cross-section
of width 100 mm and height 100 mm. A plate of thickness
15 mm is installed on the bottom wall of the combustion
tube, and thus the inner cross-section of the channel becomes
85 mm high by 100 mm wide. The combustion tube is filled
with an oxy-hydrogen premixed gas; the dump tube is evac-
uated in advance. The two tubes are separated by inserting
a mylar film of thickness 25 µm. The combustion channel
has a volume of 1.3 × 10−2 m3. A pair of optical-quality
glass windows (BK7) of width 200 mm, height 100 mm,
and thickness 25 mm is installed in the combustion tube
for observation of DDT behaviours. A thin rubber plate is
inserted in the space between the repeated obstacles and the
glass window to ensure that the flow cannot pass through
the side wall. A sparking plug is installed at the end-wall
of the combustion tube, thus combustion waves propagate
to the right. Also shown in Fig. 1 is a conventional double-
mirror Z-configuration schlieren optical system for visual-
izing the density gradient through the combustion wave. A
metal-halide light (LS-M350, 350 W, Sumita Optical Glass,
Inc.) with an optical fibre is used as the light source in the
schlieren system. A high-speed video camera (Ultra Cam
HS-106E, nac Image Technology, Inc.) is used to visualize
DDT behaviour, with an interframe time of 2 µs and an expo-
sure time of 100 ns for each frame. This video camera can
capture high-speed sequences of a total of 120 frames with
resolutions of 410 × 360 pixels and with a wavelength range
of 300–750 nm.

Another high-speed video camera (Phantom V7.3, Vision
Research, Inc.) is used to observe the whole sequence of
DDT behaviour with an interframe time of 17 µs and an
exposure time of 1 µs for each frame. This video camera
acquires monochromatic photographs of approximately 7 ×
104 frames with a resolution of 272 × 120 pixels. Insertion
of an iris near a knife edge facilitates visualization of the
detonation phenomena; light emissions from DDT onset, in
particular, are intense.

Figure 2 illustrates the configuration of the combustion
tube in detail. Repeated obstacles are set up on the bottom
wall of the combustion tube. Measuring stations are also
mounted on the top wall; the distance of each measuring sta-
tion from the sparking plug is shown in Table 1.Piezoelectric-
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Fig. 1 Schematic diagram of
the experimental setup; the
premixed gas is ignited at the
left end-wall of the combustion
tube; the DDT phenomenon is
visualized, using a high-speed
video camera, by the
conventional double-mirror
Z-configuration schlieren
optical method

Fig. 2 Schematic diagram of the combustion tube; the repeated obstacles are installed on the bottom wall of the tube; measuring stations named
P1 to P7 are installed on the top wall, P8 and P10 are installed on the side wall; the phenomena occurring in an area of width 200 mm and height
85 mm are visualized

type pressure transducers (113A24, response time: less than
1 µs, PCB Piezotronics, Inc.) are installed at measuring sta-
tions P1 to P10, and the pressure signals are recorded with
a storage oscilloscope (ScopeCorder DL-750, 10 MS s−1,
Yokogawa Electric Corp.). The video camera is triggered by
the output signal from the pressure transducer mounted at
measuring station P1.

Figure 3 illustrates the configuration of the repeated obsta-
cles, and Table 2 shows their dimensions. The channel height,
H , and the obstacle width, w, are constant at 85 and 5 mm,
respectively. However, the obstacle pitch, d, is varied as 20,
40, and 60 mm, and the height, h, is varied as 15 and 25 mm.
Thus, obstacles of seven kinds are examined, including the
case with no obstacle inserted (h = 0). The total volume of
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Table 1 Distance of each measuring station from the sparking plug

Measuring station Distance from
sparking plug (mm)

P1 225
P2 265
P3 305
P4 345
P5 385
P6 425
P7 465
P8 680
P10 1,080

Fig. 3 Schematic diagram of the repeated obstacles; the pitch, d, and
the height, h, are varied

Table 2 Configuration of the repeated obstacles

Parameter Dimension

Channel height, H (mm) 85
Width, w (mm) 5
Pitch, d (mm) 20, 40, 60
Height, h (mm) 0 (without obstacle), 15, 25

Table 3 Experimental conditions of the test gas

Parameter Conditions

Fuel H2
Oxidizer O2
Equivalence ratio, φ 1.0
Initial pressure, p0 (kPa) 30, 50, 70
Initial temperature, T0 (K) 298 ± 5

the obstacles is designated as Vo; this is calculated by mul-
tiplying the volume of each obstacle by the total number of
obstacles in the combustion tube. Abbreviations are used to
designate the obstacles, e.g., the obstacle of pitch d = 60 mm
and height h = 25 mm is abbreviated to d60h25.

The experimental conditions of the test gas are shown in
Table 3. The test gas used to fill the combustion tube is a
stoichiometric premixed oxy-hydrogen gas, and the initial
pressure, p0, is varied as 30, 50, and 70 kPa. The test gas is
premixed using a mixing tank of volume 2.3×10−2 m3, and
is stored for at least 12 h before being used. Every experiment
is conducted at a room temperature of T0 = 298 ± 5 K.

3 Results

Under the given experimental conditions, the behaviours
occurring in the combustion tube could be classified into the
following three types.

1. A deflagration wave is propagated without causing DDT
in the observation section.

2. DDT occurs as a result of interactions of the deflagration
wave with shock waves generated by a relatively strong
local explosion between the obstacles.

3. DDT occurs by an accumulation of the shock waves gen-
erated by the relatively weak local explosions between
the obstacles.

This section deals with these three typical phenomena by
showing high-speed schlieren photographs along with pres-
sure histories and soot-track records.

3.1 Propagation of deflagration wave without causing DDT

As an example, sequential schlieren photographs of prop-
agation of a deflagration wave are shown in Fig. 4; these
were obtained in the absence of repeated obstacles. These
photographs were taken with an interframe time of 17 µs,
but show extracts of typical behaviours. The time shown in
each frame indicates the elapsed time from ignition, and the
mounted position of the pressure transducer is labelled as P4.
The first frame, at t = 1.544 ms, shows that a deflagration
wave propagates to the right. The deflagration wave could
essentially be propagated by the mechanisms of heat conduc-
tion and molecular diffusion through the flame front, thus the
chemical reaction rate is not so fast that no strong light emis-
sion from the flame is observed. As the flame propagates, it
is seen that the flame front has a round shape, accompanied
by a number of wrinkles on the surface, although wrinkles
caused by thermo-diffusive effects lie outside the scope of
this paper. Since the flame propagated in the depth direction
is attached to the optical windows, the wrinkles disappear at
the rear of the flame. The average flame-propagation veloc-
ity from the first frame to the second frame is estimated to
be approximately 373 m s−1, which is below the speed of
sound (540 m s−1), 380 m s−1 from the second frame to the
third frame, reaching the local maximum velocity, and then
decreasing to approximately 310 m s−1 from the fifth frame to
the sixth frame. As the flame propagates, the end-wall effects
do not act on the flame, resulting in flame deceleration.

Figure 5 shows the pressure histories and output signals
from ionization probes; these are simultaneously recorded
with the schlieren photographs, as shown in Fig. 4. The
mounted positions of the pressure transducers and the ion-
ization probes are designated in each history. The vertical
axis indicates the non-dimensional pressure, p/p0, and the
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Fig. 4 Schlieren photographs showing propagation of the deflagration
wave in the absence of repeated obstacles; t elapsed time from ignition;
exposure time: 1 µs; test gas: 2H2 + O2, p0 = 50 kPa

horizontal axis indicates the elapsed time from ignition, t .
The pressure increases, corresponding to the propagation of
weak shock waves, caused by the acceleration of combus-
tion waves, but the values of the pressure increases are small.
The pressure suddenly increases near measuring station P10,
which is downstream of the observation window, and an
output signal from the ionization probe is detected simul-
taneously. This pressure increase shows that the deflagration
wave is transited to a detonation wave between measuring
stations P8 and P10, thus a shock wave, called a retona-
tion wave, is propagated in the upstream direction with a
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Fig. 5 Pressure histories corresponding to Fig. 4; t elapsed time from
ignition; without obstacles; test gas: 2H2 + O2, p0 = 50 kPa

velocity of approximately 2.77 km s−1. The retonation wave
is reflected for a second time at the end-wall. The pressure
history of P10 decreases to a negative value behind the det-
onation wave because of the thermal effects on the pressure
transducer. In the absence of repeated obstacles, DDT does
not occur at the observation section and only the deflagration
wave is propagated, but DDT occurs far from the sparking
plug, because these experimental conditions satisfy the cri-
teria for the existence of detonation [22].

3.2 DDT caused by shock–flame interactions between
obstacles

As an example of DDT occurring between repeated obsta-
cles, Fig. 6 shows sequential schlieren photographs with an
interframe time of 6 µs and an exposure time of 100 ns.
The obstacle d60h25 is inserted on the bottom wall of the
combustion tube. The initial pressure of the test gas is p0 =
50 kPa. The mounted positions of the pressure transducers
are labelled as P3 and P5, respectively. In the first frame,
t = 1.409 ms, a deflagration wave, F, has just approached
the obstacle on the left-hand side, preceded by a weak shock
wave, S. The deflagration wave has a round shape, as previ-
ously shown in Fig. 4, so the curved shock wave is reflected
from the top wall, and thus complicated shock-reflection pat-
terns are revealed ahead of the deflagration front. The precur-
sor shock wave is also reflected from the left obstacle, thus the
interaction between the reflected shock wave and the flame
has already been initiated in the first frame. This interaction
makes the flame decelerate; the reason is discussed below. A
series of vortices, V, are also produced from the corner of the
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Fig. 6 Schlieren photographs showing DDT processes occurring between the obstacles; t elapsed time from ignition; exposure time: 100 ns;
obstacle: d60h25; test gas: 2H2 + O2, p0 = 50 kPa; D detonation wave; F deflagration wave; R reflected shock wave; S shock wave; V vortex

left obstacle, because the precursor shock wave is diffracted
from the obstacles by interaction with expansion waves gen-
erated from the obstacle corners. The expansion waves also
make the lower part of the shock wave thicker, and the dif-
fracted shock wave is reflected from the bottom wall between
the obstacles. Mach-stem formation on the reflected shock
wave is not observed near the bottom wall since complicated
flow fields are produced in this region. When the deflagra-
tion wave, F, encounters these vortices regions from the fifth
frame, t = 1.433 ms, the vortices cause the deflagration wave
to accelerate, as if the deflagration wave is almost engulfing
the vortices. Because the clockwise flow is produced by the
vortices, a part of the deflagration wave is accelerated by the
flow-field in the vortices region. The obstacles do, therefore,
fulfill a first role as a vortex generator, and each vortex plays
a significant role in accelerating the deflagration wave to a
higher propagation velocity. This acceleration of the defla-
gration wave induces a secondary shock wave, S, between the
obstacles. Propagation of the secondary shock wave results
in amplifications of succeeding vortices behind the obstacles.
The incident shock wave is reflected from the bottom wall,

as shown in the fifth frame, t = 1.433 ms, and is propa-
gated upward. Thus, mutual interactions occur between the
reflected shock wave and the secondary shock wave. A part
of the secondary shock wave is also reflected from the right
obstacle, R, thus other shock–flame interactions are caused
between the obstacles. The interaction of the reflected shock
wave with the deflagration wave causes the deflagration wave
to decelerate, because the flow toward the right obstacle is
terminated by the reflected shock wave. Therefore, the defla-
gration wave, once accelerated by the vortex, is conversely
decelerated by the reflected shock wave, and these effects
generate unreacted gas pockets in front of the right obstacle.
Since deflagration wave propagation is almost stopped, heat
conduction from the deflagration wave to the unreacted gas
pockets might occur for a relatively long period of time, so
this behaviour might result in temperature enhancement of
the unreacted gas pockets. The obstacles play a major role in
vortex generation, and, as a secondary effect, unreacted high-
temperature gas pockets are produced between the obstacles.

In the eleventh frame, t = 1.469 ms, the curved defla-
gration front propagated downward is just in contact with
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the bottom wall, producing a wedge-like unreacted region
near the bottom wall. In this wedge-like unreacted region,
the reflected shock waves interact mutually; one reflection is
from the bottom wall, and the other is from the right obsta-
cle, as previously mentioned. A local explosion shock wave,
revealed by a semi-circular shape, S, is generated in the four-
teenth frame, t = 1.487 ms, and propagated upward, even
though light emission has not been observed behind the shock
wave at this stage. In the fifteenth frame, t = 1.493 ms,
a large amount of white light is emitted from the concave
region, and this clearly indicates the occurrence of a strong
local explosion. The centre of the local explosion coincides
with the deflagration front near the bottom wall, thus the
local explosion might originate from a shock–flame interac-
tion mechanism [23]. There is so little unreacted gas close to
the bottom wall that the predominant light emission occurs
just after the local explosion shock wave interacts with the
previously mentioned unreacted gas pockets.

In the seventeenth frame, t = 1.505 ms, the deflagra-
tion wave is transited to a detonation wave, D, or rather a
detonation wave is produced by this local explosion. How-
ever, there is insufficient information in this schlieren pho-
tograph to determine if any of this is the detonation wave.
Thus, the onset of the detonation wave will be ascertained
later, along with observation of the pressure histories and
soot-track records. In addition, light emission between the
obstacles continues for a relatively long period of time.
In particular, it is noteworthy that the colour of the light
changes from white to orange with time. The white light at
the time of the local explosion onset might be the chemilumi-
nescence principally emitted by OH radicals, which have a
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Fig. 8 Soot-track record corresponding to Fig. 6; obstacle: d60h25;
test gas: 2H2 + O2, p0 = 50 kPa; C origin of cellular pattern

wavelength range of approximately 300 nm, and the eventual
change to orange could signify emission from H2O, which
has a longer wavelength range.

Figure 7 shows pressure histories simultaneously acquired
with schlieren photographs, as shown in Fig. 6. A small pres-
sure rise at P1 corresponds to the precursor shock wave, gen-
erated by acceleration of the deflagration wave. The pressure
histories measured at P5 and P7 show that the maximum pres-
sure exceeds the initial pressure by factors of approximately
66 and 96, respectively. These intense pressure increases pro-
vide evidence that the detonation wave is established between
measuring stations P5 and P7, as previously shown in Fig. 6.
The pressure at P5 records the impulsive pressure twice; the
secondary pressure rise corresponds to propagation of the
detonation wave, as shown in the eighteenth frame of Fig. 6.
The propagation velocity of the detonation wave from P7 to
P8 is estimated to be approximately 3.17 km s−1, and this
value exceeds the C–J detonation velocity of approximately
2.80 km s−1. Therefore, an overdriven detonation wave is
propagated at the onset of DDT, as is generally accepted.

Figure 8a shows a soot-track record of the observation
section, and Fig. 8b shows a magnification of the rectangu-
lar section in Fig. 8a. Since the soot-track record is obtained
by covering an optical window with a soot-coated aluminum
plate, the soot-track record cannot be obtained simultane-
ously with the schlieren photographs. The soot-track record
is, therefore, obtained under the same experimental condi-
tions as those in Fig. 6. These figures indicate that the cellular
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Fig. 9 Schlieren photographs showing DDT process occurring by accumulation of weak shock waves; t elapsed time from ignition; exposure time:
200 ns; obstacle: d20h25; test gas: 2H2 + O2, p0 = 50 kPa; F deflagration wave; S shock wave; V vortex

patterns originate in front of the obstacle, C, and this position
is close to that of the local explosion onset, as shown in Fig. 6.
Therefore, the shock wave generated by acceleration of the
deflagration wave is reflected from the obstacle and interacts
with the deflagration wave, so it induces a local explosion to
trigger the detonation wave. The cellular patterns disappear
behind the obstacle, because expansion waves originating at
a corner of the obstacle result in a reduction in the temper-
ature and pressure. Thus, the preceding shock wave is sepa-
rated from the reaction front, causing temporary quenching
of the detonation wave. However, the cellular patterns are re-
initiated from the bottom wall, because the detonation wave
is re-initiated by the reflected shock wave from the bottom
wall [24–26].

3.3 DDT caused by accumulation of weak shock waves

Figure 9 shows sequential schlieren photographs, with an
interframe time of 6 µs and an exposure time of 200 ns,
of another type of DDT process. The d20h25 obstacle is
inserted, and the initial pressure of the test gas is p0 = 50 kPa.
The obstacle pitch is, therefore, the only condition which is
different from the conditions in Fig. 6. As with the behaviours

in Fig. 6, multiple precursor shock waves, S, and a defla-
gration wave, F, propagate to the right. Vortices, V, emerge
sequentially between the obstacles. Since the pitch of the
obstacle is less than that in Fig. 6, smaller vortices might
be produced between the obstacles. Therefore, the accelera-
tion of the deflagration wave by the vortices is not sufficient
to cause a strong local explosion like that shown in Fig. 6.
In other words, the volume of premixed gas in the concave
region and the scale of the vortex are small, so the deflagra-
tion wave could not be accelerated sufficiently to induce an
intense local explosion. Although sequential light emissions
are also observed from the fourteenth to the twentieth frames,
t = 1.363–1.399 ms, the colour of the light is observed to be
orange and this behaviour is completely different from Fig. 6.
This also provides evidence that the local explosion between
the obstacles is not intense, and that relatively weak shock
waves are induced and reflected from each concave region.
As observed above, the flow-field behind the precursor shock
wave becomes quite complicated, displaying mesh-like pat-
terns, and producing a high-pressure and high-temperature
region. The separation distance between the precursor shock
wave and the deflagration front is gradually shortening. Also,
the reflected shock waves from the top wall interact with the
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reaction zone of the deflagration front, resulting in generation
of more turbulent flame structures. The propagation velocity
of the shock wave behind the precursor wave is higher, and
this causes concentration of the weak shock waves. In the
twentieth frame, t = 1.363 ms, the shock waves are over-
lapped, inducing a relatively strong shock wave, which is
revealed as a thicker density gradient. Under these experi-
mental conditions, however, DDT behaviour is not caused
by shock wave concentration, but occurs at a downstream
region of the observation section, as will be ascertained by
investigating pressure histories.

Figure 10 shows pressure histories simultaneously
recorded with the schlieren photographs, as shown in Fig. 6.
In the pressure histories recorded at measuring stations P1
to P7, an impulsive pressure rise corresponding to DDT is
not recorded, and the behaviours are qualitatively consistent
with the observations of the schlieren photographs. In con-
trast, intense pressure rises are recorded at P8, and the time
of the pressure increase coincides with output detection from
the ionization probe. This provides evidence that DDT occurs
between P7 and P8, and the detonation wave is propagated at
measuring station P8, even though the maximum pressure is
less than in the case shown in Fig. 7. The average propagation
velocity of the detonation wave from P7 to P8 is 1.83 km s−1;
this value is well below the C–J detonation velocity.

Figure 11a shows the soot-track record corresponding to
Fig. 9, and Fig. 11b is the magnification of the rectangular
section of Fig. 11a. This soot-track record shows that no cel-
lular pattern can be observed between each obstacle, so det-
onation transition failed in the observation section. Shock
wave generation is caused by the relatively weak local explo-
sions occurring between the obstacles. In this DDT mecha-
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Fig. 11 Soot-track record corresponding to Fig. 9; obstacle: d20h25;
test gas: 2H2 + O2

nism, the detonation induction distance from the sparking
plug increases until accumulation of the weak shock waves
is accomplished, causing an intense local explosion.

The schlieren photographs shown in Fig. 12 are taken in
an attempt to visualize DDT onset caused by accumulation
of weak shock waves. Thus, the initial pressure of the test gas
is increased to p0 = 70 kPa without changing the obstacles
from d20h25. The interframe time is reduced to 2 µs with an
exposure time of 100 ns. The photographs are entirely dark,
despite image processing being performed by adjusting the
lightness; the DDT process caused by the accumulation of
weak shock waves is barely visible. This behaviour is anal-
ogous to that in Fig. 9: a deflagration wave, F, propagates
to the right, preceded by multiple weak shock waves, S. As
previously discussed, the weak shock waves are generated
by local explosions between the obstacles and accumulate,
producing more-intense shock waves. In the second frame,
t = 1.191 ms, another shock wave, of semi-circular shape,
is caused by a local explosion near the upper left corner of
the photograph. The shock wave propagated with a veloc-
ity of approximately 3 km s−1 is sequentially overtaking the
precursor shock waves, and is eventually accompanied, from
the eighth frame, t = 1.203 ms, by light emission. These
processes are, therefore, considered to indicate this type of
DDT onset, i.e. a detonation wave, D, arises naturally near
the top wall without causing a strong explosion. Although the
central position of the local explosion is near the boundary
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Fig. 12 Schlieren photographs
showing DDT process occurring
by accumulation of weak shock
waves; t elapsed time from
ignition; exposure time: 100 ns;
obstacle: d20h25; test gas:
2H2 + O2, p0 = 70 kPa;
D detonation wave; F
deflagration wave; S shock wave t

t

t

t t

t

t

t

t

t

of the observation window, and it is not possible to deter-
mine the precise position, it is certainly not on the top wall,
but is near the deflagration front. It seems likely, therefore,
that the local explosion is triggered by possible processes
such as shock waves caused by the weak local explosions
between the obstacles overtaking the deflagration front, or,
more practically, the reflected shock waves from the top wall
interacting with a turbulent reaction zone of the deflagration
front; the processes are shown in Fig. 9.

4 Discussion

The detonation induction distance (DID) is of considerable
importance, because a pulsed detonation engine requires
DDT to occur a short distance from an ignition source in
an effort to increase the thermal efficiency. Furthermore, an
evaluating of DID, which could be varied by both physical
and chemical conditions, has proved useful in considering
detonation hazards. This section deals with the relationship
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Fig. 13 Relationship between non-dimensional DID, D/λCJ, and
occupation volume ratio of the obstacles in a combustion tube, Vo/Vc;
test gas: 2H2 + O2
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between DID and experimental conditions such as the phys-
ical parameters of the repeated obstacles and the chemical
parameters of the test gas.

Figure 13 shows the relationship between DID from a
sparking plug, D, and the occupation volume of the repeated
obstacles, Vo. In evaluating DID, the distance between the
sparking plug and the original position of the cellular pattern
is measured on a soot-track record. The vertical axis indi-
cates the non-dimensional DID, D/λCJ, where the denomi-
nator λCJ is the cell-width of the C–J detonation wave. The
cell-width of the C–J detonation wave λCJ is inversely pro-
portional to the power of the chemical reaction rate, i.e. a
smaller cell-width is formed in a premixed gas of higher
reaction rate. Therefore, the cell-width of the C–J detonation
wave is used as a physically unique parameter to designate
the chemical reaction rate of the premixed gas. The horizon-
tal axis indicates the non-dimensional volume ratio of the
repeated obstacles, Vo/Vc, where Vc is the total volume of
the tube in which the repeated obstacles are inserted. The vol-
ume ratio corresponding to Vo = 0 denotes that no obstacle
is inserted in the combustion tube.

The non-dimensional DID is completely dependent on the
presence or absence of the repeated obstacles. In the absence
of obstacles, the resulting DID exceeds the C–J detonation
cell-width by a factor of approximately 400, and the value
decreases to less than one-half in the presence of obstacles.
As this figure clearly demonstrates, the resulting DID can
be represented as a unique curve by normalizing the DID
with the C–J detonation cell-width, λCJ. Furthermore, the
non-dimensional DID tends to decrease as the volume ratio
decreases, and takes a local minimum value at Vo/Vc � 0.02.
The DID value is considerably greater in the absence of obsta-
cles, as is shown in Fig.4 (Vo/Vc = 0). In contrast, in the case
of a greater volume ratio, as shown in Fig.9 (Vo/Vc = 7.2 %),
DDT does not occur between the obstacles, and is delayed
until the accumulation of weak shock waves becomes suf-
ficient to trigger a local explosion. Thus, the resulting DID
must take the minimum value for an appropriate volume ratio
of the obstacles, which might cause the relatively strong
local explosion between the obstacles. This figure demon-
strates that the appropriate volume ratio of the obstacles is
obtained in the case Vo/Vc � 0.02, and the local minimum
value exceeds the C–J detonation cell-width by a factor of
approximately 120, i.e., Dmin � 120 λCJ. In addition, the
non-dimensional DID yields smaller values as the volume
ratio increases. This is because the effects of the obstacles on
DDT behaviour become negligible for large volume ratios,
and becomes equivalent to the test gas being ignited in a
smooth small-diameter tube.

Figure 14 shows the relationship between DID and obsta-
cle pitch, d. The vertical axis is the same as in Fig. 13, D/λCJ,
and the horizontal axis indicates the non-dimensional pitch
of the obstacle, d/h, where h is the height of the obstacles
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Fig. 14 Relationship between non-dimensional DID, D/λCJ, and
non-dimensional pitch of the obstacle, d/h; test gas: 2H2 + O2

shown in Fig. 3. The plots at d/h = ∞ correspond to the
case without obstacles. Non-dimensional value of D/λCJ

is also displayed as a unique curve, normalizing the DID
with the cell-width of the C–J detonation wave. This figure
also demonstrates that the non-dimensional value of D/λCJ

decreases as the value of d/h increases, and it takes the
local minimum value at d/h � 4. For greater values of
non-dimensional pitch, the effects of the obstacles become
negligible because the obstacle height is zero or the pitch
approaches infinity. For smaller values of non-dimensional
pitch, in contrast, obstacles of smaller pitch can only produce
small vortices, as shown in Fig. 6, thus the deflagration wave
is not accelerated sufficiently to cause local explosions via the
mechanism of shock–flame interaction. Therefore, the DID
value must take the local minimum value at the appropri-
ate value of the non-dimensional pitch. Inspection of Fig. 14
shows that the optimum obstacle configuration to cause DDT
a short distance from the sparking plug is d/h � 4.

Although it would be difficult to explain the physical
meaning of the optimum pitch of the repeated obstacles that
is obtained at greater than the height by a factor of approx-
imately four, each condition is critical in triggerring DDT
immediately after ignition, as follows.

1. Vortices which are relatively large scale are produced
behind the obstacles, and thus the deflagration wave is
sufficiently accelerated by the vortex to transfer the shock
wave into the concave region.

2. A reflected shock wave from the obstacle terminates
propagation of the deflagration wave; this produces
high-temperature unreacted gas pockets in front of the
obstacle.
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3. The shock waves reflected from both the obstacle front
and the bottom wall interact with the deflagration wave
to cause an intense local explosion.

Each of these conditions would not be satisfied for either
greater or smaller values of the non-dimensional pitch; this
would increase the non-dimensional DID.

5 Conclusions

In the present study, an oxy-hydrogen premixed gas was
ignited, and the behaviours of the deflagration-to-detonation
transition above repeated obstacles were visualized using a
high-speed video camera. The pitch and height of obstacles,
along with the initial pressure of the test gas, were varied so
as to obtain the optimum conditions needed to cause DDT.
Based on the results of the experiments, the following con-
clusions were reached.

1. It became apparent that DDT was essentially caused by
one or other of the following mechanisms.

(a) The repeated obstacles played a major role in generat-
ing vortices behind them, and the deflagration wave
was accelerated by the vortex. A shock wave was
induced on account of the acceleration of the defla-
gration wave, and thus the shock–flame interactions
in front of the obstacle caused DDT via a relatively
strong local explosion.

(b) Each shock wave generated by relatively weak explo-
sions between the obstacles was insufficient to initi-
ate DDT directly, but an accumulation of weak shock
waves triggered DDT via a relatively weak local
explosion.

2. The detonation induction distance, DID, varied depend-
ing on the mechanism; the mechanism was selected by
varying either the physical parameters of the obstacle or
the chemical parameters of the test gas. In particular, the
DID values were relatively small if DDT occurred by the
first mechanism.

3. The relationship between the non-dimensional DID and
the volume ratio of the obstacle was proved to be rep-
resented by a unique curve. In this combustion tube,
the minimum value of the non-dimensional DID was
obtained for an obstacle volume ratio of approximately
2 %.

4. The DID could also be expressed using the physical para-
meters of the obstacle such as the pitch, d, and the height,
h. In this combustion tube, the optimum obstacle config-
uration to cause DDT a short distance from the ignition
source was obtained in the case of d/h � 4.
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