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A new technique to initiate a detonation wave via the interaction of a high-speed flame/shock complex and
an obstacle is investigated. Experiments were performed in which a flame was ignited at the closed end of a tube
partially filled with orifice plates leading up to the “reflecting” obstacle. Two different types of obstacles were tested.
The obstacles include assemblies consisting of a circular plate followed by an orifice plate and a cone followed by an
orifice plate. The flame accelerates in the orifice plate laden section of the tube to a high velocity producing a shock
wave ahead of it. This shock wave interacts with the obstacle by first colliding with the leading central blockage, that
is, the circular plate or the cone, and then reflecting off the orifice plate. Shock reflection produces a region of high
temperature and pressure that ignites the reactants, which under certain circumstances, can initiate a detonation
wave. The experiments were performed with stoichiometric ethylene—oxygen mixtures at atmospheric conditions
with nitrogen dilution. The nitrogen dilution was varied, and the maximum nitrogen dilution that resulted in
detonation initiation, that is, the critical mixture, was found. For experiments performed with the circular plate
reflector obstacle, detonation initiation was observed for mixtures with a nitrogen—oxygen concentration ratio up to
3.98. In experiments with the cone reflector obstacle, detonation initiation occurred for less reactive mixtures, that
is, mixtures with a nitrogen-to-oxygen concentration ratio of up to 4.33. Additional experiments were performed
where the cone obstacle was moved closer to the ignition point to find the minimum flame acceleration distance
required for detonation initiation. For stoichiometric ethylene—air mixtures, detonation initiation was observed
with the cone obstacle located at least 1.36 m from the ignition point. It was found that detonation initiation

occurred for the cone reflector when the incident shock wave velocity was above roughly 750 m/s.

Nomenclature

= speed of sound, m/s

inner diameter of detonation tube, m

hole diameter of orifice plate, m

distance between the reflector plate or cone and backup
orifice plate, m

= incident shock wave Mach number

Mach stem Mach number

shock wave speed, m/s

postshock velocity in laboratory frame of reference, m/s
speed of disturbed boundary region along shock front, m/s
= distance from reflector plate where entire Mach stem is
affected by diffraction, m

= ratio of number of moles of nitrogen to number of
moles of oxygen

cone half angle, deg

angle separating disturbance boundary of Mach stem
and diffracted shock region, deg

wedge angle, deg

chemical induction time, s

difference in time of arrival of the incident shock wave
and the detonation wave, s
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X = triple-point trajectory, deg

Introduction

PULSE detonation engine (PDE) is an unsteady propulsion

device that operates cyclically based on the detonation mode
of combustion.!~* Interest in PDEs has grown primarily due to their
simplicity in design. Much like aramjet, a PDE requires no compres-
sor or turbine to operate. Both turbomachinery are high-maintenance
pieces of equipment that make up the bulk of a traditional turbojet
engine’s weight. It is generally believed that PDEs are thermody-
namically more efficient than the steady-state propulsion systems
currently in use that operate via constant pressure combustion.* One
of the key technical hurdles that must be overcome for PDEs to be
successful is detonation initiation must be achieved in a distance
comparable to the length of existing combustors. Several researchers
have investigated the use of an obstacle laden tube for promoting
flame acceleration leading to deflagration-to-detonation transition
(DDT) for PDE applications. Pinard et al.’ performed experiments
with propane-air in a 15 cm inner-diameter cylindrical tube filled
with orifice plates spaced at one tube diameter. They found that DDT
occurs after roughly 2 m of flame propagation. Ciccarelli et al.® per-
formed experiments in a similar apparatus and looked at the effect
of orifice plate blockage and spacing on the initial flame acceler-
ation process. It was determined that optimum flame acceleration
was obtained when higher flow blockage plates were used near the
ignition point followed by lower blockage plates. Lee et al.” per-
formed experiments with a more reactive mixture of ethylene—air in
a 44 x 44 mm duct with obstacles consisting of flat plates mounted
in a helical pattern. Schlieren, planar laser-induced fluorescence
from hydroxyl radicals, and flame emission imaging were used to
visualize the shock, reaction zone, and heat release, respectively. In
their setup DDT was obtained in just under 1 m. By using obstacles
to promote flame acceleration, one pays a performance penalty due
to the drag imposed by the obstacles on the internal flow. Cooper
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et al.® found that the impulse produced with an obstacle laden tube
was up to 25% lower than the impulse measured in the same tube
with no obstacles. Clearly if obstacles are to be used for flame accel-
eration, the length of the obstacle array must be kept to a minimum
to minimize internal drag.

A more rapid transition to detonation can be accomplished if det-
onation initiation is triggered during flame acceleration by some
means. One such mechanism is shock reflection. Shock reflection
results in an increase in the pressure and temperature of the gas in
the vicinity of the reflecting surface. The rapid chemical energy re-
lease triggered in the high-temperature gas produces a strong shock
wave that transitions into a detonation wave.” Detonation initia-
tion via shock reflection is normally studied using a shock tube
consisting of high- and low-pressure sections initially separated by
a bursting diaphragm. Clearly a shock tube is not feasible for a
PDE initiation system; a more practical method to produce a strong
shock wave is via flame acceleration. For a flame ignited at the
closed end of a tube, the increase in the specific volume across the
flame produces a flow in the unburned gas ahead of the flame. In
a smooth-walled tube, flame acceleration occurs in reactive mix-
tures as a result of the interaction of the flame and the unburned
gas turbulent boundary layer. The flame acceleration process can be
enhanced by artificially roughening the tube wall with flow obstruc-
tions such as orifice plates.'” The orifice plates produce large-scale
flow velocity gradients in the unburned gas that causes the flame to
stretch and form additional flame area. This “flame folding” leads
to a larger volumetric burning rate and, thus, an increase in the un-
burned gas velocity. Fine-scale turbulence is also produced in the
shear layers that form downstream of the orifice plate hole. This
turbulence leads to enhanced burning due to increased mass and en-
ergy transport across the flame. A feedback loop is created between
the volumetric burning rate and the turbulence in the unburned gas
that leads to flame acceleration.!! In effect, the flame behaves like a
porous piston that pushes the unburned gas, producing compression
waves that propagate away from the flame. As the flame acceler-
ates to velocities greater than the speed of sound of the unburned
gas, the compression waves coalesce and form a shock wave. This
shock wave can interact with an obstacle, and the reflected shock
can initiate a detonation under suitable conditions.

A shock wave that collides with a surface can undergo regular or
Mach reflection depending on the angle of incidence of the shock
wave on the reflecting surface.!? In regular reflection, the reflected
shock wave moves away from the reflecting surface reinforcing the
compression achieved by the incident shock wave. The shock re-
flection further raises the thermodynamic parameters downstream.
In Mach reflection, a shock wave traveling parallel to the reflect-
ing surface, known as a Mach stem, is created. Mach reflection is
characterized by the convergence of three shock waves: the incident
shock wave, the reflected shock wave, and the Mach stem. The three
shock waves intersect at the triple point.'*> A slipstream separates
the flow behind the Mach stem and the reflected shock wave. For a
given incident shock Mach number and ratio of specific heats, there
is a critical shock wave angle of incidence that the reflection changes
from the regular to the Mach configuration. For a two-dimensional
wedge, the critical angle lies in the range of 45-50 deg (Ref. 13). If
the wedge angle is less than the critical wedge angle §, aMach reflec-
tion ensues. The interaction of a planar shock wave with a cone has
been studied by Yang et al.'* These investigators demonstrated that
the curvature of the cone compared to the two-dimensional wedge
does not affect the critical wedge angle; thus, the cone geometry
can be approximated by a wedge with similar shock deflection an-
gle. Whitham formulated a theory for a perfect gas that predicts the
Mach stem strength and the trajectory of the triple point.'

The highest gas temperature is achieved for normal shock reflec-
tion and, thereby, provides the best possibility for detonation initia-
tion. There is a large body of literature on the subject of detonation
initiation by shock reflection. One of the earliest and most com-
prehensive investigations was by Strehlow and Cohen, who studied
detonation initiation resulting from the collision of a shock wave and
the shock tube endwall.’ This study demonstrated that detonation
initiation is governed by the chemical kinetics of the mixture at the

reflected shock state. Therefore, for a given mixture, the strength of
the incident shock wave is the sole parameter influencing the phe-
nomenon. More relevant to the present study are investigations look-
ing at detonation initiation resulting from the collision of a shock
wave from a wall-mounted obstacle.'®!” These studies showed that
detonation initiation depends on both the strength of the incident
shock wave as well as the height of the obstacle. The gas bounded
by the reflected shock and the obstacle surface is at a high pressure
and temperature. The pressure and temperature are progressively
reduced by expansion waves originating at the obstacle free edge
that travel across the obstacle face. Therefore, the height of the ob-
stacle governs the expansion time of the reflected shock compressed
gas adjacent to the obstacle. Detonation initiation occurring as a re-
sult of shock focusing has also been studied.'® This phenomenon
has received considerable attention by the PDE research community
because detonation initiated can be achieved by a weaker incident
shock wave.!*20

The objective of any study dealing with detonation initiation for
a PDE application is to initiate a detonation wave in a tube at an
axial distance as close as possible to the ignition point. In this study,
a tube filled with turbulence generating orifice plates is used to ac-
celerate a flame that consequentially produces a shock wave. The
shock wave interacts with an obstacle resulting in the initiation of a
detonation wave. Two obstacle configurations were tested. The ob-
stacles are designed to focus the shock wave before colliding with an
orifice plate. The experiments were performed with stoichiometric
ethylene—oxygen mixtures at atmospheric conditions with nitrogen
dilution. The nitrogen dilution was varied to find the least reactive
mixture that resulted in detonation initiation.

Experimental Details

Experiments were performed in a 3.1-m-long, 14-cm internal di-
ameter detonation tube. A schematic of the apparatus is shown in
Fig. 1b. The first 1.36 m of the tube is referred to as the flame ac-
celeration section. This part of the tube is filled with orifice plates
equally spaced at 15.2 cm. The orifice plates are characterized by
the flow area blockage ratio (BR), which is defined as

BR =1 — (d/D)* (1)

where d is the orifice plate hole diameter and D is the inner diameter
of the tube. Most of the experiments were performed using orifice
plates with a 10.7-cm hole diameter, which yields a blockage ratio
of 0.42. Over this first section of the tube, the flame accelerates to a
velocity on the order of 1000 m/s, and by the end of the flame accel-
eration section, the flame is preceded by a shock wave. To decouple
the flame and the shock wave, a smooth transition section exists
between the last flame acceleration orifice plate and the reflecting
obstacle. As the flame-shock complex enters this transition section,
the flame decelerates due to the absence of turbulence generating
obstacles.?!

The reflecting obstacles tested include a reflector plate assembly
and a reflector cone assembly (Fig. 1b). The reflector plate assembly
consists of a circular plate followed by an orifice plate. The circular
plate is 9.65 cm in diameter, and the orifice plate has a hole diameter
of 5.1 cm. Both plates have sharp corners and are 1.27 cm thick.
The gap spacing g between the plate and the orifice plate was varied
between 2.54 and 5.1 cm. Both the circular plate and the orifice plate
provide normal reflecting surfaces for the shock wave propagating
through the transition section of the tube. The shock diffraction
around the circular plate also produces an imploding shock wave
on the back side of the plate. In the case of the cone assembly,
the shock wave strengthens as it propagates through the area con-
traction around the cone. This stronger shock wave reflects off the
orifice plate generating a high-pressure and high-temperature region
in the gap just ahead of the orifice plate. As a result of the shock
strengthening, it is hypothesized that this configuration will be more
favourable for detonation initiating compared to the reflector plate
assembly. The cone apex angle is 45 deg, and the base diameter is
similar to that of the circular plate, that is, 9.65 cm. The base of
the cone has a 1.27-cm wide shoulder. The gap spacing between
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Fig. 1 Experimental apparatus with reflector assembly; all dimensions in centimeters and all distances taken from inner side of endplate.

the cone base and the orifice plate was varied from 2.54 to 5.1 cm, 1200
in the same way as the reflector plate assembly. The length of the
transition section was varied. For the majority of the experiments
the transition section was 0.46 m long.

Experiments were performed with mixtures of stoichiometric
ethylene and oxygen, diluted with nitrogen at atmospheric tempera-
ture and pressure. For each test, the tube is evacuated to an absolute
pressure of less than 0.1 kPa. The mixture is prepared by the method
of partial pressures within the tube and then circulated for 20 min

1000 { ---A=--B =42
800 1 "B B=40
600 { —°—p=38

400 -
Shock velocities

Average Flame Velocity (m/s)

200 -
to ensure composition homogeneity. The pressure transducer used
to measure the vessel fill pressure has an accuracy of 0.25% of full 0 - T T
scale, or 0.25 kPa. The mixture reactivity was varied by chang- 0.0 0.4 0.8 1.2 1.6 2.0

ing the nitrogen-to-oxygen concentration ratio, denoted by 8. Note Distance along Detonation Tube (m)

for standard air 8 =3.76. The tube was closed at both ends, and a LB B B I T

weak electrical spark of roughly 150 mJ ignited the gas mixture at " T S S S W W —— ]

one end. The spark was produced by a standard automotive induc-

tive spark ignition system powered by a 12-V battery. Flame and Fig. 2 Effect of mixture reactivity on flame acceleration for g=5.1 cm
shock characteristics are measured via ionization probes and PCB reflector plate assembly.

Electronics (Model 113A24) piezoelectric pressure transducers, re-
spectively. The ionization probes located in the flame acceleration
section extend to the centerline of the tube. These probes are coaxial
in design; the electrodes consist of a 5-mm steel tube and a central
1-mm rod. The space between the two electrodes is filled with epoxy.
The rest of the ionization probes are flush mounted with two side-
by-side 1-cm-long, 1-mm-diam electrodes protruding into the flow.
A schematic of the ionization probe electric circuit is provided in
Fig. 1a. The axial locations of the instrument ports and the orifice
plates are provided in Fig. 1c.

the first section of the tube and the strength of the shock wave
produced in the smooth transition section just before the reflector
plate assembly. The flame velocity as a function of distance for a
gap spacing of 5.1 cm is shown in Fig. 2. Each velocity data point
represents the average of three to four tests, and the vertical error bar
represents the standard deviation of the measurements. Also shown
in Fig. 2 is the average shock velocity measured just before the
reflector plate assembly via two piezoelectric pressure transducers
mounted at 1.63 m and 1.78 m from the ignition end of the tube.
For the mixture with 8 = 3.8, the flame accelerates smoothly up

Experimental Results to a distance of roughly 0.8 m, then temporarily decelerates, and

Reflector Plate Assembly Results then rapidly reaccelerates, eventually reaching a velocity of 800 m/s
Experiments were performed to investigate the interaction of the by the end of the flame acceleration section. This flame veloc-
flame—shock complex with the reflector plate assembly. The mixture ity perturbation is found to be very repeatable from test to test.

reactivity was varied to study its effect on flame acceleration in For this mixture, no deceleration of the flame is observed in the
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Table 1 Shock-flame separation distance within the smooth transition section just
before reflecting orifice plate

Speed of sound in  CJ detonation CJ detonation Shock—flame separation Shock—flame
B the products, m/s  velocity, m/s  pressure, atm distance, m separation time, us
3.8 899 1824 18.4 0.075 93
4.0 893 1809 18.0 0.123 373
42 887 1794 17.7 0.139 591
45 879 1774 17.3 0.201 1232
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g=>5.1 cm reflector plate assembly. E 40 4
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<
transition section. The higher maximum flame velocity measured & 20 1
for the mixtures with a lower value g reflects the enhanced flame 10 X
acceleration due to the higher mixture reactivity. Because the 0
strength of the shock wave is governed by the flame velocity, one
would expect a higher shock velocity as well. The average shock 2464 2469 2474 ) 2479 2484 2489 2494
velocity measurements are in agreement with this premise, that is, b) Time (ms)

lower B values result in higher average shock velocity measurements
in the transition section.

The distance separating the flame and the shock wave ahead of it
has an impact on the interaction of the shock wave with the reflector
assembly. Based on the measured time of arrival of the flame from
the ionization probes and the time of arrival of the shock wave from
the pressure transducer, the separation distance between the flame
and shock wave was calculated at the instant the shock wave reaches
the pressure transducer located at 1.78 m. From this calculation, the
time that elapses from when the shock wave reaches the reflector
plate to when the flame reaches the reflector plate can be inferred.
The shock—flame separation distances and separation times are given
for selected mixtures in Table 1. Note for the g =4.5 mixture the
shock—flame separation distance and time are extremely large be-
cause the flame velocity drops significantly through the smooth tran-
sition section.

The objective of these experiments is to determine the effective-
ness of the reflector plate assembly to initiate detonation. Figure 3
shows the average flame velocity measurements made at locations
along the entire tube. For clarity the data point standard deviation
is not shown in Fig. 3. The measured flame velocity before the re-
flector plate assembly is about 550 m/s for the § =4.2 mixture,
700 m/s for the B =4.0 mixture, and 800 m/s for 8 = 3.8. The theo-
retical Chapman—Jouget (CJ) detonation velocity for these mixtures
is roughly 1800 m/s (Table 1). The measured velocities after the
reflector plate assembly for the 8 = 3.8 mixture is close to the the-
oretical detonation velocity, which suggests that a detonation wave
is initiated at the reflector plate assembly. The flame velocities after
the assembly for the § =4.0 and B =4.2 mixtures are well below
the theoretical detonation velocity, indicating unsuccessful initia-
tion. The flame velocity approaches 900 m/s, which is close to the
speed of sound of the products for a constant pressure combustion
process (Table 1). This represents the maximum velocity for steady-

Fig. 4 Pressure-time history for reflector plate assembly with gap
spacing of 5.1 cm; test mixture: a) 3=4.19 and b) 3=3.8.

state flame propagation, and at this velocity the flame is considered
choked. !

This interpretation of the flame velocity measurements is cor-
roborated by pressure measurements made just before the reflector
assembly. Figure 4 shows the pressure-time histories recorded at lo-
cation 1.63 and 1.78 m from the ignition point for 8 = 3.80 and 4.19
mixtures. Recall, based on the results presented in Fig. 3, detona-
tion initiation occurs for the 8 = 3.80 mixture but not the § =4.19
mixture. The pressure recorded at 1.63 m for the 8 = 3.80 mixture
(Fig. 4b) shows a relatively slow initial rise in pressure that is associ-
ated with the passage of a forming shock wave with an overpressure
of 9 atm. This initial pressure rise is followed by pressure oscillations
caused by secondary waves generated by reflections of the shock
wave through the orifice plate array. The pressure recorded by the
transducer located in the gap between the assembly reflector plate
and the orifice plate at 1.78 m shows a more rapid initial rise in pres-
sure with an overpressure of 14 atm. This overpressure corresponds
to a Mach 3 shock wave. This shock strength is consistent with a
900-m/s flame velocity, which is typical of a choked flame. The ini-
tial pressure rise is immediately followed by a second rapid rise in
pressure to 65 atm. This pressure is much greater than the theoreti-
cal normal reflected shock pressure of 25 atm for a Mach 3 incident
shock wave. One can infer that this strong shock wave is the result
of detonation wave initiation in the general area of the reflector plate
assembly. The large-pressure pulses that follow are the result of the
ensuing detonation wave reflections that occur at the orifice plate
and tube wall. This shock is propagating in the combustion products
and so the pressure oscillations decay in strength. The pressure-time
history recorded for the § =4.19 mixture (Fig. 4a) indicates a more
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Fig. 5 Detonation initiation results for reflector plate assembly.

modest strength initial shock wave. The measured average shock
velocity between the two pressure transducers is 743 m/s. A 55-atm
pressure pulse is observed roughly 200 us after the time of arrival
of the incident shock wave at the second pressure transducer. The
200-us lag between the time of arrival of the two shock waves is
much longer than that observed for the § = 3.80 mixture, where the
lag is only about 12 us.

Additional experiments were performed with a reflector plate
assembly gap of 5.1 cm, and an additional series of experiments was
performed with a gap of 2.54 cm. With these various configurations,
the mixture reactivity was varied to determine the critical value of 8,
above which detonation is not observed. The results for the reflecting
plate assembly with the two gap spacings are summarized in Fig. 5.
The results are categorized according to whether or not a detonation
was detected after the reflector plate assembly. For a gap spacing of
2.54 cm, detonation initiation occurs for a critical value of 8 =3.61.
Based on detailed flame velocity measurements, it was determined
that for mixtures with a 8 value of 3.61 or less detonation initiation
occurs as a result of DDT before the reflector plate, that is in the
flame acceleration section or in the transition section. Therefore,
for these mixtures detonation initiation cannot be attributed to the
interaction of the shock wave and the reflector plate assembly. A
reflector plate assembly configuration with a gap of 5.1 cm was
found to be more effective than the 2.54 cm gap, with detonation
initiation occurring in mixtures with a maximum value of § =3.98.
For this critical mixture, the measured average shock velocity just
before the reflector plate was 964 m/s.

Reflector Cone Assembly Results

Experiments were performed to investigate the performance of the
reflector cone assembly with a gap spacing of 2.54 cm. Again the
mixture reactivity was varied to study its effect on flame acceleration
and the strength of the shock wave produced in the transition section.
The flame velocity history in the flame acceleration section and the
average shock velocity measured across the cone are shown in Fig. 6.
The average shock velocity is based on the shock time of arrival at
the pressure transducers located at 1.63 and 1.78 m from the point of
ignition. The shock wave strengthens significantly as it propagates
across the cone due to the contraction in the annulus cross-sectional
area, and thus, the strength of the shock wave reflecting off the
orifice plate is higher than that based on the average velocity.

The flame velocity profiles for the 8 =4.0 and g = 4.2 mixtures
are very similar. A maximum velocity of 650 m/s is achieved across
the last flame acceleration orifice plate. This behavior is similar to
that observed in the reflector plate assembly experiments, as shown
in Fig. 2. The flame decelerates in the smooth transition section
of the detonation tube, but the shock velocity measured across the
cone remains high at roughly 900 m/s. This shock velocity is signifi-
cantly higher than that measured in the reflector plate assembly tests
where the shock velocity was under 800 m/s for the 8 = 4.2 mixture.
For the 8 = 3.8 mixture, the flame achieves a velocity of roughly
900 m/s by the end of the flame acceleration section, which is close
to the choked flame velocity. The average shock velocity achieved
for this mixture is 1040 m/s as compared to the sub-1000-m/s
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Fig. 6 Effect of mixture reactivity on flame acceleration for g = 2.54 cm
reflector cone assembly.
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Fig. 7 Effect of mixture reactivity on detonation initiation for
2=2.54 cm reflector cone assembly.

shock wave obtained for the reflector plate assembly for the same
mixture. Again the higher flame and shock wave velocity mea-
sured for the lower 8 mixture reflects the higher reactivity of the
mixture.

The average flame velocity measured along the entire tube is
provided in Fig. 7 for four different mixtures. For these mixtures,
the flame decelerates in the smooth section of the tube to roughly
500 m/s just before the cone. The measured velocities after the re-
flector cone assembly for the § =4.20, § =4.00, and 8 = 3.80 mix-
tures are close to the theoretical CJ detonation velocity of 1900 m/s,
which indicates that a detonation wave is initiated as a result of the
interaction of the shock wave with the cone reflector assembly. The
flame velocity after the assembly for the 8 = 4.40 mixture is well
below the theoretical detonation velocity, indicating unsuccessful
detonation initiation.

The pressure-time histories recorded by pressure transducers, lo-
cated at 1.63 and 1.78 m from the ignition point for the 8 =3.80
mixture and f = 4.40 mixture, are shown in Fig. 8. For the § =3.80
mixture (Fig. 8b), the pressure transducer located at 1.63 m shows
an initial rapid rise in pressure associated with the incident shock
wave to roughly 10 atm. This pressure transducer location roughly
corresponds to the axial location of the cone apex. The pressure
transient recorded at 1.78 m, located between the base of the cone
and the reflecting orifice plate, reveals that the incident shock wave
is strengthened across the cone to roughly 14 atm. This overpres-
sure corresponds to a shock wave velocity of 1072 m/s. This initial
rise in pressure is followed by a second rapid rise in pressure to
35 atm. This second rise in pressure occurs approximately 30 s af-
ter the incident shock pressure rise and corresponds to the passage
of the reflected shock wave. Roughly 8 us later, a third sharp rise
in pressure to over 65 atm occurs. (Note the signal is clipped.) This
strong shock is the result of detonation initiation in the general area
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Fig. 8 Pressure time history for the reflector cone assembly with gap
spacing of 5.1 cm; test mixture: a) 3=4.4 and b) 3=3.8.

of the reflecting orifice plate after the cone. The pressure recorded
at 1.63 m shows a second pressure rise to 30 atm, 92 us after the
65-atm spike observed in the 1.78-m pressure transducer. This cor-
responds to a shock wave with velocity 1700 m/s propagating back
toward the cone apex. This velocity magnitude is consistent with
a detonation wave. As is the case with the reflector plate, when a
detonation is initiated, large pressure oscillations ensue due to the
reverberation of the detonation shock wave (Fig. 4b).

The pressure-time history recorded at 1.63 and 1.78 m for the
B =4.40 (Fig. 8a) mixture again shows the strengthening of the
incident shock wave from roughly 5 to 9 atm. The measured average
shock velocity between the pressure transducers is 754 m/s, which
is much lower than the observed shock velocity of 1112 m/s for
the B =3.8 mixture. A rise in pressure to 65 atm occurs 234 us
after the onset of the incident shock wave, this is more than twice
the delay observed for the 8 = 3.8 case. The much delayed large-
pressure pulse is the result of an explosion in the general area of
the assembly. The exact location of this explosion is difficult to
ascertain from the limited data available. One can speculate that the
explosion occurs in the jet that forms emanating from the orifice
plate after the passage of the initial shock. When the flame reaches
the turbulent jet, combustion occurs very rapidly, producing a strong
shock wave. An explosion may also be triggered in the gas at the
tube centerline behind the cone base as a result of the high pressure
and temperature produced by the imploding shock. The average
shock velocity readings farther down the tube indicate that the flame
is moving well below the theoretical detonation velocity. Hence,
detonation initiation by shock reflection did not transpire in this
situation.

All of the results for the cone assembly are provided in Fig. 9.
For a gap spacing of 5.1 cm, detonation was not observed for any
value of 8 down to 3.61, where detonation initiation occurs spon-
taneously within the flame acceleration section of the tube. For a
gap of 2.54 cm, the critical 8 is 4.33, which is well above the criti-
cal value of 3.98 obtained for the reflector plate assembly. For this
critical value of B, the average shock velocity measured across the
cone was 758 m/s. Clearly, the reflector cone assembly with a gap
spacing of 2.54 cm is superior to the plate assembly in terms of
initiating a detonation wave in a less reactive mixture.

Table 2 Effect of reducing the flame acceleration distance and orifice
plate BR for 3=3.76

Reflector Transition Shock

position, length, Flame acceleration orifice velocity, Detonation
m m plate BR m/s initiation
1.82 0.46 0.42 1016 Yes
1.67 0.46 0.42 910 Yes
1.52 0.46 0.42 756 Yes
1.36 0.46 0.42 461 No
1.36 0.30 0.42 474 No
1.36 0.30 0.6 771 Yes
1.36 0.30 0.75 710 No
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Fig. 9 Detonation initiation results for reflector cone assembly.

Effect of Flame Acceleration Section Length on Detonation Initiation

For a PDE application, it is desirable to minimize the combustion
tube length to keep the overall engine size as small as possible. A
series of experiments was performed to examine the consequences
of moving the reflector assembly closer to the ignition point, effec-
tively shortening the flame acceleration section of the tube. The mix-
ture composition used in these tests was stoichiometric ethylene—
air (8 =3.76). The reflector cone assembly with a gap spacing of
2.54 cm was used in these experiments. The distance to the reflector
assembly is reduced by removing orifice plates at the end of the
flame acceleration section. The results from these experiments are
summarized in Table 2. The location of the reflector assembly is
given from the ignition endplate to the reflector assembly orifice
plate. The data provided in the first row of Table 2 correspond to the
B =3.8 test from Fig. 7. This will be considered the baseline case.
For this baseline case, the average shock velocity measured across
the cone was 1016 m/s and detonation initiation was observed. Det-
onation initiation was also observed when the reflector assembly
was placed 1.67 and 1.52 m from the ignition point. However, when
the cone assembly was placed at 1.36 m from the ignition point,
detonation initiation was unsuccessful.

From the results in the first four rows of Table 2, it is clear that
moving the reflector assembly closer to the ignition point results
in a decrease in the strength of the shock wave reaching the cone
assembly. For the case where the assembly was located at 1.36 m,
the shock wave velocity was only 461 m/s. This corresponds to a
reflected shock pressure and temperature of 4.22 atm and 451 K,
respectively. This is well below the published “autoignition tem-
perature” for the mixture,?> which represents the minimum mixture
temperature required for the ignition of a flame. Consequently, this
temperature is too low to initiate a detonation wave. To prolong the
flame acceleration, the orifice plate array was extended by one plate
and the length of the transition section was reduced to 0.30 m. This
resulted in a slightly stronger shock wave, for example, 474 m/s, but
did not result in detonation initiation.

It is clear that a strong shock wave is required to generate the
high temperature and pressure required for detonation initiation.
With the 0.43 BR orifice plates, it is not possible to accelerate the
flame fast enough to produce a strong enough shock wave to ini-
tiate a detonation wave when the reflector assembly is located at
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1.36 m. However, it is well known that flame acceleration can be
enhanced by changing the blockage ratio of the accelerating orifice
plates.5 Additional experiments were performed in which the flame
acceleration orifice plate blockage ratio was increased to 0.60 and
0.75 while keeping the cone assembly position at 1.36 m and the
transition section length at 0.30 m. With the 0.6 BR orifice plates,
a shock velocity of 771 m/s was achieved at the reflector assem-
bly, and for the 0.75 BR plates, a shock velocity of 710 m/s was
achieved. Detonation initiation was unsuccessful using the 0.75 BR
flame acceleration orifice plates and successful with 0.6 BR flame
acceleration orifice plates. The results in Table 2 indicate that for
the cone assembly positioned at 1.36 m a minimum average shock
velocity across the cone of roughly 750 m/s is required. This critical
velocity was also found for the reflector cone assembly experiments
performed with the assembly at 1.78 m from the ignition point.

Discussion

Reflector Plate Assembly

Based on the experimental results presented, it is clear that the
reflector plate promotes detonation initiation because a less reactive
mixture can be detonated with the assembly in place than without
the assembly present. Unfortunately, the apparatus does not lend
itself to visualization to determine the exact nature of the detonation
initiation event. However, some insight into the detonation initiation
phenomenon can be obtained by analyzing the pressure-time history
recorded at the axial position between the reflector plate and orifice
plate. In general, there can be up to three distinct large pressure
rises resulting from the passage of different shock waves. The first
pressure rise is generally associated with the passage of the inert
shock wave generated ahead of the flame. The exception to this is
for mixtures with 8 <3.61, where detonation initiation occurs in
the flame acceleration section or the transition section. This shock
wave reflects off the reflector orifice plate and arrives at the pressure
transducer location a short time after the passage of the incident
wave. This second pressure rise may or may not exist depending
on if detonation initiation occurs as a result of shock reflection
off the plate. The third and largest pressure rise is associated with
the shock wave produced by the rapid reaction arising from the
shock reflection off the reflector orifice plate. If the conditions are
appropriate, this third pressure pulse corresponds to the detonation
wave.

For the purpose of this analysis, the explosion induction time 7 is
defined as the difference in time of arrival of the incident shock wave
and the strong shock wave produced by the rapid reaction. These
times are measured at the pressure transducer located between the
reflector plate and orifice plate. For detonation initiation to occur in
the high-temperature and high-pressure gas adjacent to the reflecting
surface, the time that the thermodynamic state is sustained must
be on the order of the chemical induction time for the mixture.
The temperature and pressure of the gas adjacent to the reflecting
surface of a wall-mounted obstacle is reduced by the encroachment
of expansion waves originating from the free edge of the reflecting
surface. Thus, the time over which the reflected shock temperature
and pressure exists is equal to the transit time for an expansion wave
to traverse the reflecting surface.!”

The explosion induction time measured for experiments with the
reflector plate assembly is provided in Table 3. Also indicated is
whether or not a detonation wave was initiated.

For the configuration tested, there are several opportunities for
shock reflection: The first is when the incident shock wave reflects
off the face of the circular plate. Because the circular plate has
a much larger transverse dimension compared to the flame accel-
eration orifice plates, the high-temperature and high-pressure gas
condition created by the reflection process lasts longer, and as a
result, detonation initiation can occur in less reactive mixtures. For
the case of detonation initiation occurring at the front surface of
the circular plate, the explosion induction time would be very short
due to the short transit time for the detonation wave to propagate
from the plate to the pressure transducer. This explosion time is
mainly governed by the chemical reaction induction time, which
dictates how long after shock reflection the detonation wave forms.

Table 3 Explosion induction time measurements for
reflector plate assembly with gap spacing=5.1 cm

Incident shock Measured
B velocity, m/s TE, US Detonation
3.60 1065 14 Yes
3.83 976 15 Yes
3.78 1022 16 Yes
3.81 951 17 Yes
3.98 964 20 Yes
3.94 1002 152 Yes
3.97 907 157 Yes
4.00 918 139 No
4.01 918 144 No
4.04 880 160 No
4.10 886 173 No
4.21 841 195 No
4.20 865 198 No
4.22 765 299 No

An estimate of the induction time is obtained based on a constant
volume chemical reaction process with the initial mixture condition
taken to be the normal reflected shock pressure and temperature.
The Konnov mechanism? with 1027 reactions and 121 species is
used for the calculation. For the mixture range of interest, that is, 8
between 3.6 and 4.0, the chemical induction time varies very little
for a given incident shock wave velocity. For this mixture range and
incident shock velocities of 950 and 1000 m/s, the calculated induc-
tion time is 10 and 30 us, respectively. Taking an average value of
20 us, we can conclude that the explosion induction time for deto-
nation initiation occurring at the front plate is roughly 20 us. The
next opportunity for detonation initiation is when the incident shock
wave reflects off the reflector orifice plate and also when the shock
wave implodes behind the plate. For a detonation wave initiating by
either of these mechanisms, the explosion induction time would be
significantly longer because the incident shock wave must travel a
longer distance to reach the reflection surface, or the tube center-
line in the case of shock implosion. Again for a chemical induction
time of 20 us, the explosion time for either of these phenomena is
estimated to be greater than 100 us.

Recall for mixtures with § less than 3.61, detonation initiation
occurs before the reflector assembly and, thus, is not relevant to this
analysis. For mixtures in the range 8 =3.61-3.98, detonation ini-
tiation was observed, and the measured explosion induction times
(Table 3) are in the range of 14-20 ps. Based on these timescales, it
can be concluded that detonation initiation occurs at the front face
of the reflector plate. It is not clear if the detonation wave can suc-
cessfully negotiate the convoluted path through the annulus to the
orifice plate hole. If the detonation wave fails during the diffraction
process around the plate edge, the decoupled shock wave would then
reflect off the reflector orifice plate reinitiating a detonation wave.
This detonation wave would then continue through the orifice plate
into the latter section of the tube. For the two mixtures § = 3.94 and
B =23.97, detonation was observed; however, the observed explo-
sion induction times of 152 and 157 wus are much longer than the
20 s for detonation initiation resulting from shock reflection off the
plate. Based on this explosion induction time, one can conclude that
initiation occurs due to reflection off the orifice plate or implosion
of the wave behind the plate. Note that the difference in the time
of arrival of the shock wave and the flame at the orifice plate for a
B =4.0 mixture is 373 us (Table 1). This time is significantly larger
than the explosion time of roughly 150 us recorded for the 8 =3.94
and B =3.97 tests. Based on the difference in these two times, one
can conclude that the flame plays no role in the detonation initiation
phenomenon.

For mixtures with 8 > 4.0, detonation was not observed after the
reflector assembly; however, a larger pressure pulse was recorded
between the cone and the orifice plate. For these mixtures, the ex-
plosion induction time was greater than 160 us, which is consistent
with a strong shock wave produced by an explosion occurring as a
result of shock implosion.
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For a2.54-cm gap, detonation propagation after the reflector plate
assembly was not observed for any mixture. Recall the detonation
wave fails as it propagates around the plate producing a decoupled
shock flame complex. Re-initiation may occur when the decoupled
shock reflects off the reflector orifice plate. This newly formed deto-
nation would then have to propagate through the narrow gap between
the back of the reflector plate and the front of the reflector orifice
plate. Based on the results for the 2.54-cm gap, this is not possible.

Cone Assembly

It is believed that the shock dynamics created by the cone is the
reason why the cone assembly can detonate weaker mixtures than
the reflector plate assembly. As the shock wave propagates through
the annulus between the cone and the tube wall, the shock is reflected
by the cone surface and the cone deflects the flow behind the shock
wave.'? The cone half-angle in these experiments is 21 deg, which
is well below the critical wedge angle of 45 deg for Mach reflection.
Whitham’s theory.!® is used to predict the triple-point trajectory
angle relative to the cone surface, as well as the Mach stem strength.
Once the Mach stem reaches the base of the cone, it diffracts around
the corner as shown schematically in Fig. 10. The decrease in shock
strength in the diffracted region can be understood as a self-similar,
unsteady expansion fan that interacts with the Mach stem. The Mach
stem eventually reflects off the tube wall, producing a new Mach
stem that propagates parallel to the tube wall. Itis this Mach stem that
passes over the pressure transducer located at 1.78 m that produces
the first sudden rise in pressure (Fig. 8). Ultimately, it is this Mach
stem that reflects off the orifice plate initiating a detonation wave. It
is of interest to determine if the expansion fan completely overtakes
the entire initial Mach stem and the Mach stem created at the tube
wall. If the expansion overtakes the wall Mach stem, it will be
weakened before it reflects off the orifice plate. The trajectory of
the point of intersection of the head of the expansion fan with the
undisturbed shock is given by!”

6, = tan~'(V,,/c) ()

where 6, is the angle separating the disturbance boundary of the
incident shock wave (Mach stem) and diffracted shock region, and
¢ is the acoustic velocity behind the shock front. V,, is the speed of
the boundary for the disturbed region along the shock front, given
by the equation

Vo =y = (U —u)? ©))

Table 4 provides a summary for the Mach reflection calculations
for the cone reflector geometry. The axial distance X before the

Table4 Mach reflection calculations for the reflector cone assembly

Incident Mach Distance from
shock Incident stem reflecting
velocity, Mach Mach orifice plate
B m/s number number X, cm
Gap=>5.1cm
3.64 1137 3.45 4.14 2.96
3.69 1219 3.70 4.44 2.94
3.79 1058 321 3.85 2.98
3.80 1073 3.26 391 2.98
4.00 952 2.89 3.46 3.01
4.02 946 2.87 3.44 3.02
4.22 896 2.72 3.25 3.04
4.26 846 2.57 3.08 3.05
Gap=2.54 cm
3.60 1112 3.38 4.06 0.41
3.79 1029 3.13 3.75 0.43
3.81 1051 3.19 3.80 0.42
3.99 935 2.84 3.40 0.46
4.17 896 2.72 3.25 0.48
4.17 876 2.66 3.18 0.48
4.35 758 2.30 2.73 0.54
442 751 2.28 2.71 0.54

Triple Point Expansion Wave

Trajectory \ Trajectory

v

Diffracted Shock

Reflecting Orifice Plate —»

Fig. 10 Shock diffraction of Mach stem around the cone: I, incident
wave; M, Mach stem; and R, reflected wave.

reflector orifice plate, where the entire Mach stem is affected by the
expansion fan (Fig. 10) is provided in the last column of Table 4.
Based on the calculations, for both the 2.54 and 5.1-cm gap, the
Mach stem does not arrive at the reflector orifice plate without being
attenuated by the expansion fan. (See the values of X in Table 4.)
For a gap spacing of 5.1 cm, the decaying Mach stem has a much
farther distance to travel to the orifice plate where shock reflection
occurs and, thus, is less likely to result in detonation initiation. This
attenuation explains why detonation initiation is successful for a gap
of 2.54 cm and unsuccessful for the cone reflector assembly with
a gap of 5.1 cm. The attenuation process of the wall Mach stem
requires significant numerical modeling, which is beyond the scope
of this study.

Conclusions

It was found that detonation initiation occurs spontaneously in the
orifice plate laden tube used in this study for mixtures of ethylene—
oxygen with nitrogen dilution yielding 8 < 3.61. Experiments in-
volving a reflector plate followed by an orifice plate with a gap of
5.1 cm have shown success with regards to initiating detonations
by means of shock reflection. With the reflector assembly in place,
mixtures with a 8 value up to 3.98 were successfully detonated. The
plate provides a larger surface area for shock reflection and, thus,
sustains the reflected gas temperature for a longer time compared
to the orifice plate alone. For the 2.54-cm gap case, detonation was
not observed. One can surmise that the distance separating the plate
and the reflecting orifice plate is less than the critical detonation
initiation kernel size. For the smaller gap, CJ level pressures were
measured within the vicinity of the obstacle, but initiation ultimately
was unsuccessful.

Experiments performed with the reflector cone assembly demon-
strated the shock strengthening produced by the area reduction re-
sulted in detonation initiation in less reactive mixtures compared to
the plate assembly. Mixture compositions up to § =4.33 were deto-
nated. It is proposed that the shock wave strengthens as it propagates
through the annulus around the cone leading up to the reflecting ori-
fice plate. With use of the cone reflecting assembly, experiments
were performed with stoichiometric ethylene—air where the cone
assembly was moved successively closer to the point of ignition.
Detonation initiation was observed with the reflector cone assem-
bly at 1.36 m from ignition point using flame acceleration orifice
plates with a blockage ratio of 0.60. A 1.36-m-long combustor is
approaching a practical size for a functional PDE.
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