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Spray Detonation Initiation by Controlled
Triggering of Electric Dischargers
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Experimental studies of single-pulse and multipulse confined detonations of liquid 7-hexane spray in air initiated
by successively triggered electric dischargers are presented. Similarly to a single-pulse mode, the multipulse oper-
ation mode shows the resonant dependence of the detonation initiation energy on the time delay between triggering
the dischargers. There is a potential for considerable decrease in the detonation initiation energy with decreasing
tube diameter and mounting of a turbulizing spiral between the dischargers. The technique is considered promising

for pulse-detonation engine applications.

Nomenclature

Cy, C, = capacitances of the main discharge of the
dischargers D, and D,

E = discharge energy

E. = critical energy of detonation initiation

E, = energy of the primary (initiating) discharge

Ji, J> = discharge currents for the dischargers D; and D,

t,b,H = shock wave arrival times at pressure transducers
PT1, PT2, and PT3, respectively

U = discharge voltage

U; = voltage at which the dischargers D; and D, are
triggered

Ur = threshold voltage

\% = mean shock wave velocity

Vi, Vo, V3 = mean shock wave velocities at the measuring
segments 1, 2, and 3

X = measuring segment length

AE = uncertainty in the discharge energy

At = uncertainty in measuring the time interval

Aty = time delay for triggering the discharger D,

AU = uncertainty in the discharge voltage

ATy, AT, = intrinsic time delays of the dischargers D, and D,

I.

NERGY requirements for direct detonation initiation in lig-

uid hydrocarbon fuel-air mixtures are very stringent.'~* More-
over, considerable fuel vapor content in a two-phase system is re-
quired for detonation initiation.> Therefore, to obtain detonations
in a pulse-detonation engine (PDE), various means of promotion
have to be combined, including reactive mixture preconditioning,’~’
formation of a stratified mixture composition in the vicinity of
initiators,?~!° and cumulation of blast waves.!!~!3 Use of distributed
external energy sources to artificially accelerate an initially weak,
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propagating shock wave to a detonation by stimulating strong cou-
pling between the shock wave and chemical-energy deposition is
also one of the promising means of decreasing the initiation energy
and shortening the predetonation distance.'4~1

The objective of the research summarized in this paper is to further
evaluate and experimentally realize one concept of a liquid-fueled
air-breathing PDE, the shock-booster concept.'~!° The results dis-
cussed herein were partly published in Ref. 20.

The idea of the shock-booster PDE is to repeatedly initiate a
weak shock wave and to accelerate it by in-phase triggering of dis-
tributed electric dischargers in the course of shock wave propaga-
tion along a detonation tube. The use of external ignition sources
to initiate a detonation was first suggested by Zel’dovich and
Kompaneetz.?! Later, this issue was studied computationally'>-2%23
and reviewed elsewhere.?*~2° For gaseous fuel (propane), detonation
initiation by distributed external ignition sources has been demon-
strated experimentally.'#~1® To substantiate this concept for liquid
fuel sprays, several experimental facilities were designed, fabri-
cated, and used during previous research.'”~!° Liquid n-hexane and
n-heptane spray detonation was initiated in a single-pulse mode by
one electric discharger or by two and three successively triggered
dischargers in a tube with a flow of air and fine fuel drops produced
by an air-assist atomizer. The effect of discharge time, shape, and
location, tube insulating properties, shape and diameter, atomizer
performance, distance between dischargers, and time delay between
their triggering was studied.

Sections I and II of the present paper describe a new experimental
facility and studies aimed at obtaining multipulse detonations with
two successively triggered electric dischargers. Section III deals
with optimization studies to demonstrate the possibility of obtain-
ing the detonation initiation energy, tube length, and performance
stability feasible for PDE applications.

II. Two-Discharge Multipulse Experimental Facility

A. Experimental Setup

A schematic of the experimental setup is shown in Fig. 1. The
detonation tube comprises an air-assist atomizer and two sections:
a booster section and a measuring section. The tube diameter is
51 mm. The air receiver of volume 40 liters is supplied with com-
pressed air by a compressor. Air is fed to the atomizer via valve 1.
Liquid fuel is fed to the atomizer from a pressurized fuel tank via
valve 2. Both air and fuel supply can be either continuous or in-
termittent. The fuel used in all the experiments reported herein is
liquid n-hexane. The booster section contains two dischargers (D
and D,) mounted between the atomizer and the measuring section.
Discharger D; is located at a distance of 60 mm downstream from
the atomizer nozzle. The distance between D; and D, is 200 mm.
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Fig. 1 Schematic of the experimental setup. Dimensions in millimeters.

The measuring section is 1 m long. It is equipped with three piezo-
electric pressure transducers (PT1, PT2, and PT3) and three ioniza-
tion probes (IP1, IP2, and IP3) mounted in the same cross sections.
The pressure transducers and ionization probes form two measuring
segments 400 and 200 mm long, respectively (SEGM. 2 and 3 in
Fig. 1). Measuring segment 1 (SEGM. 1) is set from the center of
the discharger D, to the position of PT1/IP1 and is 700 mm long.
The measuring section is connected to the atmosphere through a
detonation arrester.

A high-voltage rectifier with a maximal voltage of 3.5 kV and
remote control is used to feed the discharger circuits. The rectifier
provides the operating voltage to charge the capacitors C, and C,
via a distributor (not shown in Fig. 1) and a digital controller. The
controller, based on a preset program, activates the units I; and I,
which, in their turn, activate dischargers D; and D,, respectively.
The energy deposition by the electric dischargers results in ignition
of the fuel spray and generation of shock and detonation waves in
the facility.

The data acquisition system is composed of two subsystems, al-
lowing registration of processes over two essentially different time
scales. A two-channel subsystem (L-Card L-154) with a sampling
time interval of 5 ms registers the voltage at the capacitors and the
air pressure in the atomizer (with pressure transducer PT4). A four-
channel subsystem (L-Card L-783) registers up to 3000 samples per
channel with an interval of 300 x 4 ns. The first three channels reg-
ister the signals of the pressure transducers PT1, PT2, and PT3. The
fourth (control) channel is used either for recording the combined
signal of the ionization probes IP1, IP2, and IP3 or for the diag-
nostics of discharge timing. The maximum power provided by the
rectifier is 1300 W. A power level exceeding 90% of the maximum
power is attained at voltages between 1250 and 2250 V.

The velocity of the combustion fronts, as well as of the shock
and detonation waves, was calculated using the formula V = X /At,
where X is the length of the measuring segment and Atf is the
time interval determined from the records of the ionization probes
and/or pressure transducers. The systematic error in determining X
is £0.5 mm; the accidental error is zero. At the third measuring seg-
ment, which is 200 mm long, this results in an error of £0.25%.
The time interval At is determined at the half-amplitude levels
of the ionization-probe or pressure-transducer signals. Because of
the finite dimensions of the sensitive elements of the probes and
transducers (8 mm), the duration of the shock and detonation front
registration is no less than 3 pus. The characteristic sampling time
of each measuring channel is 1.2 us, which allows the resolution of
the wave front with two to three samples. Thus the uncertainty in
determining the arrival time at the position of the sensitive element

did not exceed £1.2 us, and therefore the time interval At was de-
termined with an uncertainty of £2.4 us. The detonation velocity
in the n-hexane—air mixture is at the level of 1700-1800 m/s. The
mean time interval taken for the detonation wave to pass the third
measuring segment, which is 200 mm long, is about 115 pus. Hence
the maximal error in determining the time interval At is 2% at
the third measuring segment and 1% at the second measuring seg-
ment, and the error in determining the detonation velocity at these
measuring segments does not exceed 2.25% and 1.25%, respec-
tively. The shock-wave velocities in the experiments are smaller
than the detonation velocity. Therefore the error of determining
the shock-wave velocity is smaller than that for the detonation
velocity.

B. Controller

The controller consists of several units that implement the pre-
set algorithm of facility operation and provide operational safety. A
remote control unit allows the triggering of a timer from a control
room. The timer sets up the operation time of the facility, either for
a preset limited period (from 0.5 to 10 s) or for unlimited opera-
tion. The timer sets up time limitations for the operation of three
power relays controlling the air and fuel valves and the high-voltage
rectifier. The rectifier is activated for the whole duration of an ex-
perimental run; however, it can be switched off automatically by
a blocking system in case of a failure of the dischargers or by a
command of the controller according to the operation algorithm.

Figure 2 illustrates the controller operation. Here, the supply of
air and fuel (see the middle plot) is activated when the capacitor
voltage attains a preset threshold value Uy (see the upper plot). At
the time when the voltage increases to the U; level, the controller
generates the synchronizing pulses S; and S, (see the lower plot
and extension), which activate the dischargers D; and D, as well
as cutting air and fuel supply (see the middle plot). As a result, the
voltage at the capacitors drops down. After decay of the discharge
currents, the next operation cycle starts. Due to a special distribu-
tor unit the capacitors of the dischargers D; and D, are charged to
the same voltage and discharged independently from each other ac-
cording to a prescribed time schedule. The extension in Fig. 2 shows
two synchronizing pulses, S| and S,, and the records of currents J,
and J, for the dischargers D; and D,. The discharge currents occur
with time delays A1, and Ar, after the corresponding synchroniz-
ing pulses. These delays are the stochastic variables depending on
the discharger design and voltage. The controller provides the time
delay At, for triggering the second discharger D,. The time delay
Aty is set from the origin of current J; to eliminate the effect of the
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Fig. 2 Diagram illustrating controller operation.
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Fig. 3 Schematic of the discharger: a) side view, b) front view.
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accidental time delays At and A7, and to improve the repeatability
of the detonation initiation cycles.

C. Dischargers

The optimal design of the dischargers used in the facility was
found by testing several tens of configurations.'’~!° The schematic
of the discharger with three electrodes is shown in Fig. 3. Two power
electrodes, the anode and cathode, are made of copper wire 4 mm in
diameter. They protrude from the tube wall by 14 mm and are bent
a little along the flow direction. The initiating electrode is made of
copper wire 3 mm in diameter and is positioned upstream from the
power electrodes. The gap between the initiating electrode and the
cathode is 2 mm at the tip. The distance between the cathode and
anode at their tips is 16 mm. The casing of the discharger is made
of steel and has a thread to be fixed in the port of the detonation
chamber. A cylindrical insulator 20 mm in diameter is made from
Teflon and is fixed in the casing with a composite containing glass
fiber and epoxy compound. The electric connections are made of
a copper wire of cross section 2 x 2.5 mm and length 300 mm.
The plasma cloud of the initiating discharge (current about 100 A)
reaches the anode 20 us after triggering the initiating pulse. The
electric scheme of the discharger is conventional and provides a
current pulse of duration 25 us.

The initiating (primary) discharge is of fixed energy (E, = 571J).1t
produces plasma to trigger a main (power) discharge of considerably
higher energy. The capacitance of the main discharge, C, is varied
from 25 to 600 uF. The energy, E, deposited by each discharger,
D, or Dy, is calculated based on the capacitance, C, and voltage,
U;thatis, E = E, + CU?/2. After a discharge, the residual voltage
of the capacitor does not exceed 400 V; i.e., the residual energy is
less than 4% of the calculated energy E. The error in determining
the voltage, AU/ U, is composed of several factors. The error in the
threshold value Ur is determined by the threshold circuit and does
not exceed 0.5% at the nominal voltage of 2000 V. It was found in
the set of special tests that fluctuations in the network voltage and
interferences of all kinds resulted in the uncertainty in the threshold
value Uy not exceeding 0.5% at the nominal voltage of 2000 V.
Therefore the total error in determining the capacitor voltage is
estimated as less than 1%. The uncertainty in the C value is less
than 1% too. Thus, the uncertainty in determining the energy E,
calculated as AE/E =AC/C +2AU/U, does not exceed 3% at a
voltage of 2000 V. Taking into account the residual energy in the
capacitors, the maximal error in determining the E value based on
the formula given above does not exceed 7%.

The electric scheme of the discharge timing diagnostics utilizes a
single control channel to detect two synchronizing signals, S; and S,,
and two signals of the discharge currents J; and J, for determining
the actual delay times At;, A1y, and Af,. The discharge currents
were measured by means of the Rogovsky coils.

D. Air-Assist Atomizer

Figure 4 shows the schematic of the air-assist atomizer used. The
air is supplied via six radial channels 2.6 mm in diameter and 7 mm
long. The liquid fuel is supplied via two fine axial channels 0.26 mm
in diameter and 1 mm long normal to the air channels. The diameter
of the atomizer nozzle is 6 mm. The air manifold is a flexible tube
28 mm in diameter and 800 mm long. The fuel manifold is a stainless
steel tube 4 mm in diameter and 500 mm long.

To measure the drop size distribution the slide sampling method?’
was used. In this method, a slide with thinly coated soot deposited
from a candle flame is introduced into the fuel spray for a short time.
The footprints left by the impinging droplets in the soot are then
photographed under the microscope. Figure 5 shows a photograph of
the spray signature on a slide plate at a position close to the electrodes
of the discharger D;: 70 mm downstream from the atomizer nozzle.
(White dots correspond to footprints left by impinging droplets.) At
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Fig. 6 Measured drop size distribution in an n-hexane spray.

Fig. 5 Photograph of the n-hexane spray signature on the slide plate.

distances exceeding 300 mm, no drops were detected in the flow, due
to their virtually complete evaporation caused by the high volatility
of n-hexane. Figure 6 shows the drop size distribution obtained
from Fig. 5. The arithmetic mean diameter of the drops produced
by the atomizer is close to 5 um. In view of the data presented in
Figs. 5 and 6, the discharger D, is located in the two-phase flow
region during the experiments. As the discharger D, is positioned
200 mm downstream from the discharger Dy, it is still located in a

two-phase flow region. Note that the measurements without ignition
reveal the existence of a liquid fuel film deposited on the inner
tube wall up to the distances of about 600 mm from the atomizer
nozzle. In the experiments, the ignition occurs while the fuel is
still supplied to the atomizer. Therefore the fuel prevaporization
degree at the location of the discharger D, is nearly zero. As for
the fuel prevaporization degree at the location of the discharger
D,, it can attain 95%. This percentage was estimated based on the
knowledge of the mean initial drop size (5 ©m), the measured spray
penetration length (300 mm), and the mean airflow velocity. The
measurements of the airflow velocity generated by the atomizer were
made using the Pitot technique.'”"'® The measurements indicate that
260 mm downstream from the atomizer nozzle (at the position of
the discharger D,) the mean flow velocity is nearly constant across
the tube and equal to (10 & 1) m/s.

The air bottle and fuel tank were pressurized to the preset pres-
sure values before each run, usually 6.00 &= 0.05 and 5.3 4= 0.05 atm,
respectively. These values were found in a series of experiments
aimed at establishing the optimal fuel-supply pressure at a given air
pressure.'”'® The optimal pressure provided the maximum visible
flame propagation velocity in the setup of Fig. 1 when other condi-
tions were fixed. The initial temperature of air and liquid fuel was
293 +4 K. In the course of the experiments, the tube temperature
varied from 293 + 4 K at the beginning of the run and did not exceed
310 K at the end of the run. The atomizer provided a flow rate of air
of about 30 g/s. During an experimental run, the air pressure in the
bottle did not drop below 4.8 atm.
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Fig. 7 Measured mean shock-wave (solid curves) and flame-front (dashed curves) velocities vs discharge voltage for the n-hexane-air mixture.

The fuel consumption was measured by the weighting technique
in several experimental runs at similar initial conditions. Air con-
sumption was calculated based on the pressure difference in the air
bottle before and after the runs. The mean equivalence ratio in the
runs with detonation initiation was 1.3 £0.1; that is, the fuel-air
mixture was always fuel-rich. This effect is attributed to the partial
deposition of the injected fuel on the inner wall of the tube.

III. Results of Experiments

A. Single-Pulse Spray Detonation Initiation by One Discharger

The aim of the experiments was to determine the critical energy
E., of direct detonation initiation by one discharger D,. Figure 7
summarizes the results of the experiments with different voltages
at the power electrodes of the discharger. In this experimental se-
ries, the capacitance of the main discharge is C; =600 uF. The
dashed and solid curves show the measured flame and shock wave
velocities, respectively, at the corresponding measuring segments
(denoted by numbers 1, 2, and 3). Because of poor accuracy of
pressure measurements at low ignition energies, the measurements
of the shock wave velocity were performed beginning from a volt-
age of 2000 V. It follows from Fig. 7 that the increase in the main
discharge voltage from 0 to 2000 V shows almost no effect on the
flame propagation velocity at measuring segments 2 and 3. Contrary
to the flame behavior at these measuring segments, the flame veloc-
ity at the segment 1 increases gradually with the voltage. Finally, at
voltages exceeding 3300 V, a detonation wave arises at all measur-
ing segments from 1 to 3. By other words, at discharge energy E
exceeding approximately 3.3 kJ, the direct initiation of a detonation
in the n-hexane spray has been obtained. This value will be referred
to as the critical energy, E.. = 3.3 kJ, for the direct detonation initi-
ation in the setup of Fig. 1 with one discharger D;. Further increase
of the discharge energy from 3.3 to 3.7 kJ exerted no effect on the
detonation parameters. The arising detonation waves propagated at
a constant mean velocity of 1780 & 100 m/s at measuring segments
2 and 3.

B. Single-Pulse Spray Detonation Initiation by Two Dischargers
Single-pulse tests with two successively triggered dischargers po-
sitioned at a distance of 200 mm from each other resulted in the
important finding demonstrated by Fig. 8. (Plus = go, minus =no
go for detonation.) Here, the capacitance of the main discharge in
both dischargers D; and D, is C; = C, = 300 uF; that s, the total ca-
pacitance is nearly the same as in the one-discharger experiments of
Sec. III.A. Resonant conditions exist for the second discharger trig-
gering in terms of the delay time, At;. The lowest voltage required
for detonation initiation with two successively triggered dischargers
is 2500 V (with an optimal delay time of 270 us) instead of 3300 V

______________ Single discharge
3200
3000 —— -
> L
7~ 2800
D
2600~
2400~ -
2200 | | l
150 200 250 300
At/ us

Fig. 8 Measured detonation initiation energy (in terms of the dis-
charge voltage) as a function of the delay time A¢; between triggering
of two dischargers.

relevant to the case with one discharger. The curve in Fig. 8 will be
referred to as the detonation peninsula. The “width” of the detona-
tion peninsula is about 50 us at 3000 V and 10 us at 2500 V. At a
fixed delay time, such as 270 us, the detonation arises at 2500 V and
does not arise at a higher voltage (2600 to 2900 V), which indicates
the necessity of careful synchronization of the discharge triggering
time with the arrival of the primary shock wave generated by the
first discharger.

The decrease in the voltage from 3300 (the dotted line in Fig. 8)
to 2500 V indicates an almost 43% (from 3.3 to 1.9 kJ) decrease
in the total initiation energy and a 3.5-fold decrease in the energy
deposited by each of the two dischargers (0.95 kJ) as compared to
the energy of a single discharger (3.3 kJ) required for the direct
detonation initiation.

C. Multipulse Spray Detonation Initiation by Two Dischargers
Figure 9 shows the registered time histories of the capacitor volt-
age U and air pressure in the air-assist atomizer for a series of three
successive pulses in one experimental run. The supply of both air
and fuel is activated when the capacitor voltage attains a preset value
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equal to 0.95U;, where U; =2700 V is the discharge voltage in this
experimental series. Similarly to Sec. III.B, the capacitance of the
main discharge in the dischargers D; and D, is 300 uF. The voltage
curves in Fig. 9 are reproduced well from pulse to pulse. The air
pressure at the atomizer is set within about 0.1 s. During one pulse,
the air pressure drops by 4% to 5%. The fuel pressure in the fuel
unit is fixed at 5.3 atm.

Figure 10 shows a typical set of pressure records corresponding
to all three successive pulses of Fig. 9 at nearly optimal detona-
tion initiation conditions in terms of the delay time A?,; between
triggering the dischargers D; and D, (see Fig. 2) in each of three
pulses and the fuel pressure in the air-assist atomizer. In addition
to the pressure records, the diagnostics of each pulse includes the
record of the control channel. The control channel record clearly
shows the distortion of the ground signal by two synchronizing sig-
nals S; and S, (vertical spikes) and two successive signals of the
dischargers D, and D, (sin wave shaped signals). The signals of the
pressure transducers PT1, PT2, and PT3 are also distorted by the dis-
charges nearly simultaneously. In the single-pulse mode, the optimal
(required for detonation initiation) time delay between the dis-
charges at U =2700 V is At; =250+ 10 us (see Fig. 8).

Based on the records of Fig. 10, Table 1 shows the actual de-
lay times between two discharges, At,, the measured values of
the pressure wave arrival times at the transducers PT1, #;, PT2,
1, and PT3, #;, and the estimated mean velocities of the pressure
waves at the measuring segments 2 and 3, V, and V3, in each pulse.
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The mean velocities are estimated as V, =0.4/(t, —t;) m/s and
V3=0.2/(t — ;) m/s.

In the multipulse experiments, there is a slight variation in the
actual delay time Az, caused by various destabilizing factors. At
pulse 1, the accelerating explosion process is detected with the mean
propagation velocity, V3, increasing above 1400 m/s. At pulses 2
and 3, the pressure waves with detonation parameters (V = 1700-
1800 m/s) form. The peak pressure (when noise is disregarded) in the
registered waves attains values of 15-17 atm. The initiation energy
of the detonation in this experiment with two dischargers is about
2.2 kJ per pulse. Note that detonation initiation in the experiments
with a single discharger requires not less than 3.3 kJ per pulse.

Similarly to a single pulse, multipulse operation is very sensi-
tive to the variation of the delay time Az, between triggering the
dischargers. Figure 11 shows the pressure records obtained in a
three-pulse run with the preset Az, =230 ps, which is somewhat
lower than the optimized value of Af; =2504 10 us required for
detonation initiation. Other experimental parameters were kept the
same as those corresponding to the run of Fig. 10. Table 2 shows
the actual delay time At,, the measured values of the pressure wave
arrival times ?1, t,, and #3, and the estimated velocities of the pressure
waves at the second and third measuring segments V, and V; in each
pulse. The detonation arises only at pulse 1, when the actual delay
time Aty is accidentally optimal (apparently, due to the accidental
distortion). When the delay time is 20 s less than the optimal value,
detonation initiation by two successively triggered dischargers fails,
as was observed in the single-pulse runs too. At pulses 2 and 3, the
decaying shock waves with propagation velocity V = 600-700 m/s
are registered.

3.0
257 Table 1 Velocities at measuring segments 2 and 3 at nearly optimal
delay time between triggering the dischargers
201 .
> Capacitor Pulse  Atg,us  t,us  t,us 13, US V,, m/s V3, m/s
s voltage
~ I5F 1 260 709 1083 1224 1070 £ 38 1420+ 26
) 2 270 562 794 904 1724+£20 1818 +40
10 Air 3 250 550 778 886 1754£20 1851440
: pressure
0.5
0.0 \ L Table 2 Velocities at measuring segments 2 and 3 at nonoptimal
: ) e 1 se Pulse 3 delay time between triggering the dischargers
0 2 4. 6 8 10 Pulse  Atg,us  ti,us  t,us 13, 4US V,, m/s V3, m/s
Time /s
1 243 540 766 878 1770£20  1785+40
Fig. 9 Typical registered time histories of capacitor voltage, U, and the 2 225 765 1315 1617 727+ 4 662+ 8
air pressure in the air-assist atomizer for the series of three successive 3 225 822 1438 1778 650+ 4 588+5
pulses.
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Fig. 10 Pressure records corresponding to the experimental run with three successive pulses of Fig. 9 and the record of the discharge control channel
for the nearly optimal detonation initiation conditions: a) pulse 1, b) pulse 2, and c) pulse 3.
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Fig. 11 Pressure records corresponding to the experimental run with three successive pulses of Fig. 9 at wrong discharge timing: a) pulse 1, b) pulse
2, and c) pulse 3.
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Fig. 12 Pressure records corresponding to the experimental run with three successive pulses of Fig. 9 at an nonoptimal fuel pressure: a) pulse 1,

b) pulse 2, and c) pulse 3.

Table 3 Velocities at measuring segments 2 and 3 at nonoptimal
pressure in the fuel supply line

Pulse  Atg,us  ti, us  t, uS 13, US Vo, m/s V3, m/s
1 260 752 1221 1470 852+5 803+9
2 265 577 812 921 1702420 1835+42
3 258 762 1304 1608 738+4 658+ 6

The pulse operation process is also sensitive to the mixture com-
position in the detonation tube. Figure 12 shows the pressure records
obtained with a fuel pressure of 5.0 atm, which is lower than the
optimized value of 5.3 atm. The other experimental parameters were
kept the same as those corresponding to the run of Fig. 10. Table 3
shows the measured values of At,, t1, f,, and t3, as well as the
estimated velocities of the pressure waves: V, and V;.

Although Az, =258-265 s is within the detonation peninsula
of Fig. 8, the detonation arises only at pulse 2 and fails at pulses 1
and 3, apparently due to insufficient fuel supply.

IV. Discussion and Setup Optimization

The experimental data indicate that both the single-pulse and mul-
tipulse operation modes exhibit resonant dependence of the detona-

tion initiation energy on the time delay between discharge triggering
and are quite sensitive to the mixture composition. Because of this,
special means should be used for stabilizing the optimal delay time
between the discharges and ensuring the optimal mixture compo-
sition. With the setup of Fig. 1, it was possible to obtain the pulse
detonation frequency of 2 Hz with a total number of six pulses.
The main constraint in increasing the operation frequency is the
air supply system used. In the course of operation, the air pressure
was decreasing, resulting in the deterioration of the atomizer per-
formance, fuel-air mixing, and so forth. A new air supply system is
currently being developed.

The issue of operation control appeared to be important. In the ex-
periments with multipulse detonations of the liquid n-hexane spray
in air, it was noticed that misfires with detonation failure occurred
more often at the beginning of the run (as in Fig. 10). Misfires were
also more frequent at lower ambient temperatures. To avoid mis-
fires, special starting procedures aimed at heating up the detonation
tube to the nominal operation temperature by several pulse defla-
grations are under consideration. Preliminary tests with preheating
the detonation tube in the vicinity of the atomizer up to 320-325 K
by temporal placement of an electric heater underneath the tube
avoided misfires completely. This is probably explained by faster
vaporization of the fuel film deposited on the tube wall.
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Fig. 13 Experimental setup with the 28-millimeter tube. Dimensions in millimeters.
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Fig. 14 Measured dependencies of mean shock wave velocity at the
measuring segments 1, 2, and 3 (see Fig. 13) on delay time between
triggering the dischargers D; and D,.

There is a potential for considerable decrease in the detonation
initiation energy per operation pulse. Special studies are currently
under way implying the use of the combinations of various means
promoting detonation initiation. Two examples are discussed in
Sec. IV.A and IV.B.

A. Tests with a 28-Millimeter Tube

To decrease the total detonation initiation energy, it is worth while
to operate with a tube of a diameter close to the limiting diameter.'71
Figure 13 shows the schematic of a 28-mm detonation tube—
the smallest tube that allows the repeatable initiation of a liquid
n-hexane spray—air detonation. In this setup, the first discharger is
mounted close to the atomizer nozzle. The distance between the first
and the second dischargers is 200 mm.

The tests on detonation initiation with one (first) discharger
(C; =600 wF) have shown that the lowest voltage required for deto-
nation initiation is U = 1700 V; that is, the critical initiation energy
is about 0.92 kJ. The tests were made according to the procedure
described in Sec. III.A. Clearly, the decrease in the tube diameter
from 51 to 28 mm resulted in E, decreasing by a factor of 3.6.

The tests with two dischargers were made at capacitances
Cy=C,=200 uF and discharge voltage of U =2000 V. Thus,
the total energy provided by two dischargers was about 0.91 kJ.
Figure 14 shows the dependence of the mean shock wave velocity
on the triggering delay time Ar, of the second discharger in the
single-pulse mode. It is seen that the detonation was successfully
initiated only within a very narrow range (“peninsula”) of the trigger-
ing delay time: the detonation was detected at 211 < Az, <221 us.
Figures 15a and 15b show the pressure records with successful det-
onation initiation (Az; =214 us; Fig. 15a) and initiation failure
(Aty; =211 ps, Fig. 15b).

B. Tests with a 28-Millimeter Tube and Shchelkin Spiral
The air-assist atomizer provides a highly turbulent two-phase re-
active flow in the detonation tube. The ignition of the flow with a

powerful discharger results in the generation of a shock wave fol-
lowed by the turbulent flame. The experimental results indicate (see,
e.g., Fig. 7) that the propagation velocities of both the lead shock
wave and the flame front are nearly independent of the discharge
energy if the latter is less than about 0.35E,. (The voltage is less
than about 2000 V in Fig. 7.) This implies that at discharge en-
ergies less than 0.35E,,, the turbulence generated by the atomizer
could determine the shock-wave and flame evolution. At higher dis-
charge energies, the flame propagation is increasingly affected by
the discharge-generated shock wave. In view of this, the enhance-
ment of the turbulence produced by the atomizer could potentially
be used for decreasing the discharge energy required for generating
a powerful primary shock wave.

To check this implication, a special experimental study has been
performed in the 28-mm diam tube with a turbulizing element in
the form of a Shchelkin spiral. Figure 16 shows the schematic of
the detonation tube with the Shchelkin spiral mounted between two
dischargers, D; and D,. The length of the spiral is 460 mm. It is
made of steel wire 4 mm in diameter with a pitch of 18 mm and is
installed in a tube section 500 mm long.

It is implied that the shock wave generated by the discharger D,
and passed through the Shchelkin spiral can be further amplified to
the detonation intensities by the properly tuned triggering of the dis-
charger D, mounted downstream from the spiral section. The major
energy is deposited by the discharger D,. To provide the precise
synchronization of the second discharger triggering with the shock
wave arrival, a special discharge activation probe (see Fig. 16) was
used. Attempts to implement a conventional pressure transducer for
this purpose failed because of its sensitivity to noise. The pressure
wave induced by the discharger D; had a relatively low amplitude,
from 3 to 6 atm. Various disturbances caused by the electric dis-
charge, interference, and pressure wave precursors propagating in
the tube wall resulted in false operation of the system. The schematic
of the probe and the corresponding electric circuit are shown in
Fig. 17. It includes two parallel steel electrodes. The electrodes pro-
trude from the tube wall normal to the axis. The electrode located
upstream of the flow has the electrical potential of —300 V. The
other electrode is located in the wake of the first one and is con-
nected to the electric supply unit with the voltage of +300 V via
a series resistor of 0.5 M. The probe is connected to the thresh-
old unit with the actuation threshold of 100 V. The probe triggers
a time-delay circuit, which, in its turn, triggers the discharger D,.
The probe was mounted at a distance of 90 mm upstream from the
discharger D,.

The tests with one (first) discharger (C; =200 wF) and the
Shchelkin spiral have revealed the following. At discharge ener-
gies considerably less than 0.1 kJ, the propagation velocities of
the compression and combustion waves registered at the measur-
ing segments 1-3 were close to the speed of sound in the initial
mixture and shock waves did not form. Increasing the discharge
energy to 0.1-0.13 kJ led to the formation of a shock wave with a
propagation velocity of 910 £ 6 m/s at the measuring segment 2 and
770 £ 8 m/s at the measuring segment 3. At the measuring segment
1, the propagation velocities of the arising shock waves were close
to the speed of sound. At higher discharge energies of 0.58-0.62 kJ,
the situation changed: the shock wave velocity at measuring seg-
ment 1 was nearly independent of the discharge energy and equal
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Fig. 15 Pressure records with a) successful detonation initiation (A¢; = 214 ps) and b) initiation failure (A#; = 211 us).
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Fig. 16 Experimental setup with the 28-millimeter tube and the Shchelkin spiral between two dischargers. Dimensions in millimeters.
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Fig. 17 Schematic of the discharge activation probe and the corre-
sponding circuit.

to about 870 m/s, whereas at the measuring segments 2 and 3, the
shock velocity decreased to 770-780 and 680—-700 m/s, respectively.
Clearly, the most efficient amplification of the shock waves in the
spiral section was attained at the discharge energies of 0.1-0.13 kJ,
from nearly the speed of sound to about 910 m/s. These values of
the first discharge energy were treated as optimal for the tests with
the Shchelkin spiral.

Further experiments were made to check the possibility to amplify
the shock wave exiting from the Shchelkin spiral section by the prop-
erly tuned triggering of the discharger D,. With the setup of Fig. 16,
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Fig. 18 Measured dependencies of the mean shock wave velocity on the
delay time between the shock wave arrival at the probe and triggering
of the second discharger.

the total initiation energy required for the detonation initiation in the
single-pulse mode was decreased to about 0.66 kJ. Table 4 summa-
rizes the results of the experiments with the successful detonation
initiation. Figure 18 shows the measured dependencies of the mean
shock wave velocities on the delay time At; between the shock-
wave arrival at the probe and the triggering of the discharger D,. At
the total energy of two dischargers E = 0.66 kJ and at delay times of
60, 80, 100, and 120 us, the detonation was registered at the measur-
ing segments 2 and 3. Numbers in parentheses correspond to total
initiation energy in kJ. Figure 19 shows the corresponding pressure
records with successful detonation initiation. At £ =0.605 J and
below, the detonation initiation failed. The delay time of 100 s can
be considered as the optimal value for the detonation initiation with
two dischargers and the Shchelkin spiral. Note that Az, =100 us
correlates with the time taken for the shock wave with the mean
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Table 4 Results of experiments with successful detonation initiation in the 28-mm tube with two dischargers and the

Shchelkin spiral
Run t, US t, Us 13, US Vi, m/s Va2, m/s V3, m/s U, kV C, uF E,Kk] Atg, s
1 1621 1855 2090 42345 1709 +20 1702 + 38 2.2 275 0.665 60
2 2140 2357 2587 3204 1843 +23 1739 +40 2.3 250 0.661 80
3 2228 2441 2671 307+4 1878 23 1739+ 40 2.3 250 0.661 100
4 1950 2177 2403 351+5 1762 +22 1770+ 40 2.3 250 0.661 120
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Fig. 19 Pressure records for four experimental runs with successful detonation initiation (see Table 4): a) run 1 with delay time A#; = 60 us, b) run
2 with At; =80 us, ¢) run 3 with At; = 100 us, and d) run 4 with Az; = 120 ps.

velocity of 910 m/s to travel a distance of 90 mm from the probe to
the discharger.

Two very important findings follow from these experiments.
First, it appears that the detonation peninsula in the tests with the
Shchelkin spiral is considerably wider than in the tests without spi-
ral. Recall that without spiral, the width of the detonation peninsula
was about 10 ps (Fig. 14), whereas the spiral insert widens the penin-
sula to about 60 us (Fig. 18). This is probably caused by the fact that
the spiral modifies the pressure profile in the primary shock wave
as compared with the cases without spiral. The pressure profile in a
shock wave passed through the spiral becomes closer to a stepwise
shape contrary to the triangular shape with fast pressure drop in a
shock wave generated by the discharger D,. Second, with the spiral,
the dependencies V (At,) like those shown in Fig. 18 become less
sensitive to the variations in fuel pressure in the air-assist atomizer.
These findings indicate that the use of the Shchelkin spiral makes
the shock-booster concept more feasible for practical applications.

Thus, it has been shown that the use of a 0.1-0.13-kJ discharge
in combination with a relatively short Shchelkin spiral can result in
the generation of a primary shock wave propagating at a velocity

of about 910 m/s in a tube 28 mm in diameter. Such a shock wave
can be amplified to a detonation by using an additional discharger
triggered in phase with the shock wave arrival at its position.

The diameter of the tube used in the experiments of Sec. IV.A
and IV.B is close to the limiting diameter. In such conditions, the
detonations are marginally stable. As the experiments show, to ini-
tiate detonation by the successive triggering of several dischargers
in such a tube, it is necessary to accelerate a shock wave to veloc-
ities exceeding 1400 m/s. In a larger tube 51 mm in diameter, this
threshold velocity of a shock wave is about 1000 m/s. Clearly, the
transition to the tubes of diameter somewhat larger than 28 mm will
facilitate detonation initiation by the methods discussed herein.

V. Conclusions

Single-pulse and multipulse liquid n-hexane spray—air detonation
initiation was demonstrated in short (about 1 m long) smooth-walled
tubes 51 and 28 mm in diameter. Initiation schemes with a single
electric discharger and two electric dischargers triggered succes-
sively were used. The minimal energy requirement for detonation
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initiation in the 51-mm tube was found to be less than 1.9 kJ for
the two-discharger scheme against 3.3 kJ for the one-discharger
scheme. For the 28-mm tube, the minimal energy requirement for
the two-discharger scheme was about 0.9 kJ, which was close to the
critical initiation energy for one discharger (0.92 kJ). A possibil-
ity of further decreasing the total detonation initiation energy was
successfully demonstrated in the single-pulse mode by using a com-
bination of the two-discharger scheme with the Shchelkin spiral. The
use of a spiral 460 mm long allowed the reduction of the total initi-
ation energy to 0.66 kJ. It is shown that the use of two successively
triggered dischargers in the combination with the Shchelkin spiral
widens significantly the detonation peninsula at the “initiation en-
ergy vs discharge triggering time delay” plot as compared with the
configuration without a spiral. Moreover, with the spiral, detonation
initiation becomes less sensitive to the variations in fuel pressure in
the air-assist atomizer. Thus, the use of the spiral not only decreases
the energy requirements for detonation initiation but eliminates the
necessity of accurate synchronization of the successive discharge
triggering and maintenance of the detonable mixture composition
in a narrow range. These findings make the shock-booster PDE
concept!*~2" more feasible for practical applications.
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