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Abstract Development of air-breathing pulse detonation
engines is faced with a challenging problem of detonation
initiation in fuel sprays at distances feasible for propulsion
applications. Extensive experimental study on initiation of
a confined n-hexane spray detonation in air by electric dis-
charges is reported. It is found that for direct initiation of
spray detonation with minimal energy requirements (1) it is
worth to use one discharger located near the closed end of a
detonation tube and at least one additional discharger down-
stream from it to be triggered in-phase with primary shock
wave arrival; (2) the discharge area should be properly insu-
lated to avoid electric loss to metal tube walls; (3) discharge
duration should be minimized to at least 50 us; (4) discharge
channel should preferably occupy a large portion of a tube
cross-section; (5) test tube should be preferably of a diame-
ter close to the limiting tube diameter; (6) gradual transition
between the volume with electric discharger and the tube
should be used; and (7) a powerful electric discharger uti-
lized for generating a primary shock wave can be replaced
by a primary shock wave generator comprising a relatively
low-energy electric discharger, Shchelkin spiral, and tube
coil. With all these principles implemented, the rated elec-
tric energy of about 100J was required to initiate n-hexane
spray—air detonation in a 28-mm tube at a distance of about
1 m from the atomizer.
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Nomenclature

C capacitance

E rated electric energy of a discharge

E min critical energy of detonation initiation

Ep primary discharge energy

J electric current

L length

/ length

S tube cross-section

Unmin minimal capacitor voltage required for
detonation initiation

U voltage

Vv shock wave or reaction front velocity

X distance between measuring stations

AC uncertainty in determining the capacitance C

AE uncertainty in determining the rated electric
energy E

At time interval

Aty delay time of triggering the second discharger

AU uncertainty in determining the voltage U

AV uncertainty in determining the velocity V

Indices

1 related to the first discharger

2 related to the second discharger

1 Introduction

One of challenging problems encountered in the develop-
ment of an air-breathing pulse detonation engine is detona-
tion initiation in fuel sprays at distances feasible for propul-
sion applications. In view of it, there is a need in exper-
imental data on detonation initiation and propagation in
heterogeneous fuel-air mixtures under well-defined condi-
tions. The latter applies to the initiation means, initiator
location, energy deposition history, geometry and physical
properties of confinement, homogeneity and properties of
fuel—air mixture, etc.
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For direct initiation of gaseous detonations these issues
were addressed, for example, by Matsui and Lee [1], and re-
viewed by Nettleton [2] and Roy et al. [3]. Fuel spray—air
detonations are usually initiated by high-explosive charges
[4], shock waves [5], or fuel-oxygen detonations [6]. This
paper addresses some of the issues listed earlier and shows
possibilities to minimize energy requirements for direct ini-
tiation of spray detonation by electric discharges.

2 Basic setup

The basic test facility is a steel tube 51 mm in diameter and
1.5 m long. To create a two-phase flow, an air-assist atomizer
is mounted at one end of the tube. The atomizer is attached
to the tube via the expanding conical transition section. The
other end of the tube is connected to the atmosphere via
a detonation arrester consisting of a cylinder packed with
metallic strips. Air supply system comprises a compressor,
bottle, and air solenoid valve. Liquid fuel supply system con-
sists of a pressurized fuel tank and a fuel solenoid valve.
The air bottle and fuel tank are pressurized to preset pres-
sure values before each run, usually to 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. This optimal fuel
pressure resulted in the maximal visible flame propagation
velocity in the basic setup. When the solenoid valves are ac-
tivated, air and fuel are directed to the atomizer that provides
the entire mixture flow rate through the tube. Pulse flow du-
ration in the reported experiments is about 1s. The liquid
fuel used is n-hexane. The initial temperature of air and lig-
uid fuel was 293 +4 K. At the beginning of the experiments,
the tube temperature was 293 £+ 4 K.

Ignition of two-phase flow is facilitated by a powerful
electric discharger with a capacitor fed with a high-voltage
rectifier. The discharger has a three-electrode scheme and
consists of primary (breakdown) and main discharge gaps
(Fig. 1a) 3- and 8-mm size, respectively. Diameter of cop-
per electrodes is 2.5 mm. They protrude from the tube wall
by 14mm and are bended a little along the flow direction.

Air-assist
atomizer .
Transition
section
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Tube

Main
electrodes
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+ "~ Primary
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Fig. 1 a Schematic of a three-electrode electric discharger; and b typ-
ical shape of the discharge current

The initiating primary electrode is positioned upstream from
the main electrodes. The casing of the discharger is made of
steel and has a thread to be fixed in the port of the deto-
nation tube. The cylindrical insulator 20 mm in diameter is
made from Teflon and is fixed in the casing with the com-
posite containing glass fiber and epoxy compound. The elec-
tric connections are made of the copper wire of 2 x 2.5 mm
cross-section and 300 mm long. The rated energy, E, de-
posited by the discharger is calculated based on the primary
discharge energy E, capacitance C, and voltage U, that
isE = E, +CU 2/2. The primary discharge is of fixed
(E, = 57J) energy. Capacitance of the main discharge is
600 uF. The maximal voltage is 3,500 V. The uncertainty
in the C value is less than 1%. The total error in deter-
mining the capacitor voltage is estimated as less than 1%.
The uncertainty in determining the energy E, calculated as
AE/E = AC/C +2AU/U, does not exceed 3% at a volt-
age of 2,000 V. After a discharge, the residual voltage of the
capacitor does not exceed 400 V. Taking into account the
residual energy in the capacitor, the maximal error in de-
termining the E value at U = 2,000 V does not exceed 7%.
Note that the actual energy transferred to the combustible
mixture is considerably less than the rated energy of the
electric discharge. According to Nettleton [2], it can amount
only 10% of the rated energy and depend on various fac-
tors. For the basic setup, the measurements of the discharge
current and voltage indicate that the discharge efficiency is
about 20-25%. Nevertheless, in the study reported herein
the minimal rated energy E for spray detonation initiation is
used as a criterion for setup optimization, as this parameter
is readily determined. The issues dealing with quantitative
estimation of the discharge efficiency are out of the scope of
this paper.

The discharger is located inside a conical transition sec-
tion at a distance of 60 mm downstream from the atom-
izer nozzle. The characteristic time of discharge is 100 us
(Fig. 1b). A digital controller controls opening and closing
of the air and fuel solenoid valves and discharge triggering.

Several air-assist atomizers were designed, fabricated,
and tested. Schematic of the atomizer used in the basic setup
is shown in Fig. 2. Air is supplied via two radial channels
2.6 mm in diameter and 7 mm long. Liquid fuel is supplied
via one 0.28-mm diameter and 1 mm long axial channel into
one of the air channels. The diameter of the atomizer nozzle
is 3 mm. This atomizer provides the flow rate of air of about
20 g/s.

Intense mixing of liquid fuel with air in the atomizer noz-
zle results in a spray with very fine fuel drops. For measuring
drop size distribution, the slide sampling method reported
by Elkotb [7] 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 3 shows drop size distribution at a
distance of 100 mm downstream from the nozzle. The arith-
metic mean diameter of drops at this distance from the atom-
izer nozzle is close to 5—6 um. Figure 4 shows a photograph
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Fig. 2 Schematic of the air-assist atomizer used in the basic setup
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Fig. 3 Drop size distribution 100 mm downstream from the atomizer
nozzle

Fig. 4 Photograph of a liquid spray signature on a target plate at a
distance of 70 mm from the atomizer nozzle

of spray signature on a target plate at a position close to the
discharge electrodes—70 mm downstream from the atom-
izer nozzle. In view of the data presented in Figs. 3 and 4 the
discharge is located in the two-phase flow region during the
experiments. At distances exceeding 300 mm, no drops were
detected in the flow virtually due to their complete evapora-
tion. The estimates based on the approach of Frolov et al. [8]

show that drops of initial diameter 10—11 ym should evap-
orate at distances less than 200 mm under conditions of our
experiments and attain the size of 5-6 um at a distance of
100 mm downstream from the atomizer nozzle. These results
correlate with the measurements.

The fuel consumption was determined by measuring fuel
level in the tank after several experimental runs at simi-
lar initial conditions. Air consumption was calculated based
on the pressure difference in the air bottle before and after
the runs. The mean equivalence ratio in most of runs 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 in-
jected fuel on the inner wall of the tube. In fact, measure-
ments without ignition reveal the existence of the liquid fuel
film deposited on the inner tube wall up to distances of about
600 mm from the atomizer nozzle.

Measuring stations in the basic setup are located 500,
900, and 1,300 mm downstream from the discharger and
comprise a piezoelectric pressure transducer (PT) and ion-
ization probe mounted on the opposite walls. Measuring seg-
ment 1 includes the discharger and first measuring station
with the characteristic distance of 500 mm. Measuring seg-
ments 2 and 3 are 400 mm long each. The velocity of the
combustion fronts as well as shock and detonation waves
was calculated using the formula V' = X /A¢, where X is the
length of the measuring segment and At is the time interval
determined from the records of the ionization probes and/or
PTs. The time interval At was determined with the uncer-
tainty of £2.4 us. The detonation velocity in the n-hexane—
air mixture is at the level of 1,700-1,800 m/s. Hence, the
maximal error in determining the time interval At is £1% at
the measuring segment 400 mm long, and less than £1% at
the measuring segment 500 mm long. The error in determin-
ing the detonation velocity at these measuring segments does
not exceed 1.25%. The shock wave velocities in the exper-
iments are smaller than the detonation velocity. Therefore,
the error, AV /V, of determining the shock wave velocity is
smaller than that for the detonation velocity.

3 Spray detonation initiation in the basic setup

The aim of the tests described in this section was to deter-
mine the critical energy of direct detonation initiation by the
electric discharger of Fig. 1. At the voltage of 3,200V be-
tween the main electrodes corresponding to the discharge
energy of 3,1307J (including the primary discharge energy),
no detonation was observed in the basic setup. Increasing
voltage from 3,200 to 3,300V, which is equivalent to in-
creasing the discharge energy from 3,130 to 3,320J, re-
sulted in detonation initiation and propagation at all measur-
ing segments. Further increase of the discharge energy from
3,320 to 3,7307J exerted no effect on the detonation parame-
ters. In runs with successful detonation initiation, detonation
waves propagated at the mean velocity of 1,780 & 100 m/s
at measuring segments 2 and 3. This value is close to
the thermodynamic Chapman—Jouguet detonation velocity
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Fig. 5 Measured shock wave (solid curves) and flame front (dashed
curves) velocities vs. voltage at main discharge electrodes. Numbers
1-3 correspond to measuring segments 1-3

in a homogeneous stoichiometric n-hexane—air mixture
(1,840 m/s). Deviations between the measured detonation
velocity and its thermodynamic value can be caused by spa-
tial inhomogeneity of mixture composition and various loss
mechanisms pertinent to confined detonations.

Figure 5 summarizes the results of experiments with
different voltage at the main electrodes. Dashed and solid
curves correspond to measured flame and shock wave veloc-
ities, respectively, at the corresponding measuring segments
(denoted as 1, 2, and 3). At the voltage equal or exceeding
Umin = 3,300V, the detonation arises at all measuring seg-
ments, i.e., at £ > Enin = 3,300, direct detonation initia-
tion is observed. This value will be referred to as the critical
energy of direct detonation initiation in the basic setup.

The results of Fig. 5 also indicate that deflagration-to-
detonation transition (DDT) does not occur in the basic
setup. At a relatively low discharge voltage, U < 1,000V,
the visible flame velocity slightly increases along the tube.
However, at a higher discharge voltage, the visible flame ve-
locity always decreases along the tube. A shock wave gener-
ated by the discharge also decelerates. Thus, there is no evi-
dent indication of flame and shock wave acceleration typical
for DDT.

4 Optimization study

The aim of the optimization study is to decrease the dis-
charge energy required for direct detonation initiation by im-
proving certain elements of the basic experimental setup.

4.1 Discharger location

Positioning of the discharger at a distance of 100 mm down-
stream from its position in the basic setup results in increas-
ing the critical voltage from Up;, = 3,300 to 4,100V, i.e.,
increasing the critical initiation energy by more than 50%—
from 3,300 to 5,1001J. This result is evidently caused by a
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Fig. 6 Schematic of the detonation tube with two dischargers.
PT1, PT2, and PT3 denote pressure transducers. Dimensions are in
millimeters

Atomizer

weaker effect of the reflecting end of the tube on the shock
wave generated by the discharge.

4.2 Successive triggering of two dischargers

Figure 6 shows the sketch of the detonation tube with two
electric dischargers. The first discharger, ED1, is the same as
that used in the basic setup. It is located 60 mm downstream
from the atomizer nozzle. The second discharger, ED2, is
mounted at distance L from the first discharger. Its config-
uration is similar to that shown in Fig. 1. The aim of the
tests described in this subsection was to amplify a decaying
primary shock wave generated by the first discharger to a
detonation by means of controlled triggering of the second
discharger. In this case, the second discharger is used for
inducing vigorous explosion of the reactive mixture in the
close vicinity to the decaying shock wave and transforming
it to a detonation according to the mechanisms discussed by
Frolov et al. [9, 10, 11, 12]. Figure 7 shows a typical dis-
charge current in a two-discharge circuit. In this case, the
second discharge is triggered with the delay time At,.

The experimental procedure encountered a number of
steps dealing with ‘tuning’ the digital controller in terms
of the preset triggering delay time At; of the second dis-
charger located at a distance of L = 100, 200, 300, or
400 mm downstream from the first discharger. The ‘tuning’
was aimed at obtaining a detonation wave at the measuring
segment 2 (between PT1 and PT2, see Fig. 6) and 3 (be-
tween PT2 and PT3) with the lowest possible total discharge
energy £ = E| + E;, where E| and E; are the energies of
the first and the second dischargers, respectively.

The procedure was as follows. Capacitances of the first
and the second dischargers were identical (300 wF), so their
total capacitance was the same as in the tests with one
discharger. The ignition energy was controlled by voltage

Aty

i
100 ps

Fig. 7 Typical record of discharge current in a two-discharge circuit
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(identical for both dischargers). The maximum voltage used
was U = 3,000V that is lower than the minimal voltage re-
quired for detonation initiation by one discharger (3,300 V).
After triggering the first discharger, the primary shock wave
arrival time at PT1, PT2, and PT3 was detected and the
shock wave velocity at measuring segments between ED1
and PT1 (segment ED1-PT1), between PT1 and PT2 (PT1-
PT2), and between PT2 and PT3 (PT2-PT3) was obtained.
Based on these data, a first approximation for the trigger-
ing delay time of the second discharger was obtained for
the next run. This time delay was preset in the controller.
The next run encountered time-delayed triggering of both
dischargers. Shock wave velocity at segments PT1-PT2 and
PT2-PT3 was then measured at this preset value of the trig-
gering delay time At,. In the subsequent runs, the delay time
was varied in a certain vicinity of this value to reveal the
best conditions for shock wave amplification to a detona-
tion. Then voltage U was decreased and a new test series
at a lower total discharge energy was performed. At each
stage of the procedure, several runs were performed to col-
lect statistics on reproducibility of results. It has been found
that the results were satisfactorily reproducible.

Figure 8 summarizes the results of experiments for L =
200 mm in the form of the U versus Aty plot. Plus and mi-
nus signs correspond to reliable “go” and “no go” detona-
tion conditions at segments PT1-PT2 and PT2-PT3. There
exist resonant conditions for second discharger triggering in
terms of the delay time At#,;. The “width” of the detonation
peninsula is about 50 us at 3,000 V and 10 s at 2,500 V. At
a fixed delay time, e.g., Aty = 270 us, the detonation arises
at 2,500 V and does not arise at a higher voltage (2,600—
2,900 V). This indicates the necessity of careful synchro-
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Fig. 8 Results of experiments on detonation initiation by two succes-
sively triggered discharges mounted 200 mm from each other

Table 1 Critical voltage Upin, critical total discharge energy Emin, and
optimal delay time At required for detonation initiation with two suc-
cessively triggered dischargers depending on distance L between them

L (mm) Umin (V) Emin (kJ) Atg (p1s)
100 3,000 2.800 100
200 2,500 2.000 270
300 3,000 2.800 380
400 >3,000* >2.800 430

*At U = 3,000V, the highest detected shock wave velo-
city at measuring segment PT2-PT3 was 1,400 m/s

nization of second discharger triggering with the arrival of
the shock wave generated by the first discharger. The lowest
voltage required for detonation initiation with two succes-
sively triggered dischargers is Upin = 2,500V instead of
3,300V relevant to the tests with one discharger (dotted line
in Fig. 8). This decrease in voltage indicates almost two-fold
decrease in the total critical detonation initiation energy. It is
worth noting that the capability of the second discharger to
initiate detonation is considerably lower than that of the first
discharger, as discussed in Sect. 4.1.

Table 1 shows the critical values of voltage, Uy;p, the to-
tal discharge energy, Enin, and the optimal delay time Aty
required for detonation initiation with two successively trig-
gered dischargers depending on L. The optimal distance be-
tween the dischargers is about 200 mm. At this distance, the
critical detonation initiation energy attains a minimal value.

4.3 Discharge parameters

To improve the efficiency of the electric discharge in terms
of energy transition to the test mixture, the following mea-
sures were used: (1) interior surface of the diverging transi-
tion section connecting the atomizer and the tube was cov-
ered with a 1-mm thick layer of dielectric thermo-resistant
lacquer. This avoided a discharge between the main elec-
trodes and metal walls of the transition section; (2) electric
connection between the electrodes and the capacitors was
made using a coaxial cable, rather than separate wires. These
and some other minor modifications led to transformation
of the discharge current shape and decrease in the effec-
tive discharge duration from 100 to 50 us (Fig. 9). With the
modified discharger, the critical voltage required for direct
detonation initiation by a single discharge decreased from
Umin = 3,300 to 2,200 V, resulting in the decrease of the crit-
ical initiation energy from 3,320 to 1,5101J, i.e., more than
by a factor of 2.

4.4 Optimization of atomizer

To increase the airflow rates in the detonation tube and there-
fore to increase the level of turbulence, the atomizer of Fig. 2
was modified as shown in Fig. 10. The modified atomizer
has six air-supply radial channels 2.6 mm in diameter and
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Fig. 10 Schematic of the modified air-assist atomizer

7mm long and two fuel-supply axial channels 0.26 mm in
diameter and 1 mm long. The diameter of the atomizer noz-
zle is 6 mm. The airflow rate of the modified atomizer is
about 30 g/s. This atomizer produces a higher level of tur-
bulence in the flow as compared to the atomizer of Fig. 2,
while providing an approximately similar drop size distri-
bution. With the new atomizer and a single modified dis-
charger, a detonation was initiated at Up,;, = 2,100V, i.e.,
there was no considerable difference in the performances of
the atomizers of Figs. 2 and 10.

4.5 Optimization of detonation tube

To study the effect of tube diameter on the critical detona-
tion initiation energy, several modifications of the experi-
mental setup were made. Figure 11a—c shows the setups with
a 28-mm-diameter detonation tube. In the setups of Fig. 11a
and b, the assembly with a diverging transition section is the
same as in the basic setup. In the setup of Fig. 11a, two pos-
sibilities are foreseen to connect the transition section with
the detonation tube: either immediately through the converg-
ing section 65 mm long, or through a cylindrical section of
length /, followed by a converging section. Figure 12 shows
the results of experiments with one discharger and / = 0.
Contrary to Fig. 5, the dependency of the shock wave veloc-
ity on the discharge voltage is smooth. There is no evident
abrupt change in the mode of shock wave propagation after
attaining the velocity of 1,200 m/s. In runs with the voltage

; , Transition

Atomizer section Tube
T 1l 0
1 1it
'; PT1 PT2 PT3 I"
Discharger
EDI +125 400 400
(@)
Transition
section | |
Atomizer Tube
Ho |
PTI PT2 PT3
Discharger
EDI 1+60 400 400
I
(b
Transition
Atomizer section  Tube
N
PT1 PT2 PT3
Discharger
EDI 265 400 400

(©

Fig. 11 Modified experimental facilities with a 28-mm detona-
tion tube. a Setup with the diverging—converging transition sec-
tion. b Setup with the diverging section and abrupt transition to
the detonation tube. ¢ Setup with the converging transition section.
PT1, PT2, and PT3 denote pressure transducers. Dimensions are in
millimeters

equal or exceeding Ui, = 1,600V, successful detonation
initiation was detected at measuring segments PT1-PT2 and
PT2-PT3. The mean detected detonation velocity in several
runs is 1,700 & 50 m/s. A regular variation of the lead shock
wave velocity with the discharge voltage may be explained
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Fig. 12 Measured shock wave velocities vs. discharge voltage. Mea-
suring segments PT1-PT2 and PT2-PT3 correspond to the detonation
tube of Fig. 11a with no cylindrical insert (/ = 0); atomizer of Fig. 10
and discharge shape of Fig. 9
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Fig. 13 Measured shock wave velocities vs. discharge voltage. Mea-
suring segments PT1-PT2 and PT2-PT3 correspond to the detonation
tube of Fig. 11a with a cylindrical insert (/ = 90mm), atomizer of
Fig. 10 and discharge shape of Fig. 9

by the proximity of the tube diameter (28 mm) to the limiting
tube diameter for the n-hexane—air mixture.

The voltage of 1,600 V corresponds to a critical initia-
tion energy of about E,j; = 820J, which is by a factor of
4 less than in the basic setup. Note that with decreasing the
main discharge capacitance from 600 to 400 uF, the mini-
mal voltage of about 1,900 V was required to initiate a det-
onation in the setup of Fig. 11a with [ = 0. This voltage
corresponds to the critical initiation energy of about 78017,
which is close to that found in tests with a higher discharge
capacitance (820J). The difference is probably explained by
different residual energies stored by the capacitors after dis-
charge.

A cylindrical insert in the setup of Fig. 11a does not im-
prove the detonation initiation conditions. Figure 13 shows
the results of experiments at / = 90 mm. In this case, the
critical discharge voltage required for detonation initiation
is 1,900V, which corresponds to the initiation energy of
1,1407J. This energy is 40% higher than that obtained in the
setup of Fig. 11a without cylindrical insert.

Replacement of the converging section with an abrupt
transition to the detonation tube as in the setup of Fig. 11b
also deteriorates the detonation initiation conditions. For ex-
ample, at / = 50 mm, the minimal voltage required for deto-
nation initiation in the setup of Fig. 11b increases to 2,100 V
(Emin = 1,3801J).

In the setup of Fig. 11c, the other type of discharge — slid-
ing discharge — has been used. Figure 14 shows a schematic
of the unit with the sliding discharge. Casing 1 is made of
dielectric polycarbonate glass. Electrodes 2 and 4 are used
for the main discharge, while electrode 3 serves for dis-
charge initiation. Five carbon-graphite bars 5 of 2 x 4 mm
cross-section are fixed in the casing. Specific resistance of
the bar material is 2.5 /mm. Fluoroplastic washers 0.2-mm
thick are laid between bar edges to create four discharge
gaps 7. The axial opening in the casing is used for deliv-
ery of the fuel-air mixture from the atomizer. The gap be-

Fig. 14 Sliding discharge configuration. 1: casing; 2, 3, and 4: elec-
trodes; 5: carbon-graphite bars; 6: pulse transformer; and 7: discharge

£aps

tween main electrode 2 and the closest carbon-graphite bar is
large. Therefore, when pulse transformer 6 receives the ini-
tiating signal, breakdown occurs between electrodes 3 and
4 via all gaps 7. Then, starting from each gap 7, plasma
leaders form and propagate along the bar surface. Plasma
leaders close-circuit the bars and electric current increases.
The arc current is limited by the resistance of the bars and
does not exceed 20 A. The main breakdown between elec-
trodes 2 and 4 occurs after joining of all plasma leaders. The
main discharge current attains 10kA. Discharge channel is
a curve of about 50-mm length and mean diameter of about
23 mm.

In the experiments with the discharge of Fig. 14, the dis-
charge capacitance was 300 uF. Voltage was varied from
2,000 to 2,200 V. The delay time of the main discharge
breakdown was affected by the speed of the plasma leaders.
After several discharges (“training”), the average delay time
was about 200 us. Nevertheless, deviations of the actual trig-
gering time from the average value attained 100 us. The
results of experiments are summarized in Fig. 15. Increas-
ing the voltage from 2,000 to 2,100 V (from 600 to 6607J
in terms of energy) resulted in direct detonation initiation in
the tube. The mean detonation velocity was 1,7004+50 m/s at
all three measuring segments, namely, at the segments ED1—
PT1, PT1-PT2, and PT2-PT3 (see Fig. 11c¢). Increase of the
discharge energy to 730J did not change the mean detona-
tion velocity.

The use of the sliding discharge instead of the arc dis-
charge resulted in the decrease of the critical energy of deto-
nation initiation in the 28-mm tube from about 820 to about
660 J. Figure 16 shows the corresponding sample pressure
records at different initiation energies. The control channel
in Fig. 16 shows the record of a discharge circuit with dis-
charge timing and shape. At U = 2,000 V detonation initi-
ation fails, while at U = 2,100 and 2,200V detonation is
detected.
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Fig. 15 Measured shock wave velocities vs. discharge energy and volt-
age in tests with the sliding discharge of Fig. 14. Measuring segments
ED1-PT1, PT1-PT2, and PT2-PT3 correspond to the detonation tube
of Fig. 11c

4.6 Combined modifications

The experimental setup of Fig. 17 combines several mod-
ifications of the basic setup described so far. It comprises
a 28-mm diameter detonation tube in the configuration of
Fig. 11c, the atomizer of Fig. 10, and two arc dischargers
with the current shape similar to that shown in Fig. 9. In
this setup, the first discharger was mounted very close to the
atomizer nozzle. The distance between the first and the sec-
ond dischargers was 200 mm. The capacitance of each dis-
charger was 200 uF, and the discharge voltage was 2,000 V.
Under these conditions, the energy stored by the capacitors
of each discharger is E; = E» = 460]J and the total energy
is E =9201J.

Figure 18 shows the dependence of the shock wave
velocity on the triggering delay time At; of the second
discharger. A detonation was successfully initiated only at
some values of At;. The detonation peninsular is very nar-
row: detonation was detected at A#; ranging from 212 to
215 us. Figure 19a and 19b shows the samples of pressure
records with successful detonation initiation (Azy = 214 us,
Fig. 19a) and initiation failure (Aty; = 211 us, Fig. 19b).
When the discharger of Fig. 14 was used as the first dis-
charger, it was difficult to “tune” the time delay Az; to hit
in the narrow detonation peninsula of Fig. 18. Therefore, the
configuration with the sliding discharge was treated as im-
practical.

To further decrease the initiation energy, a powerful elec-
tric discharger utilized for generating a primary shock wave
was replaced by a primary shock wave generator comprising
a relatively low-energy electric discharger and a Shchelkin
spiral (Fig. 20). This decision was made based on the anal-
ysis of Fig. 5. In the basic experimental setup, the air-assist
atomizer used for spraying liquid n-hexane in air provides
a highly turbulent two-phase reactive flow in the tube. Ig-
nition of the flow with a powerful discharge results in the
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Fig. 16 Sample pressure records obtained in the setup of Fig. 1lc
with the sliding discharge of Fig. 14 at a voltage of a 2,000V (en-
ergy 600J), b 2,100V (6601J), and ¢ 2,200V (7301J). Records PT1,
PT2, and PT3 correspond to pressure transducers in Fig. 11c. Control
channel shows a record of the discharge circuit. The mean detonation
velocity is 1,713 £ 21 m/s b and 1,735 =21 m/s ¢

generation of a primary shock wave followed by the turbu-
lent flame. The experimental results obtained for detonation
initiation in a 51-mm diameter tube with one discharge in-
dicate that the propagation velocities of both the lead shock
wave and flame front are nearly independent of the discharge
energy once the latter is less than about 50% of the criti-
cal initiation energy of detonation (see Fig. 5). This implies
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Fig. 17 Schematic of the detonation tube with the converging transi-
tion section and two dischargers. PT1, PT2, and PT3 stand for pressure
transducers. Dimensions are in millimeters
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Fig. 18 Dependence of the shock wave velocity on the triggering de-
lay time of the second discharger in the setup of Fig. 17. Measuring
segments ED1-PT1, PT1-PT2, and PT2-PT3 correspond to the setup
of Fig. 17

that the turbulence generated by the air-assist atomizer could
play an important role in the primary shock generation at the
discharge energies less than about a half of the critical en-
ergy. At higher discharge energies, flame propagation is in-
creasingly affected by the discharge-generated shock wave.
In view of it, enhancement of turbulence produced by the
atomizer could potentially be used for decreasing the dis-
charge energy required for a powerful primary shock wave
to form.

The experimental setup of Fig. 20 was comprised of a
28-mm diameter tube with the Shchelkin spiral 460 mm long
and two electric dischargers ED1 and ED2. The spiral was
made of steel wire 4mm in diameter and had an 18-mm
pitch. As in the setup of Fig. 20 the shock wave arrival time
to the second discharger varied within the wide range—from
1,400 to 2,000 s—a special discharge activation probe was
used to provide the precise synchronization of the second
discharger triggering time with the primary shock wave ar-
rival. The probe was made of tungsten wire 0.8 mm in diam-
eter and had a form of a rectangular frame 6 x 10 mm size
positioned at the tube axis. The probe triggered the time-
delay circuit in the digital controller, which, in its turn, trig-
gered the second discharger. The probe was mounted at a
distance of 90 mm upstream from the position of the sec-
ond discharger. Electric conductivity of the medium behind
the propagating shock wave was sufficient for activating the
probe with the saturation current of about 1 mA.
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Fig. 19 Sample pressure records with a successful detonation initia-
tion (Aty = 214 us), and b initiation failure (Az; = 211 us) in the
setup of Fig. 17. Records PT1, PT2, and PT3 correspond to pressure
transducers in Fig. 17. A control channel shows a record of the dis-
charge circuit with two dischargers. Mean detonation velocity in the
run with successful detonation initiation is 1,700 & 21 m/s
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Fig. 20 Schematic of the detonation tube with the Shchelkin spiral be-
tween two dischargers. PT1, PT2, and PT3 denote pressure transduc-
ers. Dimensions are in millimeters

Several sets of experiments were made to check the pos-
sibility to amplify the primary shock wave exiting from
the spiral by the properly tuned triggering of the second
discharger. In these experiments, the capacitances of the dis-
chargers, voltage, and the time delay Af; of the second dis-
charger triggering relative to the probe activation were var-
ied. When the total initiation energy E was less than 60017,
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Fig. 21 Schematic of the detonation tube with the Shchelkin spiral
and tube coil between two dischargers. PT1, PT2, and PT3 stand for
pressure transducers. Dimensions are in millimeters
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Fig. 22 Pressure records obtained in the setup of Fig. 21 with trigger-
ing only first discharger of 144 J a (detonation initiation failed) and two
dischargers of total energy 132 J b (detonation is successtully initiated)

detonation was not initiated at any Azy. When E was at a
level of 65017, a detonation was initiated at Aty varying from
60 to 120 us. Thus, the detonation peninsula in the tests with
the Shchelkin spiral appeared to be considerably wider than
in the tests without spiral.

To further decrease the initiation energy of a detonation,
the tube was modified as shown in Fig. 21. An additional
element, tube coil, was installed after the spiral section. As

the tube coil introduces expansive and compressive surfaces
for the propagating shock wave, it was expected that the in-
teractions between various wave systems would promote the
detonation onset as shown by Nettleton [2]. In fact, the use
of two successively triggered dischargers separated by the
Shchelkin spiral and the tube coil resulted in a decrease of
the critical detonation initiation energy Epi, in the 28-mm
diameter tube to the value of 100J. In the setup of Fig. 21,
the spray detonation is initiated at a distance of about 1 m,
that is the predetonation length-to-diameter ratio is about 36.

Figure 22a shows pressure records obtained in the setup
of Fig. 21 with triggering only the first discharger of 144 J
(U = 2,400V, C; = 50 uF) rated energy. At this ignition
energy, detonation is not initiated. However, when two dis-
chargers are triggered successively with a total energy of
132) (Cy = Co, =25uF, U =2,300V) and Aty = 80 us
(Fig. 22b), a detonation was detected at the tube segment
PT2-PT3.

5 Discussion

Experimental studies described in Sect. 4 indicate that there
exist several principles that allow decreasing the critical en-
ergy of spray detonation initiation by electric discharges.

One of the most promising principles is the use of two or
more successively triggered dischargers rather than a single
discharger [9, 10, 11, 12]. Distributed dischargers artificially
induce exothermic reactions in the close vicinity to a rel-
atively weak primary shock wave and stimulate strong cou-
pling between the shock wave and energy deposition leading
to the onset of detonation. In experiments reported herein,
two dischargers were used. It has been shown that the precise
timing of second discharger triggering is required for deto-
nation initiation to minimize the total initiation energy. In
these conditions, the energy deposited by each discharger is
considerably less than that required for detonation initiation
by a single discharger. The use of external energy sources for
initiating detonation was first suggested by Zel’dovich and
Kompaneetz [13]. Later, this issue was studied computation-
ally by Thibault et al. [14], Yoshikava et al. [15], and Frolov
et al. [11] and reviewed elsewhere [3, 16]. For gaseous mix-
tures (propane—air), detonation initiation by distributed dis-
chargers (up to 7) has been demonstrated experimentally by
Frolov et al. [9, 11].

The total detonation initiation energy is very sensitive
to the positioning of the dischargers. To generate a stronger
primary shock wave at minimal energy requirements, the
first discharger must be positioned near the closed end of
the detonation tube. The critical initiation energy increases
with the distance between the discharger and the tube end.
Moreover, there exist an optimal distance between the first
and the second dischargers. If the dischargers are located
at a short distance L from each other, they induce a nearly
constant-volume explosion of the reactive mixture in vol-
ume SL, where S is the tube cross-section. This case corre-
sponds to detonation initiation by a single discharge of larger
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dimensions. If the dischargers are positioned at a large dis-
tance L from each other, the primary shock wave decays and
a detonation is to be initiated by solely a second discharger.
At the optimal distance L, the second discharge triggered
in the proper time stimulates chemical energy deposition in
the vicinity of the primary shock wave at the stage when the
latter has not yet been decayed significantly.

The other important issue is the discharge duration or
power. Experiments show that the critical total initiation en-
ergy increases with discharge duration. Based on available
experimental [17, 18, 19], and computational [20] studies of
gaseous detonation initiation, it can be anticipated that this
effect vanishes as the discharge duration tends to zero or the
discharge power approaches infinity. In the single-discharge
experiments reported herein, the decrease in discharge dura-
tion from 100 to 50 ws resulted in decreasing the critical ini-
tiation energy of spray detonation by a factor of more than
2.

For detonation initiation with two successively triggered
dischargers, second discharge duration (at fixed energy) de-
termines the extent of coupling between the energy deposi-
tion and the primary shock wave. If second discharge dura-
tion is long, only a part of available chemical energy is ef-
fectively deposited in the vicinity of the primary shock wave,
while the remaining part is deposited far from the wave. In
this case, the dynamic interaction between the energy de-
position and shock wave occurs via the compression waves
catching up with the shock wave. This process is similar to
DDT and requires long run-up distances.

If discharge duration is short (comparable with or shorter
than a characteristic ignition delay time behind a detonation
wave [11]) then the energy deposition is strongly coupled
with the primary shock wave and amplification of the lat-
ter can be anticipated. In the experiments of Fig. 8 with
successful detonation initiation, the second discharger was
triggered somewhat prior to the arrival of the primary shock
wave to the discharger location. The required advance time
for discharge triggering depended on the discharge voltage
and varied from 10 s at 3,000V to 35 us at 2,500 V. Ac-
cording to Lee et al. [18], and Knystautas and Lee [19], only
energy released till the attainment of the maximum power
of an igniter is important in the initiation process. For the
critical conditions of Fig. 8, the advance time of 35 us at
U = Upnin = 2,500V correlates with the attainment of the
first peak on the discharge current curve of Fig. 1b. Thus,
chemical energy deposition stimulated by the second dis-
charge should be synchronized with the arrival of the pri-
mary shock wave to the discharger location.

The discharge channel dimension is the other important
issue that affects the critical energy of detonation initiation.
Insulation of the discharge area avoids electric loss to the
grounded metal tube walls. The discharge channel has to
occupy the largest possible portion of tube cross-section to
ensure efficient utilization of available chemical energy for
generating a “planar” shock wave. For example, the use of
the sliding discharge of Fig. 14 rather than the arc discharge
of Fig. 9 resulted in decreasing the critical initiation energy
from 820 to 66017 that is by 20%.

The other approach to diminish the critical initiation en-
ergy of spray detonation initiation is to decrease the tube
diameter to the value close to the limiting tube diame-
ter. In the reported experiments, the smallest tube diameter
that allowed successful detonation initiation in the n-hexane
spray—air mixture was 28 mm. As compared to a larger tube
(51 mm), detonation initiation energy was decreased by a
factor of 4. However, in the 28-mm tube the arising deto-
nations were marginally stable. As experiments show, to ini-
tiate detonation by successive triggering of two dischargers
in such a tube, it was necessary to accelerate a primary shock
wave to velocities exceeding 1,400 m/s (see Figs. 12 and 13).
In the larger tube of 51 mm in diameter, this threshold veloc-
ity of shock wave was about 1,200 m/s (see Fig. 5).

The geometry of the detonation tube is another issue
affecting the critical initiation energy. It has been demon-
strated experimentally that the most preferable tube config-
uration in terms of the minimal energy requirements for det-
onation initiation is that with a gradual transition between
the volume with electric discharger and the tube, like that
shown in Fig. 17. Such a configuration allows cumulating
the shock wave prior to its arrival at the position of the sec-
ond discharger.

To further decrease the initiation energy, a powerful elec-
tric discharger utilized for generating a primary shock wave
can be replaced by a primary shock wave generator com-
prising a relatively low-energy (50-6017) electric discharger,
Shchelkin spiral, and tube coil. In the experiments, a sec-
ond discharger was mounted at the exit of the tube coil and
was activated in phase with the primary shock wave arrival
at its position. Due to interactions between various wave
systems in the tube coil formed at expansive and compres-
sive surfaces, the total critical energy of detonation initiation
with two successively triggered dischargers was decreased
to about 1007, i.e., by an order of magnitude as compared
with the energy (~800-90017) required for the direct initia-
tion of the n-hexane spray detonation in the straight 28-mm
diameter smooth-walled tube by a single electric discharger.
The other important advantage of the modified configuration
of the detonation tube is the relatively low sensitivity of the
detonation initiation process to the triggering time delay Aty
of the second discharger as compared to the configurations
without the Shchelkin spiral. This effect can be attributed
to the transformation of the pressure profile in the primary
shock wave from the ‘triangular’ shape in a smooth-walled
tube to a nearly stepwise shape in a tube with the spiral.

6 Concluding remarks

The results of extensive experimental studies on initiation of
a confined n-hexane spray detonation in air have been re-
ported. It has been found that for direct initiation of spray
detonation with minimal energy requirements (1) it is worth
to use one discharger located at the closed end of the det-
onation tube and at least one additional discharger down-
stream from it to be triggered in-phase with primary shock
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wave arrival; (2) discharge area should be properly insu-
lated to avoid electric loss to metal tube walls; (3) discharge
duration should be minimized to at least 50 us; (4) a dis-
charge channel should preferably occupy a large portion of
tube cross-section; (5) the test tube should be preferably of
diameter close to the limiting tube diameter; (6) a gradual
transition between the volume with electric discharger and
the tube should be used; and (7) a powerful electric dis-
charger utilized for generating a primary shock wave can
be replaced by a primary shock wave generator comprising
a low-energy electric discharger, Shchelkin spiral, and tube
coil. With these principles applied, the minimal detonation
initiation energy of n-hexane spray in air was at the level of
100J. Detonation was obtained at a distance of about 1 m
from the atomizer in a tube 28 mm in diameter. These prin-
ciples can be used to minimize energy requirements for re-
peated detonation initiation in a pulse detonation engine.
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