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Detonation Initiation by Controlled Triggering
of Electric Discharges
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It has been proved experimentally that the use of a sequence of relatively weak igniters with properly tuned
triggering times allows one to initiate detonation in premixed propane–oxygen-enriched air and propane–air
mixtures at distances as short as 0.6–0.7 m in a 2-in.- (51-mm-) diam tube at normal initial conditions. Simple one-
dimensionalcalculationshave been used to get better insight into the mechanism of detonation onset. The proposed
technique of detonation initiation presents a promising approach for pulse detonation engine applications.

Introduction

O NE of themost challengingproblemsencounteredin thedevel-
opment of pulsedetonationengines(PDEs) is detonationiniti-

ation in fuel–airmixturesat distancesthat are feasiblefor propulsion
applications. As is well known, detonation occurs via a transient
stage of strong coupling between the shock wave and the shock-
induced reaction in the explosive medium.

This paper deals with a promising technique for detonation initi-
ation that is based on the necessity of the strong coupling between
a shock wave and energy deposition. Fundamentally, it does not
matter how the energy is deposited into the postshock � ow: sponta-
neously, due to shock-induced chemical reactions, or by means of
inducing chemical reactions with an external energy source. In the
former approach, due to the high activation energy of exothermic
chemical reactions in fuel–air mixtures, shock waves of high ampli-
tudes and proper durationsare required to ensure the coupling.Such
shock waves can be obtainedby means of explodinghigh-explosive
chargeswith a mass exceeding20–30 g. The latter approach implies
the use of an externalenergy source to inducearti� cially exothermic
reactions closely behind a relatively weak shock wave to stimulate
the strong coupling. Clearly, in this case the external energy source
should be distributed rather than concentrated and should provide
pulse or continuouscoupling of energy depositionwith a propagat-
ing shock wave.

Originally, the idea of using external sources to drive a detona-
tion came from Zel’dovich and Kompaneetz.1 They have shown
theoretically that motion of an ignition source in a compressible
reactive mixture at the characteristic detonation velocity would re-
sult in formation of a self-sustaining detonation in a long run. To
model the moving ignition source, Zel’dovich and et al.2;3 consid-
ered the nonuniformly preconditioned reactive mixture, implying
that the initial gradientof autoignitiondelaytime will producea sim-
ilar effect. As a matter of fact, it has been proved computationally
that temperature and composition nonuniformities in the reactive
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mixture preconditioned to auto ignition may result in spontaneous
onset of detonation. Thibault et al.4 reported their one-dimensional
numerical study of the situation when the external energy source
traveled at a constant velocity in an inert compressible medium.
It has been proved that the strength of the shock wave arising in
the medium depends on the energy source velocity and attains a
maximum value when this velocity approaches the characteristic
detonation velocity based on the speci� c energy (per unit mass of
gas) deposited by the source, that is, substantiated the original idea
of Zel’dovich and Kompaneetz computationally. Later, Yoshikawa
et al.5 extended the analysis to take into account coupling between
the moving energy source and the shock wave. Lee and Moen6 have
suggested the concept of shock wave ampli� cation by coherent en-
ergy release and applied it to explain qualitatively the experimental
� ndings in photochemicalinitiationof detonation(Lee et al.7), deto-
nationinitiationby injectinghot turbulentjets intoexplosivemixture
(Knystautas et al.8), and explosion in the explosion phenomenon
during de� agration-to-detonation transition (DDT) (Oppenheim9).
Shepherd and Lee10 and Khokhlov et al.,11 among others, further
generaled the issue. So far, there has been no direct experimental
substantiationof the ideas and mechanisms discussed.

The objective of this paper is to describe experimental studies
of the possibility to accelerate a weak shock wave ef� ciently by
in-phase triggering of distributed external energy sources (electric
discharges) in the course of shock wave propagation along the tube
� lled with a nonreactiveor reactivemixture.The researchdiscussed
herein has been partly summarized in Ref. 12. The results of simple
one-dimensional simulations are included to better understand the
accompanying phenomena.

Experimental Setup and Procedure
Figure 1 shows the experimentalsetup. A detonationtube (Fig. 2)

is 2 in. (51 mm) in inner diameter and 1.5 m long with closed ends.
The tube comprises a booster section 1.0 m long and a test section
0.5 m long connected by means of a � ange. The booster section is
equipped with 11 lateral ports for electrical igniters and 1 port for
the aft igniter, 10 pressure transducers, and the opening for feeding
a test mixture. The lateral ports for igniters are � ush mounted to
the tube at an angle of 45 deg as shown in Figs. 1 and 2. In cross
section 1 (CS1), there are two ports for lateral igniters positioned
opposite to each other.The axial distancebetweensuccessivelateral
igniters is 100 mm. The axial distance between the aft igniter and
the igniters in CS1 is 26 mm. The test section is equippedwith ports
for pressure transducers and ionization probes and the opening for
evacuating the tube. The distance between successive ports for the
pressure transducers is 100 mm.

Three typesof igniterswere appliedallowingone to produceelec-
tric dischargesof various duration and intensity (Fig. 3). Igniters of
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Fig. 1 Experimental setup.

Fig. 2 Schematic of detonation tube.

Fig. 3 Three types of igniters used in experiments.

type 1 are the prechamber-typeigniters with replaceable nozzles of
different diameter connecting a prechamber with the booster sec-
tion. The volume of the prechamber was varied from 5 to 15 cm3.
Type 2 igniters comprise the copper central electrode and the iso-
lated coaxial copper cylinder with the discharge gap of 1.5 mm.
The igniters of type 3 were also made of copper and encountered
thickerdischargegaps (up to 2.5 mm). Contrary to ignitersof type 1,
igniters of types 2 and 3 were inserted into the tube to position a

Fig. 4 Discharge current measured by Rogovsky coil mounted on the
high-voltagecable; signal was obtained at a voltageof 2500 V and rated
capacitance of 300 ¹F. Shape of current is close to sine wave with the
oscillation period of 100 §§ 10 ¹s

tip of the electrode 15 mm from the nearest tube wall. Each ig-
niter is fed independentlywith an individualhigh-voltagecapacitor.
The characteristicrated capacitance is divisible to 100 ¹F. The dis-
charge triggering time is controlledwith a controller.The controller
provides time-delayed pulses to trigger successively, via the com-
muting � eld, the individual high-voltageblocks of the igniters with
a preset time delay. The time delay could be varied within a wide
range (from 10 to 500 ¹s/. The energyof dischargesis controlledby
the voltage, which is the same for all high-voltageblocks. The fol-
lowing values of voltage were used: 1500, 2100, 2300, and 2500 V.
The durationof energydepositionof type-1 igniterswas determined
by the prechamber nozzle diameter (2, 4, and 8 mm) and attained a
value of several milliseconds for the smallest nozzle. The duration
of energy deposition of types-2 and 3 igniters was estimated as 80–
100 ¹s (Fig. 4). The high-voltage lines were properly grounded



FROLOV ET AL. 575

Table 1 Measured shock wave velocities in pure air at two measuring stations indicated by CS numbersa

Velocity, m/s, between
Number of capacitors (100 ¹F) Velocity, m/s CS11 and CS14 (300 mm)

3 (aft igniter plus 2 lateral igniters in CS1) 609 § 9 468§ 7
(between CS2 and CS4)

4 (aft igniter plus 2 lateral igniters in CS1 560 § 8 460§7
and igniter in CS2) (between CS3 and CS5)

5 (aft igniter plus 2 lateral igniters in CS1 579 § 9 489§ 7
and igniters in CS2 and CS3) (between CS4 and CS6)

6 (aft igniter plus 2 lateral igniters in CS1 569 § 8 494§ 7
and igniters in CS2, CS3, and CS4) (between CS5 and CS7)

7 (aft igniter plus 2 lateral igniters in CS1 540 § 8 490§ 7
and igniters in CS2, CS3, CS4, and CS5) (between CS6 and CS8)

aCharacteristic capacitor voltage is 2500 V. Results are relevant to best trigger timing of successive igniters.

to avoid the interference with the measurement signals. The data
acquisitionsystem comprised oscilloscopes,frequency meters, and
a personal computer.

All experiments were performed at atmospheric pressure of
0.1 MPa and ambient temperature of 292–297 K. As test mix-
tures, three compositions were used: 1) pure air, 2) stoichiometric
propane–oxygen-enriched air [C3H8–(O2C3N2/], and 3) stoichio-
metric propane–air [C3H8–(O2C3.76N2/]. The mixtures were pre-
pared in the mixing bottles and were kept for more than 24 h before
the experiments.

The experimentalprocedureencountereda number of steps deal-
ing with “tuning” the controller in terms of the preset delay times
for triggeringthe successiveelectric discharges.The aim of the tun-
ing was to obtain a blast wave of the highest possible velocity in
the nearest downstream measuring base in the booster, with other
conditions being � xed.

The tube was evacuated and � lled with the test mixture. After
triggering the aft igniter and two lateral igniters in CS1, the shock
wave velocity was measured between CS2 and CS4. Based on this
velocity, a � rst approximation for the time delay of triggering the
discharge in CS2 was obtained for the next run. This time delay
was preset in the controller.The next run encounteredtime-delayed
triggering of the aft igniter, two igniters in CS1, and the igniter in
CS2. When the pressure transducers in CS3 and CS5 were used,
the shock wave velocity at this next section of the tube was then
measured. In the subsequent runs, by varying the time delay of
discharge triggering in CS2, the best conditions for shock wave
ampli� cation in terms of the velocity between CS3 and CS5 were
obtained.

The next step was aimed at � nding the best timing for triggering
the igniter in CS3 to obtain the shock wave of the highest velocity
between CS4 and CS6, keeping � xed the best triggering time of
igniter in CS2. This procedure was continued until all available
igniterswere tuned in such a way that the shock wave was ampli� ed
at a maximum rate. In some cases, informationon transformationof
the shock wave pressurepro� le was additionallytaken into account
in choosing the optimum timing for triggering the corresponding
igniter.

At each stage of the procedure, several runs were performed to
collect the statisticson the reproducibilityof the results.It was found
that the results were satisfactorilyreproducibleboth in air and in the
reactive mixtures.

Experimental Results
Experiments on Shock Wave Propagation in Pure Air

Table 1 presentssome resultson shockwave propagationin a pure
air at a characteristiccapacitorvoltageof 2500 V. It has been shown
that under the speci� c conditionsof these experiments each igniter
provided sustaining of a shock wave velocity at a level of 540–
580 m/s. At the end of the test section, between CS11 and CS14,
the shock wave velocity dropped to 460–490 m/s. Decrease of the
characteristic capacitor voltage to 1500 V resulted in the decrease
of the shock wave velocity in the booster section to the level of
400–490 m/s and to 360–440 m/s between CS11 and CS14.

Fig. 5 Experimental distance–time diagram of shock wave ampli� ca-
tion in the stoichiometric C3H8–(O2+3N2) mixture; detonation occurs
after CS7.

Experiments on Shock Wave Ampli� cation
in C3H8–(O2+3N2) Mixture

Figure 5 shows the distance–time diagram that summarizes the
results of experiments relevant to shock wave ampli� cation in the
stoichiometric C3H8–(O2C3N2/ mixture. The characteristic capac-
itor voltage in this series was 2500 V. Dashed lines 342 m/s and
1800 m/s correspondto the characteristicvalues of sound and deto-
nation velocities, respectively.Solid circles on the curvecorrespond
to the optimized preset times of igniter triggering. Open circles on
seven lines denote the measuredarrivaltime of the shockwave to the
correspondingCS. These lines show theexperimentaldistance–time
diagrams of shock waves that are generated by all igniters located
before the points denoted by crosses. Thus, these lines are plotted
for different experiments.Clearly, beginning from CS7 or CS8, at a
distanceof 0.6–0.7 m from the aft igniter, the detonationlikeprocess
with the characteristicvelocity close to 1800 m/s is achieved in the
booster, when all available igniters were properly triggered in one
run. The detonationlike wave propagates at this (constant) velocity
toward the closed end of the test section that is indicatedby pressure
transducers and ionization probes mounted at CS11, CS12, CS13,
and CS14. Nevertheless, because the distance traveled by the wave
is still short relative to that required for the establishment of self-
sustained detonation after direct initiation,13 it is preferable here to
refer to the detonationlike rather than detonation phenomena.

Variation of triggering time of any lateral igniter by 40–50 ¹s
(advance or delay) as compared to the optimized sequence of delay
times resulted in detonation failure. Decrease in the characteristic
capacitor voltage from 2500 to 2100 V (Table 2) also resulted in
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Table 2 Effect of capacitor voltage on accelerating a shock wave
in the stoichiometric propane–oxygen-enriched air mixture

Velocity, m/s
No. of

Capacitor capacitors
voltage, V Base 1a Base 2b (100 ¹F/ Remarksc

2500 1767 1805 9 Detonationlike mode
2300 1606 1748 9 Marginal detonationlike

mode
2100 565 648 9 No detonationlike mode

aBetween CS8 and CS10. bBetween CS11 and CS14. cCopper igniters of type 3.

Fig. 6 Experimental distance–time diagram of shock wave ampli-
� cation in the stoichiometric C3H8–air mixture; detonation occurs
after CS7.

a failure of detonation initiation, when other conditions were kept
similar to those relevant to Fig. 5.

Experiments on Shock Wave Ampli� cation in C3H8–Air Mixture
Figure 6 shows the distance–time diagram that summarizes the

results of experiments relevant to shock wave ampli� cation in the
stoichiometric C3H8–air mixture. The characteristic capacitor volt-
age in this series was 2500 V. Application of conditions relevant
to Fig. 5 to the fuel–air mixture did not result in detonation initia-
tion. Therefore, to generate a stronger initial shock wave, the rated
capacitance of the aft igniter capacitor was increased to 200 ¹F
and the capacitors of the igniters in CS1 to 400 ¹F in total. Again,
solid circles denote the optimized preset times of igniter trigger-
ing, and open circles approximately represent the shock wave ar-
rival times to the corresponding booster CSs. Clearly, in CS8, at
a distance of about 0.7 m from the aft igniter, the detonationlike
process is achieved in the booster when all available igniters are
triggered in one run. The detonation like wave propagates at the
velocity of about 1750–1800 m/s in the test section as detected by
the corresponding pressure transducers and ionization probes. For
example, Fig. 7a shows pressure records obtained in the test sec-
tion at CS11 and CS13. The characteristic velocity of the wave is
1745 m/s. Pressure records of Fig. 7b were obtained in another run
with similar conditions. In this case, the characteristic velocity is
1785 m/s.

In a special set of runs, the optimized sequenceof igniter trigger-
ing times was purposefully changed to study the sensitivity of the
phenomenonto wrong timing.For example, triggeringof the igniter
in CS4 with the delayof 320 ¹s rather than with the optimizedvalue
of 270 ¹s in experiments of Fig. 6 resulted in failure of detonation
initiation. Similar results were obtained when the triggering times
of other igniters were shifted by 50 ¹s from their optimized values.
These � ndings indicate that the phenomenonunder study exhibits a
resonant behavior.

a)

b)

Fig. 7 Pressure records at CS11 and CS13 for case when C3H8–air
detonationis initiated by seven successively triggered electric discharges
located in CS1–CS7: two different runs under similar conditions.

Discussion and One-Dimensional Simulation
Thus, it has been proved that the use of a sequence of relatively

weak igniters with properly tuned triggering times allows one to
initiate detonation in a premixed hydrocarbon–air mixture at dis-
tances as short as 0.6–0.7 m in a smooth, 51-mm-diam tube, that is,
at length-to-diameter ratio of 12–14. The initial (registered) shock
wave Mach number in these cases was as low as 2.0–2.5. It has
been found that to attain the highest rates of shock wave ampli� ca-
tion, the igniters should be triggered before the arrival of a shock
wave to the igniter location. For the conditions of Figs. 5 and 6,
the average advance time in triggering the igniters is 80–100 ¹s,
that is, the value correlating with the estimated discharge dura-
tion (Fig. 4). In the C3H8–(O2C3N2/ mixture, triggering of each
consecutive igniters located in CS1–CS5 resulted in increasing the
shock velocity by 80–140 m/s with a jump in the velocity of about
600 m/s after triggeringthe igniter in CS6. In the C3H8–air mixture,
the shock wave velocity was gradually increasing from 850 § 12
to 1767§ 25 m/s by successive triggering of igniters in CS1–CS7.
Between CS11 and CS14, the shock wave propagated at the ve-
locity of 1770§ 25 m/s. In the entire series of experiments with
successful detonation initiation, the igniters of types 2 and 3 were
used. In all tests with prechamber igniters of type 1, detonation ini-
tiation failed, apparently due to relatively long duration of energy
deposition.

Two important� ndingsof the experimentsshouldbe emphasized.
First, each discharge in the sequence deposits energy that is much
less than the energy required for direct detonation initiation by a
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single initiator. Second, the total initiation energy of detonation by
means of successivetriggeringof electric dischargesis less than the
critical energy of direct detonation initiation by a single initiator.
The total (theoretical) energy of discharges required for detonation
initiation in propane–air mixture under conditions of Fig. 6 is es-
timated as Et D .nCU 2=2/=.¼d2=4/ D 1:68MJ/m2 , where n is the
total number of capacitors(11),C is the rated capacitance(100 ¹F/,
U is the voltage (2500 V), and d is the tube diameter (51 mm). The
value of 1.68 MJ/m2 is close to the value of 3 MJ/m2 reported13 for
the criticaldetonationinitiationenergy in a stoichiometricpropane–
air mixture. Contrary to our experiments, plane detonations13 were
initiated by three sorts of high-explosive (HE) sources: liquid ni-
tromethane with diethylamine, plasticized HE, and a spiral of a
detonating cord. Because the ef� ciency of conversion of electrical
energy into the production of blast waves is usually low14 (about
10%) as compared to the corresponding ef� ciency of HE, current
results can be treated as evidence of a decrease in the total critical
detonation initiation energy. As a matter of fact, successive trigger-
ing of discharges results in multiple re� ections of blast waves that
promote detonationinitiation.Clearly, in this case there should be a
differencebetween the � ow patterns with distant and near locations
of neighboring electric discharges. The effect of the distance be-
tween the discharges on the critical initiation energy of detonation
was recently studied experimentally.15;16 It was shown that there
exists the optimum spacing between the igniters that allows for the
largest decrease in the total initiation energy as compared to the
initiation with a single electric discharge.

To gain better insight into the mechanism of detonation initia-
tion by successive triggering of electric discharges, a series of sim-
ple one-dimensional calculations has been conducted. Consider a
straight tube of length L closed at both ends and put the origin
of the longitudinal coordinate X at one of the closed ends. The
tube is � lled with the premixed reactive mixture at initial pressure
P D P0. Assume that chemical activity in the mixture is governed
by single-step Arrhenius-typekinetics with fuel mass fraction a as
the chemical variable. Thus, the energy release function is taken in
the form H D Qk½a exp .¡E=RT /, where Q is the reaction heat,
k is the preexponential factor, ½ is the density, E is the activation
energy, R is the gas constant, and T is the temperature.

The initial shock wave is generated by placing a hot spot at the
closed end of the tube. The initial temperature distribution in the
mixture is taken as3

T .0; X/ D Tm ¡ · X at 0 · X · Xhs

T .0; X/ D T0 at Xhs < X · L

where Tm is the maximum temperature in the hot spot, T0 is the tem-
peratureoutside the hot spot,· is the temperaturegradient(assumed
constant) in the hot spot, and Xhs D .Tm ¡ T0/=· is the size of the
hot spot.

At � xed location X1 · X · X1 C 1X along the tube, a provision
is made for the external energy source that conditionally models a
single electric discharge. The source is assumed to occupy a � nite
length 1X . The source is triggered at time t D t1 and is active dur-
ing time t0. External energy deposition function is taken in the form
Hex D .¼=2/Qex sin[¼.t ¡ t1/=t0]=t0, where Qex is the speci� c en-
ergy of the source. It is implied that external energy depositionwill
stimulate chemical activity in gas particles located at or traversing
the position of the energy source at t1 · t · t1 C t0.

The mathematical formulation of the problem is very similar to
that reported elsewhere,3 except for the provision of the external
energysource.A setof governingequationsfor the ideal-gasreactive
medium is written in the dimensionless Lagrangian form:
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In Eqs. (1) and (2), ° is the speci� c heat ratio (assumed constant),
U is the velocity, V is the speci� c volume, x is the dimension-
less Lagrangian coordinate, and » is the dimensionless Eulerian
coordinate. Source term Ãq is nonzero only for gas particles with
»1 · » · »1 C 1» at time ¿1 · ¿ · ¿1 C ¿0 .

Initial and boundary conditions are speci� ed as follows:

p.0; x/ D 1; u.0; x/ D 0; a.0; x/ D 1

µ.0; x/ D
»

exp.¡¸x/ at 0 · x · xhs

µ0 at xhs < x · x0

».0; x/ D
»
¸¡1[1 ¡ exp.¡¸x/] at 0 · x · xhs

x ¡ xhs C ¸¡1[1 ¡ exp.¡¸xhs/] at xhs < x · x0

u.¿; 0/ D 0; u.¿; x0/ D 0

».¿; 0/ D 0; ».¿; x0/ D »0 (3)

where µ0 D T0=Tm , x0 and »0 are the dimensionlessLagrangian and
Eulerian tube lengths, respectively, xhs is the dimensionless size of
the hot spot,and ¸ D .·

p
.° RTm/=kTm /exp.¯/ is the dimensionless

temperature gradient in the hot spot.
The list of dimensionlessparameters to be speci� ed includes®, ¯ ,

° , µ0 , ¸, »0 , q , ¿1, ¿0 , »1; and 1» . The set of Eqs. (1) with initial and
boundary conditions (3) was solved numerically through the use of
the arti� cial viscositytechnique.2;3;17 The codeused for calculations
has been veri� ed in previous work.3

Figure 8 presents the test cases studied herein. The objective of
the test case shown in Fig. 8a is to � nd out what kind of pressure

a) c)

b) d)

Fig. 8 Test cases studied computationally.
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a)

b)

Fig. 9 Calculated temporal evolution of pressure disturbances pro-
duced by the external energy source in a) nonreacting gas where 0) ¿ =
0, 1) ¿ = 0.908, 2) ¿ = 1.816, 3) ¿ = 2.724, 4) ¿ = 3.632, 5) ¿ = 4.54, 6) ¿ =
7.264,and 7) ¿ = 9.08and b) in a reacting gas where 0) ¿ = 0, 1) ¿ = 0.908,
2) ¿ = 1.816, 3) ¿ = 2.724, 4) ¿ = 3.632, 5) ¿ = 4.54, 6) ¿ = 5.448, 7) ¿ =
6.356, and 8) ¿ = 7.264.

disturbance is produced by an external energy source in a thermally
uniform mixture. Test case of Fig. 8b is aimed at studying the pres-
sure disturbance produced by the hot spot itself. The aim of test
case of Fig. 8c is to � nd the conditions of detonation initiation by
proper triggering of the external energy source. Finally, test case of
Fig. 8d is aimed at studying the energy requirements for detonation
initiation by the external energy source placed at the closed end of
the tube.

Figures 9–12 show the results of calculations for the sys-
tem with the following dimensionless parameters: ® D q D 7,
¯ D 10, ° D 1:3, µ0 D 0:25, ¸ D 0:123, »0 D 680, ¿0 D 4:54,
»1=»0 D 0 and 0:0075, and 1»=»0 D 0:01. Note that these parame-
ters were chosen for purposes of illustration and do not necessarily
correspondto a particularreactivemixture.The triggeringtime ¿1 of
the external energy source is the parameter of primary interest. Fig-
ures 9–12 are the plots of the normalized pressure p vs normalized
distance »=»0 .

Figures9a and 9b show the calculatedtemporal evolutionof pres-
sure disturbancesproduced by the external energy source in a non-
reactive [a.0; x/ D 0, Fig. 9a)] and a reactive (Fig. 9b) mixture,
respectively, and correspond to the test case of Fig. 8a. Clearly,
external energy deposition with given q , 1» , and ¿0 can result in
a localized overpressure 1p D p ¡ 1 of approximately 2.1 in the
nonreactive mixture and is capable of igniting the reactive mixture
with the ignition delay time close to ¿0 .

Figure 10 presents the results of calculations for the test case
of Fig. 8b in terms of the temporal evolution of the pressure wave
generated by a hot spot. Autoignition of the mixture in the core of
the hot spot followed by coupling between the reaction front and

Fig. 10 Calculated temporal evolution of pressure waves generated by
ahotspot ina reactinggas:0)¿ = 0,1)¿ = 0.908,2)¿ = 1.816,3)¿ = 2.724,
4) ¿ = 3.632, 5) ¿ = 4.54, 6) ¿ = 5.448, 7) ¿ = 6.356, 8) ¿ = 7.264, 9) ¿ =
8.172, 10) ¿ = 9.08, 11) ¿ = 9.988, 12) ¿ = 10.896, 13) ¿ = 11.804, 14) ¿ =
12.712, 15) ¿ = 13.62, 16) ¿ = 14.528, 17) ¿ = 15.436, and 18) ¿ = 16.344.

the pressure wave2;3 leads to formation of an intense shock wave
with 1p ¼ 17 at the periphery of the hot spot. This shock wave is
unable to initiate detonation in the test mixture and gradually at-
tenuates.

Consider now the results of calculationscorrespondingto the test
case of Fig. 8c. Early activation of the external energy source (with
¿1 D 0/ results in some ampli� cation of the shock wave generated
by the hot spot (Fig. 11a) as compared to Fig. 10. The maximum
shock overpressure1p ¼ 26 is attained shortly after the penetration
of the initial shockwave into the zone of externalenergydeposition.
Further shock acceleration is terminated by ignition of the mixture
immediately in front of the shock wave. As a result, the shock wave
enters the pockets of burned material and decays. Activation of the
external energy source at ¿1 D 1:87 (Fig. 11b) rather than at ¿1 D 0
(Fig. 11a) leads to a more vigorous explosion in the energy depo-
sition zone and temporary formation of a reactive retonation wave
propagating upstream. The shock wave propagating downstream is
still too weak to initiate detonation. Finally, activation of the ex-
ternal energy source at ¿1 D 2:91 (Fig. 11c) results in detonation
initiation.The detonationwave propagates in a self-sustainedmode
to the end of the tube (» ! »0/ with the oscillatory overpressureof
1p ¼ 33¡35 that roughlycorrespondsto the thermodynamicvalue
of 1p ¼ 34:7. Further increase in ¿1 leads to failure of detonation
initiation because the decaying shock wave fails to ignite the test
mixture with appropriate ignition delays.

Thus, it follows from Figs. 11a–11c that external energy deposi-
tion timing exerts a dramaticeffect on the initial shock wave dynam-
ics. If energy deposition is properly tuned with respect to the shock
arrival time, the shock wave is capable of initiating detonation.

In view of this, it is important to � nd what the minimum energy
and power requirements are for detonation initiation. In this par-
ticular study, we restrict ourselves by considering the test case of
Fig. 8d. In the con� guration of Fig. 8d, the energy of the external
source is supplementary to the energy concentrated in the hot spot.
Nevertheless,when triggering the external energy source at ¿1 D 0,
one obtains the � ow pattern very similar to that shown in Fig. 10,
that is, no signi� cant evidence of shock wave ampli� cation exists
in this case. Increasing external energy deposition by a factor of
� ve (q D 5®/, with other conditions unchanged, also does not re-
sult in detonation initiation as seen from Fig. 12a. Only when q
is increased by a factor of 10, that is, with q D 10®, is detonation
successfullyinitiated (Fig. 12b). The comparisonof total energy re-
quirements for “resonant” detonation initiation in Figs. 11c and for
“direct” detonation initiation in Fig. 12b indicates that the former
is by the order of magnitude less than the latter. Because this impli-
cation is based on simple one-dimensionalcalculations, its validity
remains questionable, and more sophisticated studies are required
to substantiate it.
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a)

b)

c)

Fig. 11 Calculated temporal evolutionof pressure waves generated by
a hot spot and external energy deposition in a reacting gas: a) poorly
synchronized (advanced) triggering of energy source at ¿1 = 0 where
0) ¿ = 0, 1) ¿ = 0.908, 2) ¿ = 1.816, 3) ¿ = 2.724, 4) ¿ = 3.632, 5) ¿ = 4.54,
6) ¿ = 5.448, 7) ¿ = 6.356, 8) ¿ = 7.264, 9) ¿ = 8.172, 10) ¿ = 9.08,
11) ¿ = 9.988,and 12) ¿ = 10.896;b) nearly resonant triggering of energy
source at ¿1 = 1.87 where 0) ¿ = 0, 1) ¿ = 0.908, 2) ¿ = 1.816, 3) ¿ = 2.724,
4) ¿ = 3.632, 5) ¿ = 4.54, 6) ¿ = 5.448, 7) ¿ = 6.356, 8) ¿ = 7.264,
9)¿ = 8.172,10)¿ = 9.08,11)¿ = 9.988,12)¿ = 10.896,13)¿ = 11.804,and
14) ¿ = 12.712; and c) resonant triggering of energy source at ¿1 = 2.910
where 0) ¿ = 0, 1) ¿ = 0.908, 2) ¿ = 1.816, 3) ¿ = 2.724, 4) ¿ = 3.632,
5) ¿ = 4.540, 6) ¿ = 5.448, 7) ¿ = 6.356, 8) ¿ = 7.264, 9) ¿ = 8.172,
10) ¿ = 9.080, and 11) ¿ = 9.988.

Based on the preceding computational � ndings, one can specu-
late on the mechanismof shock wave ampli� cation and transitionto
detonation in our experiments.Triggering of the � rst igniter results
in a weak attenuating shock wave. This shock wave fails to ignite
the fresh mixture, thus leaving it unburned. Shock-synchronized
triggering of the second igniter results in a sharp localized pres-
sure rise followed by the formation of two secondary shock waves
propagating in opposite directions.These shock waves are also too

a)

b)

Fig. 12 Calculated temporal evolution of pressure waves generated
by a combination of hot spot and external energy deposition at
the tube closed end: a) q = 5®, ¿1 = 0 and b) q = 10®, ¿1 = 0 where
0) ¿ = 0, 1) ¿ = 0.908, 2) ¿ = 1.816, 3) ¿ = 2.724, 4) ¿ = 3.632, 5) ¿ = 4.54,
6) ¿ = 5.448, 7) ¿ = 6.356, 8) ¿ = 7.264, 9) ¿ = 8.172, 10) ¿ = 9.08,
11) ¿ = 9.988, 12) ¿ = 10.896, 13) ¿ = 11.804, and 14) ¿ = 12.712.

weak to ignite the mixture, even though the shock propagating up-
stream meets the precompressed material. The shock wave prop-
agating downstream attenuates and, when arriving at the location
of the third igniter, appears to be more intense as compared to the
shock wave arriving at the location of the second igniter before its
triggering. Shock-synchronized triggering of the third igniter re-
sults in complex interaction of secondary shocks, sharp pressure
rise, etc. Finally, step-by-step acceleration (in average) of the lead
shock wave promotes the localized onset of the self-sustained det-
onation propagating in the downstream direction. The regions be-
tween the igniters still contain pockets of unburned material that
burn in relatively slow � ames. Of course, multidimensional effects
(such as shock collisions and re� ections from the wall and from
contact discontinuities)are of primary importance for the origin of
detonation.18

The physicalmechanismof shockwave accelerationin ourexper-
iments seems very similar to that characteristic for DDT phenom-
ena. However, instead of spontaneousaccelerationof the lead shock
due to interaction with the � ame-induced pressure waves, as is the
case in the DDT, an external energy source is used to stimulate a
stronger interaction between the reaction front and the propagating
shockwave. Ideally, the reactionfront can be triggeredcontinuously
in phase with shock wave propagation, rather than in separate lo-
cations, as it was done in the reported experiments. In this case, it
is expected that the distance required for shock wave acceleration
to the intensities required for detonation onset will be less than ob-
tained here. In addition, the energy requirements are also expected
to be lower if the energydepositionto the acceleratingshockwave is
continuousrather than discrete.These implicationswill be checked
in future experiments.The outlinedprinciples of controlleddetona-
tion initiation can be useful for PDE applications.
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Conclusions
A promising technique for detonation initiation has been sug-

gested and validatedexperimentally.It implies the use of distributed
external energy sources to induce arti� cially exothermic reactions
behind a relatively weak shock wave to stimulate strong coupling
between the shock wave and energy deposition. In the experiments,
a weak shockwave was acceleratedin the reactivemixtureby means
of in-phase triggeringof spark igniters in the course of shock wave
propagation along the tube. Detonationlike regimes have been ob-
tained at a distanceof 0.6–0.7 m in stoichiometricC3H8–(O2C3N2/
and C3H8–air mixtures under normal conditions. High sensitivity
of detonation initiation to distortions in igniter triggering times and
igniter energy indicates that the phenomenonunder study exhibits a
resonant behavior. Simple one-dimensional calculations have been
used to gain better insight into the mechanism of detonation onset.
The technique is considered as promising for PDE applications.
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