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Abstract Two-phase small-scale pulse detonation engine
(SPDE) offers a competitive alternative for small-scale pro-
pulsion systems from a high cycle efficiency and structural
simplicity standpoint. SPDE models are designed with the
aero-valve, and three different cases of obstacle combina-
tions are used as deflagration-to-detonation transition (DDT)
devices. The inner diameters of detonation tubes are 29 mm,
and the lengths of three SPDEs are 995, 1,100, and 1,175 mm.
Using kerosene-air as the fuel-oxidizer, a series of high-fre-
quency detonation tests is conducted to seek efficient DDT
enhancement approaches that reduce DDT distance and time
and increase the frequency of kerosene-fueled SPDE. The
results show that the fully developed detonation wave can
be achieved at a distance of 3.4 times the minimum charac-
teristic distance for gaseous detonation formation from the
igniter and that the SPDE can steadily operate at a maxi-
mal frequency of 62.5 Hz. By adopting these DDT enhance-
ment approaches, the detonability of kerosene is significantly
improved. In addition, experiments are performed to study
the effects of firing frequencies on detonation transitions. The
results clearly indicate that the values of detonation wave
pressures and velocities, the degree of overdriven wave, the
ignition delay times, and detonation initiation times vary with
frequencies. In terms of the performance, the optimal fre-
quencies of three SPDE models are 20, 42.5, and 50 Hz,
respectively.
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1 Introduction

A pulse detonation engine (PDE) is a new unsteady propul-
sion device that produces thrust by burning out fuel to initiate
repeated propagating detonation waves [1]. Because of high
efficiency of the detonation cycle and its simple structure,
PDEs can offer better performance compared with conven-
tional propulsion devices. Recently, small-scale or micro-
PDE technology has attracted considerable attention because
of their potential advantages and the growing interests in the
use of micro-propulsion systems. McManus et al. [2] men-
tioned a small propulsion system based on PDE, and Kitano
et al. [3] summarized variable applications of the small size or
micro-PDE including satellite altitude control, micro power
generation application similar to micro gas-turbine genera-
tor, compact detonation spraying system, and pre-detonation
initiator. Both studies were limited to gaseous fueled opera-
tions. Therefore, from a practical perspective, it is possible
to create a new feasibility for the design of small-scale pro-
pulsion systems using detonation model of liquid kerosene.
According to the recent studies on the PDE, a liquid-fueled
small-scale PDE (SPDE) was defined as that whose diame-
ter was less than 30 mm and the overall length was less than
1.5 m [4].

Under certain conditions, a deflagration wave may spon-
taneously accelerate and trigger an explosion in the mixture
undergoing transition to a detonation wave [5]. This pro-
cess is often referred to as deflagration-to-detonation transi-
tion (DDT) [6]. The study of DDT has showed that there
are numerous DDT scenarios and all the details of DDT
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process cannot be reproduced in experiment [7]. Theoreti-
cal and experimental investigations of DDT were success-
fully used for evaluating PDEs and developing prototypes
[8]. Although some significant insights have been obtained
through many excellent experimental as well as theoreti-
cal studies, achieving DDT remains one of the major chal-
lenges of the PDE [9], especially in two-phase detonation.
Thus, achieving a stable and fast onset of detonation in the
two-phase mixture using the adaptable DDT enhancement
approaches is one of key factors characterizing the PDE.

To optimize PDE performance and enable high operat-
ing frequencies, reduction of the DDT run-up distance is
required. The DDT can be promoted by incorporating larger-
diameter cavities in the ignition section [10–12];inserting
regular or irregular obstacles (such as Shchelkin spiral, ori-
fice plates, shock-focusing end-walls) [13–18]; and intro-
ducing the Shchelkin spiral in the ignition section [19], and
these effective measures worked by affecting the rate of
flame acceleration. Most of the previous studies adopted
gaseous fuel in the experiments [13]. Due to the low reac-
tivity of two-phase fuel-air mixtures, very few works have
been conducted on fast deflagration and detonation of two-
phase mixture. However, various attempts have been made to
investigate the DDT of two-phase mixtures. The results of
theoretical and experimental investigations of the detonation
initiation in heterogeneous polydispersed mixtures of hydro-
carbon fuels with air have been presented by Smirnov et al.
[12]. A static reverse valve was used to make the pulse deto-
nation device (the tube diameter was 80 mm and tube length
was 2,000 mm) highly reliable; the effective measures includ-
ing wider cavities in the ignition section and preheating of
fuel were adopted to bring a stable periodical onset of deto-
nation in the frequencies of 5–10 Hz. In order to obtain full
developed detonation of a kerosene–air mixture at the short-
est distances and the minimal ignition energies, some DDT
enhancement approaches were used to speed up the detona-
tion transition by Frolov et al. [16–18]. These approaches
included application of a pre-detonator with a high reactivity
fuel–oxygen mixture, the measures to improve fuel detona-
bility, flame acceleration by means of regular obstacles, and
multiple reflections of the generated shock wave in a spe-
cial focusing device and a coil. In their experiment, the inner
diameter of detonation tube was 52 mm and the total length
of PDE was 3 m. The detonation waves were successfully
produced in the single-shot tests and in the low-frequency
multi-cycle tests (maximal frequency at 8 Hz). Nevertheless,
detonation in a SPDE at high frequency could be signifi-
cantly different with previous studies in the single-shot and
the low-frequency tests. Furthermore, the decreases in the
diameter and in the length of detonation tube will make an
important impact on the detonation transition. Hence, for uti-
lizing the kerosene as the potential fuel and optimizing the
performance, there is a further need to understand DDT in

the multi-cycle SPDE systems using these approaches at the
high frequencies.

To microminiaturize the PDE, DDT enhancement approa-
ches should be efficient enough to attain successful detona-
tion in the tube with smaller diameter and shorter length.
Thus, it is important to improve understanding how these
geometries interact with the flame and shock to produce
ample conditions of DDT in the above approaches.

In the present study, liquid aviation kerosene and air are
used as the fuel and the oxidizer. To seek efficient DDT
enhancement approaches, a series of multi-cycle detonation
experiments is carried out with low ignition energies. DDT
enhancement approaches are adopted in the tests, including
the enhancement of fuel detonability, flame acceleration by
regular obstacles (Shchelkin spiral and orifice plates), and
multiple reflections of the generated shock wave in a special
focusing device (shock-focusing end-walls). Three different
combinations of obstacles are used as DDT devices in these
SPDE models, and the run-up distance and the propagating
characteristics of the DDT process are determined. Besides,
experiments are performed to investigate the effects of firing
frequency on detonation transitions. The optimal frequencies
of SPDE models are determined as well.

2 Experimental setup

The experimental facility and instrumentation are illustrated
in Fig. 1, and the main composed parts of the experimen-
tal system are the fuel and air supply system, the control
system, the data acquisition system, the test stand, and the
SPDE model. The SPDE model is composed of several major
detachable sections such as aero-valve, the premixed section,
the ignition section, the DDT enhancements section, and the
detonation “blow-down” section.

There are many physical methods to speed up DDT in
fuel–air mixtures, namely, obstacle-forced flame accelera-
tion, shock reflections and focusing, resonant amplification
of shocks by traveling ignition pulses, and various devices
applying the combinations of the approaches listed [13]. To
study the effects of internal geometry on DDT, two differ-
ent obstacle geometries and a shock-focusing end-wall are
designed as showed in Fig. 2, and all blockage ratios (BR)
were 0.43.

The larger-diameter cavity is used as an ignition section in
the experiments; the “Simirnov’s cavities” have been proven
as an effective measure for achieving DDT [10–12]. An elec-
tric ignition rod is located at a distance of 220 mm from the
outlet of aero-valve. To improve ignition reliability, the flame
is anchored on a v-type bluff-body flame holder, having a
parabolic cross section (had a width of 16 mm and a block-
ing ratio of 12 %), located 20 mm upstream of the ignition
point. The schematic illustration of ignition section and flow
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Fig. 1 Experimental facility and instrumentation

Fig. 2 DDT obstacle
geometries

distribution of v-type bluff-body flame holder was described
in detail in the work of Huang et al. [4,20]. The maximum
effective discharge energy is estimated to be 0.5 J and the
discharge current duration through the igniter is 40 ± 5 µs.
The ignition frequency is controlled by a self-developed auto-
motive control module. The data acquisition system consists
of two National Instruments S series PXI 6115 modules (4
Channel, maximum sampling rate of 2.5 MSa/s per channel)
housed in a 1042-Q chassis. The pressure transducers and ion
probes are connected to the data acquisition system through
a Signal Conditioner module, and then the signals are trans-
formed into data by PC. The transducers and ion probes are
sampled at 0.4 MSa/s for 20 s per run. This fast sampling
rate is adopted to resolve accurately the high-speed transient
events during the operating cycle.

Liquid kerosene is injected through the small tangential
oil holes which distribute around the oil cavity surface of

the aero-valve, producing a mist of oil. The emission of
oil mist on the oil ring is further atomized with the high-
velocity airflow from both sides of the throat. Air for the
SPDE is supplied with the low-head Roots Blower. The
mass flow of both air and liquid kerosene are controlled
by the mechanical screw to keep the fuel-air ratio approx-
imately equal to the constant equivalent ratios that produce
the high-quality detonable mixture during an experimental
run. Due to the low reactivity of jet kerosene–air mixtures,
some measures are taken to improve the detonability of mix-
ture by preheating the fuel and enhancing the fuel-air pre-
mixing. Results of the experimental debugging demonstrate
that these measures reduce both detonation initiation energy
and DDT time. The pretreatment system consists of an air
heater and a premixed section. The initial temperature of
air is 25 ◦C and the temperature of preheated kerosene is
110 ◦C.
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3 Presentation of results

In the DDT, the penalizing mechanism is the production of
turbulence during the long run-up of the flame prior to DDT
[18]. In order to shorten the DDT distance, a rapid increase
of turbulence and gradients in the mixture is necessary. The
flames pass through the obstacles to stretch flame surfaces,
which accelerate drastically the flame. As a result, the locally
high gradients of pressure, flow speed, and concentration of
species (free radicals) are introduced within a short distance.
The orifice plates create vortex structures of a size of the order
of a hole. Consequently, the vortexes lead to strengthen the
turbulence level (with a large spectrum of turbulence size)
and the mixing between combustion products and the unre-
acted mixture. These mechanisms strongly increase the com-
bustion rate and are able to generate a shock-flame system
that propagates at high velocity, thus reducing the penaliz-
ing stage of flame acceleration. Therefore, the obstacle with
an adapted BR will substantially reduce run-up distance and
time (length of transition LDDT and time τDDT).Three com-
binations of the obstacle configurations for the detonation
chambers are tested with kerosene-air mixtures to seek the
most effective DDT enhancement devices for reducing LDDT.

3.1 Shchelkin spiral–orifice plates–blank tube combination
(SPDE1)

A schematic of SPDE1 is shown in Fig. 3. A Shchelkin spi-
rals and an orifice plate section are used as DDT devices
(60 mm smooth tube in the end). The spirals, the outer diam-
eters of which are almost equal to the inner diameter of the
detonation tube, are processed using stainless steel helical
compression springs. The inner diameter of the detonation
tube is 29 mm and the length of the spiral section and the
orifice plates section both are 300 mm. The orifice plate is
processed with 2-mm-thick steel plate.

Tests are performed with the SPDE1 operating in a multi-
cycle mode at 20 and 30 Hz repetition rates. Figure 4 shows
the raw pressure trace from PCB in the detonation tube end
(PT6 and PT7), when SPDE is fired at 20 Hz for 0.4 s. The
average peak pressures of P6 and P7 for all pulses are 4.51±
0342 and 1.89 ± 0.082 MPa, respectively. The uncertainty is
calculated as the standard error on the mean with a 95 % con-

Fig. 4 Pressure time history of PT6 and PT7

fidence interval [21]. If other data are analyzed, there is a 95 %
probability that its mean pressure would be within positive
or negative standard error. The theoretical Chapman Jougu-
et (CJ) pressure (PCJ) of gaseous kerosene–air mixtures for
the equivalence ratio is approximately 16.41 ∼ 20.3 times
the initial pressure (PCJ in stoichiometric mixtures is shown
for reference on this plot by using red dashed line). Most
of the peaks of P6 are 2.45 times the peak pressure that is
usually associated with a steady CJ detonation. It is known
as an overdriven detonation wave. The previous studies have
indicated that the overdriven detonation wave decayed to a
CJ or quasi-CJ detonation wave. The average peak pressures
of P7 are just slightly above PCJ. Thus, the stable operations
with periodic detonation are exhibited in the kerosene-fueled
SPDE model without using additional oxygen at 20 Hz. The
distance required for the overdriven detonation to successful
decay into a quasi-CJ detonation is 265 mm (about 9.14d).
The similar distance is found at 30 Hz.

The pressure and ion probe voltage profiles versus time for
fifth pulse of 20 Hz are shown in Fig. 5 (Red dotted line show
igniter signals), and seven measure points along the detona-
tion tube are labeled as shown in Fig. 3. Figure 6 shows the
average velocity of pressure wave and flame and maximum
overpressure of the pressure wave at different propagation
distances. Velocity and pressure traces are shown in Figs. 5
and 6, which provides an extra proof to support the pro-

Fig. 3 Schematic of the SPDE1 (dimensions are in millimeters)
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Fig. 5 Pressure profiles (black) and ion probe voltage profiles (blue)
in time along the SPDE1 at 20 Hz

Fig. 6 Velocity (left) and maximum overpressure (right) varies with
propagation distance. Solid marker denotes the velocity and open
marker denotes the overpressure

posed explanation for successful detonation transition in the
SPDE1.

Under the weak ignition condition at 20 and 30 Hz, pre-
heated kerosene–air mixture can be successful ignited, and
the flame is accelerated during its propagation, see Figs. 5
and 6. After the ignition, the ignition section is rapidly filled
with the flames. Afterwards, the fast deflagration regime is
observed from the measure point 2–5, which have a char-
acteristic separation between leading shock and flame front.
The transition to detonation phase is located at the measure
point 6. An approximate CJ conditions is observed at the
measure point 7, as a result of decay of the overdriven deto-
nation. Due to the positive feedback coupling among flame
acceleration, turbulence fluctuation, and burning speed, the
high-speed compression wave is formed ahead of the turbu-
lent flame brush, the speed of which is close to sound speed
at a distance of 120 mm from ignition point. The compres-
sion wave is strengthened with the propagating distance and
finally a shock wave ahead of the flame is produced as a

result of sufficiently intense combustion. A CJ deflagration
wave, the velocity of which ranges from 398 to 958.3 m/s,
is formed on account of the shock-flame complex systems.
The obstacles help the shock-flame system to attain this high
velocity and to maintain it. The reaction shock waves propa-
gate forwards rapidly and detonation is found at the measure
point 6 (PT6 or I6) as shock wave and flame front merged.

When the operating frequency is 30 Hz, the average pres-
sure peaks are less than those of 20 Hz. This is mainly attrib-
uted to the decrease in the ignition energy and fuel-filling
time as the firing frequency increase. No quasi-detonation
decaying from the overdriven detonation is observed in this
case.

It also can be seen from Fig. 6 that the distance of 120 mm
from the igniter is the initial low-velocity flame propa-
gation stage (compression wave with peak pressure about
0.5–0.8 Mpa is formed). From 120 to 430 mm is the high-
velocity reaction leading shock stage, and the choking regime
is observed in this stage (at location of 430 mm, shock Mach
number is around 3 Ma and average peak pressure of shock is
more than 1.53 MPa).The flame speed then remains constant
for a while until it is suddenly decelerated. Further accel-
erations and decelerations occur, and an overdriven detona-
tion may occur at the distance of 510 mm from the igniter,
and here the peak shock and flame velocity are 1,414.4 and
1,254.4 m/s, respectively, at 20 Hz. At 30 Hz, the over-
driven detonation zone evolves back to the end of the tube
(A peak shock and flame velocities are 1,351.9 and
1,191.6 m/s, respectively, at location of 510 mm). The the-
oretical CJ velocity (vCJ) of two-phase mixtures is around
1,558.6 m/s [22]. The velocity of detonation wave is less
than vCJ. This may be attributed to the low reactivity of the
kerosene–air mixture, the loss of flow resistance from DDT
devices, and higher heat dissipation rate of the small-scale
tube wall. The transition stage from leading shock reaction to
overdriven detonation depends more on the thermodynami-
cally condition that is behind the leading shock than on the
turbulent flame acceleration. This difference of detonation
behavior at 695 mm between 20 and 30 Hz, which can be
explained by the difference of the energy sustained.

3.2 Shchelkin spiral–orifice plates–shock focusing end wall
combination (SPDE2)

A schematic of SPDE2 is shown in Fig. 7. The Shchelkin
spirals, orifice plates, and shock focusing sections are used
as DDT devices. The shock focusing end wall, the length and
BR of which are 100 mm and about 43 %, respectively, is con-
sisted of a cone and a plate welded together by 1.5 mm weld-
ing rod. The inner diameter of the detonation tube is 29 mm
and the length of the shock focusing section is 165 mm.

Figure 8 shows the raw pressure traces from PCB in the
tube end (PT5-PT7 as labeled in Fig. 7), when the SPDE2
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Fig. 7 Schematic of the SPDE2 (dimensions are in millimeters)

Fig. 8 Pressure time history of PT5, PT6 and PT7. a 50 Hz, b 62.5 Hz

was fired at the 50 and 62.5 Hz. At 50 Hz, the average peak
pressure of PT5 is higher than PCJ, which is identified as the
occurrence of recorded overdriven detonation. Then over-
driven detonation wave is strengthened at the measure point
6, and the peak pressure is 1.38 times PCJ. From Fig. 9a,
the burning of this mixture by overdriven detonation cre-
ates an arbitrarily high pressure shock. The formed shock
coalesces with the precursor shock and flame and eventually
transits to be a stable detonation. The overdriven detona-
tion is first recorded at 240 mm (about 8.3d) from igniter.
The successful occurrence of a quasi-CJ detonation decay-
ing from overdriven detonation is observed at 510 mm. At

Fig. 9 Pressure profiles (black) and ion probe voltage profiles (blue)
in time along the SPDE2. a 50 Hz, b 62.5 Hz

62.5 Hz, the average peak pressures along the detonation
tube are less than PCJ, and P7 is equal to 0.3 PCJ. There-
fore, a fully developed detonation wave is not successfully
triggered in the SPDE2 with 62.5 Hz. The main reason is
the lack of sustained energy supply due to decrease of the
fired energy and the worse detonable mixed gas. However,
the stable pulse combustion wave is observed and the similar
traces of pressure and flame wave are shown in Figs. 8b and
9b.

Figure 10 shows the mean velocities of different measur-
ing segments in Fig. 7. The precursor shock velocities are
found to be quite close to those of the flame waves, giving
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Fig. 10 Velocity (left) and maximum overpressure (right) varies with
propagation distance. Solid marker denotes the velocity and open
marker denotes the overpressure

the impression that the two waves are coupled and propagated
as a steady reaction front-precursor shock complex like that
of a stable detonation [23]. The flame velocity of the ker-
osene-air reaction zone is slightly slower than the velocity
of the precursor shock, and this phenomenon indicates that
the reaction rate is changed with time. The precursor shock
and flame velocities couple at the measure point 5, and both
velocities are close to the vCJ. Thus, the final onsets of deto-
nation waves are seen in the experiment and occur at a similar
run-up distance that is 510 mm from igniter.

At 62.5 Hz, the mean speeds of flame and pressure wave
are lower than vCJ. The high-speed turbulent deflagration
and precursor shock propagates approximately at a constant
speed corresponding to 900 m/s (0.6 vCJ), from which a det-
onation wave cannot be transitioned without enough energy
sustaining. However, the critical conditions of the onset of
detonation regime at the higher frequency cannot be readily
studied, due to lack of the more details from reaction zone-
shock complex of the deflagration wave.

3.3 Shchelkin spiral–two orifice plates sections
combination (SPDE3)

A schematic of SPDE3 is shown in Fig. 11. A shchelkin spiral
and two orifice plates sections are used as DDT devices. The
inner diameter of the detonation tube is 29 mm and the length
of the two spiral sections are 300 and 240 mm, respectively.

Fig. 12 Pressure time history of PT5, PT6 and PT7. a 62.5 Hz, b
71.4 Hz

Figure 12 shows the raw pressure traces along the detona-
tion tube (PT5-PT7) when the SPDE3 is fired at 62.5 and 71.4
Hz. It is seen Fig. 12a that the average peak pressure of PT5 is
higher than PCJ (about 1.2 PCJ), and a successful transition of
the quasi-CJ detonation occurs at the measure point 6. After-
wards, the pressure declines slightly at the measure point
7. At 62.5 Hz, a quasi-steady detonation wave is success-
fully triggered in the SPDE3. The degree of the overdriven
detonation wave decreases as the frequency increases. It is
clearly seen that a pulse combustion wave comes up rather
than a detonation at 71.4 Hz as shown in Fig. 12b. Due to
the bad detonable mixed gas and fired energy decrease, the

Fig. 11 Schematic of the SPDE3 (dimensions are in millimeters)
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Fig. 13 Pressure profiles (black) and ion probe voltage profiles (blue)
in time along the SPDE3. a 62.5 Hz, b 71.4 Hz

Fig. 14 Velocity (left) and maximum overpressure (right) varies with
propagation distance. Solid marker denotes the velocity and open
marker denotes the overpressure

high-speed deflagration wave dies off such that only a strong
deflagration flame exists inside SPDE3.

Figure 13 shows the pressure wave and flame traces along
the detonation tube of SPDE3. Figure 14 shows the mean
velocities of different measuring segments (labeled as shown

in Fig. 11). It is seen Fig. 13a that the flame acceleration leads
to form a leading shock wave in the flow ahead, and the shock
wave is finally coalesced and overlapped with flame. A slight
overdriven detonation is recorded by pressure transducer PT4
and then decays to quasi-CJ detonation. Thus, the detonation
transition occur at 62.5 Hz. The similar recorded traces are
observed in Fig. 13b, in which a leading shock wave is gen-
erated by accelerating flame, but the high-speed deflagration
wave dies off as it propagates.

Figure 14 provides additional proofs to show the success-
ful detonation transition has already happened at 30, 50, and
62.5 Hz. The flame velocity grows exponentially so that the
compression pressure waves are produced. The compression
waves are strengthened to the leading strong shocks in the
flow far ahead of the flame. Afterwards, the flames are accel-
erated to the highest value and an abrupt increase of velocity
is observed as a result of the formation of a transient over-
driven detonation. Eventually, the flame velocities are close
to the velocities of shock waves and the overdriven detonation
wave decays subsequently towards a quasi-stable detonation
wave.

3.4 Detonation transitions in the multi-cycle SPDEs

These experiments confirm that the successful transitions of
the detonation can be attained, and the dissimilar DDT char-
acterizes at different frequencies are observed. The tests show
that a successful detonation transition cannot be obtained
when the operating frequencies are greater than 62.5 Hz, no
matter what kinds of combination of obstacles are used. The
air filling speeds adopted at the high frequencies (50, 62.5,
and 71.4 Hz, and the filling speeds approximately equal to
120 m/s) are higher than those of low frequencies (20 and
30 Hz). The results show the successful transitions are eas-
ier obtained as the filling velocities increase. This is mainly
attributed to the increase in the turbulence intensity as the
mixture velocity increased. The increase of the turbulence
intensity leads to an increase in flame surface and heat release
rate per frontal area of wrinkled flame sheet; accordingly
DDT time is shortened. In some tests with the high frequen-
cies, failures to transition occur in the initial few cycle and
the successful transitions happen subsequently. It is possi-
ble that heat of the tube wall plays a role in advancing the
successful detonation transition.

The ignition delay time (τdelay) is the time taken after
the activation energy has been imparted to a mixture of fuel
and oxidizer before the exothermic chemical reaction rate
begins to increase very rapidly and energy is released in a
very short duration. τdelay can be calculated as the time dif-
ference between the signal of the ignition and the initiation
of chemical reaction in an adjacent layer of the combusti-
ble mixture (The density of atoms and free radicals increases
when the combustible mixture is ignited, which leads to ionic
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Table 1 Parameters for
transition to detonation

n = LDDT/Lch
p1 Pressure at stage from shock
reaction to critical leading
shock, p2 pressure of overdriven
detonation, p3 pressure of
quasi-stable detonation, v f lame
flame velocity, vshock shock
wave velocity

Model f p1 p2 p3 vshock vflame τdelay τDDT LDDT n
(Hz) (MPa) (MPa) (MPa) (m/s) (m/s) (ms) (ms) (mm)

SPDE1 20 1.81 4.51 1.89 1,414.5 1,254.4 2.88 1.18 510 3.4

30 1.53 N/A N/A 1,351.9 1,191.6 3.30 1.37 510 3.4

SPDE2 30 0.94 3.11 1.76 1,201 1,113 2.85 0.73 510 3.4

42.5 1.26 2.8 1.65 1,156.4 1,024.1 2.61 0.56 510 3.4

50 1 N/A N/A 1,178.8 1,102.1 2.49 0.65 510 3.4

SPDE3 30 2.28 4.2 2.3 1,158.4 1,143.8 2.51 0.61 510 3.4

50 2 N/A 1.95 1,243.7 1,410.9 2.53 0.46 510 3.4

62.5 0.9 N/A N/A 1,206.8 1,008 2.13 0.53 510 3.4

conduction. Thus, the voltage of ion probe starts to drop). A
combustion wave is initiated in the kerosene–air mixture by
an electric spark. The burned gas expands and drives a flow
in the kerosene–air mixture. The flow becomes highly turbu-
lized due to the no-slip boundary condition at the wall and
the geometry of the SPDEs. The high turbulized flow and
turbulence distorts the flame front, increases the burning rate
of fuel mixture, and leads to the flame acceleration. An accel-
erating flame front compresses pressure waves that heat the
fuel mixture ahead of it until an explosion is triggered that
eventually develops into a detonation. DDT time (τDDT) is
the time from mixtures ignition to the detonation formation.
The ignition delay time and the DDT time are described in
detail in the work of Huang et al. [24].

The minimum characteristic distance (Lch) for gaseous
detonation formation in the tube with repeated obstacles is
given by Lch = ((d + S)/2)/

(
1 − d ′/d

)
[6], where d is the

tube diameter, S is the obstacle spacing (here take value equal
to 1.5d), and d ′ is the diameter of unobstructed tube. A corre-
lation for successful transition to detonation has been found
that the characteristic channel dimension must be greater than
7 times the cell size of kerosene-air [6]. The DDT distance
found in the authors’ study is slightly less than 7 times the
cell size. The probable reason could be inadequate length of
the tube for reaching steady conditions of detonation propa-
gation. The features for transition to detonation are obtained
during the investigations and the calculated results are sum-
marized in Table 1. As seen in Table 1, the ignition delay
time of the kerosene–air mixtures in three SPDE models is
2.88–3.30, 2.49–2.85, and 2.13–2.53 ms after the start of the
fuel injection. Afterwards, the SPDE1, SPDE2 and SPDE3

need around 1.18–1.37, 0.56–0.73, and 0.46–0.61 ms from
combustion wave transition to detonation, respectively. As
the length of SPDE increase, DDT time decrease attributing
to improvement of the fuel atomization and mixing.

LDDT of kerosene–air mixtures should be significantly
longer than the Lch. The values of LDDT in SPDE1, SPDE2,
and SPDE3 are almost 510 mm from the ignition point
observed in the present study, which are 3.4-times larger than
Lch. In fact, as the length of detonation tube increases, the

detonable mixture filling distance increases as well. In turn,
this leads to a decrease in the total chemical energy of unit
volume detonable mixture content per cycle, which length-
ens DDT distances. As the limited number of measuring seg-
ments, no evident increase in the LDDT of SPDE2 and SPDE3

is observed compared with SPDE1. The results of LDDT and
τdelay are less than that of the finding of Frolov et al. [13]. In all
tests, the average speeds of the detonation wave equal approx-
imately 1,000 ∼ 1,400 m/s and less than vCJ. These findings
may be attributed to the low reactivity of the kerosene-air
mixture, the loss of flow resistance from DDT devices, and
higher heat dissipation rate of the small-scale tube wall. The
overdriven detonation attains a maximum speed and then
gradually decouples into a self-sustained detonation or sub-
CJ detonation with further propagation. In fact, the mixture
emits to ambient and is contaminated with air near exit, and
the kerosene–air becomes the lean mixture. In turn, this leads
to a decrease of energy release of combustion. Without deriv-
ing enough energy from the combustion, the steady detona-
tion wave cannot be sustained near exit of tube.

As the firing frequency increases, the value of detonation
wave pressure and velocity both show a decreasing tendency.
This is mainly attributed to a decrease in the ignition energy
and deterioration of the fuel atomization and mixing as firing
frequency increased. When the frequencies are constant, the
higher the average peak pressures of detonation, the greater
the instantaneous impulses. Similarly, when the pressures
of detonation wave are constant, the thrust of SPDE would
increase with the frequencies. From these views of perfor-
mance, each SPDE model would have an optimal frequency.
This hypothesis is reinforced by a series of experiments per-
formed at different frequencies with repeated times. As seen
in Table 1 and summarization above, the optimal frequency of
SPDE1, SPDE2, and SPDE3 are 20, 42.5, and 50 Hz, respec-
tively.

3.5 Experimental uncertainty

The main sources of uncertainty are due to the sampling rate
and accuracy of the pressure transducers and ion probes used

123



624 Y. Huang et al.

to detect the wave arrival and quantitative parameters in the
obstructed tube. First, the flame structure for acceleration
process in the obstructed tube is complicated, so our ideas
concerning the operation of the ion probe in a turbulent flame
are only qualitative. Second, the transmission of pressure
wave in the tube with the complex regimes also affects the
accuracy of the pressure measurement. Last, since the data
sampling rate is 2.5 MHz, the wave could even travel across
the part of the transducer head before being detected.

There are different parameters in the same measuring parts
at different pulses, which is due to the difference of detona-
tion initiating condition disturbed by last pulse. However, the
trajectory trends of the pressure wave and flame during the
DDT process are similar. Therefore, the qualitative analy-
sis of DDT regimes based on the multi-cycle experimental
results is feasible. The short distance of measurement in the
SPDE could miss the details of some transient modes, such as
high-speed galloping combustion and low-velocity galloping
detonation [8].However, the general process of DDT in kero-
sene–air mixture based on the experimental results has been
revealed, which would be useful for designing liquid-fueled
SPDE at high frequencies.

4 Conclusions

A series of multi-cycle tests is conducted to seek efficient
DDT enhancement approaches that reduce DDT distance
and time and increase the frequencies of kerosene–air SPDE.
The experimental results show that with the aid of kerosene–
air mixture preheating, the detonability of liquid kerosene
mixture is significant improved and the fully developed det-
onation wave can be achieved with three different combi-
nations of obstacles as DDT devices. The high temperature
of the tube wall could play a role in advance the success-
ful detonation transition in the SPDE models. The SPDE can
steadily operate at a maximal frequency of 62.5 Hz. DDT dis-
tances of kerosene–air mixtures are significantly longer than
the minimum characteristic distance for gaseous detonation
formation (about 3.4 times Lch). The distance required for
the overdriven detonation to successful decay into a quasi-
CJ detonation is about 10d. Compared with the SPDE1,
the DDT devices of SPDE2 and SPDE3 are more effective
in shortening DDT time and increasing the operating fre-
quency. By adopting these DDT enhancement approaches,
the detonation initiation time is reduced and the detonability
of kerosene is significantly improved. Therefore, it is pos-
sible to shorten the DDT time by choosing suitable DDT
approaches.

The phenomena involved in the DDT process of high-fre-
quency SPDE are investigated. The DDT process exhibits
three distinct features of the combustion wave evolution in
three cases: (1) an exponential flame acceleration leads to

form a leading shock wave in the flow ahead, (2) the shock
wave is finally coalesced and overlapped with flame and an
overdriven detonation is formed, and (3) the overdriven det-
onation decay to a CJ or quasi-steady detonation. The det-
onation velocities in experimental results are less than the
theoretical CJ velocities. As the firing frequency increases,
the value of detonation wave pressures and velocities both
decline to some extent, as well as the degree of overdriven
wave.

From the perspective of performance, the optimal frequen-
cies of SPDE1, SPDE2, and SPDE3 are 20, 42.5, and 50 Hz.
The SPDE3 could be a promising high-frequency design in
practical application in some extent. However, due to more
obstacles and longer length of SPDE3, the proposed design
may not obtain high specific impulse. Therefore, the main
challenges in the high-frequency SPDE are to ensure less
loss and faster DDT rather than more obstacles for success-
ful detonation transition, and to increase the performance
by optimizing DDT enhancement techniques. Consequently,
the result is a good reference for designing the suitable DDT
approaches for SPDE and understanding its DDT processes
in kerosene-air mixtures.
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