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In order to investigate the effects of fuel distribution on the operation of two-phase pulse detonation engine (PDE), a series of cold
flow and multicycle PDE experiments was carried out with 9 mixing schemes. Homogeneity degree with fuel distribution
considered in terms of space and time was proposed to quantitatively evaluate the mixing of liquid fuel and air by particle image
velocimetry (PIV) in cold flow experiments. Operation stability of multicycle PDE was presented by statistical analysis of peak
pressure at the outlet of a detonation tube. The relationship between operation stability and homogeneity degree was
quantitatively elaborated. These experimental results indicated that not only using mixing reinforcement devices (such as pore
plate and reed valve) was fuel distribution improved but also the effect of inlet ways on the homogeneity degree was weakened.
The homogeneity degree of fuel distribution ζ = 0:72 was a critical value for stable working of multicycle PDE. When
homogeneity degree was lower than 0.72, stable state was not maintained and detonation wave in some cycles was not
established due to poor fuel distribution. Therefore, it is necessary to hold homogeneity degree larger than 0.72 to achieve stable
operation of PDE. These results contribute to enhancing the operation stability and offering guidelines for the design of PDE’s
mixing scheme.

1. Introduction

Pulsed detonation engine (PDE) obtains thrust by intermit-
tent detonation wave. Numerous theoretical, experimental,
and numerical studies were carried out since PDE poses
higher thermodynamic efficiency [1]. Gaseous fuels will be
more easily applied to PDE because of the easier mixing with
oxidants [2–5], but their energy density is lower than that of
liquid fuel; then, the application to PDEs is not that promis-
ing. Liquid fuel has now been the focus in this field [6, 7].
Studies on spray detonation presented that PDE efficiency
(check again!) is highly related to the droplet size and
vaporization of liquid fuel [8, 9]; thus, atomization and
vaporization of liquid fuel should be considered for liquid-
fueled PDE.

Cheatham et al. conducted single-cycle performance esti-
mations of an idealized liquid-fueled PDE by numerically
simulating the detonation of JP-10 fuel droplets in oxygen

and in air [10]. Their results suggested that for small enough
droplets or with sufficient prevaporization of the fuel, liquid-
fueled PDE will provide comparably single-cycle propulsive
performance to gaseous-fueled PDE. However, the perfor-
mance would decrease when droplet sizes were too large that
a self-propagating detonation wave cannot be obtained at the
end of the tube. By comparing simulation results to experi-
mentally observed trends, the conclusions were drawn that
smaller droplet sizes and higher levels of heating and preva-
porization are likely to increase the ease of detonation initia-
tion of liquid-fuelled mixtures [11].

Simulations of a single ideal-tube PDE fueled with multi-
phase JP10-O2 and JP10-air mixtures were reported by
Tangirala et al. [12]. For the diameter ranges of the droplets
(3μm–10μm for fuel-air and 10μm-20μm for fuel-O2
mixtures) and the equivalence ratio considered in their inves-
tigations, the predicted velocity defect was 5% of the quasis-
teady detonation velocity through gas-phase mixtures of
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JP10-O2/air, and specific impulse Ispf of the PDE initially
fueled with gaseous fuel was higher (1-5%) than the Ispf of
a PDE initially fueled with a multiphase JP10-O2/air mixture.

It has been demonstrated in these studies that improving
initial atomization and vaporization levels of liquid fuel could
provide a benefit to the performance of PDE. The atomiza-
tion with a high-speed coaxial airflow was discussed by
Lasheras et al. [13]. They stated that the high-speed airflow
driven by stagnation pressures is required to atomize the
injected fuel. Sauter mean diameter (SMD) values below
10μm can be achieved when gas-injection velocities were
greater than 220m/s. Wang et al. [14] investigated the
influences of atomization on PDE by employing laser light
scattering for the measurements of mean droplet size. It
was observed that equivalence ratio limits turned wide
and detonation wave velocity increased as the gasoline
droplet size decreased.

Tucker et al. reduced the evaporation time of liquid fuel
in a pulsed detonation engine through a fuel flash vaporiza-
tion system [15, 16]. The results showed that the flash vapor-
ization system quickly provides a detonable mixture for all of
the fuels tested without coking the fuel lines, and ignition
time has nearly no dependence on fuel injection tempera-
tures. In their works, the successful detonation of flash
vaporized JP-8 in air was achieved over a range of fuel tem-
peratures and fuel-to-air ratios.

Miser et al. [17] built a concentric tube heat exchanger
using the waste heat generated by a PDE to produce a flash
vaporization of a JP-8/air mixture. The duration of the
steady-state tests exceeded the operating time of any previous
JP-8-fueled PDEs, which is higher than twenty minutes and
limited only by fuel storage capacity.

Helfrich et al. [18] studied the effect of fuel tempera-
ture on PDE’s performance with different liquid fuels by
the concentric tube heat exchanger. In their works, for
all fuels except JP-10, increasing the fuel injection temper-
ature leads to the decrease of both DDT (deflagration-to-
detonation transition) time (by 15%) and detonation
distance (by up to 30%) but causes the increase of detona-
tion percentage by up to 180% and barely affects the
ignition time.

Fan et al. [19] discussed the beneficial effects of the fuel
pretreatments on PDRE performance with five concentric-
counter-flow heat exchangers. The outcomes showed that
with the aid of fuel preheating, the time and distance of
DDT for liquid kerosene were remarkably reduced and the
operation time was greatly prolonged. With the increase of
fuel temperature, the specific impulse rises from 97.3 s at
25°C to 115.4 s at 200°C.

Even fuel was vaporized from liquid to gas, the fuel distri-
bution in detonation tube still largely influences PDE’s
performance, and this aspect is now attracting considerable
attention from researchers [20, 21]. Tunable diode laser and
absorption spectroscopy techniques had been applied to pro-
vide time-resolved fuel mass fraction measurements in PDE
by Brophy et al. [22, 23]. It was found that the fuel mass frac-
tion distribution within a PDE inherently affects the overall
system performance in terms of both the initiation character-
istics and the resulting fuel-based-specific impulse perfor-
mance values. A stratified axial fuel distribution, where a
near-stoichiometric mixture occurs near the initiation end
of a combustor and a leaner mixture appears near the com-
bustor exit, has significant operation benefits, such as
promoting rapid ignition/DDT and increasing fuel-based
specific impulse compared to uniform fuel distribution
mixtures with the same aggregate fuel mass fraction.

Perkins and Sung [24] analyzed detonation cycles of
nonuniform H2-air mixtures using two-dimensional numer-
ical simulation. The results presented that for an H2-air
system, good fuel-air mixing is not a prerequisite for optimal
detonation tube performance. In order to investigate spray
detonation, droplet diameter distribution and two-phase
mixture homogeneity were considered by Brett [25]. In his
research, Mie scattering was used to image two-phase mix-
ture and the mixture homogeneity was ascertained by statis-
tical analysis of these images. It can be concluded that small
changes in homogeneity might have little impact on the
detonation wave velocity.

As mentioned above, there are many existing studies on
the influence of mixture heterogeneity on PDE performance,
but those results are mostly concerned with gas phase condi-
tions. Two-phase PDE’s performance was influenced not
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Figure 1: Schematic of PDE experimental setup.
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only by atomization and evaporation of liquid fuel but also by
mixture homogeneity. This is a matter of great concern to
practical PDE; however, there was little detailed research on
this aspect. Therefore, a series of multicyclic two-phase
PDE experiments was carried out with 9 mixing strategies
to quantitatively investigate the effect of two-phase mixture
homogeneity on two-phase PDE operation.

2. Experimental Setup

2.1. PDE Experimental Setup. PDE’s experimental systems
are set up to study multicyclic operation of two-phase air-
breathing PDE. The experimental test rig is composed of a
propellant supply system, a detonation tube, a measurement
and control system, and an ignition system, as illustrated in
Figure 1.

The propellant supply system consists of an oxidizer sup-
ply equipment and a fuel supply equipment. The fuel supply
equipment provides liquid gasoline fuel (No. 97 in China)
which contained 97% C8H18 to the detonation tube by a
pressure-swirl atomizer. The gasoline is stored in a cylinder,
within which the upper part was full of nitrogen. The mass
flow rate of gasoline is measured by a flow meter and is con-
trolled by the pressure of nitrogen. Sauter mean diameter is
measured by shadowgraph (71μm in these experiments).

Air, as an oxidizer, is supplied to a detonation tube by an
oxidizer supply equipment. A flow meter and a regulating
valve are used to measure and control the mass flow rate of
air. The solenoid valve in the fuel supply system is installed
to ensure periodic detonations. The average equivalence ratio
of 1.5 is fixed at all experiments.

The detonation tube is 50mm in inner diameter and
2100mm in length, which includes a mixing section of
200mm, a detonation initiation section of 1400mm, and a
detonation wave propagation section of 500mm, as shown
in Figure 2. Mixing devices such as a pore plate or a reed
valve are set in the mixing section to get a different fuel dis-
tribution. More details about the mixing devices are shown
in Figures 3 and 4. Detonable mixture is ignited in detonation
initiation section by an ignition system. The ignition system
adopts spark plug discharge with a frequency of 14Hz and
delivers energy of 1 J. In order to decrease DDT run-up dis-
tance and time, a Shchelkin spiral with a blockage ratio of
0.422 is placed in the detonation initiation section. The
length and outside diameter of Shchelkin spiral are

1300mm and 50mm, respectively, which has a wire diameter
of 6mm and 35mm distance between coils. The blockage
ratio of 0.422 is close to the optimum value of 0.43 given by
Peraldi et al. [26].

To record the pressure history along the detonation tube,
dynamic piezoelectric pressure transducers are flush-
mounted in the detonation tube, as shown in Figure 2. Sig-
nals from these transducers are transmitted to a 6-channel
simultaneous sampling module through a signal conditioner.
The sampling frequency is 500 kHz in all experiments.

2.2. PIV Experimental Setup. For the two-phase mixture, it is
very difficult to achieve a uniform mixture and regions with
more gas or more liquid are likely to appear. Therefore, the
homogeneity of the mixture must be considered in two-
phase PDE. Particle image velocimetry (PIV) is employed
to image the fuel distribution with time in the detonation
tube, as shown in Figure 5, where an image analysis software,
a high-speed CMOS camera, and a double-cavity Nd:YAG
laser are implemented. A pulse laser sheet, which shoots from
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the double-cavity Nd:YAG laser with pulse energy of 30mJ at
1 kHz, is arranged to illuminate the center plane near the
spark plug. The high-speed CMOS camera is used to record
particle distribution of the illuminated region with 1280∗
800 pixels and 1 kHz. An organic glass tube with 50mm
inner diameter and 2mm thickness is incorporated as the
observation window.

2.3. Mixing Schemes. To get a different fuel distribution, 9
mixing schemes, as shown in Table 1, are carried out in the
mixing section for these experiments. Tangential, axial, and
radial air inlet ways, as shown in Figures 6(a)–6(c), respec-
tively, are adopted to provide air to the detonation tube by
four inlet branches. Mixing reinforcement devices, such as a
pore plate and a reed valve, are installed in the mixing section
to achieve different fuel distribution and mixture homogene-
ities. The structure of the pore plate which has 0.54 blockage
ratio is plotted in Figure 3. The diameter is 14mm for big
pore and 7mm for small pores.

The reed valve is composed of an orifice plate, a cone, a
valve sheet, a limit baffle plate, and a screw, as illustrated in
Figure 4. The left part of the reed valve is connected to the
air inlet system and the right end goes to the detonation ini-
tiation section. The orifice plate has eight orifices which are
evenly distributed along the circumference of the orifice
plate. The diameter of orifices is d = 12mm. The valve
switches on (as shown in dashed line of Figure 4) in the filling
process of combustible mixture driven by the pressure differ-
ence between left and right of the valve, the maximum open-
ing angle of the valve sheet is α = 22°, and the blockage ratio
of the reed valve is 0.54.

3. Two-Phase Mixture Homogeneity

For PDE, whether the combustible mixture can be ignited or
not depends largely on two-phase mixture homogeneity near
the spark plug. Therefore, fuel distribution near spark plug
with different mixing schemes is captured by PIV.
Figure 7(a) shows the fuel distribution near spark plug for
the tangential air inlet way without a mixing reinforcement

device. Centrifugal forces are generated by the tangential air-
flow in the tube. The centrifugal forces lead to a spiral move-
ment of fuel droplets along the tube wall, and there are a little
fuel droplets near the axis of the tube. It can be seen from
Figure 7(b) that the pore plate reduces the centrifugal forces
of air and improves the fuel distribution near the spark plug.

Figure 7 only gives instantaneous spatial distribution of
liquid fuel. A deserving notice is that the two-phase mixture
homogeneity not just relates to spatial distribution but to
time as well. To further quantitative study mixture homoge-
neity for 9 mixing schemes, the space and time are consid-
ered by the statistical analysis of these images from PIV.
Digital information with gray value of each pixel points is
contained in these images. The homogeneity degree of fuel
distribution, ζ, can be calculated by following equation:
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Figure 5: PIV experimental setup.

Table 1: Nine different mixing schemes.
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Figure 6: Tangential (a), axial (b), and radial (c) air inlet ways.
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ζ = 1 − S2G
�G2 = 1 −

1/ n − 1ð Þ × m − 1ð Þð Þ∑ n,mð Þ
i,tð Þ= 1,1ð Þ Gi,t − �G

� �2

�G2 ,

ð1Þ

where Gi,t is the gray value of pixel point i at time t, n is the
sum of pixel points, and m is the total number of pictures.
We set m = 100, �G is the average gray value of pixel points
for all pictures. The closer the homogeneity degree ζ is to 1,
the more homogeneous the liquid fuel distribution is.

Figure 8 shows homogeneity degree for nine mixing
schemes. It can be seen from Figure 8 that the homogeneity
degree changes from 0.32 to 0.87 for different mixing
schemes. The air inlet ways have larger effects on the homo-
geneity degree without mixing reinforcement devices than
those arrangements with the pore plate or reed valve. The
homogeneity degree of axial inlet way is larger than that of
tangential inlet way for all cases. In comparison with tangen-
tial inlet way, the homogeneity degree of axial inlet way has
been increased by 103% for the test with no mixing reinforce-
ment devices, but by 20.8% for the one with the pore plate
and 4.88% for the reed valve incorporated case. The mixing
reinforcement devices, such as the pore plate and reed valve,
in addition to improve the homogeneity degree near spark
plug, reduce the effect of inlet ways on the homogeneity
degree as well and the reed valve outperforms the pore plate.

4. Effect of Homogeneity Degree on PDE

4.1. Multicycle PDE Experiments. To investigate the effect of
mixing homogeneity on PDE operating characteristics, a
series of multicycle two-phase detonation experiments is
carried out with nine different mixing schemes. In these
experiments, the filling velocity of air is about 30m/s, the
equivalence ratio of fuel/air mixture is 1.5, the ignition
frequency of spark plug was 14Hz, and the ambient pressure
and temperature are 1 atm and 280K, respectively.

Figure 9(a) shows the pressure history of Case 1 where
tangential inlet way is utilized and no mixing reinforcement
device is employed. It can be seen from Figure 9(a) that the
two-phase mixture is ignited only once during the period of
1 s with an ignition frequency of 14Hz and the deflagration
flame dose not translate to detonation wave. This is because
centrifugal forces generating from rotating airflow cause a
bad homogeneity degree, which becomes seriously fuel-rich
near the spark plug and fuel-lean near the axis in the detona-
tion tube. Its homogeneity degree is 0.32 for case 1, making
the ignition hard.

Figures 9(b) and 9(c) show the pressure history along the
detonation tube for Case 2 and Case 3, respectively. Com-
pared with Case 1, achieving successful ignition is signifi-
cantly improved due to the improvement of the mixture
homogeneity degree, but detonation wave is still not obtained
in several cycles. This indicates that the homogeneity degrees
for Case 2 and Case 3 still could not meet the requirement of
PDE, which means it is difficult to establish detonation wave
even if ignition succeeds in some cycles.

To improve fuel distribution and operation stability of
PDE, the pore plate is installed 100mm upstream to the
spark plug in Case 4, Case 5, and Case 6.

Figure 10(a) shows the pressure history for Case 4. It can
be seen that the detonation wave is established under all
states except one throughout the period of 1 s with an igni-
tion frequency of 14Hz. It is found that the pore plate is able
to reduce the negative impact of centrifugal forces from
rotating airflow on fuel distribution. Compared with that
for Case 1, the operation stability of PDE for Case 4 signifi-
cantly gets enhanced as the pore plate improves the homoge-
neity degree of fuel-air mixture from 0.32 for Case 1 to 0.72
for Case 4.

Figures 10(b) and 10(c) show the pressure histories for
Case 5 and Case 6, respectively. It can be seen from these fig-
ures that successful detonation wave initiation is always
reached for Case 5 and Case 6. These indicate that the
homogeneity degrees for Case 5 and Case 6 can satisfy the
requirement of PDE. Compared with Figure 9, the pore plate
can improve operation stability of PDE for all different air
inlet ways.

Figure 11 shows the pressure history along the detona-
tion tube with the reed valve implemented. As shown in
Figure 11, PDE with the reed valve can operate more steadily
for different air inlet ways. It indicates that besides improving
the homogeneity to meet the requirements of PDE, the reed
valve also reduces the effect of air inlet ways on PDE.
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Figure 11: Pressure history for the reed valve.
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Furthermore, compared with Figure 10, the detonation waves
are achieved ahead of the P4 position in Figure 11. The DDT
distance of PDE with the reed valve is shorter than that with
the pore plate.

4.2. Operation Stability of PDE. To further study the relation
between operation stability of PDE and homogeneity degree
of two-phase mixture, the operation stability is ascertained
by the statistical analysis of peak pressure at P5. It can be
calculated using the following equation:

χ = 1 −
S2p
�p2

= 1 − 1/ N − 1ð Þ∑N
i=1 pi − �pð Þ2

�p2
, ð2Þ

where pi is the peak pressure of cycle i at P5, N is the number
of cycle used in the average, and �p is the average of peak pres-
sure. The closer the operation stability χ is to 1, the more
stable the multicyclic working of PDE is.

The operation stability of multicycle PDE χ for different
homogeneity degree ζ is plotted in Figure 12. It can be seen
from the figure that the operation stability of multicycle
PDE increases when the homogeneity degree improves.
The highest gained operation stability χ is 0.841 when ζ is
0.86 at case 9. When homogeneity degree ζ is larger than
0.72, ζ has a small impact on the operation stability of mul-
ticycle PDE, and the operation stability slightly increases
with the increase of ζ, whereas as ζ is lower than 0.72, ζ
has a significant influence and the operation stability rapidly
declines with the decrease of ζ. This is attributed to the igni-
tion fails or detonation wave is not achieved in some cycles
for the lower homogeneity degree. Therefore, the homoge-
neity degree ζ = 0:72 is a critical value of stable working of
multicycle two-phase PDE. For the higher homogeneity
degree, the operation stability χ is influenced by both the
homogeneity degree and turbulence Therefore, the opera-
tion stability χ presents a small decline as ζ increases from
0.86 to 0.87.

5. Summary and Conclusions

This work first quantitatively investigated the effect of the
homogeneity degree of mixture on the operation stability of
multicycle PDE by PIV with 9 mixing schemes. Based on
the experimental results, it can be concluded as follows:

(1) Homogeneity degree, which takes fuel distribution
with space and time into account, was proposed to
quantitatively assess the mixture of liquid fuel and
air. The homogeneity degree of axial inlet way was
better than that of tangential and radial inlet way.
Centrifugal forces produced from rotating airflow
led to a spiral movement of fuel droplets along the
tube wall, and just a few fuel droplets are present near
the axis for tangential air inlet way without mixing
reinforcement devices. The mixing reinforcement
devices, such as pore plate and reed valve, not only
improved fuel distribution near spark plug but also
reduced the effect of inlet ways on the homogeneity
degree. As for the arrangement, the reed valve
performs better than the pore plate

(2) Operation stability of multicycle PDE was presented
by the statistical analysis of peak pressure at the outlet
of the detonation tube. The relationship between
operation stability of PDE and homogeneity degree
of mixture was quantitatively analyzed. The homoge-
neity degree of ζ = 0:72 was a critical value for stable
working of multicycle two-phase PDE. When homo-
geneity degree ζ was lower than 0.72, it had signifi-
cant influences on the operation stability of
multicycle PDE and detonation waves in some cycles
were not achieved due to poor homogeneity degree.
The homogeneity degree ζ could have a small impact
on the operation stability of multicycle PDE if ζ was
larger than 0.72. Therefore, it was necessary to
achieve a homogeneity degree ζ of above 0.72 to
ensure PDE works steadily. These generated results
were expected to improve the operation stability
and to offer guidelines for the design of PDE’s
mixing scheme

(3) Since detonation wave is the complex of shock wave
and flame, the stability of detonation wave is prelim-
inarily discussed by using pressure wave time curve
in this paper, which is not enough. The future
research plan is that Schlieren technology will be used
to specifically study the shock-flame structure under
the condition of nonuniform mixed detonating
mixture

Nomenclature

d: Diameter
DDT: Deflagration-to-detonation transition
Gi,t : Gray value of pixel point i at time t
�G: Average gray value
Ispf : Specific impulse based on fuel
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Figure 12: Operation stability of multicycle PDE for different
homogeneity degrees.
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n: Sum of pixel points
N : Number of operation cycle
Pi: Mounted position of transducers i
pi: Peak pressure of cycle i at P5
�p: Average of peak pressure
PDE: Pulse detonation engine
α: Maximum opening angle of valve sheet
ζ: Homogeneity degree of fuel distribution
χ: Operation stability of PDE.
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