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Investigation of Thrust Augmentation and
Acoustic Performance by Ejectors on PDE

Abstract: Thrust augmentation and acoustic performance
of a Pulse Detonation Engine (PDE) with ejector system is
experimentally investigated. For these tests the LEjector/
DEjector is varied from 1.18 to 4 and the axial placement
of the ejector relative to the PDE exhaust is varied from an
x/DPDE of −3 to 3. Results from the tests show that the
optimum LEjector/DEjector based on thrust augmentation and
Overall Sound Pressure Level (OASPL) is found to be 2.61.
The divergent ejector performed the best based on thrust
augmentation, while the reduction effect for OASPL and
Peak Sound Pressure Level (PSPL) at 60° is most promi-
nent for the convergent ejector. The optimum axial posi-
tion based on thrust augmentation is determined to be x/
DPDE ¼ 2, while, x/DPDE ¼ 0 based on OASPL and PSPL.
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Introduction

The pulse detonation engine (PDE) is an innovative propul-
sion technology that could potentially provide significant
advantages such as hardware simplicity, high thermody-
namic cycle efficiency and wide working scope. It has been
suggested that the use of ejector, which is a coaxial duct
placed around the exhaust of an engine performing as a
fluidic pump on PDE, may be an effective way to increase
the thrust being generated.

Many previous experimental studies of PDE with
ejector have been conducted and presented in the litera-
ture [1–4]. It has been observed that ejector performance
is sensitive to the ejector geometric parameters, such as

ejector-to-PDE diameter ratio, ejector length and ejector
shape. In most cases, an optimum ejector-to-PDE dia-
meter ratio ranges between 2.4 and 3.5 [5–11]. Generally,
longer ejectors outperform the short ones [11–14], and
divergent ejectors tested are much more effective at
improving thrust augmentation than the straight ones
[14, 15]. Another parameter of importance is the axial
position of the ejector inlet relative to the PDE tube exit.
Downstream ejector placement between one and two PDE
diameters provides optimum levels of thrust augmenta-
tion [16–18]. In addition to ejector geometry and axial
position of the ejector, there are still other operating
parameters that have been shown to affect the perfor-
mance of a PDE, such as fill fraction that represents the
proportion filled with detonable mixture relative to the
PDE tube volume. Although the PDE thrust has been
shown to decrease with a reduction in fill fraction, better
specific thrust performance is obtained at lower operating
fill fraction [11, 14, 18]. However, the acoustic signature,
as another important influence on PDE performance,
receives much less attention. It is proved that ejectors
would have an impact on the acoustic signature of PDE.
An experimental study by Glaser et al. [19, 20] was carried
out using a straight cylindrical ejector. The results show
that the optimum ejector (based on sound attenuation) is
found to be the DEjector/DPDE ¼ 3, at a downstream axial
placement of x/DPDE ¼ 1.

This paper presents an experimental investigation into
the effects of the geometry and axial position of the ejector
on PDE performance, including thrust augmentation and
detonation acoustic. The detonation acoustic of PDE, both
Peak Sound Pressure Level (PSPL) and Overall Sound
Pressure Level (OASPL), are analyzed with different ejector
lengths and shapes, resulting in an improvement on deto-
nation acoustic formation mechanisms. The results are of
great significance for design and control of PDE with ejector
to obtain optimal performance on both thrust and acoustic.

Experimental setup

In order to explore thrust augmentation and detonation
acoustic of PDE with ejector, the experiment system is set
up as shown in Figure 1.
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The system is composed of PDE tube, ignition control
system and test system. Compressed air and compressed
oxygen as oxidizer are injected into the PDE tube by tan-
gential forms. Enhanced mixing of the fuel gasoline and
oxidizer is achieved by combined atomizing nozzle and
venturi tube. Ignition control system is composed of signal
control system, high-energy igniter and spark. PDE cycle
frequency is controlled by signal control system. A detona-
tion event is produced via a spark and high-energy igniter.

Dynamic thrust transducer is used in the test system,
mounted in move stand. Circular microphone array of
three microphones at radius arranged in the distance
from 1,000 mm to 3,000 mm from the PDE exhaust
provides the means of collecting PDE noise data at direc-
tivity angles from 0° to 60°. In this paper, directivity
angle is defined as the angle from the PDE tube center-
line to the microphone at 0° being directly downstream.
The thrust and noise data of PDE are acquired at 500 k
samples/s from all transducers simultaneously.

Ejector hardware

As depicted in Figure 2, three typical ejectors are used
during testing: straight ejector, divergent ejector and con-
vergent ejector, named for their exhaust section shapes. All

ejectors have the same rounded inlet diameter of 132 mm
and the same ejector diameter of 280 mm which is defined
as the diameter of the straight section. The lengths of the
ejectors are varied by extending the straight sections,
respectively. The divergent ejector sections have a 4 half-
angle of divergence at a fixed length of 200 mm. The
convergence ejector sections have the same half-angle
and fixed length. The axial position � is the distance
from the PDE tube exit plane to the ejector inlet plane. A
positive axial position value means the ejector inlet being
placed downstream of the PDE exit. For a negative value,
the ejector is mounted upstream of the detonation tube exit.

Evaluation parameters

The amount of PDE thrust augmentation produced by the
use of an ejector is defined as follows:

α ¼ TEjector � TPDE

TPDE
� 100% ð1Þ

where TEjector is the time-averaged thrust generated by the
PDE with ejector, and TPDE is the baseline time-averaged
thrust of the system with no ejector installed.

The detonation acoustic of PDE with an ejector is
quantified through PSPL and OASPL, shown as follows:

PSPL ¼ 20 lg Ppeak=p0
� � ð2Þ

OASPL ¼ 20 lg PRMS=p0ð Þ ð3Þ

PRMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
T

Z T

0
pðtÞ2dt

s
ð4Þ

where p0 is the reference noise pressure with value of
20 � 10−6 Pa and T is 132 ms. (The PDE cycle is 132 ms at
the condition of 1 for fill fraction.)

Results and discussion

Baseline testing of pulse detonation engine

The baseline testing is carried out in the 1,900 mm length
PDE detonation tube (80 mm diameter) without an ejec-
tor. Figure 3 shows the thrust time traces and detonation
noise pressure time traces at 0° direction in 3,000 mm
during PDE running at the condition of 1 for fill fraction.
A time-averaged thrust value of 94.28 N is measured at
the PDE cycle. First, the fast rising edge that appeared in

Figure 1: Schematic of the experimental setup.

Figure 2: Diagram of the ejector geometry.

20 G.-y. Xu et al.: Investigation of Thrust Augmentation



detonation noise pressure time traces represented the
arrival of shock wave noise, as shown in Figure 3(b).
The peak of first fast rising edge PImpact is 8.53 kPa
which is called impact noise. A series of rising edges
PJetN appeared 0.95 ms after, because vortexes which
are caused by jet are formed there.

The corresponding PSPL and OASPL values under dif-
ferent directivity angles are listed in Table 1 in the baseline
PDE running. The maximal PSPL is obtained at 30°

direction, which is 175.06 dB. It is noteworthy that the
OASPL is the minimum at 30° direction, which is 148.18 dB.

Effect of ejector length on PDE performance

The effect of ejector length on PDE performance is inves-
tigated at a fixed ejector axial position, x/DPDE ¼ 0. The
lengths of ejectors could be varied by changing the
length of the straight sections as depicted in Figure 1,
resulting in an increase in LEjector/DEjector from 1.18 to 4
during the experiment. As shown in Figure 4(a), the
thrust augmentation generally increases with an increase
in LEjector/DEjector for all ejectors, while an inflection in the
curve appears which is located at the LEjector/DEjector of
2.61. The reason is that primary exhaust flow cannot
entrain enough secondary flow when the ejector is too
short. An extension in ejector length would lead to a fast
increase in additional secondary flow, but the effect
would not be obvious when the ejector is long enough.

The effect of LEjector/DEjector on detonation acoustic
features, PSPL and OASPL, continues to be a matter of
great interest in PDE performance research, as shown in
Figure 4(b) and (c). It can be seen that the extension in
divergent ejector length exhibits an increase in PSPL at
both 0° and 30°. The amplification effect is most promi-
nent for the LEjector/DEjector of 4 at 0°, where an amplifica-
tion of 4.37 dB is achieved. The multiple reflections
would contribute to the intensity enhancement in the
peak of detonation wave. However, the wave radial pro-
pagation at 60° may be refrained by ejector configura-
tion, resulting in a reduction in PSPL with increasing
ejector length. The maximum reduction is up to 2.63 dB
at LEjector/DEjector of 4. Reductions in OASPL with increas-
ing LEjector/DEjector are observed in the experiment for all
the directions, shown in Figure 4(c). The maximum
reduction, about 3.12 dB, appears with the longest diver-
gent ejector (LEjector/DEjector ¼ 4) at 60°. It can be
seen that reductions in OASPL would not be obvious
when the ejector is long enough. Based on sound
attenuation and thrust augmentation, it can make a con-
clusion that the optimum LEjector/DEjector is 2.61 in this
portion of study.

Figure 5 shows the effect of detonation noise pres-
sure time traces with ejector at 60° and 30°. It can be
observed that PJetN which is caused by turbulence is
restrained at 60° and 30° for PDE testing with ejector.
These may be probably due to the decelerating
effect from secondary flow by divergent ejector on deto-
nation exhaust of high temperature. It is one reason for
reductions in OASPL at 30° and 60°. As shown in

Figure 3: Thrust time traces and detonation noise pressure time
traces in the baseline PDE running. (a) Thrust time traces in the
baseline testing. (b) Detonation noise pressure time traces at 0°
direction in 3,000 mm.

Table 1: Baseline PSPL and OASPL (r ¼ 3,000 mm).

Directivity angle PSPL/dB OASPL/dB

° . .
° . .
° . .
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Figure 6(b), a phenomenon worthy to be pointed out is
that PJet1 is delayed at 30°. It is the other reason for
reductions in OASPL at 30° and 0°.

Effect of ejector shape on PDE performance

There are three kinds of ejectors (straight, divergent and
convergent ejectors) tested in this portion of study. All
ejectors are mounted at an axial position of x/DPDE ¼ 0.
As shown in Figure 4(a), it indicates that the best thrust
augmentation curve is obtained for a divergent ejector at
all LEjector/DEjector. Figure 6(a) shows the contrast diagram
of thrust time traces at LEjector/DEjector of 2.61. Installing
ejectors exhibits a reduction in the peak of thrust time
traces but augmentation in the duration of thrust time
traces. The maximum thrust durations is achieved for a
divergent ejector. It is due to this that the diverging
section appears to be that of a subsonic diffuser, reducing
static pressure on divergent ejector [16], increasing

Figure 4: Effect of ejector length on thrust augmentation and
detonation noise. (a) Effect of ejector length on thrust augmentation. (b)
Effect of ejector length on PSPL. (c) Effect of ejector length on OASPL.

Figure 5: Contrast diagram of detonation noise pressure time traces.
(a) Contrast diagram of detonation noise pressure time traces at 60
degree. (b) Contrast diagram of detonation noise pressure time
traces at 30°.
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secondary flow rate and thrust duration. The phenom-
enon of blocking caused by convergent ejector leads to
the secondary flow rate and thrust duration declines.

The effect of ejector shape on PSPL is shown in
Figure 6(b). One trend that can be observed clearly is
that all of the ejectors exhibit a reduction in the PSPL at
60° but amplification at 0° and 30°. The most prominent
amplification is obtained for straight ejector at 0°, where
an amplification of 2.94 dB is achieved. The best

reduction is obtained at 60°, where a reduction of 1.77
dB is achieved for convergent ejector.

The reduction in OASPL caused by the different ejec-
tors is shown in Figure 6(c). It can be seen that OASPL is
reduced at all angles with all ejectors. The reduction
effect is most prominent at 0°, where a reduction of
3.45 dB is achieved for the convergent ejector. This beha-
vior can be attributed to the weakest oscillation of deto-
nation noise pressure of convergent ejector, as shown in
Figure 7. The phenomenon of blocking caused by con-
vergent ejector leads to the secondary flow rate declines.
The turbulence causes oscillations of detonation noise
pressure, and the deceleration of jet speed results in
restrained oscillations.

Effect of ejector axial position on PDE
performance

Previous work has shown that PDE performance is sensi-
tive to the ejector axial position relative to the PDE exit
[15, 16], and maximum thrust augmentation occurred
with divergent ejector. Here, the effect of axial position
is investigated in an installed divergent ejector with
LEjector/DEjector of 2.61. A detailed mapping of PDE perfor-
mance as a function of axial position is obtained and
shown in Figure 8(a). The increase in thrust augmenta-
tion is obvious with the increasing x/DPDE from −3 to 2,
due to the improvement in the secondary flow restriction
from limited flow area. The maximum thrust augmenta-
tion is at x/DPDE ¼ 2 for the divergent ejector by an
augmentation of 50.15%. Obviously, this is the very cri-
tical position where the PDE performance is the best.
With further movement downstream, the velocity of the

Figure 6: Effect of ejector shape on thrust augmentation and deto-
nation noise. (a) Contrast diagram of thrust time traces. (b) Effect of
ejector shape on PSPL. (c) Effect of ejector shape on OASPL.

Figure 7: Contrast diagram of detonation noise pressure time
traces at 0°.
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primary exhaust flow suffered a serious deceleration
when ejector inlet is too far away from the tube exit so
the primary exhaust flow does not have enough power to
entrain the secondary flow, resulting in a reduction in
thrust augmentation when x/DPDE is more than 2.

The effect of axial position on detonation noise on
PSPL is shown in Figure 8(b). For both 0° and 30°, PSPL
increases at first and then decreases with increasing the

axial position LEjector/DEjector from −3 to 3. Results indicate
that PSPL reaches its maximum of 1.89 dB and 2.89 dB at
LEjector/DEjector of 0. PSPL at 60° is decreasing with
increased axial position, resulting in the highest reduc-
tion of 2.35 dB in experiments.

Generally, divergent ejector is helpful for reducing
the OASPL during PDE running. The OASPL exhibits
good agreement in changing trend for experimental
curves at all directions, as shown in Figure 8(c). The
maximum reduction appears at the x/DPDE of 0, and
movement of ejector downstream or upstream further
would increase the OASPL obviously. The maximum
reduction values are 2.09 dB at 0°, 6.01 dB at 30° and
5.74 dB at 60°. The time between PImpact and PJet1 is
increased when x/DPDE is away from 0, as shown in
Figure 9. This behavior can be attributed to the phenom-
enon that the secondary flow is accelerated when ejector
position is away from PDE exit.

Since previous work has shown that x/DPDE ¼ 2, LEjector/
DEjector ¼ 2.61 and divergent ejector provided the best
performance, propagation of PDE detonation noise with
those factors is analyzed in this portion of the study. The
investigation of detonation noise characteristic is carried
out in the range from 1,000 mm to 3,000 mm at three
different angles. The divergent ejector affects PSPL
change and OASPL change at 0° as shown in Figure 10.
Baseline detonation noise amplitude is mapped as a
function of radial distance. It is found that PPeak and
PRMS rapidly decrease with radial distance. With
increased distance, the decay rate of PPeak and PRMS

slows down. As shown in Figure 10, the divergent ejector
shows significant influence on PSPL and OASPL. It can be

Figure 8: Effect of axial position on thrust augmentation and deto-
nation noise. (a) Effect of axial position on thrust augmentation. (b)
Effect of axial position on PSPL. (c) Effect of axial position on OASPL.

Figure 9: Contrast diagram of detonation noise pressure time traces
at different axial position.
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observed that for ejector, amplification is obtained at
short distance, but reduction at long distance. The
decay rate of PPeak and PRMS for the divergent ejector is
faster than baseline.

Conclusion

In this study the effects of ejector geometry and ejector
axial position on ejector performance are investigated. It
is shown that increasing the ejector length increases the
level of thrust augmentation and PSPL at 0° and 30°,
while the OASPL at all angles and PSPL at 60° reduces
with increasing ejector length. This increase in augmen-
tation is the result of an additional secondary flow
increase with increasing ejector length. The best LEjector
is located at the LEjector/DEjector of 2.61.

The ejector shape also greatly affects the perfor-
mance of the PDE ejector system. The best thrust aug-
mentation curve is obtained for a divergent PDE ejector. It
is due to this that the diverging section appears to be that
of a subsonic diffuser, reducing static pressure on diver-
gent ejector, increasing secondary flow rate and thrust
duration. The reduction effect for OASPL is most promi-
nent at 0°, where a reduction of 3.45 dB is achieved for
the convergent ejector. This behavior can be attributed to
the weakest oscillation of detonation noise pressure of
convergent ejector, as shown in Figure 7. All of the ejec-
tors exhibit a reduction in the PSPL at 60° but amplifica-
tion at 0° and 30°. The most prominent amplification is
obtained for straight ejector at 0°. The best reduction is
obtained at 60° for convergent ejector.

The effect of ejector axial position is also studied
with divergent ejector whose LEjector/DEjector is 2.61. It
can be clearly seen that maximum thrust augmentation
occurred at x/DPDE ¼ 2 for the divergent ejector, where an
augmentation of 50.15% is achieved. OASPL first
decreased and then increased when the axial position
increased, and the optimum axial position is at x/DPDE

¼ 0 for all angles. PSPL at 0° and 30° first increases and
then decreases with the change of the axial position from
−3 DPDE to 3 DPDE, while the maximum PSPL reaches 1.89
dB and 2.89 dB at x/DPDE ¼ 0. PSPL at 60° decreases with
increasing axial position. The best reduction is obtained
at 60°, where a reduction of 2.35 dB is achieved.

The investigation of detonation noise characteristics
is carried out in the range from 1,000 mm to 3,000 mm. It
can be observed that for ejector, amplification is obtained
at short distance, but reduction at long distance. The
decay rate of PPeak and PRMS for the divergent ejector is
faster than baseline.
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Nomenclature

DPDE detonation tube diameter, m
DEjector ejector diameter
LEjector ejector length
OASPL Overall Sound Pressure Level

Figure 10: Effect of detonation noise with divergent ejector in differ-
ent r. (a) PPeak in different r. (b) PRMS in different r.
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PSPL Peak Sound Pressure Level
x ejector position (distance from PDE exit to ejector inlet)
r radius from PDE exit
PPeak peak sound pressure
PImpact peak impact pressure
PJetN Nth peak jet sound pressure
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