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Acoustic characteristics of pulse detonation engine sound
propagating in enclosed space”
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Acoustic characteristics of pulse detonation engine (PDE) sound propagating in enclosed space are numerically and
experimentally investigated. The finite element software LS-DYNA is utilized to numerically simulate the PDE sound
propagating in enclosed space. Acoustic measurement systems are established for testing the PDE sound in enclosed space,
and the time-frequency characteristics of PDE sound in enclosed space are reported in detail. The experimental results show
that the sound waveform of PDE sound in enclosed space are quite different from those in open space, and the reflection
and superposition of PDE sound on the walls of enclosed space results in the sound pressure oscillating obviously. It is
found that the peak sound pressure level (PSPL) and overall sound pressure level (OASPL) of PDE sound in enclosed space
are higher than those in open space and their difference increases with the rise of propagation distance. The results of the
duration of PDE sound indicate that the A duration of PDE sound in enclosed space is higher than that in open space except
at measuring points located at 2-m and 5-m while the B duration is higher at each of all measuring points. Results show that
the enclosed space has a great influence on the acoustic characteristic of PDE sound. This research is helpful in performing
PDE experiments in enclosed laboratories to prevent the PDE sound from affecting the safety of laboratory environment,

equipment, and staffs.
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1. 1. Introduction

The pulse detonation engine (PDE) has been recently rec-
ognized as an innovative propulsion technology that poten-
tially provides significant advantages of high thermal cycle
efficiency, mechanical simplicity, higher thrust-to-weight ra-
tio, lower cost, and a wide working scope. Much progress has
been made in many important performance aspects of PDE.!!]
In order that the PDE can be successful commercially in serv-
ing as a propulsion system, the environmental influence of
PDE should be considered as an important issue. In partic-
ular, most of the PDE experiments are now carried out in an
enclosed space such as laboratory. The high power noise gen-
erated by PDE is harmful to the laboratory staff, experimental
equipment and laboratory environment. However, relatively
few work has been reported on PDE acoustics.

The preliminary studies provide an initial understanding
of PDE acoustic behavior. Boesh et al.!”) measured the acous-
tic pressure downstream of a PDE along the tube axis direc-
tion. Results showed that the pressure time history and spectra
of the exiting detonation waves were comparable to those ob-
tained through ideal blast wave theory. Allgood et al.!! inves-
tigated experimentally the acoustic behavior of PDE inside an
anechoic chamber. Far-field acoustic directivity results were
obtained, showing a strong variation of the overall sound pres-
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sure level (OASPL) with directivity angle. The upstream and
sideline measurement angles showed a lower sound pressure
level than the downstream angles. The effects of operating
conditions including fill fraction, cycle frequency, and exhaust
nozzle geometry on the acoustic behavior of PDE were also
studied. The results showed an increase in OASPL with fill
fraction and a logarithmic increase with PDE cycle frequency.
The results also suggested that the acoustic levels were sen-
sitive to both the nozzle length and area ratio. Shaw er al.!¥
studied the acoustic environment of a PDE operating at 20 Hz
or 40 Hz. The acoustic measurements were made near the exit
of the tubes and extended up to a distance 12 feet away, and
the results indicated that a very high level pulse was gener-
ated near the exit of the tubes but tended to decrease in ampli-
tude fairly quickly with distance increasing since the higher
Radial de-
cay data would be useful in evaluating the accuracy of PDE

frequency energy dissipates in the atmosphere.

sound prediction schemes. Glaser et al.!® explored the effect
of the major operating parameters and exhaust exit geome-
tries on the acoustic signature of PDE. The results showed that
acoustic level increases with both fill fraction and equivalence
ratio increasing and the OASPL increases logarithmically in
the OASPL with operating frequency increasing. The acoustic
signature of a PDE can be significantly changed by modifying
the tube exit geometry. Attenuation levels of 6.5 dB were ob-
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served under certain conditions. Further investigation results
have been presented by Glaser et al.!®! The obtained results
showed that the shock wave speed quickly decays from det-
onation speeds present near the tube exit to sonic speed at
a short distance away from the exit. It was found that the
PDE generated pressure field was reasonably modeled by a
theoretical point-source explosion. Caldwell et al.”! quanti-
tatively evaluated the far-field acoustics of a dual-pulse deto-
nation engine system and compared the far-field acoustics of
a dual-pulse detonation engine system with that of a single-
PDE system. The direct comparison showed that the addi-
tion of a second PDE firing at the same frequency as the fre-
quency at whch a single PDE fires, results in an increase in the
OASPL by about 3 dB. Zheng et al.'¥ investigated the noise
radiation characteristics of PDE and HPDE under several op-
erating frequencies. The results showed that the sound pres-
sure level of HPDE is about 4 dB less than that of PDE, and
that the impulse sound pressure level reduces about 2 dB. Xu
et al.’~131 studied the formation and propagation process of
PDE sound by combing the experimental method and numeri-
cal method. The results showed that the detonation peak noise
is proportional to —3 power of the radial distance in near-field.
The effects of different tubes and loading conditions on PDE
sound were studied. The results showed that the convergent-
divergent nozzle has the most significant influence on PDE
sound to reduce the noise amplitude by 77.13% in 0° direc-
tion at 3000 mm. With increasing the fill fraction of PDE, the
amplitude of shock noise and jet noise increase while the am-
plitude ratio of jet noise to shock noise decreases. Huang et
al."*16] numerically and experimentally explored the mech-
anism of noise propagation out of PDE. The propagation re-
gion was divided into three subregions, which are strongly
nonlinear subregion, weak nonlinear subregion and linear sub-
region. The calculated results showed that the largest rate of
decay is 33 dB/m in the strongly nonlinear subregion while
the least rate of decay is 1.02 dB/m in the weak nonlinear sub-
region. The noise characteristics of a dual-tube PDE system
and three-tube system were experimentally investigated. The
results showed that the directivity of dual-tube PDE sound is
different at a different propagation distance. The highest PDE
sound pressure appeared in 0° direction around PDE exit and
it appeared in 30° direction in the region more than 2 m away
from tube exit while the directivity of three-tube PDE kept un-
changed in 30° at various radial distances. Kang ef al.['”) in-
vestigated the acoustic characteristics of a PDE with and with-
out an ellipsoidal reflector. The experimental results showed
that the ellipsoidal reflector can realize the shock wave noise
and jet noise focusing well, and create a focal zone on the
PDE axis with very high pressure, and obviously slow down
the pressure attenuation along the distance and over time in
the downstream direction. The maximum relative increase ra-
tio of PSPL and OASPL are obtained at focus point F; of the

ellipsoidal reflector, whose values are 6.1% and 6.84% respec-
tively. The greatest PSPL of PDE sound appears at a directiv-
ity angle of 20° while it changes to 0° directivity angle under
the installation of the reflector.

In this study, experimental investigation is performed on
a PDE in enclosed laboratory with long distance on a spa-
tial scale. The acoustic characteristics of PDE sound includ-
ing time-frequency characteristics, peak sound pressure level
(PSPL), overall sound pressure level (OASPL) and duration
are analyzed. It is found that the acoustic characteristics of
PDE sound in enclosed space are quite different from those in
open space.

2. Experimental system and computational
analysis model

2.1. Experimental setup

In order to explore the detonation acoustic characteristic
of PDE in enclosed space, the experimental system was set up
as shown in Fig. 1. The experimental system was composed
of a PDE tube, fuel and oxidizer supply apparatus, a control
and ignition device and an acoustic measurement subsystem.
The PDE tube is closed at one end and opened at the other,
which is made of a 304 stainless steel pipe with an inner diam-
eter of 80 mm. Two electromagnetic valves fed compressed
oxygen and compressed air into the mixing chamber from tan-
gential direction, and a separate valve supplies the liquid gaso-
line fuel into an atomizing spray nozzle which is installed at
the head wall of the PDE tube. To enhance the atomization
and vaporization of liquid fuel, a venturi tube was employed
to accelerate the flow for secondary atomization of liquid fuel
droplets. The mixtures were ignited by a spark plug which de-
livers energy, 1.5 J per spark, and the ignition frequency can
be controlled easily by a signal from a generator. A Shchelkin
spiral was inserted into the front of the detonation chamber to
aid in the deflagration-to-detonation transition (DDT) process.
In the present work, the equivalence ratio of the fuel and ox-
idizer mixture is maintained to be stoichiometric, @ = 1. The
fill fraction (ff), which was defined as the ratio of the volume
of the detonation tube filled with a combustible mixture prior
to ignition to the overall volume of the tube, is held constant at
1.0. The acoustic measurement system is specifically designed
for obtaining acoustic data. Two PCB model 113B26 dynamic
pressure sensors and four PCB model 377A12 microphones
were adopted in the acoustic measurement system. The two
dynamic pressure sensors were arranged at 2 m and 5 m from
the PDE exit and the six microphones were arranged respec-
tively at position 10 m, 20 m, 50 m, 80 m away. The heights
of all sensors were consistent with the central axis of the deto-
nation tube. The acoustic data of PDE were acquired at 500k
samples/s for all sensors simultaneously by using a LabView
interface program.
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Fig. 1. Schematic diagram of experimental setup. 1: Data acquisition system, 2: A/D converter, 3: acoustic transducer, 4: pressure

transducer, 5: spark plug, 6: ignition control system.

In order to compare the acoustic characteristics of PDE
sound in enclosed space with that in open space, the same ex-
perimental system was also constructed in the open space.

The laboratory is a long, straight enclosed space with
rough walls which are covered with sound-absorbing materi-
als. Figure 2 indicates geometry parameters for the enclosed
space used in this study. The rectangular enclosed space L
was 187-m long and had a width W and height H of 4.5 m.
The PDE exit was located at a position 3 m away from the left
wall, and the central axis of the PDE tube is 1 m away from
the bottom wall.

PDE exit

v

-
L/ %

Fig. 2. Dimensions of enclosed space and PDE location.

2.2. Computational model

The physical process involved in the formation of gas—
liquid two-phase detonation was especially complicated. This
paper focuses on exploring the acoustic characteristics propa-
gating of PDE sound in enclosed space. Therefore, the follow-
ing assumptions were made in the establishment of the com-
putational model. Firstly, the pressure waveform measured at
the PDE exit was similar to the pressure waveform obtained
by point explosion, which can be effectively loaded in the fi-
nite element software LS-DYNA. Then PDE sound source was
equivalent to the point explosion source without considering
the influence of the geometry or the size of PDE exit on the
detonation wave propagation.

According to the explosion theory, the relationship be-
tween explosive charge mass M (in unit g) and shock wave

energy E (in unit J) is expressed as
M=024x10"3E. )

The shock wave energy E is related to the volume of PDE
VppE, the combustion enthalpy of the reactants detonated, and
the operating fill-fraction ff by

E = Vppg X Hyee X ff. 2

In the calculation, the fuel gasoline was replaced by n-octane,
of which the combustion enthalpy was 44425 kJ/kg. The vol-
ume of PDE was 0.015 m* and the fill-fraction of fuel and
oxidizer was 1. The calculation result of shock wave energy
of PDE is 7740 kJ which converts into the mass of explo-
sive charge, 1858 g. The explosive charge with density of
1.63 x 1073 g/mm? was selected for computation, and the cor-
responding volume was 1.149 x 10® mm?.

The arbitrary Lagrange—Euler (ALE) approach was used
in the simulation and LS-DYNA used a coupled method for
obtaining an optimal numerical results. In the numerical
model, the explosive charge was typically modeled by using
the Jones—Wilkins—Lee (JWL) equation of state (EOS), which
modeled the pressure generated from the chemical energy in
an explosion. It could be expressed as follows:

(D “RV
V.E) = A(1—- — 1
p(V.E) ( Rlv)e

0] _rRy  OFE
+B<1—sz>e 2 +77 (3)
where p is the hydrostatic pressure, V is the specific volume, E
is the specific internal energy, and A, B, Ry, R, and @ are the
material parameters. In this study, the parameters in Eq. (3)
are given in Table 1.

Table 1. Parameters of explosive charge and JWL EOS (in cm-g-ps).

Po (&) FPcy A B Ry R (0] E \%4

1.63 0.693 021 3712 0.032 45 095 03 007 1
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Air was assumed to be an ideal gas that is able to satisfy
the EOS. The pressure related to the energy could be expressed
as follows:

where 7 is a constant, p is the air density, and e is the specific
internal energy. In this study, the parameters in Eq. (4) are

given in Table 2.

Table 2. Parameters in EOS of air (in cm-g-ps).

Y p e
1.4 1.29x 1073 2.5%107°

The geometry of the computational domain was half the
experimental space due to the symmetry of the enclosed space.
The centroid of explosive charge was set to be at the position
of PDE tube exit. The symmetrical boundary condition was
set to be in the x—z plane, and the rigid boundaries were used

for the walls for ignoring the absorption of explosion energy.

3. Computational analysis of PDE sound propa-
gating in enclosed space

Figure 3 shows the pressure contours of shock wave prop-

agating in the enclosed space.

Fig. 3. Pressure contours of shock wave propagating in enclosed space.

In the near region away from the explosion source, the
wave front extends outwards in different shapes. With the in-
crease of time, the shock wave gradually changes into a spher-
ical wave propagating along the axial direction and radial di-
rection of the enclosed space. The first reflection occurs at the
bottom wall because the distance from the center of the explo-
sive charge to the bottom wall is the shortest. The shock wave
is strengthened after reflecting by the wall and the propagation
speed of the shock wave near the bottom wall is higher than
that near the top wall. The reflected shock wave starts to catch
up with the direct shock wave propagating to the top wall. The
new reflection is produced when the shock wave arrives at the
top wall. The reflected wave from the bottom wall is super-

posed with it, generating a new shock wave propagating to the

bottom wall. When it arrives at the bottom wall, it will re-
flect again and multiple reflected wave effect will occur. The
identical phenomenon occurs when the direct wave arrives at
other walls. The direct wave and reflected wave also propagate
along the axial direction of the enclosed space in the reflection
and superposing process, and gradually attenuate with the in-
crease of propagation distance, and finally form a stable plane

wave to propagate forward.

4. Experimental analysis of PDE sound propa-
gating in enclosed space

4.1. Time domain characteristics analysis of PDE sound in

enclosed space

The PDE sound mainly comes from two sources, i.e., the
noise associated with the high-speed shock wave and the jet
noise produced during the blowdown of the hot detonation
products. When the detonation wave leaves the exit of the det-
onation tube, it quickly degenerates into a bow shock. With the
propagation of the shock wave, it is attenuated into the shock
noise. Subsequently, the high-pressure detonation products in
the detonation wake expand rapidly out of the PDE tube in a
spherical manner. The interaction between surrounding atmo-
spheres forms a jet shock wave. The jet noise consists of the
jet shock noise caused by the jet shock wave degradation and

turbulent noise generated by the hot jet (see Fig. 4).

—_— J——
— T
supersonic
jet

jet shock /detonation
shock

Fig. 4. Schematic diagram of PDE sound.?!

The repeatability tests are performed and a typical far-
field PDE sound waveform in enclosed space is selected for
analyses. Figure 5(a) shows the experimental results of the
sound pressure of PDE at the position 20 m away from the tube
exit in the enclosed space at 5-Hz operation frequency and the
single impulse sound waveform of PDE is shown in detail as
shown in Fig. 5(b). It can be seen in Fig. 5(b) that, the first
pressure peak p; and the second pressure peak p, represent
the direct waves of the shock noise and the jet noise whose
values are 1645.0 Pa and 2300.7 Pa respectively. A series of
sound pressure peaks appear following the direct shock noise
and the direct jet noise which are formed by the reflection and
superposition of the shock noise and the jet noise restrained by

the walls of the enclosed space.
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Fig. 5. (a) Sound waveform of PDE operating at 5 Hz in enclosed space. (b)
Single impulse sound waveform of PDE in enclosed space.

Figure 6(a) shows the experimental sound pressure of
PDE at the position 20 m away from the tube exit in open space
at 5-Hz operation frequency. It can be easily found that the
sound waveform of PDE sound in open space is significantly
different from that in enclosed space. The PDE sound presents
the characteristic of typical impulse noise. The definition of
impulsive noise has been given in a China National Standard
of GIB50-85, namely, the noise which is composed of one or
more abrupt noises (its duration time is less than 1 s) can be
called impulsive noise. The sound radiation characteristics of
PDE sound are intermittent, periodically short in duration, and
high in intensity. Figure 6(b) shows the single impulse sound
waveform of PDE sound in open space in detail. The first pos-
itive pressure peak ps3 is for the shock noise formed by the det-
onation wave escaping from the nozzle. When the shock noise
propagates to the test point, the sound pressure at the test point
rises rapidly to 1133 Pa. The second positive pressure peak p4
which represents jet noise comes 0.35 ms later and the value
of p4 is approximately 890.2 Pa. After the shock noise and jet
noise pass through the test point, the sound pressure of PDE
sound gradually decreases to atmospheric pressure, and a neg-
ative pressure phase appears on the waveform at a certain dis-
tance from the PDE exit. As shown in Fig. 6(b), a compensat-
ing negative pressure phase is fully developed, and the peak
value of negative pressure is usually smaller than that of posi-

tive pressure. At the end of the negative pressure, the pressure
basically recovered to the environmental pressure. No oscil-
lation of the PDE sound pressure appears after the negative
pressure phase.

2000
(a)
1500
1000 H
3
ol
=
500
0 r T r T T T T
—500 L L L
0 0.25 0.50 0.75 1.00
t/s
2000 2000
(b) 1500
Pp3
1500 & 1000 P4
= 500
1000 ’
] /;80 -
a, 2210 0.215 0.220
E t/s
500
0 A
—500 Il Il Il Il
0.18 0.20 0.22 0.24 0.26 0.28

t/s

Fig. 6. PDE sound waveform at 20 m. (a) Sound waveform of PDE operating
at 5 Hz in open space. (b) Single impulse sound waveform of PDE in open
space.

To explore the PDE sound waveform at different propa-
gation distances in enclosed space, PDE sounds respectively at
the positions 2 m, 5 m, 10 m, 20 m, 50 m, 80 m away from the
PDE exit which are marked from TP, to TP¢4 in proper order
are experimentally investigated. Figure 7 shows the experi-
mental sound pressure of PDE sound at each measuring point
in enclosed space. As shown in Figs. 7(a) and 7(b), a series of
sound pressure peaks exists before the sound pressure reaches
to the maximum pressure peak. The first pressure peak and the
second pressure peak represent the direct waves of shock noise
and jet noise respectively. Sound pressure peaks following the
direct shock noise and direct jet noise are formed by the reflec-
tion and superposition of shock noise and jet noise, which are
restrained by the walls of the enclosed space. With the con-
stant dissipation of reflected sound energy, the value of peak
sound pressure becomes smaller. The reflected noise in the en-
closed space catches up with the direct noise with the increase
of the propagation distance, and forms a stable PDE sound
propagating forward in the enclosed space. As a result, the
first sound pressure peak becomes the maximum sound pres-
sure peak and the pressure oscillation after the peak pressure
has become smooth at the measuring points after TPe,.
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Figures 7(a)-7(f) show obviously that the peak sound
pressure of PDE sound decreases rapidly with the increas-
ing propagation distance near the PDE exit. The peak sound
pressure decreases from 54375.9 Pa at TP, to 10607.5 Pa at
TP.», which decreases by about 80.5%. The peak sound pres-

sures of PDE sound at other measuring points are 3390.7 Pa,
2300.8 Pa, 1263.1 Pa, and 1990.9 Pa, respectively. It can be
concluded that the attenuation rate of the peak pressure of PDE
sound becomes slower with the increase of propagation dis-
tance in enclosed space.

4000
10000 (b)
3000+
5000} 2000
o] [}
1000 f
) &
S S 0
—5000} —1000f
10000 —2000¢ s - -
—45 0.05 0.10 0.15 020 0 005 0.10 0.15 0.20 0 005 0.10 0.15 0.20
t/s t/s t/s
2000} (d) 1000 2000
L i 1500+
. 1000} . 500 g 1000
& " & 0 < 500}
Q 0 E Q 0
i —500}
—500}
—H% —1000¢ —1000 , .
0.05 0.10 0.15 0.20 0.25 0.10 0.15 0.20 0.25 0.30 0.20 0.25 0.30 0.35 0.40
t/s t/s t/s

Fig. 7. PDE sound waveforms at different measuring points in enclosed space: (a) PDE sound waveforms at TP, (b) PDE sound waveforms at TPe;, (c)
PDE sound waveforms at TP.3, (d) PDE sound waveforms at TP.4, (¢) PDE sound waveforms at TP.s, (f) PDE sound waveforms at TPeg.

4.2. Frequency domain characteristics analysis of PDE
sound in enclosed space

PDE sound is composed of sounds with different inten-
sities and frequencies. The energy distribution in each fre-
quency band of PDE sound is also different. The time domain
signal of PDE sound at 20 m in the enclosed space is trans-
formed by FFT method and the spectrum diagram is shown
in Fig. 8(a). It can be easily found that PDE sound in en-
closed space belongs to broadband noise, there are various
frequency components between 0 and 100 kHz. The inten-
sity of PDE sound changes in zigzag shape in the frequency
band of 10 Hz—1000 Hz, and the sound pressure level fluctu-
ates in a range of 108 dB—130 dB, which is mainly concen-
trated in a range of 125 dB—130 dB. It can be seen that the
energy distribution of PDE sound is relatively uniform within
a span of 1000 Hz. When the frequency of PDE sound exceeds
1000 Hz, the sound pressure level at the frequency point de-
creases with the increase of frequency and attenuation rate is
—21.5 dB/decade.

Figures 8(b) shows the logarithmic acoustic spectra of
PDE sound at 20 m in open space. The acoustic frequency
spectrum is broad and ranges from 10 Hz to 100 kHz. In the
frequency ranging from 10 Hz to 100 Hz, the intensity of the
PDE sound first increases and then decreases with the increase
of noise frequency. The peak sound pressure appears at the
120-Hz frequency of the PDE sound waveform, at which fre-
quency the sound pressure level is 114.2 dB. In a frequency

range from 1 kHz to 100 kHz, the intensity of the PDE sound

changes in a zigzag manner. The sound pressure level gener-

ally decreases as the frequency of the PDE sound increases.
140

120

f/Hz
140

120

100

80

60

SPL/dB

40

20

O 1 1 1
10! 10? 103 10 10°

f/Hz
Fig. 8. Logarithmic acoustic spectrum of PDE sound at 20 m: (a) acous-

tic spectrum of PDE sound in enclosed space, (b) acoustic spectrum of
PDE sound in open space.

The frequency domain characteristics of PDE sound at
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each testing point are substantially identical except the peak
frequency. Figure 9 shows the peak frequency of PDE sound
in enclosed space varying with propagating distance. It can
be easily found that with increasing propagation distance, the
high frequency sound dissipates quickly and the peak fre-
quency of PDE sound shifts toward lower frequencies. The
analysis of the sound frequency spectrum shows the low fre-
quency characteristic of PDE sound in enclosed space obvi-

ously.
1600
N
T 800t
Ly
b ol 1 - 1
O0 20 40 60 80

z/m

Fig. 9. Peak frequency of PDE sound in enclosed space.

4.3. Effective duration analysis of PDE sound in enclosed
space

Hearing impairment and loudness are both related to the
energy of impulse noise. When evaluating the energy of im-
pulse noise, the effective duration and the amplitude of sound
pressure are equally important. Thus, the duration becomes
another important physical characteristic. Two types of dura-
tions are commonly used to assess impulse noise, i.e., A dura-
tion (7;.) and B duration (f,). The A duration is the time taken
for the initial or principal pressure wave to rise to its positive
peak and return momentarily to ambient pressure. The B du-
ration is the total time taken for the envelope of the pressure
fluctuations (positive and negative) to be within 20 dB of the
peak pressure level.[!8] Referring to the definition of impulse
noise duration, the A duration and B duration of PDE sound
are investigated in this research.

As shown in Fig. 10, the A and B durations of PDE sound
at 20 m in enclosed space marked as 7,1 and fy; are 3.2 ms
and 200 ms respectively. It can also be seen intuitively from
Fig. 10 that the B duration lasts almost the whole period of
PDE sound. This is because the pressure fluctuation of PDE
sound in enclosed space is large after reaching the main peak
pressure, and the amplitude of pressure fluctuation is within
20 dB below the peak sound pressure level.Comparing the A
duration with the B duration of PDE sound at 20 m in open
space, it can be seen from the figure that the 7, of PDE sound
in open space is determined by shock noise and jet noise, and
the #,, is determined by shock noise, jet noise and partial neg-

ative pressure. The ¢, and ,, of PDE sound in open space are

1.89 ms and 5.36 ms respectively. It suggests that the values
of ¢t and #, of PDE sound in enclosed space are higher than
those in open space due to the reflection and superposition of
PDE sound on the walls. The ratios of 7 to #, in the two test
environments are 1.7 and 37.3, respectively.

—— enclosed space

2000+ to1
)

+zt —— open space
1000 b2

—500 L

0.020 0.040 0.050

t/s

Fig. 10. Comparison between durations of PDE sound.

0.030 0.060

The values of A duration and B duration of PDE sound
at different propagation distances are shown in Figs. 11(a) and
11(b). As shown in Fig. 11(a), the A duration of PDE sound
in the enclosed space is generally longer than that in the open
space except at the measuring points TP.; and TP, which are
near to the exit of PDE. As shown in Figs. 7(a) and 7(b), the re-
flection and superposition effects of walls on PDE sound in en-
closed space are evident and the maximum sound pressure of
PDE sound is the peak sound pressure of reflection noise rather
than direct noise at TP.; and TPs,. In common with Coles,!8]
the authors have found that when the measuring point is close
to the sound source, the initial wave is sometimes of smaller
amplitude than some of the subsequent waves, and in such a
case, the A duration is taken from the largest pressure wave.
As a result, the A duration of PDE sound at TP.; and TP, is
determined by the duration of the reflection noise. The short
duration of the reflection noise results in the shorter A dura-
tion of PDE sound in the enclosed space than that in the open
space.

As shown in Fig. 11(b), the B duration of PDE sound in
enclosed space is significantly higher than that in open space.
This is due to the higher amplitude of pressure oscillation
caused by the reflection and superposition of walls on PDE
sound in enclosed space, leading the B duration to increase.
The decrease of shock noise, jet noise and negative pressure
result in the B duration of PDE sound decreasing first and then
keeping stable in open space. The B duration at the measuring
point after TP, almost sustains the whole period of the PDE
sound in enclosed space, indicating that the energy of reflec-

tion noise accounts for a large proportion of PDE sound.
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Fig. 11. Effective duration of PDE sound: (a) duration of PDE sound,
(b) B duration of PDE sound.

4.4. Sound pressure level analysis of PDE sound in en-
closed space

It is noticed that there are two important acoustic param-
eters for various types of impulse noise, i.e., peak sound pres-
sure level (PSPL) and overall sound pressure level (OASPL),
the former is universally considered as the most critical factor
for noise-induced hearing loss of human and defined as

PSPL = 201g(Pyear/Po)- 5)

In formula (5), Ppeak is the peak sound pressure of impulse
noise and Py is the baseline sound pressure which equals
2% 107 Pa.

The latter (OASPL) is defined as

OASPL = 201g(Prus /Py ).- (6)

In formula (6), Prus is the effective sound pressure of impulse
noise and is equal to

1 T
Bous =\ 7 /0 p(1)2dr. ™

The OASPL presents an amount of noise radiation energy
which is also an important factor for destroying the human
hearing.

Figure 12 shows the variations of PSPL of PDE sound
along with propagation distance in open and enclosed space.
It is found that the change rules of PSPL with the propaga-
tion distance of PDE sound in enclosed space almost coincides

with that in open space. The PSPL of PDE sound generally de-
creases with the increase of propagation distance. In the area
near the PDE exit, the PSPL of PDE sound decreases rapidly,
but the attenuation rate gradually slows down with the increase
of propagation distance. Comparing the PSPL of PDE sound
in enclosed space with that in open space, it can be found that
the PSPL of PDE sound in enclosed space is higher than those
of corresponding measurement points in open space at all mea-
suring points. The difference between the PSPL of PDE sound
in enclosed space and the PSPL of PDE sound in open space at
TPe1, TPe>, and TP.3 which are near the PDE exit are 3.44 dB,
2.90 dB, and 0.65 dB respectively. And the difference between
the two values at TPe4q, TP¢s5, and TP which are far from the
PDE exit are 6.15 dB, 18.56 dB, and 28.05 dB respectively. It
suggests that the energy attenuation of PDE sound in enclosed
space is much less than that in open space due to the reflection
and superposition of the PDE sound on each wall. As a result,
the attenuation speed of the PSPL of PDE sound in enclosed
space is slower. It can also be seen from Fig. 12 that when the
PDE sound propagates to the last measuring point TP.g in en-
closed space, the PSPL of PDE sound is still 159.9 dB, which
indicates that the reflection and superposition of PDE sound by
the solid wall of enclosed space make the PDE sound maintain
high noise intensity in the far field.

190
—=—enclosed space

180+ —e— Open space

170+

160

PSPL/dB

150

140

0 20 40 60 80
x/m

130 L

Fig. 12. Peak sound pressure level of PDE sound.

Figure 13 shows the variation of OASPL of PDE sound
with propagation distance in open and enclosed space. From
Fig. 13, it can be seen that the change trend and the change
rules of the OASPL of PDE sound in open space and enclosed
space are almost the same as those of PSPL. At the measuring
point TP, [, the difference between the OASPL of PDE sound
in enclosed space and that in open space is only 0.2 dB, which
indicates that the energy of PDE direct noise accounts for a
large proportion while the reflection noise energy accounts for
a small proportion. At the measuring points after TP¢, the
proportion of the reflection noise energy in the enclosed space
begins to increase significantly. It is shown in the figure that
the OASPL of the PDE sound in the enclosed space at the mea-
suring point after TPe; is much higher than that in the open
space.
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Fig. 13. Overall sound pressure level of PDE sound.

Comparing Fig. 12 with Fig. 13, it can be found that the
attenuation rules of the OASPL of PDE sound is similar to
that of the PSPL. The PDE sound decays rapidly near the PDE
exit area and then the attenuation rate slows down, which is
different from the attenuation rule of typical spherical sound
wave. The attenuation amplitude and rate of PDE sound in en-
closed space are much smaller than those in open space due to
the reflection and superposition of PDE sound on the walls of
enclosed space.

5. Conclusions

In this work, the acoustic characteristics of PDE sound
propagating in enclosed space are numerically and experimen-
tally investigated. The PDE sound is essentially produced
through two sources: noise associated with shock wave and jet
noise produced during the blowdown of the detonation prod-
ucts. The computational results clearly demonstrate the re-
flection and superposition process of PDE sound on the walls.
The experimental results show that the acoustic characteris-
tics of PDE sound in enclosed space are quite different from
those in open space. Due to the reflection and superposition
of PDE sound on the walls of enclosed space, the PDE sound
waveform oscillates obviously, and in the area near the exit
of PDE, the sound pressure of direct noise is less than that
of reflected noise. The peak sound pressure level and over-
all sound pressure level of PDE sound in enclosed space are
higher than those in open space. And the difference between
the peak sound pressure level and overall sound pressure level
of PDE sound in enclosed space increases with the rise of the
propagation distance. The peak sound pressure level and over-
all sound pressure level of PDE sound change in the same rule
that the peak sound pressure level and overall sound pressure
level decrease rapidly in the area near PDE exit and the at-
tenuation rate slows down with the increase of propagation
distance. The A duration of PDE sound in enclosed space is

higher than that in open space except at 2-m and 5-m measur-
ing points. The B duration of PDE sound in enclosed space is
higher than that in open space at all measuring points, and the
B duration of PDE sound in enclosed space sustains the whole
PDE sound period at the measuring points at the position 5 m
away due to the intense pressure oscillation results from the
reflection and superposition of PDE sound on the walls.

This study elaborates the acoustic characteristics of PDE
sound propagating in enclosed space, which can guide the ex-
perimenters who carry out PDE experiments in the enclosed
laboratory to prevent and control PDE sound. In order to avoid
damaging the laboratory staffs and experimental instruments
by the high intensity and long duration of PDE sound, it is
suggested that the walls of the laboratory should be covered
with sound-absorbing materials and the experimental equip-
ment which are sensitive to vibration, noise and high tempera-
ture should be avoided being placed at the downstream of PDE
exit. And most importantly, the experimenters are required to
wear hearing protectors during the experiment.
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