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Curved reflection bunching technique of underwater plasma sound source (UPSS) uses the geometric characteristics of the curved
reflector to reflect and bunching intense sound shock wave, so the center position error of the sound source is one of the important
factors affecting the bunching performance of the shock wave. In this paper, the cause of the sound source position error is
analyzed in detail, and nonlinear finite element software ANSYS/LS-DYNA (dynamic analysis software developed by LSTC) is
used to establish the model of the shock wave bunching sound field. -rough numerical simulations, the shock wave bunching
sound field distribution characteristics under the influence of different position errors are comprehensively simulated, and the
bunching performance of the shock wave and its influence law are deeply analyzed according to the simulation results. It provides
guidance for reasonably controlling the machining error and installation error of the reflector and discharge electrode, estimating
the effective discharge times of the discharge electrode, and formulating the design process.

1. Introduction

UPSS technology can be used to realize narrow-pulse ultra-
wideband (UWB) sonar detection system, which breaks
through the limitations of traditional sonar signal carrier
modulation technology [1, 2]. It has the advantages of high
emission sound source level (up to 260 dB), wide frequency
bandwidth (bandwidth between tens of hertz and hundreds
of kilohertz), high electroacoustic conversion efficiency, high
distance resolution, strong penetration ability, and strong
anti-interference ability [1–5]. At present, this technology
has been widely used in civil fields such as extracorporeal
shock wave lithotripsy, water treatment, oil pipeline
blockage removal, rock fragmentation, andmarine resources
exploration. Especially in the fields of underwater target
detection, underwater ultralong-range communication, and
underwater acoustic countermeasures, it has become a hot
research topic [6, 7].

-e shock wave signal generated by UPSS arc discharge
has weak directivity or no directivity, and the curved

reflection bunching technology can be used to make the
signal directional radiation and improve the radiation en-
ergy of the signal in the specified area. However, a series of
“nonideal factors” will affect the sound field distribution of
the shock wave in the process of bunching [8, 9], which
makes it impossible to accurately describe the radiation
directivity, bunching gain and focus position of the shock
wave. As far as the system parameters of UPSS are con-
cerned, the main “nonideal factors” include the structure
and material of discharge electrodes, the distance between
discharge electrodes, the structure and material of curved
reflector, the central position of sound source, the type and
capacitance of energy storage capacitor, and the discharge
voltage. -ese factors will affect the parameters of shock
wave generated by UPSS arc discharge.-is paper focuses on
the influence of the sound source position error on the
sound field distribution characteristics.

Because the reflection bunching of shock wave is realized
by the revolving ellipsoidal reflector, the center of discharge
electrode should be located at the geometric focus of
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ellipsoidal reflector. But the structure of reflector and dis-
charge electrode is relatively complex, processing error or
installation error is easy to occur [10], and the electrode
ablation is more serious under the condition of high-power
repeated discharge. -ese factors will make the center po-
sition of the sound source deviate, thus greatly affecting the
sound field distribution characteristics of the shock wave. In
[10], 3D Max tool is used to analyze the influence of errors
on the performance of ellipsoidal reflector bunching, in-
cluding the processing error of reflector aperture and the
position error of sound source. It is concluded that the
reflector processing error has little influence on the focusing
performance of the second focus, while the sound source
position error has a great influence on the focusing per-
formance. -e research of reference [11] shows that as long
as the first focus of the ellipsoidal reflector has a slight
deviation, the pressure amplitude of the reflected wave in the
focal area will change dramatically.

In this paper, the nonlinear finite element analysis
method is used to establish the reflection bunching sound
field model of shock wave. -e influence of different sound
source position errors, such as the machining error of
electrode installation hole at the bottom of reflector, the
machining and installation error of discharge electrode, and
the ablation of discharge electrode, on the distribution
characteristics of shock wave bunching sound field is ana-
lyzed by numerical simulation method. -erefore, the re-
search in this paper has important practical significance for
understanding the influence of source center position error
on the characteristics of curved reflection bunching.

2. Curved Reflection Bunching
Technique of UPSS

Acoustic lens method, curved reflection method, and array
bunching method are commonly used in underwater
acoustic engineering [12–17]. In this paper, the principle of
ellipsoidal reflection bunching is used to realize the reflec-
tion bunching of shock wave generated by a single UPSS [6].
According to the linear acoustic theory, as shown in Fig-
ure 1, if the plasma sound source is placed on the first focus
F1 of the ellipsoidal reflector, the intense sound shock wave is
reflected by the ellipsoidal reflector, and according to the
geometric law of the ellipsoid, the energy will converge to the
other focus F2 of the ellipsoid. -erefore, the intensity of the
bunching shock wave formed at the focus F2 is obviously
improved, the bunching gain is increased, and the pulse
width of a shock wave is narrowed, so that the design re-
quirements of a narrow-pulse UWB sonar detection system
are met.

3. Cause Analysis of the Sound Source
Position Error

As shown in Figure 1, when the ellipsoidal reflection
bunching technique is adopted, the center position of the
discharge electrode, i.e., the center position of the sound
source, should be located on the first focus F1 of the el-
lipsoidal reflector, and the discharge electrode structure is

designed in a tip-tip type integrated way. When the dis-
charge electrode mounting hole at the bottom of the el-
lipsoidal reflector has processing errors [10], i.e., the central
axis direction of the mounting hole is inconsistent with the
central symmetry axis direction of the reflector, the center
position of the sound source will deviate from the first focal
point F1 of the reflector; when the processed discharge
electrode tip-tip is not centered, the center position of the
sound source deviates from the central symmetry axis of the
reflector; when the discharge electrode is installed by direct
insertion, the discharge electrode is not installed in place or
exceeds the limit in the mechanical installation process. In
this case, installation errors will occur, resulting in positive
or negative movement of the sound source position in the
central axis direction of the reflector. -e sound source
position is offset from that first focus.

In addition, copper alloy materials are often used as the
electrode material, which belong to consumptive equipment
in actual use. Under the condition of high-power and high-
frequency discharge, the electrode is easy to ablate and wear,
and the tip will be passivated, as shown in Figure 2. When
the electrode tip is seriously passivated, the center position of
the plasma sound source will shift.

-rough the above analysis, we can divide the errors into
the following two categories:① positive or negative position
errors along the central symmetry axis of the reflector; ②
position error deviating from the central symmetry axis of
the reflector.

4. Modeling of the ShockWaveBunching Sound
Field and Error Analysis

4.1. Modeling of the Shock Wave Bunching Sound Field.
-e distribution characteristics of the underwater plasma
shock wave bunching sound field follow the three conser-
vation laws of physics, so the basic control equations of the
bunching sound field can be constructed by using the
continuity equation, the motion equation, and the energy
equation. -e distribution parameters of sound field at
different time and different position are solved [18]. Since
there is almost no analytical solution for the equations, the
arbitrary Lagrangian–Eulerian (ALE) method [19], which
combines the advantages of Euler method and Lagrangian
method, is usually used to solve the nonlinear bunching
sound field distribution of high-power shock wave. -is
paper intends to study the influence of the sound source
position error on the distribution characteristics of the shock
wave bunching sound field, so in the simulation modeling,
assuming that other simulation conditions remain un-
changed, only changing the sound source position can meet
the needs of numerical simulation. For ease of investigation,
we directly use the nonlinear finite element analysis software
ANSYS/LS-DYNA embedded with ALE algorithm to model
and numerically simulate the bunching sound field [20].

-e solid models of reflector, water medium, and dis-
charge electrode are all divided by solid unit (SOLID164). In
order to simulate the infinite free acoustic field, the
boundary of the fluid computational domain is set as a
nonreflecting boundary to eliminate the influence of
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reflected waves. -e contact among the ellipsoidal reflector,
the discharge electrode, and the water medium adopts a
common node method, and the multimaterial ALE algo-
rithm is used among the three substances.

As shown in Figure 1, a hydroelastoplastic model
JOHNSON-COOK is adopted for both that ellipsoidal re-
flector and the discharge electrode, and the equation of state
is EOS_GRUNEISEN equation. -e density of the reflector
material is 0.001783 g/mm3, and the discharge electrode
material density is 0.0138 g/mm3. -e elastic-plastic model
MAT_ELASTIC_PLASTIC_ HYDRO is used for the insu-
lating material between the cathode and the anode of the
discharge electrode. -e compressible material model
MAT_NULL is used for the water dielectric material; the
equation of state is EOS_GRUNEISEN equation.-e density
of water is 0.001 g/mm3, and the values of other parameters
are C� 1484m/s, S1� 1.79, S2� S3� 0, c0� 0.11, a� 3.0.-e
calculation region is a region of 1200mm in length, 500mm
in width, and 500mm in height, the grid width is 1mm, and
the calculation time is set to 1ms. -e initial excitation
waveform of UPSS is fitted by measuring the direct wave
waveform at a point on the opening plane of the reflector,

and the intense sound shock wave near the sound source is
inversely deduced to load.

In order to verify the validity of the three-dimensional
solid model established in this paper, taking the sound
source center position (0, 90, 0) as an example, the UPSS
reflection bunching sound field distribution characteristics
verification experiment is carried out. -e experimental
conditions are as follows: the energy storage capacitor is 5
μF, the distance between the electrodes is 4mm, the dis-
charge voltage is 20 kV, the reflector is a rotating ellipsoid,
the depth of the reflector is 180mm, the focal length is
1000mm, and the position of the sound source is the first
focus with coordinates (0, 90, 0). -e shock wave is mea-
sured at three points on the sound axis, which are 240mm,
480mm, and 877mm away from the center of the sound
source, respectively, and the experimental measurement
waveform and the simulation waveform are compared and
analyzed, as shown in Figure 3.

It can be seen from Figure 3 that the experimental
measurement waveforms at different measurement points
on the sound axis are in good agreement with the simulation
waveforms, which can better reflect the real situation of the

(a) (b)

Figure 2: Ablation of the discharge electrode tip. Under the condition of high-power and high-frequency discharge, the electrode is easy to
ablate and wear, and the tip will be passivated. (a) -e electrode tip after hundreds of high-voltage pulse discharges. (b) -e electrode tip
after tens of thousands of high-voltage pulse discharges.

Discharge electrode

Ellipsoidal reflector

F1
F2

Figure 1: Schematic diagram of the shock wave reflection bunching principle based on the ellipsoidal reflector. F1 is the first focus of the
ellipsoidal reflector; F2 is the other focus of the ellipsoid.
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bunching sound field. In the simulation waveform of Fig-
ure 3, there is no negative value behind the bunching shock
wave, which is mainly related to the setting of the pressure
cutoff value of water, but does not affect the analysis of the
bunching sound field distribution characteristics in this
paper. -erefore, the bunching sound field model in this
paper is effective.

4.2. Influence Analysis of the Sound Source Position Error.
-e g-mm-ms system is used in the numerical simulation.
-e depth of the ellipsoidal reflector is 180mm, and the
center of the sound source (the first focus F1) is 90mm. Here,
we assume that the central symmetry axis of the reflector is
the Y-axis, and the error in the direction of the X-axis or Z-
axis deviating from the first focus F1 is similar, so only the
error in the direction of the X-axis is considered for the
sound source position error deviating from the Y-axis.
-erefore, only the errors along the Y-axis and the X-axis are
analyzed in this paper, and the sound source position is set as
(0, 90, 0).

Firstly, the positive/negative position error generated in
the Y-axis direction is analyzed. Assume that the direction
propagating from the inside of the reflector to the outside
along the Y-axis is the positive Y-axis direction, and the
opposite direction is the negative Y-axis direction. We only
analyze the error when the positive direction of Y-axis is
+2mm and +5mm, and the negative direction of Y-axis is
−2mm, −5mm. In order to facilitate comparative analysis,
Figure 4 shows the effect of sound source position error
along the Y-axis on the peak pressure of the bunching shock
wave.

Figure 4(a) is the peak pressure distribution curve of the
bunching shock wave in the Y-axis direction of the sound
source, and it can be clearly seen that the peak pressure of the
bunching shock wave when the error is ±5mm is obviously

less than that of the other three cases, and the bunching
effect is poor. For example, when the sound source position
is (0, 85, 0), the shock wave bunching effect is not obvious.
Figures 4(b)–4(d) are the peak pressure distribution curves
of the focal plane bunching shock wave at 775mm, 887mm,
and 1100mm from the sound source center, respectively.
When the error is ±2mm, the peak pressure curve of the
bunching shock wave is close to the normal situation, and it
can also be seen that the maximum peak pressure of the
bunching shock wave obtained by the positive error +2mm
is greater than the negative error, and the focal plane area is
smaller, and the peak pressure of bunching shock wave is
higher.

It can also be seen from Figure 4(a) that when the error is
+2mm, the peak pressure of the bunching shock wave
decreases rapidly after about 1000mm from the center of the
sound source, which is lower than the peak pressure of the
bunching shock wave when there is no deviation. When the
sound source position error in the Y-axis direction changes
from the positive direction to the negative direction, the
second focus position is moved along the Y-axis positive
direction.

In order to further verify the reliability of the simulation
results, we carried out experiments on the distribution
characteristics of the bunching sound field based on different
sound source positions. -e experimental conditions are as
follows: the sound source positions are (0, 70, 0), (0, 80, 0),
(0.90, 0), the first focus of the ellipsoidal reflector is located at
(0, 90, 0), the energy storage capacitor is 10 μF, the discharge
voltage is 24 kV, the discharge electrode spacing is 4mm,
and the experimental measurement point is the actual focus
of the reflector. -e distance from the first focus of the
reflector is 1000mm. -e measured waveform obtained at
the same measurement point is shown in Figure 5.

It can be seen from Figure 5 that different sound source
positions have obvious influence on the distribution of
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Figure 3: Comparison between simulation results andmeasured results. Dexp represents the experimentally measured waveform, and Dsim
represents the simulated waveform.
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bunching sound field. When the direction of Y-axis changes
from positive to negative, the waveform of bunching shock
wave broadens and the bunching effect becomes worse.
Especially when the sound source position is (0, 70, 0), the
bunching shock wave has two peaks, and the time delay
between the bunching shock wave and the direct wave is the
smallest, so the bunching effect is not obvious. -is is
consistent with the law of the influence of the source position
error in the Y-axis direction on the bunching characteristics
in Figure 4, which further illustrates the reliability of the
simulation results in this paper.

Figure 6 shows the effect of sound source position error
in the X-axis direction on the bunching characteristics, and

Figure 6(a) is the peak pressure distribution curve of the
bunching shock wave on the central symmetry axis of the
reflector. Figure 6(b) is the peak pressure distribution curve
of the focused shock wave at the focal plane 1000mm away
from the center of the sound source, and Figures 6(c) and
6(d) are the bunching sound field distribution nephograms
when the X-axis direction error is +2mm and +5mm,
respectively.

As can be seen from Figure 6, the influence of the sound
source position error in the X-axis direction is larger than
that in the Y-axis direction, and the larger the error, the
worse the bunching effect. When the sound source position
error changes in the positive direction of the X-axis, the
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Figure 4: Influence of the sound source position error in the Y-axis direction on bunching characteristics. (a)-e peak pressure distribution
curve of the bunching shock wave in the Y-axis direction of the sound source. (b–d)-e peak pressure distribution curves of the focal plane
bunching shock wave at 775mm, 887mm, and 1100mm from the sound source center, respectively.
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maximum shock wave peak pressure on the focal plane
moves in the negative direction along the X-axis. Because the
reflector is of an axisymmetric structure, the effects of sound
source position errors in the Z and X axes are similar, so the
effects of sound source position errors in the Z axis are not
discussed in this paper.

5. Conclusions

(1) -ere are three main reasons for the position error of
the sound source: first, the machining error caused
by the misalignment of the discharge electrode tip
and the mounting hole at the bottom of the reflector;
second, the discharge electrode mechanical instal-
lation errors; third, the discharge electrode ablation
and passivation.

(2) When the position error in the direction of the
central axis (Y-axis) of the ellipsoidal reflector
changes from the negative direction to the positive
direction, the second focus position moves in the
negative direction of the Y-axis. -e positive and
negative errors deviating from the central symmetry
axis of the reflector will cause the focus position to
move in the opposite direction.

(3) -e position error in the direction deviating from the
central symmetry axis of the reflector has a greater
influence, while the position error in the direction of
the central symmetry axis of the reflector has a

smaller influence. -erefore, the machining error of
the discharge electrode and the mounting hole
should be strictly controlled, and the sharpness of the
discharge electrode tip should be ensured, so as to
reduce the error deviating from the central symmetry
axis of the reflector.-e negative installation error of
the discharge electrode in the central symmetry axis
direction of the reflector is greater than the positive
error, and the control of the installation error of the
discharge electrode can be determined according to
the design requirements of the focus position and the
peak pressure.
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Figure 6: Influence of the sound source position error in theX-axis direction on bunching characteristics. (a)-e peak pressure distribution
curve of the bunching shock wave on the central symmetry axis of the reflector. (b)-e peak pressure distribution curve of the focused shock
wave at the focal plane 1000mm away from the center of the sound source. (c, d) -e bunching sound field distribution nephograms when
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