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,e wall pressure loading due to the underwater spark-generated bubble, having served as an efficient technique to study the
underwater explosion, has drawn much attention. Compared with the numerical study of the pressure characteristics, the
direct experimental investigation is much rarer. Recently, an improved pressure-measuring system by using a Hopkinson
pressure bar as the sensing element is proposed, set up, and validated by the current authors. In this article, the improved
methodology and experimental system is used to detect and analyze the pressure loading on the target plate surface due to the
underwater spark-generated bubble beneath the plate. A series of experiments with 3mm, 5mm, 10mm, 15mm, . . ., 60mm
standoffs are carried out. ,e experimental results and the related analysis and discussions are presented. Based on the results,
the improved methodology can be used to detect the pressure loading due to the spark-generated bubble. ,ere is multipeak
oscillation near the peak of the shock pressure loading profile. ,e peak pressure versus the standoff is also summarized.
According to the characteristics of the induced water jet pressure and the bubble-collapse pressure loading given in this article,
enough attention should be paid to not only the jet and the first bubble-collapse pressure loadings but also the secondary
bubble-collapse pressure loadings especially when the dimensionless distance c> 1.

1. Introduction

,e underwater spark-generated bubble has served as an
important and efficient technique to study underwater ex-
plosion and cavitation bubbles due to its low cost and other
advantages. Cui et al. use the spark-generated bubble to
study the ice plate’s dynamics and breaking under the attack
of underwater bubble collapse [1], opening another in-
teresting field. ,e interaction between the underwater
spark-generated bubble and the ice plate is given and in-
vestigated, as well as the mechanism how the ice plate is
damaged by the collapsing bubble. Taylor et al. proposed a
new method to generate pressure waves by using the
nonequilibrium microsecond pulsed spark [2]. Goh et al.
studied the spark-generated bubble near an elastic sphere
[3], in which the affection of the elasticity, the dimensionless

standoff, the size ratio of the bubble, and the elastic sphere
perimeter on the interaction between the bubble and the
elastic sphere is discussed. Li et al. studied the interaction
between the spark-generated bubble and a suspended rigid
sphere [4]. When the underwater bubble collapses, a shock
wave is generated. Ishii andWatanabe proposed an excellent
experimental apparatus to study this type of shock wave
pressure [5]. ,e dynamics of underwater bubble near
different boundaries draws much attention, such as the
large-scale bubble close to different boundaries by Zhang
et al. [6], between a free surface and a rigid wall by Zhang
et al. [7], and near a two-layered composite beam by Gong
et al. [8]. ,e spark-generated bubble also serves as a val-
idating technique to validate the proposed numerical
methods used to simulate the underwater bubble, such as the
boundary element [9].
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Compared with the underwater bubble in a free field, the
underwater bubble near a solid plate surface is more
complex and interesting. Due to the overexpansion, the
pressure in the surrounding water is higher than that inside
the bubble, resulting in the bubble shrinking rapidly. In the
procedure of shrinking, a water jet is induced under the help
of Bjerknes effect, the inertia and the gravity [4]. After
travelling through the whole bubble, the water jet impacts on
the target plate surface, leaving a water jet pressure loading
on the surface [10–12]. As mentioned above, a bubble-
collapse pressure loading is released and acts on the tar-
get then [1]. So the pressure loading on the target surface
subjected to an underwater bubble is a combination of the
shock wave pressure, the water jet pressure, and the bubble-
collapse loadings. ,e characteristics of the pressure loading
due to the bubble collapse have drawn much attention. Li
et al. gave a detailed analysis of the pressure field on the
target surface above which the bubble is formed through the
boundary element method validated by the spark-generated
bubble [13]. ,e induced bubble pressure is analyzed deeply
by dividing the whole pressure into two parts, which are
discussed separately. Li et al. studied the pressure loading
due to the induced water jet through numerical methods
[9, 14], as well as Liu et al. [15] and Zhang et al. [16].,rough
experiments and numerical simulations, the process and
mechanism of the induced water jet are given in detail.Wang
et al. proposed a combining level set-modified ghost fluid-
discontinuous Galerkin method, which is validated by the
spark-generated bubble, to study and analyze the pressure
characteristics due to the bubble collapse in compressible
fluid [17]. It should be pointed out that the study and
analysis mentioned above regarding the bubble-collapse and
water jet pressure loading are investigated through nu-
merical methods, which is validated by experimental results.
For the experimental study, Krieger and Chahine give the
acoustic signals’ characteristics of the underwater spark-
generated bubble near different boundaries by using a
PCB 102A03 piezoelectric transducer [18]. From the
acoustic signals, accurate predictions of the bubble pulse,
depths, etc., can be made. A series of experiments with
different standoffs were carried out by Jayaprakash et al. [19]
to investigate the pressure loading, assessed by a PCB
101A03 pressure transducer, on the vertical wall subjected to
the spark-generated bubble. Based on the experimental
results, the two peaks of the pressure signals are analyzed
and discussed. Recently, Luo et al. studied the pressure
loading on the target plate surface above which a low-voltage
spark-generated bubble is formed [20]. ,ey give a detailed
analysis and discussion of the pressure due to the secondary
bubble collapse. So from the work conducted by other re-
searchers, direct experimental measurement and study of the
pressure loading generated by the underwater spark-
generated bubble is much rarer due to the extremely vio-
lent electric discharge in the generation of the bubble. In the
case of small standoffs, the electric discharge may lay a heavy
damage to the traditional pressure transducer.

Recently, a new experimental system has been developed
and manufactured to assess the wall pressure loading gen-
erated by a near-field underwater explosion [21] and the

high-voltage underwater spark-generated bubble [22] by
current the authors. In the experimental measurement
system, the Hopkinson pressure bar [23, 24], serving as the
sensing element, is inserted through the hole drilled on the
target plate. And the end face of the bar lies flush with the
loaded face of the target plate. ,rough the strain gauges
tapped on the Hopkinson pressure bar, the strain in the bar
can be detected, based on which the pressure loading acting
on the target plate surface can be obtained. ,is method-
ology has been used by many other researchers to detect
different types of pressure loadings, such as the pressure
loading of the buried explosions [25–29], the pressure
loading of the blasts in air [30], and the pressure loading due
to the high-speed sand column impact [31]. As pointed out
by the current authors previously [21], some improvements
should be made before this methodology can be used to
detect the pressure loading due to the near-field underwater
explosions consisting more than one phase pressure load-
ings. Firstly, all the key elements of the system are enclosed
in the waterproof enclosure. Secondly, the bar is pulled
firmly against the hard rubber cylinder at the distal end of
the bar by a pair of ropes to ensure the end face of the bar
flush with the target plate surface during the whole duration
of the underwater explosion. ,e current authors also
proposed and established a validating method: underwater
explosions between two parallel plates to validate the im-
proved methodology. In the validating experimental system,
the explosive is fixed at the middle point between the two
parallel plates. ,e Hopkinson bar-based measurement
system is used to assess the pressure on the center point of
the upper plate, and a traditional pressure transducer is used
to get the pressure of the lower plate. By comparing the
pressure profiles gotten by the Hopkinson bar-based mea-
surement system and the pressure transducer, the proposed
measurement system is validated. It is recommended to refer
to the details given in reference [21].

Here, the improved methodology proposed by the
current authors is used to assess the pressure loading due to
the spark-generated bubble to testify the improved meth-
odology’s capability further and investigate the pressure
loading experimentally. Compared with the high-voltage
underwater spark-generated bubble experiments [22], the
low-voltage underwater spark-generated bubble experiment
has been widely investigated by researchers such as Han et al.
[32] and Ma et al. [33]. However, the pressure loading is
scarcely got and studied by experiments. So the work
conducted in this article aims at assessing the pressure
loading on the target plate subjected to the low-voltage
underwater spark-generated bubble experimentally and
giving a discussion and analysis of the pressure loading with
the growth of the standoff, which can serve as validating data
for other studies. A series of spark-generated bubble beneath
the target plate experiments are carried out in a water tank.
,e spark-generated bubble is produced by a discharge of
400V · 400 μF. A National Instruments (NI) PCIe-6376 data
acquisition unit (DAU) is used to record the strain signals.
,e DAU is set to its maximum sample rate 3.57M samples
per second in all the experiments conducted in this article.
To validate the proposed methodology and investigate the
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relation between the pressure loading and the bubble dy-
namics, a high-speed video camera is used to capture the
bubble’s motions. �e camera and DAU are triggered
synchronously. �e experimental results are presented and
studied in detail. According to the results, the improved
methodology and the manufactured experimental system
are successfully used to detect the pressure loading due the
spark-generated bubble. And some characteristics of the
pressure loading, especially when the stando� is more than
the maximum radius of the bubble in the free �eld, are given,
which means that enough attention should be paid to not
only the �rst bubble-collapse pressure loading but also the
secondary bubble-collapse pressure loading.

�e rest of this article is arranged as follows. In Section 2,
the experimental apparatus and the system, as well as the test
plan, are give brie�y. �e results of the experiments and the
discussions are presented in Section 3. In Section 4, some
concluding remarks and recommendations for the future
work are presented.

2. Experimental Work

In this section, the test apparatus and the test system are
demonstrated brie�y. To get more details about the appa-
ratus and system, it is recommended to refer to our previous
work [21]. Especially, the underwater spark generator circuit
we used is given, as well as the test plane.

2.1. Apparatus and Test System. A strong aluminium alloy
frame serves as the test platform, as shown in Figure 1. �e
dimension of the water tank is 600mm× 600mm × 600mm.
�e reinforced glass of the water tank is of high trans-
parency, and the glass thickness is 12mm. �e perfect
transparency contributes to capturing the spark-generated
bubble motions. To supply strong enough light required by
the HSV camera, a halogen light is adopted. �e HSV
Phantom VEO640S can take 24000 frames per second at a
resolution of 512 × 512.

A pair of copper tubes, connected to the spark generator,
are lapped together. �e external and inner diameter of the
copper tube are 0.7mm and 0.3mm, respectively. When the
spark generator applies the high voltage on the copper tubes,
the underwater spark-generated bubble is formed at the
lapped point. �e circuit of the spark generator is given in
Figure 2. �e circuit is divided into two separate subareas:
the low-voltage control subarea and the high-voltage dis-
charge subarea. �e operator can only touch and operate the
low-voltage control subarea which controls the high-voltage
discharge subarea through relays and contacts. To ensure the
operators’ safety, the voltage of the low-voltage control
subarea is limited to 24V. In our spark generator, the
discharge voltage is 400V, and the energy is stored in a
400 μF capacitor.�e safety switch can only be turned to the
“On” position by a special key. From the circuit, only when
both the safety switch and the ignition switch are closed can
the energy stored in the capacitor be discharged to form the
underwater bubble, which ensures the operator safety fur-
ther. Besides, after a bubble forming procedure, there is still

some energy stored in the capacitor, which leaves hidden
dangers for the operators. A discharge resistor is used to
consume the remaining energy. �e discharge voltage also
serves as the trigger signal which is used to trigger the DAU
and the HSV synchronously. �e copper tubes are posi-
tioned by a 3D �xator to the required position, as shown in
Figure 1.

A 12mm thick, 250mm diameter stainless steel target
plate is mounted on the end of the waterproof tube, as shown
in Figure 3. Between the target plate and the tube, some seal
rings are used to ensure the waterproof. Because the un-
derwater spark-generated bubble is very small, the pressure
loading on the target bar is very small. To get a higher strain,
an aluminium alloy bar with a diameter of 5mm is chosen as
the Hopkinson pressure bar. Besides, semiconductor strain
gauges mounted on the Hopkinson pressure bar in pairs are
adopted to get a higher signal-to-noise ratio. To remove the
bending wave disturbance, a wheatstone-bridge circuit is
adopted so that the axial strain component can only be
detected. �e Hopkinson pressure bar is inserted through a
hole which is drilled into the target plate. �e loaded face of
the Hopkinson pressure bar lies �ush with the target plate-
loaded face. On the Hopkinson pressure bar, a pair of ropes
are taped to pull the Hopkinson pressure bar �rmly against a
hard rubber cylinder to guarantee that the loaded face of the
Hopkinson pressure bar �ush with the target plate-loaded
face. �e hard rubber cylinder is �xed in a tube which is
mounted to the waterproof tube. In the experiments, the bar
is chosen to be 2.3m long. �e strain gauges are placed
0.04m from the loaded face of the target plate. According to
the shock wave speed obtained by Cui et al. [21], there will be
about 0.9124ms before the arrival of the re�ected wave
signal from the distal end.

2.2. Test Plane. In all the experiments, the water in the water
tank is 525mm deep and the distance between the loaded
face of the target plate and the bottom of the water tank is
423mm, as shown in Figure 4. �e maximum radius of the

Waterproof tube

Target plate

Water tank

Support
frame

Halogen
light

Copper tube

Phantom
VEO640S

3D fixator

Figure 1: Schematic of the test system.
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underwater spark-generated bubble is RM � 30mm under
the free-�eld conditions, which are given in the next section.
�e stando� distance of the experiments is chosen as 3mm
and 5, 10, 15, . . . , 60mm, which means the dimensionless
distance (the ration between the stando� distance and the
maximum radius of the underwater spark-generated bubble)
c � 0.1 and 0.167, 0.333, 0.500, . . . , 2.000.

Besides, the experiment that the underwater sparked-
generated bubble under the free-�eld conditions is also

carried out. All the experiments carried out in this paper are
summarized in Table 1.

3. Results and Discussion

3.1. Spark-Generated Bubble in the Free Field. To get the
underwater bubble dynamics, especially the maximum ra-
dius of the underwater bubble, a spark-generated bubble in
the free �eld is carried out �rst. �e depth of the water is
525mm, and the lapped point of the two copper tubes is
located at a depth of 365 from the bottom of the water tank.
�e �rst cycle of the spark-generated bubble’s expansion and
collapse is shown in Figure 5. About 71.4 μs after the spark
generator applies the discharge voltage, the underwater
bubble forms and expands quickly then.�e bubble expands
to its maximum volume at t � 3.0714ms, as shown in
Figure 5(d). According to Figure 5(d), the maximum radius
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of the bubble is about 30mm by pixels. ,e first collapse of
the bubble occurs at t � 5.7143ms, meaning the first bubble
period is about 5.6429ms.

3.2. Experiment Results with 20mm Standoff. Firstly, the
experiment spark-generated bubble below the target plate at
Ds � 20mm is taken as the example to present and elaborate
the dynamics of the bubble beneath the target plate and the
characteristics of the wall pressure loading. ,e evolution of
the first cycle of the underwater bubble’s expansion and
collapse is shown in Figure 6. ,e HSV camera captures the
images at a rate of 24000 fps, meaning that the interval
between every image is 41.67 μs. ,e pressure profile ob-
tained by the Hopkinson pressure bar is shown in Figure 7.

From the images of the underwater bubble, the bubble
expands quickly after the energy is discharged. At
t � 4.1945ms, the bubble expands to its maximum volume
after which the bubble enters the collapse sequence. During
the collapse procedure, a water jet forms inside the bubble, as
shown in Figure 6(e). At t � 7.1112ms, the bubble collapses.
As a result, the pressure loading on the target plate consists
of the shock wave, the water jet, and the bubble-collapse
pressure loadings. At t � 0.0000ms, the spark generator
applies the voltage on the copper tubes, which will leave a
noise on the strain signal, as shown in Figure 7. From the
pressure profile shown in Figure 7, the Hopkinson pressure
bar detects three separated pressure loadings.

,e details of the shock pressure loading are shown in
Figure 8(a). Before the bubble forms, there is high-pressure

Table 1: Test planes.

Tests Boundary condition Standoff Dimensionless distance c

1 Free field — —
2 Below the target plate 3mm 0.100
3 Below the target plate 5mm 0.167
4 Below the target plate 10mm 0.333
5 Below the target plate 15mm 0.500
6 Below the target plate 20mm 0.667
7 Below the target plate 25mm 0.833
8 Below the target plate 30mm 1.000
9 Below the target plate 35mm 1.167
10 Below the target plate 40mm 1.333
11 Below the target plate 45mm 1.500
12 Below the target plate 50mm 1.667
13 Below the target plate 55mm 1.833
14 Below the target plate 60mm 2.000

10mm t = 0.0000ms

(a)

10mm t = 0.0714ms

(b)

10mm t = 0.7857ms

(c)

10mm t = 3.0714ms

(d)

10mm t = 4.8571ms

(e)

10mm t = 5.7143ms

(f )

Figure 5: Evolution of the first cycle of the spark-generated bubble’s expansion and collapse in a free field. (a) t� 0.0000ms.
(b) t� 0.0714ms. (c) t� 0.07857ms. (d) t� 3.0714ms. (e) t� 4.8571ms. (f ) t� 5.7143ms.
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1cm t = 0.0000ms

(a)

1cm t = 0.3612ms

(b)

1cm t = 1.1945ms

(c)

1cm t = 4.1945ms

(d)

1cm t = 6.5279ms

(e)

1cm t = 6.8612ms

(f )

1cm t = 7.1112ms

(g)

1cm t = 7.4029ms

(h)

Figure 6: Evolution of the �rst cycle of the underwater spark-generated bubble’s expansion and collapse below the target plate with 20mm
stando�. (a) t� 0.0000ms. (b) t� 0.3621ms. (c) t� 1.1945ms. (d) t� 4.1945ms. (e) t� 6.5279ms. (f ) t� 6.8612ms. (g) t� 7.1112ms.
(h) t� 7.4029ms.
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Figure 8: Details of the 20mm stando� pressure-time pro�le. (a) Shock wave pressure loading. (b) Water jet and bubble collapse loading.

6 Shock and Vibration



plasma at the lapped point [6]. ,is will also leave another
noise on the strain signal. From the images of the bubble,
there is an extremely bright light in the image at
t � 0.3612ms, which means the bubble forms between this
image and the previous image, i.e., between t � 319.5 μs and
t � 361.2 μs. Immediately after the bubble forms, a shock
wave is released into the water. According to the acoustic
wave velocity in the water, it takes about 13.3 μs for the
shock wave to arrive at the loaded face of the Hopkinson
pressure bar, which means the shock wave will arrive at the
loaded face between t � 332.8 μs and t � 374.5 μs. From the
detailed pressure profile, it is evident that the shock wave
begins at t � 355.6 μs, which coincides with what we deduct
from the bubble images. After 0.9124ms, i.e., t � 1.268ms,
the reflected signal of the shock wave loading is detected.
From the pressure profile, it can be found that the pressure
loading increases rapidly when the energy is discharged.
Unlike the shock wave pressure loading generated by ex-
plosive, the shock wave pressure profile does not get its peak
directly. ,ere is some oscillation in the profile near the
peak. Based on the coincidence between the shock wave
pressure profile and the bubble’s images and the time in-
terval between the shock wave pressure loading signal and
the reflected signal, the shock wave pressure loading can be
detected by the Hopkinson pressure bar successfully. It must
be pointed out that the detected signal of the HPB consists of
the signal of the pressure loading and the reflected signals. To
get the pressure history on the target, the reflected signals
should be removed properly. As mentioned above, the HPB
is long enough that the first reflected signal does not go into
the original signal. So to get the pressure profile on the
loaded face, the signal which appears more than 0.9124ms
later than the time when the original signal begins should be
remove or set to zero. However, we do not perform the
removal of the reflected signals because the reflected signals
are essential to explain and present the propagation of the
stress wave in the HPB.

In the collapse procedure, a water jet will be induced and
travel through the whole bubble, impacting the target plate.
In Figure 9, the procedure of water jet impacting the target
plate is shown in detail. ,e red arrow in the images shows
the head of the water jet. At t � 6.6529ms, the water jet gets
near the target plate and impacts on the target plate before
t � 6.6945ms, which means the water jet pressure loading
begins between t � 6.6529ms and t � 6.6945ms. From the
detailed water jet and bubble-collapse loading pressure
profile shown in Figure 8(b), the pressure signal detected by
the Hopkinson pressure bar beginning at t � 6.664ms,
coinciding with the deduction based on the bubble images.
,e water jet does not stop impacting until the bubble
collapses. ,e volume of the bubble shown in the
t � 7.1112ms image is the minimum, which means the
bubble collapses between the previous image and the later
image, i.e., between t � 7.0650ms and t � 7.1574ms. From
the detailed pressure profile, the collapse pressure loading is
detected around t � 7.106ms. It should be pointed out that
after impacting the target, the water will travel back into the
bubble. As a result, the bubble will split into several sub-
bubbles. When these sub-bubbles collapse, several separate

collapse pressure loadings will act on the target plate. So a
multipeak pressure signal is detected as shown in
Figure 8(b). Also, at t � (6.664 + 0.9124)ms � 7.576ms and
t � (7.106 + 0.9124)ms � 8.018ms, the reflected signals are
detected.

,e time that these pressure loading signals appear
coincides with the occurrence time deducted based on the
bubble images and the reflected signals occur at the expected
time. From these results and the related discussion given
above, the Hopkinson pressure bar can detect pressure
loading signals due to the underwater spark-generated
bubble. Next, other experiments with different standoff
distances will be carried out to investigate our experiment
system further. Besides, for further investigation and studies,
the experimental data in this article can be obtained from the
corresponding author.

3.3. Experiment Results with 3–60mmStandoff. In Figure 10,
the bubble’s motion of the experiment with a 3mm standoff
is shown. In the expanding procedure, the bubble appears as
a semisphere, as well as in the shrinking procedure. From the
images, no water jet is formed, so there is no water jet
pressure loading, which can be confirmed in the pressure
profile shown in Figure 11. When the bubble collapses, a
high collapse loading acts on the target plate. According to
the pressure profile detected by the Hopkinson pressure bar,
the collapse loading reaches a peak of 39.13MPa. ,e
bubble-collapse loading has an extremely short duration. As
a result, several reflected wave signals are detected perfectly.

With the standoff increasing from 3mm to 20mm, the
water jet is induced. When the bubble collapses, there is also
a bubble-collapse pressure loading. So there is a combination
of water jet pressure and collapse pressure loadings, as
shown in Figure 12 for experiments with 10mm, 15mm, and
20mm standoff distances.,e pressure peak for the water jet
pressure appears in the beginning of the water jet pressure.
As the standoff increases, the water jet pressure peak in-
creases from 1.738MPa for 10mm standoff to 4.231MPa for
30mm standoff. However, the bubble-collapse pressure peak
decreases with the standoff increasing to 25mm. When the
standoff becomes to 25mm and 30mm, some interesting
thing occurs.

From the pressure profiles shown in Figures 12(e) and
12(f), the duration of the water jet pressure loading becomes
shorter. And for the bubble-collapse loading, the peaks also
become lower. Especially, for the experiment with a 25mm
standoff, the bubble-collapse loading’s duration becomes
very long as compared with that of the other experi-
ments’ collapse loading. From the bubble images shown in
Figure 13, the water jet impacts on the target plate and the
bubble appears as a so-called “mushroom” [34]. Also, the
width of the water jet is increasing in the shrink procedure as
shown in the Figures 13(c) and 13(d). After impacting the
target plate, the water jet moves outside along the plate
surface, forming the “sideways” jet. Due to the “sideways” jet
and the incoming flow around the bubble, the bubble is
divided [35], leading to the bubble collapse becoming rel-
atively gentle. As a result, the peak of the bubble-collapse

Shock and Vibration 7



pressure becomes lower and the duration gets longer. ,e
bubble-collapse pressure profile appears smoother. After the
bubble collapses for the first time, the bubble rebounds and
expands again, as well as gathers under the plate surface.
,en, this bubble begins its shrink procedure. ,e bubble
gets in contact with the plate surface, resulting in that a very
high bubble-collapse pressure acts on the target plate when
the bubble collapses again. From the pressure profile shown
in Figure 12(e), the peak pressure due to the bubble’s sec-
ondary collapse is higher than that due to the first collapse.

As the standoff increases further, there is still a gap
between the bubble and the target plate surface when the
bubble collapses. In the bubble’s shrink procedure, a water
jet is induced, and this water jet travels through the bubble.
But it does not impact the target plate surface, as shown in
Figure 14. After the first collapse, the bubble moves
upward under the influence of buoyancy, inertia, and the
Bjerknes effect and gathers under the target plate surface.
,e bubble begins its secondary expanding-shrinking pro-
cedure. When the bubble collapses secondly, another
bubble-collapse pressure loading acts on the target plate, as
shown in Figure 15. It can be found that the secondary
bubble-collapse loading has a much higher peak than the
first bubble-collapse loading for the case of 55mm and
60mm standoffs, which means that we should not only take
the first bubble-collapse loading but also pay enough at-
tention to the secondary bubble-collapse loading. Especially,
for structures of brittle materials, such as ice, the structures
can survive after the first bubble-collapse loading for the
loading does not have an enough high peak. But the
structures may be damaged under the attack of the sec-
ondary bubble-collapse loading because of its high peak.

For the shock wave pressure loading, the pressure rises
up rapidly immediately after the energy stored is discharged.
Before the pressure gets its peak, there are multipeak curves,

1cm t = 0.0000ms

(a)

1cm t = 1.6497ms

(b)

1cm t = 2.6913ms

(c)

1cm t = 6.4413ms

(d)

1cm t = 8.7330ms

(e)

1cm t = 9.5247ms

(f )

1cm t = 9.6913ms

(g)

1cm t = 9.8997ms

(h)

Figure 10: Evolution of the first cycle of the underwater spark-generated bubble’s expansion and collapse below the target plate with 3mm
standoff. (a) t� 0.0000ms. (b) t� 1.6497ms. (c) t� 2.6913ms. (d) t� 6.4413ms. (e) t� 8.7330ms. (f ) t� 9.5247ms. (g) t� 9.6913ms.
(h) t� 9.8997ms.
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Figure 9: ,e procedure of the induced water jet impacting on the target plate with 20mm standoff. (a) t� 6.5695ms. (b) t� 6.6112ms.
(c) t� 6.6529ms. (d) t� 6.6945ms.
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Figure 11: Pressure-time profile recorded by HPB with a 3mm
standoff.
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as shown and discussed previously. In Figure 16, the
shock pressure loading’s peak versus stando� curve is
shown. It can be found that the peak pressure loading

decreases as the stando� increases. �e decreasing �tting
equation is as follows: Peak � 4.582e−0.1355Sd + 0.4754 with
Rsquare � 0.9782.
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Figure 12: Pressure-time pro�le recorded by HPB with a 5mm, 10mm, 15mm,. . ., and 30mm stando�. (a) 5mm stando�. (b) 10mm
stando�. (c) 15mm stando�. (d) 20mm stando�. (e) 25mm stando�. (f ) 30mm stando�.
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Figure 13: Evolution of the first cycle of the underwater spark-generated bubble’s expansion and collapse below the target plate with 25mm
standoff. (a) t� 6.3698ms. (b) t� 6.6614ms. (c) t� 6.7864ms. (d) t� 6.8281ms. (e) t� 6.9114ms. (f ) t� 6.9948ms. (g) t� 7.0781ms.
(h) t� 7.1614ms. (i) t� 8.8698ms. (j) t� 11.4531ms. (k) t� 11.4948ms. (l) t� 11.5364ms.
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Figure 14: Continued.
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1cm t = 8.6240ms

(i)

1cm t = 10.6656ms

(j)

1cm t = 11.2489ms

(k)

1cm t = 12.0406ms

(l)

Figure 14: Evolution of the first cycle of the underwater spark-generated bubble’s expansion and collapse below the target plate with 40mm
standoff. (a) t� 0.0406ms. (b) t� 0.7490ms. (c) t� 0.8740ms. (d) t� 3.1656ms. (e) t� 5.9156ms. (f ) t� 6.2073ms. (g) t� 6.2490ms.
(h) t� 6.8323ms. (i) t� 8.6240ms. (j) t� 10.6656ms. (k) t� 11.2489ms. (l) t� 12.0406ms.
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Figure 15: Continued.
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4. Conclusions

In this paper, a Hopkinson pressure bar-based pressure
measurement methodology proposed by the current authors
is used to assess and study the wall pressure loading due to
the underwater spark-generated bubble, which is generated
by a discharge of 400V · 400 μF. In the measurement
methodology, the Hopkinson pressure bar, inserted through
the hole on the target plate, serves as the sensing element to
detect and record the pressure loading. A pair of ropes and a
hard rubber cylinder are added to ensure the Hopkinson
pressure bar’s end face flush with the target plate surface
during the whole procedure of the underwater bubble. To
validate the assess methodology and to study the relationship
between the wall pressure loading and the evolution or the
dynamics of the underwater bubble, a high-speed video
camera is adopted to capture the images of the underwater

bubble. Necessarily, the camera and the data acquisition unit
are triggered synchronously.

,e shock wave pressure loading generated by the spark-
generated bubble does not rise directly to its peak but in-
duces multipeak oscillation near the peak. As the standoff
rises, the pressure peak decreases as an exponential equation
Peak � 4.582e−0.1355Sd + 0.4754 with Rsquare � 0.9782.

When the standoff is short enough, there is no water jet
induced in the bubble shrink procedure, meaning there is
only a bubble-collapse loading. As the standoff increases, a
water jet is induced. From the results obtained in this paper,
when the standoff is shorter than 30mm, i.e., c< � 1, the
water jet impacts the target plate surface directly, leaving a
water jet pressure loading. When the bubble collapses, a
bubble-collapse pressure loading with an extremely short
duration and a high peak is added. However, it should be
pointed out that the induced water jet makes the bubble-
collapse procedure smooth when the standoff gets near the
maximum radius of the bubble in the free field, resulting in
the collapse pressure loading’s duration longer and peak
lower. With the standoff farther than 30mm, i.e., c> 1, there
is a gap between the bubble and the target plate surface when
the bubble collapses.,e water jet does not impact the target
as well. So only a bubble-collapse pressure loading acts on
the target plate surface. And the collapse loading decreases as
the standoff increases.

Especially, another important point should be pointed
out in this paper. According to our experiments’ results,
after the first collapse, the bubble will gather beneath the
target plate surface and begin its secondary procedure of
expanding and shrinking when the dimensionless distance
c> 1. ,e rebounded bubble gets in direct contact with the
target plate surface. A relatively high collapse pressure
loading acts on the target plate. Especially, the secondary
bubble-collapse pressure loading is much higher than the
first bubble-collapse pressure loading. Even surviving after
the first bubble collapse, the structures may be damaged
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Figure 15: Pressure-time profile recorded by HPB with a (a) 35mm, (b) 40mm, (c) 45mm, (d) 50mm, (e) 55mm, and (f) 60mm standoff.
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under that attack of the secondary bubble collapse, especially
for the structures of brittle materials. So enough attention
should be paid to not only the first bubble collapse but also
the secondary bubble collapse in case c> 1.

Besides, the HPB used in the experimental system is so
long that the application of the system may be limited. ,e
reason why we use such a longHPB is to avoid themixture of
the original and reflected signals. To make the application of
the methodology and the experimental system wilder and
more flexible, the length of the HPB should be reduced,
which means the original signal should be separated from
the mixture of the original and reflected signals through the
methods given by Zhao and Gary [36] and Bacon [37]. ,is
is an important work which is being done.
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