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Abstract

A small amount of gunpowder is used as an explosive method to create cavitation

bubbles under water to investigate very short total life from generation to

disappearance, and the experiments are conducted under four boundary conditions:

near bottom solid wall; near bottom wall and side wall; near free water surface; near

free water surface and side wall surface to study how the shape of bubble changes. A

high-speed camera was used to observe and record the production, expansion,

contraction, and collapse processes of cavitation bubbles under four different

boundary conditions. And with the PRESCALE method, the size of the impact area

when the jet generated when the cavitation bubble bursts hits the wall surface is

obtained. PVDF (Polyvinylidene fluoride) sensor is tested to record the impact

pressure when it hits the bottom wall surface.

Keywords: Underwater explosion, bubble collapse, near rigid wall, PVDF.
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Chapter 1

Introduction

In recent years, with the increasing application of underwater explosions in the

field of defense industry, the research on the characteristics of bubble motion has

gradually deepened, and the scope of research has also extended from simple free

field single bubble pulsations to bubble group pulsations under complex boundary

conditions. After the actual explosive explodes, the formation, expansion, contraction,

collapse, and jet of the bubble are always accompanied by interaction with the

surrounding medium and structure, so it is an extremely complicated process, only by

fully revealing the influence of different factors on its motion characteristics and

grasping its movement laws, can it better perfect the bubble mechanism and apply it

reasonably to the national defense cause.

Research on underwater explosions began in the early nineteenth century. During

the first and second world wars, due to the needs of the war, the research on

underwater explosions developed rapidly, forming a systematic theory. Cole

(1948)[1]systematically studied and summarized the physical principles, experimental

instruments, experimental equipment, and explosion phenomena of underwater

explosions. He gave a comprehensive description of underwater explosion shock

waves, hysteresis flow, bubble pulsation and other phenomena, revealing the

explosion The relationship between the parameters. The book "Underwater

Explosion" by Cole is still recognized as a classic work by countries all over the

world, and its formula describing shock wave and shock wave energy flow density

has been used by ship anti-explosion researchers.

Another authoritative book on underwater explosions is "Dynamic loads in

Underwater Explosion" by former Soviet scientist Zamyshlyayev et al. (1973)[2]. This

book makes further nonlinear effects based on the research results of Cole, using



2

theory and experiments. The combined method focuses on the free surface and bottom

effects, diffraction effects, cavitation effects, and the interaction effects of shock

waves and structures. The given water pressure wave formula includes the process of

bubble expansion and contraction, and is expressed in an analytical formula, which is

intuitive and clear and easier to apply.

1.1 The free surface water hammer effect of shock waves

Zamyshlyayev et al.(1973) conducted an in-depth study on the non-linear effects of

explosion shock waves and free surfaces and bottoms and reached some valuable

conclusions. After the shock wave reaches the free surface, the surface of the water

rises rapidly, and a lot of cavitation layers are generated in a certain water area. The

uppermost water layer is the thickest and gradually becomes thinner downwards. As

the hydrostatic pressure increases and the direct wave attenuation slows, after a

certain depth, cavitation no longer occurs. When the upper surface water layer falls

under the action of atmospheric pressure and gravity, the water in the cavitation layer

below it is only affected by gravity, and the acceleration of the surface water falling is

greater than the acceleration of the lower layer. When the surface water collides with

the uncavitated water below, a water hammer effect is produced, and the load that was

originally cut off by the free surface forms a concentrated load again. On the nuclear

explosion test surface of the American ARKANSAS guided missile cruiser, the water

hammer effect can cause extensive damage (Costanzo,1984)[3]. Since the 1960s,

many scientists have conducted research in this area. Zamyshlyayev et al.(1973)used

the principles of conservation of momentum and energy to roughly analyze the

cavitation water hammer effect, and gave a formula describing the water hammer

effect, which can calculate the cavitation layer. Depth, water hammer pressure and

pressure start time. Costanzo (1984) applied Aron's method to determine the

cavitation zone generated after the explosion. The principle is to divide the water area

into a cavitation zone and a non-cavitation zone. In the cavitation zone, the positive

pressure (the sum of the direct wave and the static pressure) is less than the peak of
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the negative pressure (the sparse wave generated by the free surface). In the

non-cavitation zone, the opposite is true. The sum of the direct wave and the static

pressure is greater than the peak value of the sparse wave generated by the free

surface. On the boundary of the cavitation domain, the two are equal. Taking the

origin of the polar coordinates on the free surface image of the burst center, at the

boundary of the cavitation domain, the gradient of the positive pressure in the radius

direction is equal to the gradient of the negative pressure in the radius direction, and

the formula for determining the boundary of the cavitation zone (Newton,R E,

1991)[4]. After the range of the cavity is determined, the collision pressure generated

by the collision between the cavitation layers (ie, the water hammer effect) is

calculated according to the movement law of the cavity layer and the law of

conservation of momentum.

1.2 Cavitation bubble

After the explosion shock wave, there is still a considerable amount of energy in

the bubbles formed by the explosion products. The bubbles expand and compress

under the interaction with the surrounding water medium, resulting in hysteresis flow

and pulsating pressure. The pulsating pressure of bubbles produced by underwater

explosions has very strong destructive power. Cole's (1948) study showed that after

the shock wave, the bubble contained 47% of the explosion energy. Bubble pulsation

pressure has a very important impact on the whipping response of the ship's hull and

the dynamic response of low-frequency equipment. It can cause longitudinal overall

buckling damage and large deformation of surface ships and submarines, and cause

damage to low-frequency equipment. damage. When the bubbles are close to the hull,

the bubble shrinkage will also cause jets, generating very high local pressure, causing

severe local damage to the hull.
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1.2.1 Simulate research

Since the 1940s, various naval powers have attached great importance to the study

of bubble loading. In the past, experimental research was mainly carried out,

combined with analytical analysis. In recent years, due to the development of

computer technology, various numerical calculation programs have provided powerful

tools for studying bubble dynamics. DYNA3D and other derived programs like

DYTRAN have adopted the Lagrangian-Eulerian method to analyze explosive

explosions, surrounding water media and water The interaction of obstacles makes the

bubble load analysis results of underwater explosions more intuitive and quantitative.

Chisum and Shin (1995)[5] performed numerical simulations on bubble expansion,

contraction, and collapse after deep water explosions, as well as the interaction with

rigid walls, and analyzed the law of bubbles in different states at different distances

and obtained good results. The results of the analysis. Because the boundary between

the bubble and the water medium is fuzzy, and there is the exchange of substances, it

is difficult to describe the finite element method, so the analysis results have certain

errors in the experimental results. Menon (1996)[6] used the combination of the

Eulerian method and the Lagrangian-Eulerian method to numerically calculate the

interaction of multiple bubbles and the interaction between bubbles and rigid walls.

When the bubble is closer to the rigid wall, the pressure of the bubble will be higher

than the pressure of the shock wave.

1.2.2 Experimental research

Experiment is a direct way to obtain and investigate the pressure loading generated

by an underwater explosion. During World War, to meet with the military needs, many

experiments focusing on the basic explosive properties, the peak pressure of the

explosion shock wave, the bubble pulses, the bubble periods, and the bubble behavior

near boundaries, were carried out. After the war, Cole collected these experiment

results and published them in the underwater Explosions in which much useful data
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and simple theoretical modelling of the underwater explosion loading are included.

Because of some key reasons such as the high cost and safety concerns, the real-scale

underwater explosion experiment becomes very rare. Brett et al.[7] conducted a series

of small-scale experiments to investigate the response of a cylindrical steel target

instrumented with accelerometers and underwater pressure transducers subjected to

near-field underwater explosions generated by plastic explosive PE4 with two charge

sizes of 5 g and 10 g. underwater pressure transducers were PCB 138A05 type with a

35 MPa maximum capability. free-field water pressure loading was recorded and

studied. Klaseboer et al.[8]. used three pressure transducers to get the pressure profiles

of the free-field pressure loading to investigate the dynamics of underwater explosion

bubble, generated by explosive Hexocire. Hung et al.[9] conducted some experiments

to investigate the underwater explosion bubble near different boundaries using only

detonator as the explosion source. A PCB 138A pressure transducer was used to

record the free-field pressure. Krieger and Chahine[10] investigated the acoustic

signals, which were recorded by PCB Piezotronics model 102A03 pressure transducer,

generated by underwater explosion near surface was used as the underwater explosive

source. Fan et al.[11] developed a new underwater pressure transducer using

polyvinylidene fluoride as the sensing element to record and investigate the free-field

pressure loading.

There are two other ways of generate cavitation bubbles underwater in experiment

are sparking and laser.

Pparking generate bubble usually setting two thin copper wires in contact with each

other in the water and when the power supply has finished charging the capacitor, the

capacitor starts to discharge and the bubbles are generated by the electrodes

discharging and firing. The bubbles generated by sparking are generally in the

millimetre level.
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Fig.1 Underwater sparking bubble generating device

Fig.2 Cavitation bubble generated by high voltage Sparking. (Li, 2019)

Li et al.[12] used underwater high voltage discharge technique to generated bubble

and the motion characteristics of the bubbles under different boundary conditions

were investigated by high speed photography.

Fig.3 Underwater laser bubble generating device

Fig.4. Evolution of an initial giant bubble (Wang,2018)
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Wang et al[13] used laser pulses to generate underwater cavitation bubbles. When

illuminated by a laser, plasmonic nanoparticles immersed in water can very quickly

and strongly heat up, leading to the nucleation of so-called plasmonic vapor

bubbles.The bubbles produced by the laser are generally in the micro-nanometer

level.

1.2.3 Governing equations

The behavior of a nonrelativistic fluid is described by the Navier–Stokes equation,

which is valid at each point of the fluid and can be written as

vpB
Dt
v 

2D
  )1.1(

where ρ is the fluid mass density, v is the velocity field inside the fluid, ρB is the

resultant of body forces (e.g., gravity) per unit volume of the fluid, p is the pressure

field inside the fluid and μ is the fluid viscosity. The term Dv on the left-hand side of

the above equation is the material derivative of the velocity of the fluid element. The

material derivative is given by the operator





 v
Dt


t

D )2.1(

where the first term on the right-hand side is the time derivative with respect to a

fixed reference point of space (the Euler derivative), and the second term takes into

account the changes of the velocity field along the movement of the fluid. The

quantity B on the right-hand side of equation (1.1) stands for the acceleration

originating from the body forces acting on the fluid element, such as gravitational and

electromagnetic forces, for example. The second and third terms represent,

respectively, the hydrostatic and viscous forces, both per unit volume.

The form the Navier–Stokes equation is written in above means that we are
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considering the fluid as Newtonian. Now, we remember that the flow inside and

around the bubble is restricted to the radial direction, in other words, the problem

exhibits spherical symmetry, which in fact is valid even beyond the neighborhood of

the bubble, provided that the shape of the flask is spherical, a typical experimental

situation. Thus, we take into account only the expansion and contraction motion of the

bubble's radius. Besides, we assume as a first approach that the compressibility of the

liquid is much smaller than that of the gas inside the bubble. In this case, one derives

from equation (1) the Rayleigh–Plesset equation (a dot stands

for one time derivative, R= dR/dt, etc):

R
S

R
RtPPpRRR gas

24)()
2
3( 0

2 
  )3.1(

where R(t) is the bubble's radius, pgas(t) is the variable gas pressure inside the bubble

(pgas(t) is assumed to be uniform in our model), P0 is the pressure of the liquid

measured at any remote point from the bubble (typically, P0=1 atm), P(t) is the driven

acoustic pressure at the point where the bubble is placed and S is the liquid surface

tension at the bubble wall. P(t) is assumed to be sinusoidal and beginning an

expansion cycle in t = 0, that is,

)sin()( tPtP a  )4.1(

Pa being the amplitude of the driven pressure and ω the ultrasound angular frequency

in resonance with the natural oscillations of the flask, such that the driven pressure

generates a stationary ultrasound wave that traps the bubble at its center, on a pressure

antinode.

Often, the effects of the compressibility of a liquid can be neglected in many

problems of hydrodynamics. However, in the case of SBSL this approach is no longer

justified, because a large amount of the acoustic energy driven to the bubble is emitted
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back from it to the liquid, in the form of a spherical shock wave (only a small amount

is in fact converted into light), which obviously could not exist in an incompressible

medium (the acoustical wave emitted by the bubble is experimentally important, since

its detection by a hydrophone signals the presence of the trapped bubble at the center

of the spherical flask). It follows that when the compressibility of the liquid is

considered, a new term is added to the right-hand side of equation (1.3), leading to the

modified Rayleigh–Plesset equation,

gasgas p
dt
d

c
R

R
S

R
RtPPtpRRR 

24)()()
2
3( 0

2
  )5.1(

where c is the speed of sound in the liquid (which henceforth we will assume to be

water).

We adopt a van der Waals equation of state for describing the gas pressure inside the

bubble, which reads

)
)(

)(2()( 33

33
0

0
0

htR
hR

R
SPtpgas




 )6.1(

where R0 is the static bubble radius, that is, the ambient bubble radius when it is not

acoustically forced, h is the characteristic van der Waals hard-core radius of the gas

inside the bubble and γ is the ratio between the specific heat of the gas at constant

pressure and at constant volume (the adiabatic index). So, the gas pressure varies with

time through the bubble radius, R(t). It was assumed in equation (1.6) that the gas

undergoes so fast a cycle of expansion and collapse, which is adiabatic. However, a

more accurate analysis allows one to conclude that the expansion is almost isothermic

(γ≈1) and only the final part of the collapse is indeed adiabatic. Our simplified model

here considers the whole cycle as an adiabatic process.

In equation (1.5), the time derivative of the gas pressure is explicitly given by
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33

2

3
hR
RRpp

dt
d

gasgas





 )7.1(

Equations (1.3) and (1.5) are second-order differential equations for the radius R(t),

which have no analytical solution. So, in order to solve numerically these equations

for a given set of parameters and initial conditions, we have used a specific

Runge–Kutta routine of the mathematical program, Matlab.

Fig.5. Radius as a function of time for one (acoustically forced) cycle of the motion of
the bubble. The liquid is treated as incompressible and the bubble dynamics is
described by the Rayleigh–Plesset equation (1.3).

Table 1. Parameters used in the numerical simulation.

Surface tension S = 72.8 × 10−3 N m−1

Density (water) ρ = 1000 kg m−3

Adiabatic index (argon) γ = 5/3

Speed of sound (water) c = 1 500 m s−1

Viscosity (water) μ = 1.002 × 10−3 Pa s

Ambient pressure P0 = 1.00 atm

Static radius R0 = 2.0 × 10−6 m

Hard core (argon) h = R0/8.86

Ultrasound frequency ω = 2π f ; f = 1/T = 26.5 kHz
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Chapter 2

Underwater explosion bubble

2.1 Introduction

In the military and underwater engineering, underwater explosions are a common

means of generating instantaneous high-pressure loads. The research on the dynamic

loads of underwater explosions has been conducting theoretical research since 1887.

With the need of war, in the 1930s and 1940s during the Second World War, the

impulse waves and bubble movements produced by underwater explosions were

investigated. Phenomenon such as bubble pulsation pressure has been systematically

studied. The book "Underwater Explosion" by Cole is a systematic summary of the

results of underwater explosion research at that time. After the Second World War, the

research on underwater explosions mainly focused on the destructive effects of

underwater explosions. At the same time, they conducted systematic research on

nuclear explosions and conducted many underwater nuclear explosion tests to observe

the damage to surface ships and submarines. In the 1950s, the United States made a

systematic summary of the research results of underwater explosions. Scientists of the

former Soviet Union, starting from the needs of modern warfare, also systematically

studied the dynamic response and effects of underwater explosions. The destructive

effects of underwater explosions are not only caused by shock waves. The entire

process from shock waves to bubble pulsation pressure plays a very important role in

destroying the hull structure. From the 1960s to the 1990s, with the development of

computer technology, numerical simulation of underwater explosions became possible.

However, because the underwater explosion phenomenon involves temperature

transfer and the interaction between solid-gas-liquid three-phase materials,

mathematical and physical models are difficult to completely and accurately reflect
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the essence of the underwater explosion process. Current research methods are still

using theory and test the combined method. In engineering applications, it is hoped

that the description of underwater explosion loads is as simple as possible. Cole's

formula for describing shock waves is simple and straightforward, and is widely

accepted.

2.2 Underwater explosion shock wave

The pressure process of the underwater explosion and the corresponding bubble

motion process are shown in Figure 2.1. A shock wave is first generated after the

explosive package explodes in the water. The explosive becomes a high-pressure gas

explosion product. As the bubble expands, the pressure in the bubble continues to

decrease, and the pressure wave head of the shock wave decays exponentially. When

the bubble expands to the internal pressure equal to the external fluid pressure, the

pressure difference between the bubble's inner and outer pressure becomes zero, and

the bubble expansion speed reaches the maximum. Due to the inertial effect of the

surrounding fluid diffusing outward, the bubble continues to expand, the pressure in

the bubble is less than the hydrostatic pressure, and the pressure wave appears

negative. When the kinetic energy of the fluid is consumed, the bubble volume

reaches the maximum and the pressure reaches the minimum. At this time, the

potential energy of the fluid in the surrounding medium reaches its maximum. Under

the action of external static pressure, the bubble begins to shrink. When the pressure

inside the bubble is equal to the hydrostatic pressure, the speed of the bubble shrinks

to the maximum. The bubble continues to be compressed under the inertia of the fluid,

the pressure in the bubble continues to increase, and the pressure becomes positive.

When the bubble shrinks to the minimum, the pressure inside the bubble is maximum,

and the peak of the bubble pulsation pressure is obtained. At this time, the kinetic

energy of the fluid is transformed into the potential energy of the bubble. If the bubble

is not broken at this time, the second and third pulsations may occur.
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Figure 2.1: The evaluation of incident pressure and bubble migration process (Snay,
1956)[14]

Through a large number of experiments and analysis of the explosion similarity law,

the explosion shock wave can be simply expressed by a formula. For the cast TNT

spherical charge, the peak value of the explosion shock wave (Zamyshlyayev, 1973)

[2] and the energy and impulse of the shock wave (Cole, 1948) are:
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���−

�
�

0.368�� �
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Where �is the charge (kg), � is the distance from the point of view of the burst (m),

�0 is the initial radius of the charge (m), �� is the peak pressure (Pa), the early

shock wave decays exponentially, when � > 0 , the shock wave attenuation changes

Slow, decay in a relationship that approximates the reciprocal of time. ��ℎ is the

impulse per unit area of the shock wave (Ns/m²), ��ℎ is the energy passed by the

shock wave per unit area (J/m²), and ��ℎ is the velocity of the fluid particles after the

shock wave. The maximum velocity of the hysteresis flow occurs when the impulse of

the shock wave reaches the maximum. For the TNT spherical drug packet, the

maximum energy of the hysteresis flow per unit volume:

�� = 0.5���ℎ2 = 0.204��ℎ�0.235/�1.73 2.5

It can be seen from equation (5) that the energy of the hysteresis flow is basically

attenuated by the 3.78 power of the explosion distance R. When the explosion

distance is relatively close, the energy of the hysteresis flow cannot be ignored. When

the burst distance is relatively large, the energy of the hysteresis flow can be ignored.

2.3 Movement of bubbles

After the explosion, the bubbles expand and contract in the water and oscillate. In

most cases, the bubbles are spherical. Therefore, assuming that the bubble is a balloon,

and ignoring the exchange of heat and matter between the balloon and the

surrounding medium, there will be no large errors in most of the time. In this way, the

motion of the balloon can be described by the energy balance equation between the

balloon and the surrounding medium:

2��0�3
��
��

2
+ �

3
�0�3�2 + 4

3
��0�3�� = � − � � 2.6



15

The above formula �0 is the density of the surrounding water medium: � is the

radius of the balloon, �is the floating speed of the balloon;� is the equivalent water

depth of the hydrostatic pressure where the collapse is located; � is the residual

energy in the bubble after the shock wave, equal to �QW. �is the detonation energy

of the explosive, � is the residual energy rate after the shock wave, � � is the

internal energy of the bubble radius is �, and � is the acceleration of gravity. In the

above formula, the first term on the left is the radial kinetic energy of the fluid caused

by the radial movement of the bubble, the second term is the kinetic energy of the

fluid caused by the bubble floating, and the third term is the potential energy of the

fluid. The above formula shows that the sum of the kinetic energy and potential

energy of the fluid is equal to the decrease in the internal energy of the bubble.

Ignoring the viscosity and compressibility of the fluid, according to the momentum

theorem, we can get the floating velocity of the bubble:

� = 2�
�3 0

� � � 3� �� 2.7

According to the state equation of the explosion product, the internal energy of the

balloon is obtained by � �/� � = �:

� � = �
�−1

��

4��3/3
�−1 2.8

For the products after the explosion of TNT explosives,� = 1.25，� = 1.359 × 105 .

According to the above equation, the movement process of the collapse can be

calculated, and the maximum diameter and period of the bubble and the floating

distance of the bubble can be obtained.
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If use other types of explosives, need to convert the amount of explosives to TNT

equivalent first. The standard TNT is that 1 g of TNT releases 4184 J, for ordinary

firework gunpowder, the energy released by 1 g of gunpowder is 1.0 x 102 J.

So about the TNT equivalent of 1g gunpowder is 0.0239gTNT, of course, there is

a certain error in this conversion.

Table 2. Experiment and theoretical values in free field

As shown as table1, for a small amount of gunpowder to explode underwater, the

experimental value of the diameter of the explosion bubble when it expands to the

maximum for the first time is in good agreement with the calculated value of the

empirical formula, but the experimental value of the period when the explosion

bubble is expanded to the maximum for the first time has a large error with the

calculated value of the empirical formula.

Since the environment of the experiment is the water field of 500mm^3, the

standard water free field is at 250mm, and because it is close to the water surface at

170mm, a certain error will also occur.

It is probability that the reason for the error is that the small amount of

gunpowder may bring about the instability of the experiment. On the other hand,

Powder(g) Distance(m)
Bubble Diameter (mm) Time (ms)

Calculation Experiment Calculation Experiment

0.03 0.25 113.56 112 83.07 6.05

0.03 0.17 99.877 83 60.24 6.65

0.06 0.25 125.81 130 75.88 7.43
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because most of the empirical formulas are obtained from the data of a large amount

of TNT explosion, there is a certain error when a small amount of explosive is

exploded.

So, in powder case, the coefficient of maximum diameter and period of bubble is

different with TNT case, the period equation coefficient is about 0.2. Then maximum

diameter and period of bubble equation are:

�� = 7.0 × �/� 1/3

6/5

3/1

2.0T
z
W

 (2.10)

2.4 Jet flow phenomenon

The non-spherical collapse of bubbles or holes in the "fluid" will produce

high-speed jets, refer research Benjamin & Ellis (1966)[15], Lauterborn & Bolle

(1975)[16], Plesset & Prosperetti (1977)[17], Blake et al. (1987)[18], Best (1992)[19],

etc. This phenomenon is very common, such as the axisymmetric collapse of bubbles

near solid walls or free surfaces, the collapse of bubbles under shock waves, and jets

in turbulent cavitation flows.

Fig.2.2 Jet penetrating bubble in the direction of an oscillating boundary

(Blake ,1987)
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Fig.2.3 The collapse of a bubble near a solid wall. (Plesset & Prosperetti ,1977)

In order to simplify, people usually divide jets into two categories to study: one type

does not consider the influence of buoyancy, the bubble motion is affected by the

nearby boundary (free surface, rigid boundary or elastic boundary), resulting in the jet

flow formed by asymmetric collapse. And the nature of the jet is related to the nature

of the boundary, distance and other factors, as shown in Figures 2.2 and 2.3; the other

is far away from the boundary, and the influence of the boundary can be ignored. The

inconsistent pressure difference between the upper and lower surfaces of the bubble in

the gravity field causes collapse. In the actual situation, for underwater explosion

bubbles, the volume of the bubbles is large in most of the time. Therefore, the gravity

field and the boundary often have an important influence on the movement of the

bubbles at the same time, as shown in Figure 2.4, the inclined jet, which makes the

nature of the jet more complicated.

The formation of jet is closely related to the non-spherical collapse of bubbles.

For a bubble with spherical or quasi-spherical symmetry, if the influence of

hydrostatic pressure or surrounding pressure gradient is not considered, its shape will

remain unchanged during the collapse process, because the collapse of any position

will prevent the shrinkage of its symmetrical part. This collapse will not produce jets.

However, the symmetry of the bubble in the actual situation may be destroyed by the

external force generated by the surrounding boundary or the growth of small

disturbances. If a collapsed bubble has an asymmetric structure or has depressions or
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protrusions on its surface, so that it no longer maintains a symmetric structure, the

asymmetry will either weaken or increase, until a singularity is generated in the flow

field and a sharp point is formed. For this reason, a developing asymmetry usually

results in a jet that satisfies strange conditions at a certain part of the bubble.

Fig.2.4 Jet generated by an explosion bubble near a vertical wall under gravity field

condition (Wang & Khoo ,2004)

2.5 Summary

According to the description of basic phenomena and laws, underwater

explosions can be distinguished by different time scales. (Generation of shock wave,

bubble expansion and collapse, migration, jet flow.)

These violent processes are accompanied by many possible energy conversion

mechanisms (kinetic energy and potential energy of fluids, kinetic energy and

potential energy of gases, gravitational potential energy generated by buoyancy,

potential energy generated by surface tension) and energy loss mechanisms(Acoustic

radiation in fluids, chemical reactions and molecular relaxation in gases, heat and

mass transport on the surface of bubbles).

The shock wave process has always been the main object of underwater explosion

research. There are now a large number of documents and research results, as well as

more mature algorithms. There are corresponding numerical simulation methods from

the propagation of shock waves to the interaction with structures.

There is also a large amount of experimental data to support, and the research on

underwater explosion bubbles is still in continuous development.
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Chapter 3

Experiment setup

This article proposes a method to study the effect of bubbles caused by explosives

in underwater explosions under laboratory conditions. A high-speed camera was used

to observe the process of bubble generation, expansion, compression, and collapse

when the explosive exploded underwater at four cases: Near the bottom wall; Near the

bottom wall and one side wall; Near the free surface; Near the free surface and one

side of wall. The pressure measurement film was used to determine the impact area of

the wall when the jet generated when the bubble collapse hits the wall. And used the

PVDF sensor to measure the shock wave generated by the underwater explosion and

the impact pressure on the wall caused by the jet generated when the bubble

collapsed.

3.1 Experiment setup

The experimental equipment set up in this article is shown in the Figure.3.1 A

50x50x90 water tank is used as the experimental water area, and the wall is 15mm

thick transparent material. A 200W LED light is installed as the light source at the rear

to make the bubble movement more clearly observed. A 320x240pixel, 16,682FPS

high-speed camera is used to record the bubble movement, and the interval between

each photo is 59.96us. A long stick with adjustable height is set on the top so that the

explosive can be delivered to the required position.
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Fig.3.1. Sketch of experiment setup Fig.3.2. Photo of experiment setup

3.2 Explosive types

3.2.1 Hollow ball with slit

In Figure 3.3, a hollow plastic pellet with a diameter of 8mm (±0.02mm-0.001mm)

was used as the shell of the explosive. The plastic ball is made of polypropylene (This

material has good hardness and corrosion resistance), and with a 3mm diameter hole

for filling of powder. The plastic hollow ball is formed by splicing two hollow

hemispheres, so that the shell of the explosive can be completely split into two hollow

hemispheres when the explosive explodes. And the direction of separation is the left

and right sides, so that the shell will not affect the sensor at the bottom of the water

tank to avoid errors.

(a) (b)

Fig.3.3. Hollow ball explosive
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3.2.2 Cylindrical

As shown in Figure 3.4, a tube with a length of 10mm, an inner diameter of 3mm,

an outer diameter of 5mm, and a thickness of 1mm is used as the shell of the

explosive. The material is silicon, and the openings on both sides are blocked with a

white solid gel. The advantage of this method is: when the shell is a small hollow ball,

the container cannot be completely filled due to the small amount of explosive, and

the explosive is under the inside of the bomb, and the shape is close to a hemisphere.

When using a cylindrical shell, the distribution of explosives is a cylindrical shape

with a diameter of 3mm and a height of 4mm, which is closer to a sphere than when

the shell is a hollow sphere.

(a) (b)

Fig.3.4. Cylindrical shell explosive

3.2.3 Bead type

The third type of explosive is bead type container explosive, the material of bead

is silicon, and diameter is 8 mm, with a 3 mm diameter cylinder in the middle hollow

part as shown in Figure 3.5. In this type, the explosives are spherical and the

distribution of the powder is also close to a sphere.
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(a) (b)
Fig.3.5 Bead type explosive

3.3 Detonation

Using electric detonators to detonate explosives in water is a stable method. A

section of the wire is connected to a curved nichrome wire (Nickel chromium and iron,

aluminum, silicon, carbon, sulfur and other elements can be made into alloy nickel

chromium wire with higher resistivity and heat resistance. It is the heating element of

electric stove, electric soldering iron, electric iron, etc.), the nichrome wire enters

through the round hole of the explosive shell, making the nichrome wire contact the

powder; The other end of the wire is connected to a 220v to 7.5v DC transformer,

when the transformer is connected to the power supply, a voltage of 7.5V is applied to

both ends of the nichrome wire, and the nichrome wire generates high temperature

due to heat. When the temperature reaches the ignition point, the explosive is

detonated.

It is whether the nichrome can make the temperature reach the ignition point of the

powder when the voltage of 7.5v is applied. (The ignition point of powder is about

200℃, the ignition point of match head is 250℃-260℃) Connect the transformer to

the power supply, the nichrome wire touches the match head, and the match is ignited.

So when the nichrome wire is connected to a voltage of 7.5V, the temperature can rise

to more than 250℃, which is enough to ignite the powder.
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Fig 3.6. When the nichrome wire is connected to a 7.5V power supply, the heat can
reach 250 degrees or more

3.4 Content of powder

Because the power of TNT is too large to produce bubbles of suitable size under

suitable conditions, firework powder is used for the filling of powder in this

experiment. The contents of powder which is basically 75% potassium nitrate, 15%

charcoal and 10% sulphur.

3.5 PVDF Sensor calibration

3.5.1 PVDF introduction

PVDF, full name is polyvinylidene fluoride, is a highly non-reactive thermoplastic

fluoropolymer. PVDF is an organic piezoelectric material, also known as piezoelectric

polymer. The advantages of this kind of materials and their materials, such as

flexibility, low density, low impedance and high voltage constant (g), have attracted

the attention of the world, and their development is very rapid. They have been

applied in underwater acoustic ultrasonic measurement, pressure sensing, ignition and

detonation.

When a piece of piezoelectric polyvinylidene fluoride PVDF polymer film is

stretched or bent, an electrical signal (charge or voltage) will be generated between
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the upper and lower electrode surfaces of the film, and it will become Proportion.

General piezoelectric materials are sensitive to pressure, but for piezoelectric films,

when a small force is applied in the longitudinal direction, a large stress will be

generated in the transverse direction, and if the same force is applied to a large area of

the film, it will produce the stress will be much smaller.

Therefore, piezoelectric films are very sensitive to dynamic stress. The typical

sensitivity of 28μm thick PVDF is 10~15mV/microstrain (parts per million change in

length).

3.5.2 Setup of calibration

Three methods – a pendulum-typed ball impact method, ball drop method and lead

breaking method are commonly used for the calibration of the PVDF film transducers.

The ball drop method was chosen for the calibrations in presented work. The scheme

of the method is presented in Figure 3.7.

A stainless-steel ball of certain weight m drops vertically from position 1 of height

h1 above the calibrated transducer, hits the calibrated transducer and rebounds to

position 2 of height h2 above the calibrated transducer. A plastic tube is used for the

ball guiding. A camera and a rule are used to measure the heights h1 and h2. During

the impact, a part of the initial ball energy is transformed in a deformation of

transducer which generates an electric charge. Electric charge is measured as an

electric voltage output from which the maximum voltage Umax and the time duration

of the impact � are determined.



26

(a) (b)
Fig.3.7. Calibration – (a) Ball drop method by Jan Hujer[20]. (b) Calibration of
experiment setup.

Mean impact force is calculated from the following formula based on the

impulse-momentum theorem.

����� = 1
� �1

�2� � �� = �
�
�1 + �2� (11)

Velocities before and after the impact are calculated from the following formula

�1,2 = 2�ℎ1,2 (12)

where h1,2 are heights and g is gravity acceleration. Maximum force is double of the

mean force, which results from the shape of the measured signal

����=2 ⋅ ����� (13)

Five different stainless-steel balls (mass: 0.522 g; 0.893 g; 1.419 g; 2.125 g; 3.027 g)

were used for the measurement. Initial position of the ball was defined by the length

of guiding tube of 500 mm for all tests.

3.5.3 Result of calibration

The results of the measurements are presented in Figure 3.8. The linear least square
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method was used to fit the measured data. The approximation method usually results

in a nonzero voltage at the zero force, which is physically not possible. For this reason

the zero voltage value was artificially added to the zero force for the fitting procedure.

The sensitivity constants for sensor A, B are 0.0151 V/N, 0.0152 V/N, respectively.

Fig.3.8. Calibration result of PVDF Sensor A,B

3.7 PRESCALE experiment

3.7.1 The Pressure measurement film

There are two types of PRESCALE: Two-sheet type and mono-sheet type.

Two-sheet type is composed of two polyester bases. One is coated with a layer of

micro-encapsulated color forming material(A-film) and the other with a layer of the

color developing material(C-film). Use two films facing the coated sides each other.

When pressure is applied, the microcapsules are broken and color-forming material

reacts with the color-developing material to make red color. The microcapsules are

designed to break according to the pressure so the color density corresponding to the

pressure. As shown in Figure 3.9.
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Fig.3.9. The principle of PRESCALE

Table.3. Pressure measurement film Properties

Precision %10 or less (measured by densitometer

at FC  4.73/23 , RH%65 )

Recommended temperature range  FFCC  95~6835~20

Recommended humidity range RHRH %80~%35

3.7.2 Pressure measurement film setup

Pressure measurement film is used to measure the force-bearing area of the sensor

plate when an underwater explosion occurs. Since the experiment is carried out in an

underwater environment, The Pressure measurement film need to be waterproofed.

The Pressure measurement film was laminated by a thermoplastic machine, and the

thickness of the laminated paper was 50 mic (+-5 mic).

Fig.3.10. Pressure measurement film laminated

In summary of this chapter, the PVDF sensor can only feedback voltage signal.



29

This chapter proposes to calibrate the PVDF sensor to convert the obtained voltage

signal into pressure (n), and use LW test paper to determine the jet impact area on the

wall.

This makes it possible to calculate the jet pressure (pas) produced by the collapse of

the bubble on the wall through the calculated pressure.

Pressure measurement film when set on a metal plate, lay a layer of waterproof

paper first, then spread double-sided tape on the waterproof paper, and then put the

laminated pressure measurement film on the top layer, as shown figure 3.11, that the

setting is complete.

Three kinds of pressure measurement film are prepared, respectively are LW(Low

pressure), LLW(Double low pressure), 4LW(4 times low pressure) pressure

measurement film. Sensitivity 4LW is the strongest, LLW is the second, and LW is the

weakest.

However, due to the need for lamination for waterproofing, the sensitivity of 4LW

is too strong, which will cause the film to turn red during the lamination process, and

it cannot be used in subsequent experiments; Neither LW nor LLW will have adverse

reactions during the lamination process. But since the sensitivity of LLW is stronger

than that of LW, LLW film was used as the experimental material in the experiments.

Fig.3.11. Sketch of pressure measurement film setup.

Fig.3.12 Pressure measurement film experiment setup.
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Chapter 4

Results

4.1 Impact area measurement

Use hollow spherical shell for PRESCALE experiments at 20mm, 30mm, and
40mm from the bottom.

(a) (b) (c)
Fig 4.1 Prescale by 0.03g powder and(a)L=20mm.(b)L=30mm.(c) L=40mm.

The red solid circle part in the middle is the area displayed when the jet generated
by the bubble burst hits the prescale film. The larger circular line shows the area of
the precale film when the shock wave generated when the gunpowder explodes.

L (mm) Diameter of Jet area(mm) Diameter of Shock wave area (mm)
20 15 35
30 17 40
40 19 45

At the same amount of powder, as the distance between the explosive and the
bottom membrane increases, the area of the shock wave to the bottom membrane
increases to a greater extent, and the area of the jet striking the bottom membrane
increases to a lesser extent.

4.2 Experiment at free field

In the 500mm×500mm×500mm water field, at the distance to the explosive at the

bottom is 250mm (free field), the amount of gunpowder used is 0.03g, after

conducting several experiments, the average value of the bubble diameter was
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obtained as112mm (±2mm), as shown in Figure 4.2, the process of bubble generation,

expansion, contraction and collapse during explosion can be well observed under

laboratory conditions.

Fig 4.2. Image of the explosion process of spherical shell explosive with 0.03g
powder at 250mm (free field)
(a) t=0us. (b) t=1499us. (c) t=2998us. (d) t=3897.6us. (e) t=4197.2us. (f) t=4796.8us.
(g) t=59964us. (h) t=6775.48us. (i) t=7974.68us. (j) t=9473.68us.

Fig 4.3. Image of the explosion process of spherical shell explosive with 0.06g
powder at 250mm (free field)
(b) t=0us. (b) t=1499us. (c) t=2098.6us. (d) t=2698.2us. (e) t=3837us. (f) t=4297.2us.
(g) t=5876us. (h) t=7554.48us. (i) t=10313.68us. (j) t=11512.68us.

Figure 4.2 shows the full course of the bubble generation, expansion, contraction
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and collapse when the explosive explodes at 250mm (free field) from the bottom. The

bubble starts to form at 0 and gradually expands until it reaches its maximum at

3897us-4197.2us, after which it starts to shrink to a minimum at 6775us, after which

it starts to expand a second time.

Figure 4.3 shows the process of 0.06g powder explosive at water free field, the

bubble expands in an elliptical shape and reaches its maximum expansion at Figure

4.3(e), after which it begins to compress until Figure 4.3(h) completes the first

pulsation of the bubble. Afterwards a second pulsation in the shape of a mushroom

begins.

Fig 4.4. The curve of bubble diameter with time when 0.03g gunpowder explodes at
250mm

The curves of the diameter of the bubbles over time were recorded for 10

experiments at 250 mm. As can be seen in Figure 4.4 and Figure 4.5, the process of

bubble generation from the beginning to the first expansion to the maximum diameter,

to the contraction to the minimum is more stable, as the combustion of the powder

may not be sufficient, etc. resulting in less stability after the second pulsation.
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Fig 4.5. The maximum bubble diameter of the explosion of spherical shell explosive

with 0.03g powder at 250mm

4.3 Shock wave pressure near the bottom wall

As shown Figure 4.7, 0.03g spherical shell explosive exploded at 56mm from the

bottom, a shock wave was generated, and the bottom sensor was subjected to the first

peak; the bubbles produced by the explosion contracted afterwards to form a jet to the

bottom wall, and the bottom sensor was subjected to the second peak. Pressure on the

sensor as shown Figure 4.8.

Fig 4.6. Image of the explosion process of spherical shell explosive with 0.03g
powder at 56mm. (near the wall)
(a) t=0us. (b) t=1199.2us. (c) t=2398.4us. (d) t=2998us. (e) t=3597.6us. (f) t=4197.2us.
(g) t=5036.64us. (h) t=6835.44us. (i) t=8454.36us. (j) t=11092.6us.
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Fig 4.7. Pressure-time profile of spherical shell explosive with 0.03g powder at 56mm

At the moment when the sensor is subjected to shock wave pressure is 0, after

about 7000ms, the bottom sensor is hit by a jet from the collapse of the bubble. The

pressure of the shock wave is about 0.32MPA when the explosion occurs at 56mm

from the sensor.

Fig 4.8.(A) Cavitation process of a cavitation bubble of 0.03g amount of powder at

56mm.
(a)t=3245us. (b) t=4425us. (c) t=5133us. (d) t=5664us. (e) t=6077us. (f) t=6431us. (g)
t=6608us. (h) t=6726us.

(B) The interface of underwater explosion bubble at collapse process.
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Figure 4.8(A) shows the cavitation process of a cavitation bubble of 0.03g

amount of powder at 56mm distance from bottom and Figure 4.8(B) shows the

interface during the collapse process, the upper and lower wall of the bubble collapse

rate is different. The bubble wall away from the wall will break up earlier, while the

bubble wall closest to the material surface will break up later.

A cylindrical casing was used in order to achieve a more compact and closer to

spherical distribution of the gunpowder. The amount of powder is 0.03g. Underwater

explosion experiments were carried out at 56mm, 44.8mm, 33.6mm and 22.4mm from

the bottom.

Fig.4.9. Image of the explosion process of tube shell explosive at 56mm.
(a) t=0us. (b) t=1199.2us. (c) t=2398.4us. (d) t=2998us. (e) t=3597.6us. (f)
t=4197.2us. (g) t=4916.72us. (h) t=5456.36us. (i) t=6535.64us. (j) t=7495us.

Fig.4.10. Pressure-time profile of tube shell explosive with 0.03g powder at 56mm
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When the underwater explosion was carried out at a distance of 56mm from the

bottom, it can be seen in Figure 4.9 that the bubbles did not move towards the bottom

during the entire growth, expansion, contraction and collapse process as well as

during the second expansion and collapse process due to the distance from the bottom

being too far. Therefore, no jets are generated that impact on the bottom, and sensors

A and B only receive the shock wave pressure generated by the expansion of the

bubbles after the explosion of the explosive.

Fig.4.11. Image of the explosion process of tube shell explosive at 44.8mm
(a) t=0us. (b) t=659.56us. (c) t=1439.04us. (d) t=2098.6us. (e) t=3357.76us. (f)
t=4437.04us. (g) t=5156.56us. (h) t=5936.04us. (i) t=7435.04us. (j) t=9593.6us.

Fig.4.12. Pressure-time profile of tube shell explosive with 0.03g powder at 44.8mm
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When the underwater explosion occurred at a distance of 44.8 mm from the

bottom, it can be seen that the bubble expanded to its maximum at Figure 4.11(d) and

began to contract thereafter, taking on an elliptical shape at Figure 4.11(f), before

beginning to collapse and start a second pulsation, during which it began to move

towards the bottom, as can be seen from Figure 4.11(i) where a jet impacting towards

the bottom was generated during the collapse. However, due to the distance, there are

two possibilities for the sensor to not receive the impact pressure of the jet. One is that

the jet disappears before it reaches the sensor at the bottom due to the distance; the

second is that the jet is too far away and is not generated in a perfectly vertical

downward direction, but at an angle, so that after a certain distance the jet is out of the

sensor's reach by the time it reaches the bottom.

Fig.4.13. Image of the explosion process of tube shell explosive at 33.6mm.
(c) t=0us. (b) t=1079.28us. (c) t=1798.8us. (d) t=2698.2us. (e) t=3597.6us. (f)
t=4197.2us. (g) t=5036.64us. (h) t=5816.12us. (i) t=7315.12us. (j) t=9113.92us.
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Fig.4.14. Pressure-time profile of tube shell explosive with 0.03g powder at 33.6mm

For the underwater explosion at 33.6 mm, the bubble expanded to its maximum at

Figure 4.13(d) and then began to contract, as can be seen in Figure 4.13(f) and (g).

The contraction behaved as a vertical ellipse and then produced a jet impacting

towards the bottom at the time of collapse, Figure 4.13(i), after which it expanded a

second time, contracted and produced a second impact towards the bottom. Although

the pressure of the shock wave generated by the explosion of the explosive was well

received on the sensor, it is not certain that the sensor received the full strength of the

jet due to the relatively small receiving area of the sensor.

Fig.4.15. Image of the explosion process of tube shell explosive at 22.4mm
(a) t=0us. (b) t=1199.2us. (c) t=2398.4us. (d) t=2998us. (e) t=3597.6us. (f)
t=4197.2us. (g) t=5156.56us. (h) t=5396.4us. (i) t=5936.04us. (j) t=7315.12us.
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Fig.4.16. Pressure-time profile of tube shell explosive with 0.03g powder at 22.4mm

The underwater explosion occurred at a distance of 22.4 mm from the bottom

when the bubble expanded having touched the bottom wall, causing the bubble to fail

to appear spherical, Figure 4.15, when the bubble contracted and began to collapse,

Figure 4.15(g) and (h), the bubble appeared as a triangle and was accompanied by a

strong contraction that produced a jet directed towards the wall and was followed by a

second expansion, contraction.

Fig.4.17. Maximum pressure at different distances or shells

As shown as Figure 4.16, when the charge amount and the distance between the

explosive and the bottom are the same, the shock wave intensity of the explosive is
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almost the same when the cylindrical shell and the hollow sphere shell are used.

As the explosives get closer and closer to the bottom, the shock wave pressure on

the bottom sensor gets stronger and stronger.

However, due to the small area of the sensor, the data obtained when the jet

generated when the bubble bursts impact the sensor is relatively unstable. As shown

as Figure 4.7, it can be seen that the jet generated when the bubble generated in the

hollow sphere shell bursts is more easily captured by the sensor at the bottom. The

reason is that when the shell of the hollow sphere is exploded, the shell splits into two

complete hemispherical shells and moves to both sides along the horizontal direction,

so that the jet generated when the bubble bursts can hit the sensor vertically

downward in a relatively stable manner.

When a cylindrical shell is used as a gunpowder shell, although the part of the

gunpowder is closer to a spherical shape than the hollow ball shell, but the direction in

which the shell is broken and flying out after the gunpowder explodes cannot be

determined, which causes the jet generated when the bubble bursts to not stably

impact the sensor vertically downwards, which makes the sensor have a certain error

in capturing the second peak.

4.4 The morphological of cavitation bubbles under different boundary conditions

Using a hollow spherical shell, in order to make the size of the bubble smaller to

facilitate better observation of the bubble, so the amount of gunpowder is reduced to

0.015g.

In this part, as shown Figure 4.18, experiment and recorded with a high-speed

camera under four boundary conditions: near bottom wall(A); near bottom wall and

side wall(B); near free water surface(C); near free water surface and side wall

surface(D).
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Fig.4.18.Four different boundary conditions.

4.4.1 Near the bottom wall

Fig.4.19. Sketch of explosion near the bottom wall

Fig.4.20 The distance between the explosive and the bottom is 20mm.
(a) t=0us. (b) t=1439.04us. (c) t=1978.68us. (d) t=2398.4us. (e) t=3117.9us.
(f) t=3657.56us. (g) t=4197.2us. (h) t=5636.24us. (i) t=7435.04us. (j) t=9533.64us.
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Fig.4.21 The distance between the explosive and the bottom is 40mm.
(a)t=0us. (b) t=1199.2us. (c) t=1798.8us. (d) t=2398.4us. (e) t=2998us. (f) t=3597.6us.
(g) t=4197.2us. (h) t=5216.52us. (i) t=6235.84us. (j) t=7794.8us.

Fig.4.22. The distance between the explosive and the bottom is 60mm.
(a)t=0us. (b) t=1798.8us. (c) t=2398.4us. (d) t=2998us. (e) t=3597.6us. (f) t=4197.2us.
(g) t=4796us. (h) t=5396.4us. (i) t=6895.us. (j) t=8454.3us.

As the water flow near the wall was blocked when the bubble contracted, the

bubble appeared as being attracted towards the wall and developed a jet from the far

side (Figure 4.20(e)). Here the Bjerknes and buoyancy effects combine to induce the

jet. Figure 4.20(g) and onwards show that water between the bubble and the wall is

evacuated, thus the jet is expected to impact the wall directly at high speed. From the
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impact, the liquid of the jet splashes over the wall surface, which is referred to as 'jet

splashing'. Moreover, the bubble surface becomes rough. This is evidence for

splashing; the liquid of the jet penetrates the bubble's lateral surface from inside. As

the liquid moves through the gas-liquid interface, it brings gas, as a result of viscosity,

through the interface into the water. This forms a gas remnant that covers the bubble's

surface, thereby appearing as a white cloud in images. As the bubble continues to

contract, the entire surface eventually becomes distorted by the splashing liquid. In

Figure 4.20(h), the bubble reaches a minimum volume appearing as a flat disk

beneath the wall and rebounds. The second cycle of the oscillation is seen in Figure

4.20(i) and (j). The bubble presumably assumes a toroidal shape resulting from the jet

in the first cycle. While covered by the gas remnant, the central part of the bubble

collapses to a ring. The collapse of different arcs of the ring is almost synchronized.

And as the distance between the explosive and the bottom is different, the shape

of the bubble when it collapses is also different. Such as in Figure 4.21, the bubble

approaches a triangle when it collapses; and in Figure 4.22, when the bubble collapses,

the shape of the bubble is closer to a pentagon; The bubble does not touch the bottom

when it expands to the maximum, so the bubble can expand into a spherical shape,

and it will be close to a mushroom shape when it collapses as shown in Figure 4.19.

4.4.2 Near the bottom wall and side wall

Fig.4.23. Sketch of explosion near bottom wall and side wall
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Fig.4.24. Explosion near bottom wall and side wall.

Fig.4.25. The distance between the explosive and the bottom side is 20mm
(a)t=0us. (b) t=1798.8us. (c) t=2398.4us. (d) t=2998us. (e) t=3597.6us. (f) t=4197.2us.
(g) t=4796.8us. (h) t=5996us. (i) t=7135.24us. (j) t=8154.56us.
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Fig.4.26. The distance between the explosive and the bottom side is 40mm
(a)t=0us. (b) t=599.6us. (c) t=1199.2us. (d) t=1798.us. (e) t=2398.4us. (f) t=2998us.
(g) t=3597.us. (h) t=4197.2us. (i) t=5996us. (j) t=8394.4us.

Fig.4.27. The distance between the explosive and the bottom side is 60mm
(a)t=0us. (b) t=1199.2us. (c) t=1798.8us. (d) t=2398.4us. (e) t=2998us. (f) t=3597.6us.
(g) t=4197.2us. (h) t=4796.8us. (i) t=6415.72us. (j) t=7914.72us.

Underwater explosion experiments were carried out at 20mm, 40mm and 60mm

from the intersection of the bottom wall surface and the side wall surface.

At a distance of 20 mm, as shown Figure 4.25, the bubble does not expand into a

sphere because of the side and bottom wall surfaces, but resembles a quarter sphere,

which expands to a maximum at Figure 4.25(d), after which it begins to contract and,

with the collapse of the bubble, produces a strong jet in the direction of the junction
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between the side and bottom wall surfaces. (Figure 4.25(i))

At distances of 40mm and 60mm, the bubbles expand to their maximum at Figure

4.26(e)and Figure 4.27(e), after which they begin to contract and collapse, after which

they begin to expand, contract and collapse a second time. and always moves towards

the junction of the side wall surface and the bottom wall surface during this process.

4.4.3 Near the free water surface

Fig.4.28. Sketch of explosion near the water surface

Fig.4.29. Explosion near the water surface.
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Fig.4.30 The distance between the explosive and the free surface is 20mm.
(a)t=0us. (b) t=1199.2us. (c) t=1798.8us. (d) t=2398.4us. (e) t=2998us. (f) t=3597.6us.
(g) t=4197.2us. (h) t=4796.8us. (i) t=5696.2us. (j) t=6955.36us.

Fig.4.31. The distance between the explosive and the free surface is 40mm
(a)t=0us. (b) t=1199.2us. (c) t=1798.8us. (d) t=2398.4us. (e) t=2998us. (f) t=3597.6us.
(g) t=4197.2us. (h) t=5336.4us. (i) t=7015.32us. (j) t=8094.6us.
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Fig.4.32. The distance between the explosive and the free surface is 60mm.
(a)t=0us. (b) t=1199.2us. (c) t=1798.8us. (d) t=2398.4us. (e) t=29986us. (f)
t=3597.6us. (g) t=4197.2us. (h) t=4796.8us. (i) t=7794.8us. (j) t=10313.12us.

Next, using the same charge of explosives detonated at 20 mm, 40 mm, and 60

mm below the free surface, the interaction between the bubble and the free surface is

shown in the image series in Figure 4.30, 4.31 and 4.32.

After detonation, cavitation is formed in the region below the free surface, the

cavitation raises from negative pressure of the rarefaction wave produced by the

incidence of the initial shock of the explosion on the free surface.

First, the bubble starts to expand under the free surface. Figure 4.309(b).

Subsequently, the expanding bubble pushes the free surface to form a hump into

which the bubble top grows, Figure 4.30(c), (d) and (e). As the bubble over-expands,

the internal pressure of the bubble is less than the pressure of the surrounding water,

causing the bubble to begin to contract. Until the Figure 4.29(h), compress to the

minimum, and expansion again, Figure 4.30 (i) and (j).

And in the process of bubble contraction, a jet with the direction perpendicular to

the water surface is generated, which can be observed by the degree of bulging of the

water surface hump in Figure 4.30(f) to (h) is much higher than the bulging of the

hump generated by the expansion of the Figure 4.30(c) to (e).

In the Figure 4.31. Due to the obstruction of the wire, it is not possible to clearly
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observe the height of the hump created by the bubble expansion and jet, but it is

possible to observe the intensity of the water splash when the bubble shrinks to see

the direction of the jet created by the bubble shrinkage toward the water surface.

Figure 4.32. At 60 mm from the water surface, the bubble created after the

explosion has converged to a full sphere and continues to expand into a mushroom

shape after shrinking to a minimum and moving downwards under the influence of

gravity.

4.4.4 Near the free water surface and side wall surface

Fig.4.33. Sketch of explosion near the free water surface and side wall surface

Fig.4.34. Explosion near the free water surface and side wall surface
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Fig.4.35. The distance between the explosive and the bottom is 20mm
(a)t=0us. (b) t=1199.2us. (c) t=1798.us. (d) t=2398.4us. (e) t=2998us. (f) t=3597.us.
(g) t=4197.2us. (h) t=4796.8us. (i) t=5996us. (j) t=7554.96us.

Fig.4.36. The distance between the explosive and the bottom is 40mm
(a)t=0us. (b) t=1199.2us. (c) t=1798.us. (d) t=2398.us. (e) t=2998us. (f) t=3597.6us.
(g) t=4197.2us. (h) t=4796.8us. (i) t=5996us. (j) t=7794.8us.
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Fig. 4.37. The distance between the explosive and the bottom is 60mm
(a) t=0us. (b) t=1199.2us. (c) t=1798.8us. (d) t=2398.4us. (e) t=2998.6us.
(f) t=3597.6us. (g) t=4556.96us. (h) t=5696.2us. (i) t=7015.32us. (j) t=7854.76us.

In this case, an explosion bubble was generated 2， 8， 18 mm beside a

vertically placed solid wall and 2， 8， 18mm below a free surface, explosives

along the diagonal direction of the water gradually away from the contact point

between the water surface and the sidewall, the distance between the explosives and

the contact point between the water surface and the sidewall are 20mm, 40mm, 60mm,

respectively.

The bubble was subjected buoyancy and combined Bjerknes forces from the free

surface and the wall. Image series of bubble behavior are shown in Figure 4.35. As the

buoyancy is relatively weak, the combined force should be directed towards the lower

part of the wall which should have been the direction of bubble collapse.

And with the shock wave generated by the first expansion of the bubble, part of

the water surface lifted upward, and the arc is gentler, as in Figure 4.35 (c) to (e).

After that, the bubble contracted and produced a jet directed toward the free surface,

and it can be seen that the height of the water surface lifted is greater than the height

of the previous lift, and the arc is narrow and high, as shown in Figure 4.35 (f) to (i).

In Figure 4.36, since the explosive is already far away from the sidewall and the

free water surface, it is not possible to observe the shock wave and the jet through the

lifting of the water surface, but it is still possible to observe the gradual movement of
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the bubbles toward the sidewall as they pulsate.

4.4.5 Summary

Fig. 4.38.The cavitation process of four different boundary conditions

The Figure 4.38 and Figure 4.39 shows the general view of the cavitation

processes of four boundary conditions. When the bubble collapse near the wall or

water surface, the direction of the jet flow always towards the wall or water surface;

when the bubble collapse near the angle of bottom wall and side wall, the direction of

the jet flow always toward the clamp angle; But when bubble collapse near the angle

of water surface and side wall, due to the effect of gravity, the jet direction toward the

side wall.At here, γ=L/R, L is the distance between the bubble center and bottom wall,

R is the maximum radius of cavitation bubble.

In the Figure 4.39, the real line is the interface of cavitation bubble between the

first time to expand to the maximum and the first time compressed to minimum, and

the dash line shows the interface of cavitation bubble second time expand to the

maximum.
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Fig. 4.39. The interface of cavitation bubble of four different boundary conditions
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Chapter 5

Conclusions

Underwater explosions of 0.015g-0.03g powder charges were performed near

various boundaries. Bubble collapse patterns and associated pressure pulses were

studied in detail from high-resolution images provided by a high-speed camera and

pressure time histories obtained from pressure sensors. Bubble behavior was found to

be dependent on boundary and buoyancy conditions, as are the pressure pulses

associated with bubble behavior, especially in the last stages of collapse.

By comparing the effects of three different types of explosive casings upon

detonation, hollow sphere explosives and cylindrical explosives at the same amount of

powder and the same distance from the bottom wall, the shock wave pressure of the

wall was subjected was agreement. However, due to the small area of the sensor, the

data obtained when the jet generated when the bubble bursts impact the sensor is

relatively unstable. The explosion of the explosive creates a bubble which does not

rupture perfectly and produces a vertical downward jet. Due to the flying out of the

shell fragments, the jet generated by the rupture of the bubble is always at an angle

and does not go vertically downwards, so that the PVDF sensor at the bottom does not

fully receive the impact pressure of the jet.

The experiments were carried out in free water and the diameter and period of the

bubble when it first expands to its maximum value were compared with the results of

Cole's empirical formula, which showed that the experimental value of the diameter

of the bubble when it first expands to its maximum value was in good agreement with

the empirical formula, while the period was somewhat inaccurate, presumably

because of the small amount of powder and the influence of the shell, and more

experiments are needed.

For underwater exploding bubbles under laboratory conditions, experiments were

conducted under four different boundary conditions: free surface boundary, free
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surface boundary with lateral rigid wall, bottom rigid wall, and bottom rigid wall with

lateral rigid wall. The shape changes of the underwater explosion bubble, bubble

pulsation was analyzed, and it was found that the existence of the boundary has a

greater effect on the bubble shape, the rigid boundary surface will increase the bubble

pulsation pressure more, and the free surface boundary on the bubble pulsation

pressure.

When the bubble collapse near the wall, the direction of the jet flow always

towards the wall; when the bubble collapse near the water surface, the direction of the

jet stream is directed towards free surface, however, due to the large volume of

underwater exploding bubbles being influenced by gravity, the bubbles move away

from the water surface; when the bubble collapse near the angle of bottom wall and

side wall, the direction of the jet flow always toward the clamp angle; But when

bubble collapse near the angle of water surface and side wall, due to the effect of

gravity, the jet direction toward the side wall.

In the bubble expansion stage, gravity does not have a great influence on the

bubble shape and rising speed. The bubble basically remains spherical in the

expansion stage, and the falling speed of the bubble is not obvious.

In the compression stage of the bubble, due to the influence of gravity, the shape

of the bubble changes from the original spherical shape to a convex and concave

mushroom shape, and the descending speed is significantly accelerated.

As the distance between the explosive and the bottom increases, the pressure of

the shock wave on the bottom wall decreases, and the distance the jet hits the bottom

wall also decreases.

As the water depth increases, the diameter of the bubbles generated when the

same amount of powder and shell explodes will become smaller.

Through the analysis of the collapse process of the single bubble, it is found that

due to the influence of the wall, the cavitation bubble is no longer spherically

symmetrical occurrence of collapse and rebound, but from above, the downward

concave, in the process of collapse, the formation of a jet pointing to the wall, with

the increase of the jet velocity, the jet velocity penetrates the lower surface of the
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cavitation bubble, forming a ring-shaped cavitation bubble, and the impact pressure

generated at the moment of collapse is the largest, and at this time, the stripping effect

on the wall is also the largest.

Prospect

In this thesis, experimental studies of underwater cavitation bubbles have been

carried out not only using gunpowder to generate the bubbles, but also numerical

simulations of the cavitation bubble process from the collapse stage onwards.

However, there are still some shortcomings that need to be improved.

1. The production of bubbles by the explosion of gunpowder is still a small

margin of error, and it may be possible to try more stable explosive structures and

explosive compositions.

2. In actual cavitation phenomena: the cavitation bubbles are randomly rather

than uniformly distributed; the distance L between the cavitation bubbles is not a

constant but random; the size of the cavitation bubbles is variable, and the shape and

position of the cavitation bubbles vary with the flow field; the actual cavitation

phenomena also include the initial generation of cavitation bubbles, which are not

always spherically symmetrical at maximum volume; and the driving pressure inside

and outside the cavitation bubbles is not fixed.

3. In actual cavitation phenomena, cavitation bubbles collapse as clusters of

bubbles in varying numbers; numerical simulation methods still need to continue to be

explored to improve computational accuracy and thus more accurately characterise

cavitation exfoliation phenomena.
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