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Abstract

It is possible to produce concentrated free surface water jets by rapidly accelerating a
geometrically shaped curved deflector plate below the free water surface, This
principle has been established using a self focusing electromagretic acoustic source
(FEMAS) and this report verifies it using a shock tube based mechanical analogue of
that system. The shape, form and speed of the water jets produced vary between the
two systems, Discrete pressure measurements using a needle hydrophone positioned
at different points below the free water surface are presented. The variation in
pressure amplitudes recorded highlight the scatter and uncertainty inherent ina
complex coupled system, while the form of the pressure trace is dependant on the
mechanical design of the system in use and the position of the needle hydrophone in
the pressure field, To better undersi=nd the experiiriental sysiem, a computer
simulation using commercially availasle non-linear dynamic analysis software has
been developed. This shows that the water surface jets result from the overall
hydrodynamic flow initiated by rapid movement of the deflector plate below the water
surface.
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1. Introduction

A shock wave is a strong pressure wave in any elastic medium, such as a solid or
fluid, which results from a violent pressure change. Such pressure change may be the
result of an explosion, solid object moving with high velocity, lightning or any other
process which causes a zone of high pressure to propagate through a medium at
supersonic speed. As shown below, the shock propagates outwards from its source
into the undisturbed material leaving behind a zone of disturbed material.

\\ undisturbed
material

disturbed
material

]

(b)

Figure 1.1 (a) Schematic propagation of a shock fiont
(b} Propagation of a spherical shock front



Theory shows that a stable shock front is a region in which tempe. ature, density and
flow velogity change their values in a few mean free paths (Wright 1961), As a result,
these quantities are generally regarded as changing discontinuously at the shock.

1.1 Study of shock wzves

The general study of shock wave phenomena began in earnest after the second world
war, Since then, the shock tube in various forms has become the most commonly used
experimental tool in this field. Shock tubes provide repeatable controlled shocks
which can be used to gather reliable experimental data.

A basic shock tube consists of a rigid cylinder divided into two sections by a gas-tight
diaphragm, A pressure difference is applied across the diaphragm and allowed to
normalise, When the diaphragm is ruptured a shock wave travels into the low pressure
(expansion) chamber, and a rarefaction wave travels into the high pressure
(compression) chamber.

P atm

expansion
chamber

idi
4’/ dividing

& diaphragm
Phign
<“4——— compression
chamber

Figure 1.2 Schematic diagram of a basic shock tube

1.2 Pressure waves in a tube of constant cross section

The following theory allows one to examine the propagation of a pressure pulsz ina
stationary gras, enclosed in a tube of constant cross sectional area.

g8}



The speed of a sound wave in a gas is given by:

Where: ¢ = Speed of sound wave in a gas (m/s)

v = Ratio of specific heats of gas in which sound
wave propagates

Rg = Universal gas constant (J/kg mol K)

M= Molecular weight

T = Temperature (K)

R = Gas constant (J/kg K)

This formula is based on the assumption that the propagated disturbances are
sufficiently weak for all pressure and density variations to be negligible. When the
strength of the disturbance is substantial enough for this assumption not to hold, two
factors influence the speed of propagation. Firstly the disturbance compresses the gas,
causing its temperature and hence its sound speed to rise. Thus the peak ofa
compression wave travels more quickly than the speed of sound in the undisturbed
gas. Secondly there js a particle flow in the wave. As a result, the peak of the
compression wave travels at an increased sound speed in fast moving air and hence its
velocity of propagation relative to a stationary observer is increased. To facilitate
mathematical analysis of these effects a new quantity (f) is defined.

Where: p,= density of air into which the wave is

travelling (kg/m’)
af cop of cadp
Then: Sm and e
o o por g o par

Using the adiabatic expression that for a given fluid element pp™ is constant, then:

B o a0, Y
o p O ox ox

For a constant cross-sectional area (A), the equaticns of conservation of mass and
momentum respectively may be written as:

2/{7__{_ -«a—li+u§-€=
ot dx )
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These may be written in terms of (f) as:

o oOu _of
—to—tu=-=0 1.
o o ax (D)
du ou &
d —tlUm— = 12
an Yy uax cax (1.2)

Adding and subtracting equations (1.1) and (1.2):

%(f+z¢)+(z¢+c)5%(f+u)=0 (1.3)

and —%(f—u)-i-(u—c)%(f—u):O (1.4)

These are the equations of propagation of waves in the direction of (+x ) with
velocities (ute) and (u-¢) respectively. Equation (1.3) means that if a point travels
with a velocity (utc) then the value of the quantity (f+u) at that point will be constant.
Similarly equation (1.4) means that the quantity (f-u) will be constant at a point
travelling with velocity (u-c). The quantities (f+u) and (f-u) are known as the
Riemaan Invariants,

p
By definition: [ = jcig’- and e=e(p,p)  (15)
Fo

Using the relations ~ ppo™ =k and = (ﬁ)
Yo
o [ (5
o 2
Equation (1.5) becomes: I =2l (i?»] 1 (1.6)
=11\ ps

Similarly the sound speed ¢ may be rewritten as:

. { 7
c-:cg(-!«)—J (17)
Py
Now consider the propagation of a pressure disturbance in what is elsewhere a
uniform stationary gas. The pulse separates info two parts, The first represents a right

travelling pressure wave with velocity (u+c) and the second a left travelling pressure
wave with velocity (u-c), Concentrating on the right travelling wave, a point which is



initially in the undisturbed region ahead of the wave and travelling with velocity (u-c)
will eventually be overtaken by the disturbed region travelling with velocity (u+c).

Rut relation (1.4) applies to all points travelling with velocity (u-c). Hence all points
ahead of the right travelling pressure wave are points of constant (f-u). Since the wave
is moving through an initially undisturhed gas where £=0 and u=0, it follows that at
every point in the wave:

yei
u=f=2'£°— (_pg_)(v]_l 1.8)

This equation gives the particle velocity as a function of pressure in the wave. The
fact that the particle velocity is directed in the direction of propagation in a
compression wave ( p) p, ) and against the direction of propagation in a rarefaction

wave ( p(p, ) follows at once from equation (1.8).

Using equations (1.7) and (1.8) the velocity of propagation of the wave can be found.

(252
zo dxEllp B2
(w+c)=c, y_l(po) o (1.9)

It follows that when the wave is weak, the velocity of propagation tends to ¢, - the
velocity of sound in the undisturbed gas, It also follows that waves may be propagate .
at speeds considerably in excess of the velocity of sound provided they are

sufficiently strong.

Furthermore, the waves change shape as they propagate. In a rarefaction wave, the
pressure gradients tend to become less steep. In a compression wave, the pressure
gradients tend to become more steep.

These processes can be shown as follows. Consider the rarefaction wave shown in
figure 1.3(a). The velocity of propagation of that part of the wave at pressure (p) is
given by cquation (1.9). The arrows indicate the direction of particle flow, which is
opposite to the direction of wave propagation. Since the part of the wave at high
pressure travels more quickly than that at low pressure, the rarefaction wave
necessarily becomes less steep as it propagates.
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Note: Arrows inficate direction of particle flow
Figure 1.3 Propagation of a rarefaction wave
Similar arguments lead to the rule about the change in shape of a compression wave.

That part of the wave at high pressure travels more quickly than the part at low
pressure and so the wave steepens as it propagates. This is shown in the next fipure:
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Figure 1.4 Propagation of a compression wave

Ifthe process of the high pressure region overtaking the low pressure region carried
on for some time, the situation shown in figure 1.4(d), where the high pressure region
has caught and overtaken the low pressure region, would occur. However three
pressures cannot simultaneously exist at one point in space. Instead a stable system
results in which a shock front is formed. The wave shape is shown in figure 1.4(e).

In front of and behind the shock, changes occur sufficiently slowly for the theory
already developed to apply, but separate theory needs to be developed which
describes the behaviour at the shock itself,




1,3 The theory of shock waves

The conditions across a shock are evaluated on the basis that the thickness of the
shock front is constant — i.e. the wave does not change shape as it propagates, The
shock front does not necessarily need to be thin, Consider a shock front moving into
+ill air with velocity (U). The pressure, temperature, density, internal energy per unit
ass of gas and sound speed in front and behind the shock are represented by
Po:P1sTos 115 Pos P15€95€15 45 €, Tespectively. The flow velocity behind the shock is

represented by (u). The following parameters are defined:

Shock strength: y= [—p—'J (1.10)
Py

Shock compression: 7= (_p_,_) (1.1
2o

Shock Mach number: M = (Cg—] (1.12)
Q

Consider the figure below as seen by an observer travelling at the same speed as the

shock front.
/ Shock Front

| [ |
1 hY
Pressure (p;) ",' '\I Pressure (po)
“ : f—
Flow Velocity ! ;  Flow Velocity
(U-n) / / U
E 3

Figure 1.5 Shock front moving through a gas

Dividing the gas at points E and F 'n front of and behind the shock wave respectively,
and examining the forces acting on region EF which contains the shock transition, the
following can be deduced:

{8  The quantity of gas flowing into the transition region in time dt is g, UAdt
and that flowing out is p, (U ~ u)Ad . By the law of conservation of matter:

2 U =p(U=u)y=m (1.13)




(b)  The net force acting on the element EF is (p, ~ p, ).1. This must equal the rate
of change of momentum of the gas inside the element which is (mua). Hence:

mu = pp = p, (1.19)

(¢)  The net work done on the element EF in time dt can be equated to the increase
in kinetic and internal energy of the gas passing through the shock front in
time dt, This yields:

poU +me, +-:1:1-mU2 = p, U —u)+me, +-;jm(U-u)2 (1.18)

Furthermore the internal energy of the gas in which the shock propagates is known as
a function of pressure and density.

e.-::e(p,p)

The three dynamic equations (1,13 — 1.15) have become known as the Rankine
Hugonoit relations.

For an ideal gas, where the ratio of specific heat at constant pressure to that at
constant volume, y, is a constant, the following is an expression for the internal

energy of the gas:

(1.16)

g =

L
r-1p

This equation facilitates solution of the Rankine Hugonoit relations. Assuming the
pressure ratio given by equation (1,10) across the shock is specified, the unknowns
U,u,p can be found. Remembering the equations for 7, M, ¢, the foilowing solutions

can be found:

U u

Yo oy= |V 1.17
¢, {1+ ) i
o (-pfy-1) (1.18)

y \/KI‘*‘#)G"'//H

- =.§!ii%2 1.19
Lo 1 (1"'/’)') @19
5 (+w)

e 3 Yo (1.20
T, (u+y) )




Where: U= (=1 (1.21)

1.4 Shock waves in liguids

The preceding sections have considered shock waves in gases; However in recent
years liquid shock waves have made practical contributions to the sciences of
medicine and metal forming. To study the effects of shock waves in liquids, it is
necessary to relate pressure and density across a shock wave propagating through a
liquid by an equation of state. (Thus far all analyses have been based on the basic
equation of state for an ideal gas pv=R7")

In general, an equation of state can be expressed as:

B
Py Po

Where: p =L ‘antaneous pressure (Pa)
P, = Hydrostatic pressure under ambient, zero velocity

conditions (Pa)
p = Instantaneous density (kg/m)

P, = Equilibrium density (kg/m®)

The exponent ¢ is a constant which depends on the nature of the medium and how the
comprassion or expansion is carried out. The value of ¢ can be found empirically or
by using the non-linear acoustic relationship (Moxtimer 1997).

1.5 Eguation of state for water

The modified Tait equation of state is used for shock pressures in water of less than
10kBar, It is based on the assumption that:

. pl
p(p.T)=pl0.TX1+3)" (1.23)
and therefore
n+B_(pY .24
p+B (pl] (1249

The constants B and n are characteristic constants of the medium, which are
empirically determined. Actually B is a weak function of entropy, but can be
considered a constant for moderate to weak shock waves in water, For the purposes of
this report, B = 2955Bar = 295.5MPa and n=7.44 are used (Mortimer 1997).
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Shock we.ves in liquid can be described using the same equations as those for shock
waves in air if the pressure p is replaced by p' = p+ B and the ratio p is replaced
by n. The following hydrodymamic relations can then be used (Mortimer 1997).

’ =
Shock wave speed: c= nB (£—)L nl (1.25)
2 B
Acoustic velocity: o = /M (1.26)
Py

Mach number for a sheck wave in water:

4 7 _
M, =.I..£.= (’H‘l)pn +(n _15 (1.27)
G 2n
' Dy + 3
: = .28
Where P (Pn +BJ (1.28)

p, = Pressure in undisturbed region ahead of shock (Pa)
p, = Pressure in disturbed region behind shock (Pa)

In water py, is generally close to unity because ot the large values of B in equation
{1.28). This leads to a shock Mach number also close to unity, As a result,
hydrodynamic shocks are generally weak in the gasdynamic sensc.

1.6_Production of liguid shock waves

Liquid shock waves can be of two types. Either continuous pressure oscillations or
transient pressure pulses. Pressure osciliations usuatly offer low peak pressures and
are thus not considered further. A number of techniques are available for producing
transient pressure pulses.

1.6.1_Electtical spurk discharges:

These shock wave generators work on the principle that by a sudden release of energy
in a small volume a plasma is generated and expands, thereby emitting a shock wave,
In nature a corresponding phenomenon is the thunderstorm, where an electric
discharge seen as lightning is tollowed by an acoustic boom heard as thunder.

To generate the exploding plasma channel experimentally, a high voltage capacitor is
typically discharged across electrodes in water. One such experimental configuration
is detailed by Miiller (1987).

11




1.6.2 Underwater explosions:

The detonation of submerged explosive - harges is a well documented source of strong
liquid shock waves (Kedrinskii 1978). By employing various charge shapes, different
shock wave profiles result. A disadvantage of this method is the rising bubble of
explosion products, resulting fiom the detonation, which can interfere with

- experimental results.

1.6.3 High power lasers or optoelectronic sources:
High power laser pulses can be used to cause localised heating in a fluid. The

resulting expansion causes a spherical shock wave to propagate through the fluid. An
alternative is to use a high power laser to impinge on a disk emitting a unipolar or
bipolar pulse. This type of transducer is known as an optoacoustic source (Maortimer
1997).

1.6.4 Liguid shock tubes:

Shock tubes as described earlier have become the most commonly used tool for the
study of gas shock waves. The iiquid (hydrodynamic) shock tube produces shock
waves in a liquid medium, "t operates on a similar principle to a gas shock tube, In its
most basic form, it is vertically mounted with a compression chamber at its top,
middle expansion section and lower liquid filled test section. The compression and
expansion chambers are separated by a diaphragm across which a pressure difference
is applied. When the diaphragm is ruptured, a shock wave moves down the expansion
chamber striking the air/liquid interface at its end, A transmitted shock propagates
through the liquid test section. Variations on this basic configuration exist as required
to suit individual test requirements. For the production of strong shock waves, a gas
driven piston can be used to strike the free liquid surface, An alternative method to
produce shock waves in a liquid is through the collision of submerged solid bars.

1.6.5 Electromagnetic emitters:
An electromagnetic acoustic source (EMAS) is shown schematically below.

e

Tnoger Slab conl lnst.labng Meta!

Figure 1.6 Electromagnetic acoustic source (Reichenberger (1988))

This device consists of a high voitage .apacitor which is discharged through a flat
pancake coil. An insulated metal di.k is in close proximity with the coil, Lorentz
forces produced by the eddy currenis induced in the disk accelerate it away from the
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coil. The disk acceleration produces a pressure pulse in a fluid filled cavity (Mortimer
1997).

1.7 _General behaviour of shock waves

1.7.1_Reflection and diffraction

Shock waves reflect from hard material surfaces in one of two different
configurations. For weak shock waves, where non-linearity is relatively weak, when
the interface is relatively steep the reflection is regular, The reflected shock joins the
incident shock at the surface, The angle of incidence is equal to the angle of
reflection. On the other hand, irregular reflection occurs when the shock is strong and
the slope of the surface gradual. This is called Mach reflection, For strong shock
waves regular reflection can occur, but in this case the angle of incidence is not equal
to the angle of reflection.

Incident Incident
wave wave

Reflected
wave

Reflected
wave Angles of
incidence and
teflection
(a) (b)
Figure 1.7 Reflection of a shock wave at 4 solid surface; (a) regular reflection
(b) Mach reflection

For weak shock waves, the theory of shock reflection yields no ~olution at small
angles of incidence. This was called the von Neumann paradox. Experiments show
that in fact a type of Mach reflection occurs (Ben-Dor 1992) where the reflected
shock starts out as a compression wave, and the phenomenon is now called von
Neumann reflection.

Diffraction accurs when the length of a shock front increases as a result of its
interaction with a sulid body. The figure below shows a shock wave diffracting
around a 90° corner,
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Diffracted
Wave

Figme 1.8 Diffraction of a shock wave around a 90° corner

The lower branch of the diffracted wave is compressive, and the upper part above the
extension of the horizontal wall, is expansive, If the incident shock is of finite
amplitude, the diffracted wave propagates laterally upwards along the shock, so the
effect of the corner is communicated to the region above the extension of the
horizontal wall,

7.2_Refractio

Refraction occurs when a shock wave is bent by material inhomogenuities or at
material interfaces, Generally when a shock wave refracts, it also reflects. Both
regular and irregular refraction occur, depending on shock strength and the interface
properties, These processes are shown in the figure below:

Incident
Wave

Incident
Wave

R Reflected
| Wave

-—-—-"L—

Reflected
Wave A

,,a.‘-f“" \

Transmitted
Wave

Interface ..., Transmitted

Wave

Interface
(2) (b

Figure 1,9 Refraction of shock waves from an interface (a) Regular refraction
(b) Irregular refraction

The direction in which the shock front bends at the material interface depends n the
speed of sound in the two materials. In the most basic analysis, when the shock wave
moves from a slow into a fast sound speed material, the transmitted shock bends
upstream of the incident shock,
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1.7.3_Scattering and attenuation

Scattering occurs by the reflection and refraction of waves from small, randomly
distributed non-uniformities in the propagation medium. The reflected waves are
called “back scattered” waves and the transmitted waves “forward scattered”.
Forward scattering manifests itself as either perturbations of amplitude and shape of
the main shock front or a field of wavelets a short distance behind the shock
propagating parallel to the shock path. Back scattered waves can both re-reflect from
the medium and also nonlinearly overtake the incident wave, tending to restore its
strength,

Viscous dissipation in shock waves does not directly affect their strength, only their
thickness. The strength of shocks is influenced only by waves/disturbances generated
at the front or those generated downstream which overtake it. Downstream
disturbances which affect shock strength can be generated by viscous boundary
layers, Here the displacement effect induces weak expansion waves which overtake
the shock and attenuate it.

1.8 Focusing of shock waves

Plane shock waves are deformed by propagation through non-uniform or moving
media, or when they reflect from curved surfaces such as ellipsoids. Such waves, once
formed, tend to converge and focus. They can acquire both concave and convex
curvatures, as shown below (see Chapter 2 for more details):

Focus

6 1 2 3 4 5

Expansion

diffracted ~——7J»
Foeusing wave —
wave Wave

emerging
from focus

——p

- Focusing
Diffracted wave Focused
wave Mach stem wave
(a) )

Figure 1,10 Focusing of an acoustic shock

The convex curvatures are difftacted waves while the concave curvatutes are the
focusing waves, The diffracted waves are expansion waves, separating the
surrounding lower pressure fluid from the focused front. In acoustic theory all the
focusing rays converge to a point. Therefore at the focus the amplitude is infinite.
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Beyond the focus, since the focused wave travels a longer distance than the diffracted
waves, it falls behind them and the front folds at a cusp (see figure 1.10 (a)). The
behaviour of weak shocks in real liquids differs from that predicted by theory. The
real focused pressure amplitudes achievable are limited by small non-linearities in the
medium. The diffracted waves propagate laterally along the shock front and they
cross on the axis of symmetry (see figure 1.10 (b)), before the focusing shock reaches
the geometric focus. The inner parts of the diffracted fronts near the axis steepen and
become compressive before stage 2 (see figure 1.10 (b)). The converging fronts are
unstable and form sharp corners as in Mach reflection. The same instability manifests
itself on focusing fronts; The compressive diffracted waves become the reflected
waves of a Mach reflection about the axis of symmetry. The focusing front plays the
role of the incident wave of the Mach reflection, The strongest wave at focus is the
Mach stem shown in figure 1.10(b). Thus non-linearity limits the development of the
infinite amplitude predicted by acoustic theary to the strength of a Mach stem.

A number of devices have been used to generate focused shock waves. The most
simple method used experimentally is to reflect a plane shock from a curved
(elliptical/parabolic) surface inserted at the end of a shock tube. The effect is to
reverse the direction of propagation of the shock wave and introduce a curvature
which focuses the shock at the geometrical focus of the reflector used.

Other experimental shock wave focusing techniques are outlined below:

1.8.1 Electromagnetic shock wave generators

Mortimer (1997) details the construction of a self focusing electromagnetic
acoustic source (FEMAS). This was intended to produce a ¢onverging shock wave,
thus eliminating the need for external concentrators such as lenses ¢ eflectors.
Pressure measturements in the field of the FEMAS units show that the shock wave
generated did in fact converge. The effect of changing the concave disk geometries
was also investigated. It was found that the limit of pressure amplification in these
tests was diffraction (Mortimer 1997).

The figure below show the pressure traces recorded at the focus of the FEMAS in
different media,
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Figure 1,11 Pressure traces r~corded at the focus of the FEMAS in (a) Water (b)

FC-43 (Mortimer 1997)
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Another configuration which can be used to focus the shock wave praduced by an
clectromagnetic generator is shown below,
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Figure 1,12 Cylindrical electromagnetic generator enclosed in a parabolic reflector
(hitps//www.galeit.caliech.cdu/ ~brad/bicseicnce/litho/workshop/endo/endo_2.html)

A cylindrical electromagnetic generator is enclosed in a parabolic reflector. The
parabola is rotated about its central axis to form a three dimensional reflecting
sutface. Only a small segment of the parabola is used however, and the shock focuses
to a point that otherwise would have heen inside the surface of revolution. In figure
1.12 the arrows show the parallel horizontal rays of the expanding cylindrical shock
feaving the shoek generator and their paths converging towards the focus of the
parabolic scetion afier reflection.

1.8.2 Piezoelectric shock wave generators:
(hitp://www.galeit.caltech.cdy -brad/bioscicnce/litho/workshop/endo/endo 2. html)

Piezoelectric elements can be arranged on a spherical surface to generate a focusing
shock wave when a voltage is applied across them. The shock {ocuses at the centre of
the sphere, This type of arrangement is shown below:

Figure 1,13 Piesocleetric shock wave soure
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1.9 The production of free surface water jets using focused underwater shock
waves

Mortimer (1997) shewed that it is possible to produce concentrated free surface water
jets using focused underwater shock waves created by an FEMAS,

Figure 1.14 Free surface water jet produced using an FZMAS (Mortimer 1997)

Similarly in a previous work which is not available in the public domain, the author
has shown that it is possible to produce free surface water jets using a mechanical
anilogue of the FEMAS used by Mortimer (Karnovsky 1998) — See Appendix Al.

Figure 1.15 Free surface water jet using mechanical analogue of FEMAS
(Karnovsky 1998)

In this system it is necessary to rapidly accelerate a curved plate below a free water
surface through a small distance (5mm). An efficient way to achieve this is to allow
a gas shock wave to strike a constrained but flexibly mounted curved plate from
below, thereby loading it impulsively with the high pressure behind the passing shock.

To this end a shock tuhe based test rig was designed and built, It consisted of a
ver'ically mounted shock tube with driver section at its lower end and transparent
water {ank at its top end. At the end of the shock tube and base of the water tank
geometrically shaped plates were flexibly mounted with their concave surfaces facing
upwards. As the shock wave travels up the shock tube, it strikes the deflector plate at
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its end forcing it to accelerate rapidly towards the free water surface above. Water
surface effects as shown in figure 1,15 result,

The shock tube, water tank and curved “deflector” plate configurations are shown
below.

P Water tank
» Deflector plate
Tank base peiy L — o support flange

Supporting collar

Shock tube
\\

Pressure transducer

(a)
Deflector plate
supporting flange
et i H ==
bl e dimremumenssnan e Aremeeen
] 1 1 ] 1
P ‘r Pl
] t ] ] 1 1]
H i H 1 ] ]
High density
Bolt hole 7 foam ring
Silicon seal T T
N Deflector
plate

T T Shock
(®)

Figure 1.16 (a) Shock tube and water tank configuration
(b) Exploded view of deflector plate and supporting flange

The current research further explores the liquid shock waves and free surface water
jets produced. Pressure measurements are used to characterise and understand the
observable physical phenomena. Different deflector plate configurations are explored.
Finally non-linear dynamic analysis software is used to simulate the water jet
production process.
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2. L derature Review

[

Mortimer studied liquid wave focusing and the production of free sarface liquid jets
using focused underwater shock waves (Mortimer 1997), The aim of this research was
to explore the state~of-the-art of liquid shock wave experimentation and the
application of liquid shock waves to new areas. One new area is the production of
puised liquid surface jets using focused shock waves. These pulsed liquid jets have
potential applications in material sorting and rock breaking,

In material sorting, particles reach the end of a conveyor belt or similar system and
are allowed to fall freely through an inspection region. While undergoing projectile
motion, desired particles can be deflected from the rest using a water jet. Water jets
are preferable to air/gas jets because they diffuse less rapidly. Thus they maintain a
higher momentum flux over larger distances, They also provide better momentum.
transfer on collision with the target particle (Mortimer et al. 1995). In rock breaking
applications, water jets are used for the high “water hammer® pressures developed
during the initial stages of jet impact. When a high velocity liquid slug strikes a solid
surface, a reflected shock wave develops in the siug and travels backwards along its
length at close to the speed of sound in the liquid. Initially very high pressures
develop in the contact zone. These, coupled with cavitation effects resulting from the
reflection process, can produce sigrificant surface damage (Lesser et al, 1983), The
high impact pressure only lasts until the expansion waves from the edge of the jet
column reach the reflected shock wave (Mortimur 1997).

Initial Slug

Reflected
shock

Exparision
wave

Figure 2.1 Schematic of liquid slug impacting a solid surface (Mortimer 1997)

Focused underwater shock waves can be used to produce the water jets required by
the abovementioned applications. The process of focusing shock waves in air was first
explored by Sturtevant and Kulkarney (Sturtevant et al. 1976). They found that weak
shock waves curved concave towards the direction of propagation, converge and tend
to focus.



For a shock wave at a perfect geometrical focus, different focusing configurations are
possible depending on the shock strength (Sturtevant et al. 1976). The following
figure summarises these possibilities.
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Figure 2.2 Different possible configurations for focusing shock waves

(a) sound pulses (b) weak shocks (c) moderately strong shocks
(d) strong shocks (Sturtevant et al 1976)

For very weak shocks (figure 2.2(a)), which can be considered acoustic shocks, the
focusing process is described by the geometrical acoustics of Keller(1954). The front
propagates normal to itself with a fixed speed at all times. In an isentropic
atmosphere, the trajectories of points on the shock (rays) are straight lines normal to

the shock front and cross as shown below. The surface on which adjacent rays cross is
called a caustic surface.

Figure 2.3 Focusit._ i weak shocks a-cording to geometrical acoustics (Sturtevant
et al. 1976

For weak shocks as shown in figure 2.2(b), the wave pattern initially has three
distinguishable components. The circular wavefront in the centre, concave to the
right, 1s the .eflected shock travelling towards the focus. Extending from this
wavefront on either side are diffracted shocks emanating from the sharp corners of the
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parabolic reflector, These expansion waves meet each ther before the shock front
reaches the focus, This gives the shock front a .isssed and folded configuratios.
Therzafier the diffracted shocks precede the focused shock, which follows between
the folds.

Figure 2.2(c) shows the borderline case of a moderately strong shock. In this case, the
shocks come very close to a second crossing, but then move away. The focal spot is
almost pinched offat that point, but not quite, so the waves leaving the focus are not
crossed. For shocks weaker than this the shock fronts cross tywice, giving a finite focal
spot and crossed shock fronts. The stronger the shock, the lar, or the focal spot and the
smaller the triangular loop in the shock fronts. For still stronger shocks

fipure 2,2(d), the focal spot becomes semi-finite and the loop disappears. In the focal
spot, the shock wave is plane and normal, and the pressure amplitude is finite. Thus
strong shacks conform to the theory of shock dyn.mics. Here rays are considered to
travel orthogonai to the shock fronts, however the shock front can travel at different
speeds aleng different rays depending on its amplitude. Tais effect turns the shock
front &* vends the rays. The concave portion of the shock amplifies and accelerates
relative to the not-so-concave portions. The rays then curve away from the focus and
the shock front becomes “smocth’” as illustrated in the figure below. The rays do not
cross and the pressure amplitudes are finite. The shock emerges flattened and it has no
loops.

Figure 2.4 Focusing of a weak shock according to shock dynamics (Sturtevant et al,
1976)

The trajectories of the three wave intersections divide the tlow into regions that can be
identified by the kinds of waves occurring in them. Each of the regions exhibits a
characteristic pressure history.
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Figure 2,5 Characteristic pressure nistories of the three wave intersections
(Sturtevant et al, 1976)

In the above figure, shocks are seen as discontinuities of pressure, whereas diffracted
waves appear as discontinuities of slope. Even though only the weak shock case is
shown, the pressure {races remain qualitatively the same in all cases, though for
strong shocks the focal region extends to infinity, so crossed shock fronts and the
corresponding pressure traces do not appear, From figure 2.5 it can also be seen that
the first crossing of the trajectories of the three wave intersections is the point of
maximum amplitude. This amplitude is severely attenuated at later instants by the two
overtaking diffracted expansions (Sturtevant et al, 1976).

Sturtevant and Kulkarny (1976) found tha. non-linear gasdynamic effects limit the
pressure amplitude achievable at the focus of a shock wave, There are two
predominant non-linear effects. Firstly the steepening of the diffracted field behind
the converging shock front, which leads to a diffracted shock. Secondly the diffracted
shock can form either a reflected shock or the Mach stem of a Mach reflection.

More specifically there is a transition Mach number which separates these last two
cases. When shock convergence is achieved by reflection from an elliptical reflector,
depending on the diameter to focal length ratio (D/f) of the reflector, the transition
Mach number is found to lie between 1,05 and 1.10 (Griinig 1985). For Mach
numbers below this teansition value, when the centre part of the focusing shock wave
reaches the focal region it steepens up and accelerates, This causes a Mach stem
which prevents further focusing. The Mach stem shrinks beyond the focus and the
wave leaves the focal region crossed and folded as predicted by geometrical acoustics.
Thee 1 the plane of symmetry is considered as an ideal reflecting wall, then the whole
process cortesponds to a transition from Mach to regular reflection.

For Mach numbers above the transition value, no wave crossing is obsesved beyond
the focus, but the Mach stem length is continuously increasing. The geometry
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corresponds more to Whitham’s shock dynamics (Whitham 1958); However, contrary
to predictions, the Mach stem is not bent convex.

()

Figure 2.6 Wase focusing in air (a) M=1.0068 {b) M- 1.072 (Grisnig 1983)

The gasdynamic focus, defined as the axial position where waximum pressure oceurs,
is inside the geometrical focal length (Sturtevant et al, 1976, Nishida et al. 19871

In air. the pressure amplification achieved by a converging shock wave is of the same
order of magnitude as the original pressure pulse (e.g. Sturtevant et al, (1976)
amplification = 5 for shock Mach number ~ 1.1). In water. because in the gasdynamic
sense shock waves up 1o a few hundred bar can be regarded as rather weak, during the
foeusing process very lugh pressure intensifications can oceur. This means that the
tocasing of such a vave obess rules very elose to the theory of peometrical acoustics.

Miifier (Miller 1987. 1989) investigated the focusing of weak spherical shock waves
in water using both shallow and deep ellipsoidal reflectors. In the case of shallow
reflectors, which wtilise oaly 5% of the primary shock etiergy. tocusing oceurs close
o the peomatrical focus and high pressure amplifications resuit. For deep reflectors,
which utilise over 30 of the primary shock energy, mereased non-linear etfects lead
to wider fogal areas and lower focal amplitndes, The maximum pressare amplification
sof ahowt 190 gecorded at he foeus in Miiller’s experiments, eompared to the incident

fuck wave at the refloeter surface, was cchieved using a shallow reflector. This
engics prosided teca grressae of 10 Rar at e focal point, For <hallow rellector, sitce
e focwoany chach wates ot ven aeak the retlection and focusing vvelve avcording
e tles Docong cooniatteal ooone i withi smal] focal apat of enfy g tew millimetres
EPRHITUL R ¥ toare b npnmal oo the medent aoples of the lrost
normaly ate Lo cod it weind chedh eoned dithacted taoach g ey tha it disturbs
the comverping shidd Yo Mtk eod o Badoveraph cootem tooadioe the




focusing process. Pressure histories were measured at different positions in the
converging field,

he analysis of converging fields in liquids is complicated by their high propagation
velocity and short pulse length of only a few microseconds, Since commercial
pressure probes are not capable of meeting such requirements, Milller and Platte
custom designed and built a micro pressure gauge based on an ordinary needle (Platte
1985). The needle was coated with a thin layer of polyvinylidene fluoride (pvdf),
polarised at the top by a corona discharge after solidification. The body of the nsedle
forms one contact itseif and the other is a thin layer of silver conductive paint and a
metal tube,

needle

/condu:lm parat meial tube 3:.::

polotized nvdl pvdl epoxy resin cogx-plug

Figure 2.7 Needle hydrophone custom designed and Luilt for analysis of shock waves
propagating through liquid media (Miiller 1987)

In Miiller’s experiments, the elliptical reflectors used were positiored opposite to the
shock wave source such that the centre of the shock wave produced coincided with
the one focus of the reflector. The following figure shows a schematic cross section of
this arrangement. That part of the hemispherical shock wave, inside the angle .,
which strikes the reflector surface, propagates towards the second focus (F2) after
reflection,

'l\\X\\\\\\
~3 :

Figure 2.8 Schematic of shock wave focusing by reflection from an ellipsoidal
surface (Miiller 1987)
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The following figure shows a set of experimental results obtained.

Figure 2.9 Shadowgraph of the focusing process (Miiller 1987)

The incident shock wave has passed from right to left. On the extreme lefi of every
frame is the silhouette or'the reflector edge. The reflected shock can be seen moving
towards the focus. Diffracted waves from the reflector edge ‘can also be seen. The
focus is reached in the fourth frame. After the focus, the shock front diverges again.
Later the diffracted shock crosses in front of the reflected shock and cavitation
bubbles appear in the focal region, The focal position shown in the fourth frame
coincides with the geometrical focus of the shallow ellipsoidal reflector used in the
experiment.

The following figure shows the pressure history of the focusing process shown above,
The reflected shock is shown by solid lines and the diffracted shock by dashed lines.

R ¥}
a i ’
b 29 ey
' g o T
LRI Sab10y \

Figure 2,10 Pressure distribution in the focusing field of an elliptical reflector
(Miiller 1987)

The left oscillogram in the middle shows the pressure profile of the incident shock

wave without a reflector. The upper profiles show the pressure history on the reflector
axis, while the lower profiles show the pressure distribution at a distance from the
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reflector axis. Considerable amplification at the focal spot can be seen, The negative
peak which follows the focusing shock wave is caused by the diffracted expansion
wave from the reflector’s edge. The middle lower profile shows the pressure
amplitude at the focal spot and at distances of 1mm and 2mm away. At 1mm from the
focal spot there is 60% and at 2mm only 35% of the pressure amplitude at the focal
spot remaining. This shows that the focal area is very small.

The figure below shows the pressure distribution in the diverging part of the wave
field behind the focus, as well as the crossing over of the diffracted waves.

Figure 2.11 Pressure distribution in the diverging front behind the focus (Miiller
1987)

Throughout the focusing process the pressure distribution conforms to the predictions
of acoustic theory except in the focal region. The dimensions of the focal region are
very small and the pressure drops sharply perpendicular to the reflector axis,
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Figure 2.12 Pressure distribution on axis of symmelry (x) versus distance from focus
(Miiller 1987)



Miiller found that the maximum peak pressures are achieved by reflectors with greater
D/f (Diameter/focal length) ratio i.e. decreasing focal length, The reason for this
effect is small non-linearities occurring during the focusing process which have more
influence when the reflected shock must trave! a greater distance to the focal point.
These non-lineatities cause the focal region to grow and the energy density to
decrease, The results obtained are shown below,
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Figure 2,13 Pressure amplification at focus versus Dff (Miiller 1987)

Although shallow reflectors generate higher pressure amplitudes at the focus, the
higher energy content at the focus of a deep reflector causes better disintegration of
materials/solids placed in the focal area (Milller 1989). Therefore the ellipsoidal
reflectors used in lithotripsy and other medical applications are usually deep with
large aperture sizes to minirnise the energy density in the shock wave field outside of
the focal area. This helps 10 avoid tissue damage while stili concentrating enough
energy at the focus to fracture kidney or gallstones,

Takayama et al. (1983) also carried out experiments on the production and focusing of
underwater shock waves. Spherical shock waves were produced by radiating a
submerged lead azide pellet with 2 Q-switched ruby laser beam. Bot1 spherical and
ellipsoidal reflectors wete used to focus the shock front. In the case of the spherical
reflector, detonating products from the underwater explosion prevent the reflected
shock wave from focusing at the geometrical focal point of the reflector, Using
ellipsoidal reflectors the reflected shack does foeus, but this focal spot is a few
millimetres away from the reflector’s geometrical focus. The authors attribute this
difference to non-linear effects,

Mortimer(1997) extended the focusing of shock waves to include the production of
pulsed water jets. Through the use of both an EMAS and an FEMAS, electrical
discharges were used {0 produce a shock wave in a fluid filled cavity. These shock
waves were then focused onto a free water/air surface, causing a pulsed water jet, This
is cailed the shock-reflection method because the water jet is caused by the reflection
of a high amplitude shock wave from the water/air interface,



Results of the interaction of a shock pulse from both an EMAS and an FEMAS with
the free water/air interface were recorded using a high speed digital camera. For the
EMAS, tearing of the liquid surface was initielly observed. The results initially show
“streaks™ which represent water particles torn from the water surface by the reflected
shock wave, Gross water surtace deformation evolved at later times. Mortimer
approximates the streak velocity at 4m/s, and the surface deformation velocity at
0.4m/s. The surface deformation evolves into an unstable “cumulative™ jet as shown
below.

Figure 2.14 Fxperimental results showing initial streaking and evolution of surface
deformation for an EMAS (Mortimer 1997)

Mortimer attributes the initial streaking to the reflection of the incident shock pulse
from the water surface, while the surface deformation is attributed to the overall
hydrodynamic flow caused by the physical motion of the EMAS disk. The results
obtained were shown to depend on the water level above the EMAS. When this water
level was changed, the recorded results showed corresponding changes. Figure 2.15
shows the initial streaking of the water surface for a lower water level than that of
figure 2.14,

Fipure 2.15 Esperimental result showing initial streaking for lower water level
(Mortimer 1997)

The higher wave pressures (since the liquid surface is now closer to the disk surface)

causz more “streaking™, The high speed water droplets are moving at approximately
Sm's and the slower cumulative jet at approximately 0.7m’s. This may reflect the
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nighcr pressures resulting at the water/air interface when the shock wave is reflected
from a lower water surface.

Interaction of the shock pulse produced by an FEMAS with the water/air interface is
similar to that for the EMAS. First there is the initial tearing of the liquid surface
followed by a slower cumulative jet. For the FEMAS, the initial streaks are more
localised while the surface deformation evolves more rapidly and is more stable than
that of the EMAS, The streaks travel at approximately 6m/s and the surface
deformation at approximately 3m/s.

Figure 2.16 Experimental results showing initial streaking and evolution of surface
deformation for FEMAS (Mortimer 1997)

Cavitation effects are noted below the water surface as a result of the focusing
process.

In order to increase the pressure pulse at the free water surface, Mortimer used a
converging nozzle together with the EMAS unit (Mortimer 1997). This arrangement
and the result obtained are shown below,

Water jet

Convergent
Duct ==

.
J
.
E
:

FMAS disc

FEMAS coil

EMAS buse

Figure 2,17 Experimental setup and result using an EMAS and converging nozzle
(Mortimer 1997)
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Approxinate jet velocity using the converging nozzle is considerably higher than that
of jets produced by the EMAS/FEMAS alone. Mortimer was unable to determine the
velocity accurately, due to limitations of the experimental equipment used, but
approximates it at between 40m/s and 100nys (depending on the EMAS/FEMAS
discharge voltage used). A 1 anomaly which resulted when using the converging
nozzle was the presence of'a secondary pulsation which Mortimer hypothesises is due
to internal reflections within the nozzle and or an unstable jet.

Figure 2.18 Initial jet and secondary pulsation using EMAS ar 1 converging nozzle
(Mortimer 1997)

J

The study of actual water jet phenomena at a water/air irterface is well established
(Kedrinskii 1978); However the earliest studic:; have focused on the water jets
produced at the water/air interface by detonation of an underwater explosive charge.
Despite this difference, many of the observations stemming from these experiments
can be generalised to water jets produced hy other hydrodynamic shock wave sources.

Kedrinskii (Kedrinskii 1978) recorded the production of four distinct jet/plume types
as a result of an underwater explosion. The jet shape which occurs is mainly
dependent on the underwater depth of the explosive charge. The four water jet types
and their mechanisms of formation are ghown below.

Figure 2,19 Water jet profiles resulting from underwater explosions at different
depths (Kedrinskii 1978)



For low explosion depths (figure 2.19(a)), a flat cylindrical plume develops at the
centre of which there grows a thin and nacrow column of water. As the explosion
depth increases, the flat cylindrical plume remains, but from its centre a cupola
appears from which in turn grows a thin and narrow secondary jet (figure 2.19(b)).
This secondary jet is wider than before. With further increases in explosion depth, the
secondary jet’s rise time increases to the point where the cupola attains its maximum
height before the narrow secondary jet appears above it. Since the water jets under
consideration are produced by underwater explosions, interaction of the gas cavity
carrying the detonation products from the explosion with the surface effects produced
at the water/air interface by the passing shock becomes apparent in tests requiring
longer development/rise times. Thus in figure 2.19(c), as explosion depth increases to
a critical level, the surface effects caused by the shock wave just begin to develop
before the cavity with the detonation products reaches the surface, tearing the surface
effects into a feather shape. For explosion depths greater than this critical level (figure
2.19(d)), the detonation products reach the surface soon after the shock wave itself,
with a high buoyanuy velocity. The water between the rising cavity and the free
surface is ejected vertically upward, forming a high narrow fountain.

It is interesting to note that the shapes of water jets described by Kedrinskii resemble
closely those recorded by Mortimer (1997) and Karnovsky (1998), the latter using
non-explosive experimental techniques. Mortimer has photographed jets which
resemble figure 2.19(2a), but without the expanded base caused by the rising
detonation products. Karnovsky has photographed and recorded the stages of
development of jets which resemble the shapes shown in figure 2,19(1a,b,d). One test
alsn closely resembled the jet shape shown in figure 2,19(2a), i.e. a wide base of
water with a thin vertical stream issuing from its centre. This result was not repeatable
however,

Luased on the experimental results obtained, Kedrinskii (Kedrinskii 1978) was able to
characterise the principle characteristics of the jet flows discussed above. These arz
presented here because of the similarity between the jets recorded by Kedrirskii and
those recorded by Mortimer and Karnovsky.

H, =600
T.=2250'
Iy = 29Q055h-| 23

M, 23000

Where: He = Maximum height of ascent (m)
Q = Explosive charge weight (kg)
T» = Time of ascent (s)
M. = Amount of liquid in jet (kg)
V = Maximum jet velocity (m/s)
h = Explosion depth (m)
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Just as these equations characterise the water jets produced in terms of the mass of
e-plosives used, so it may be possible to characterise those produced by non-
explosive techniques according to a fundamental variable such as shock strength,

Further experimentation by Kedrinskii proved that similar free surface water jets
could be produced by accelerating a solid sphere or cylinder initially immersed in the

liquid towards the free surface (Kedrinskii 197%). Before reaching the surface, the
sphere is slowed down to simulate the development of the explosion cavity.

L

2o

Figure 2,20 Water jet produced by accelerating a solid sphere initially immersed in
liquid towards the free surface (KKedrinskii 1978)

Based on the experimental results obtained, Kedrinskii was able to describe the jet
formation process occurring in all instances using the following model. When a shock
wave from whatever source interacts with a free water surface, spalling occurs and a
recess is formed at the water surface. The expanding detonation products cavity
creates a velocity field orthogonal to the surface of the recess, Inflow of this recess
leads to the formation of a cumulation jet. Tlius x directional vertical jet develops on
the initially plane surface.

i Kewsticoond

Figure 2,21 Development of a water jet at a surface recess (Kedrinskii 1978)

For the water jets caused by detcnation of an explosive charge very close to the free
water surface, the basis of the jet structure is a jet tandem, The first jet is formed as a
resul: of the inertial motion of the layer of liquid above the explosion cavity, and the
second as a result of ¢closure of the open porket formed after depressurisation of the
explosion cavity. (This process is similar to the spalling model above). Furthermore,
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the development of the second jet is the same as the flow originating as a result of the
surface closure of the water pocket caused by the high veloeity penetration of a hullet
into a liquid (Kedrinskii 1978)

A similar explanation for water jet formation was documented by Zett et ai (1999
2000). Here the authors report a theoretical and experimental study of the generation
of'a singularity by inertial focusing in which no break up of the fluid surface occurs.
The singularity forms op a water surface undergoing vertical excitation of the foiin

o =a, sinjen) in which the acceleration amplitude w, is near a critical o . To create
the event a glyeerine-water mixture with viscosity 2.0em” s is oscillated in a periodiz
wave state. Should the acceleration amplitude suddenly be increased to sbove « the
cullapsing minimum entrains an air bubble below the fluid surface, The resulting
inertial collapse focuses the kinetic energy of the moving tluid along a central axis
and produces a natrow, high-speed vertical jet as shown below,

Figure 2.22 Water jof produecd by collapse of @ serface wave minimum «Zeff ot al,
(2000

Valocitics near the tip of the jet can ereved S0~ whereas G pical veloeities in the

pro-jet waves are in the erder of 3enn < Ranleigh mstahility i the jot causes the
farsation of a dreplet at it tp and coenta’le eaases the jet & bBreals into droplets,
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3. Egvripment

The shock tube used had been designed and built by the author in 1998 (Karnovsky
1998), It consists of a vertically mounted round shock tube, leading into a square
water tank. The shock tube is divided into a high pressure driver chamber and low
pressure expansion chamber separated by a diaphragm station, Plastic diaphragms of
SOmicron polyurethane were used. The diaphragm station is secured with eight
retaining bolts. The maximum driver pressure available is 6Bar, A hole in the wall of
the shock tube, through which the diaphragm is ruptured, also serves as a vent during
testing allowing the high pressure in the shock tube to normalise to atmospheric
levels. The water tank at the end of the shock tube has 600*600*200mm inner
dimensions, A deflector plate assembly separates the air in the shock tube expansion
chamber from the water in the water tank,

Deflector plate Deflector plate
flange

Water tank — ~ & |

[+

R L=}

4 g———————— Pressure transducer

Shoch tube

supporting - P = Expansion chamber
flange /
Diaphragm pricker hole

=% 4———— Diaphragm station

Driver section =)

Pressure gauge \“ / Pressure supply valve
Pressure b O S

- =t Compressed air
supply

release valve

Figure 3.1 Schematic view of the shock tube used
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3.1 Deflector plate assembly

The deflector plate assembly consisted of a flexibly mounted 0,5mm thick ropper
deflector plate supported and attached to the shock tube with a mild steel flange, The
deflector plate itself was formed in a custom designed die (Karnovsky 19°9) to a
parabolic profile with 50mm focal length and 10ram flat supporting ring on its
outside. Initial copper disk blank diameter was 75mm. Final pressed diameter was
73mm.

Flexibility resuited from mounting the copper deflector plate against a 10mm thick
high density foam ring. The foam was sourced from Sondor Industries Ltd. It is a
closed-cell, cross-linked ethylene vinyl acetate foam of density 45kg/m’.

Commercially available silicon sealant was used to attach the deflector plate to the
foam ring and the foam ring to the supporting flange, Silicon has the advantage of
providing a tough but flexible waterproof seal. One disadvantage is its long curing
time ~ minimum twenty four hours.

A scaematic diagram of the deflector plate assembly is shown below,

Deflector plate
supporting {lange

-------------------------------------

—>

High density
Bolt hole foam ring

Silicon seal T T
w Deflector

plate

Figure 3.2 Schematic view of deflector plate assembly

Using the above deflector plate assembly, some successful test results wete obtained,
but the majority of results were nut useful. This situation was exacerbated by
frequently having to change the deflector plate assembly when leakage ocenrred,
This leakage of water from the water tank into the shock tube occurred when a silicon
seal on the deflector plate assembly had been compromised. To correct the situation
required rebuilding the entire assembly. Apart from being disruptive to the test
schedule, rebuilding the deflector plate assembly did not atlow continuity of resuits.
This is because the new assembly, being hand built, would not match exactly the
previues one, Furthermore, each assembly’s stifiness would decrease as testing
progressed, yiclding better water jets and more defined pressire peaks recorded by the




oseilloseope, Thus the results obtained using a newly replaced deflector plate
assembly would not necessarily mateh those obtained with the previous assembly.,

To avoid this required redesign of the test equipment, Such redesign was not intended
to compromise the basic philosophy underlying this research ~ of a flexibly mounted
deflector plate struck from belew by a shock wave and producing a water jet above,
For this reason only a new deflector plate assembly design was sought which would
eliminate those aspects of the current design which disrupted the testing procedure,

Professor Skews suggested using a beliow to provide the flexible mounting to which
the deflector plate could be attached. The advantage of this is that the use of one
bellow for all tests would provide a single set of mechanical properties leading to
consistent test results,

The feasibility of such a system was explored in conjunction with a Jocal industrial
bellow manufacturer — Bellow Weld (Pty) Ltd. This company designs and
manufactures bellows to all manner of specifications. Its representatives were
confident that it was possible to produce a bellow unit which would attach to the
shock tube end flange and water tank without requiring major reworking to either.
Also, the bellow would be able to withstand high pressures without deforming yet still
not be so stiff that it did not allow deflector plate movement. Another imporiant
requirem: 1t was that the deflector plate at the end of the bellow should be held
straight in position so as not to produce a lopsided water jet. The following ligure
shows the delivered product.

PRGN S
e e e

(&}

Figure 3.2 (a) Deflector 17+ » mounted on a stainless steel belles and support
flange
(h) Support flange incorporatipg o-ring scals

The mideile bellow seetion was designed and il by Bellow Weld, while the bottom
flange. o-rings and deflector plate were desipred vy the author and machined at the
scheot of Mechanicar 1 ogincering Worlkehop, Bollow Weld welded the flapge and
detlector plate to the tedley, The hottom flange wae desigined 1o sllow comvenient
attachiment to the shoek wibe end flange ond water ank. [ts cering seals were designed
to withstand a pressure of 15Bar in the shoell tube, Dial pins were incorporated for
better alienment witl the woater tanb base. The detlector plate asowere all vhe detloeter



plates used, was pressed in a die custom designed by the author (Karnovsky 1998),
The matcrial used was 0,5mum stainless steel plate, It was welded (“hydrosealed™) to a
lip on the end of the bellow.

Preliminary tests immediately exposed a design flaw in the bellow. The high pressure
region behind even low strength shock waves (1Bar driver pressure) was enough to
cause considerable permanent elongation of the beilow assembly. igher shock wave
strengths had consistently been used in previous tests.

To overcome this a displacemeit limiting mechanism was designed. A cross section
and the finisked product are shown below. The displacement limites not only limits
the extension of the bellow. but also provides a wide surface, level with the deflector
plate in its relaxed state and encases the bellow convolutions, These features minimise
unwanted hydrodynamic effects caused by flow around the bellow convolutions when
a test is run,

2727 PG i A i VA, Y, i s |
High density w Sliding
. i o )
foam ring I . - - surfaces
Support
ring N Manwe!

joure 3.4 (a) Schematic section of bellow displacement limiter

Fig
(b) Picture of displacement himiter

The displacement limiter incerpotates a ring of high density foam as shown in

figure 3.4, Prefiminary tests showed that with the displacement [imiter fitted there was
too much resistance for the bellow system to produce even appreciable vater surfice
deformation, To alluw the system to move niore fieely, the foam ring was removed
completely, but the displacement limiter was otherwise lefl unchanged. Better results
were abtained.

3.2 Data acquisition svstem

A pressare transducer (PCB leetronies model TTAA2 1) was fitted to the expansion
chamber of the sheel tibe, Ta0mm from its end. asing a precision machined saddle
brazed into the shoek tube wall, Furtier data on this transdueer and its ealibration
curse can be fuund in Appendiv A2, Oatput fiom the tansducer was coupled to an
1CE line power unit (PCB Picsocteetties, modei 482A10 0 sezial number 665) via
micrador coanial cable. The sipnal ontpat fiom this usit was fed divectly into a high



‘speed digital oscilloscope (Yokogawa DL1200A — serial number 21XF5181) with a
printer functior incorporated.

3.3 Needle hydrophone

A needle hydrophone was used to measure pressure at different points in the water
tank, This consists of a metal needle, rounded at its tip, coated with a layer of
polyvinylidene fluoride (pvdf). The metal needle both supports the pvdf layer and acts
as one of'its electrodes. The other electrode, which also acts as an electrical shield, is
a conductive layer on the outside of the pvdf produced by apptication of a conductive
paint. The whole arrangement is mounted onto the end of a thin metal pipe, which is
connected to a coaxial cable at its other end. To insulate the wire inside the metal
pipe, it is filled with a non-conductive epoxy resin (Platte 1985).

Mata) pips Needip
Epory ramn

Wite Evoporoted meial PYDF

Figure 3,5 Cross sectional view of the needle hydraphone (Platte 1985)

The needle hydrophone is designed for high energy ultrasound measurements as well
as for recording blast waves in water. It has a very small sensitive diameter of less
than 0,5mm and a very short rise time of approximately 50ns, More inforn, «’on on
the unit used and its technical specifications can be found in Appendix A3,

3.4 _Needle hydrophone positioning system

Pressure measurements are required at discrete points in the water tark, In order to
provide accurate positioning of the needle hydrophone in three dimensions it was
necessary to custom design and build a needle hydrophone positioning system. Two
stich systems were built, The first was a computer controlled, stepper motor driven
system and the sccond a manual positioning system.

3.4.1 Stepper motor positioning system

This system used four steppe: motors (North American Philips Controls Corporation
type A82709-M2 , RE28075), salvaged from old computers, controfled using the
parallel port of a pe to position the needle hydrophone in three dimensions, The it




incorporated toothed belt and pulley drives, precision shafting and linear bearings for
accuracy.

Preliminary tests showed that the unit was only accurate to within Smm of any desired
position in the X or Y directions. This inaccuracy was traced to the stepper motors.
the coils of which must be energised with very precise timing to achieve accurate
positioning. Further work was done to improve positioning accuracy, but it was found
that improved timing could only be achieved using a custom designed stepper motor
controller card fitted to the pc. These are expensive and require new stepper motors to
be bought as well. It was decided to redesign the positioning system not to include the
stepper motors.

3.4.2 Manual needle hydrophone positioning system

The manual needle hydrophone positioning system design was intended to retain as
much as possible from the stepper motor positioning system yet provide the required
positioning accuracy. A picture of' the unit is shown below.

Figure 3.6 Manual positioning system

The belt drives and shafting of the original system were replaced by screw threads
which were manually turned to position the needle hydrophone as required. To avoid
any twisting in the system, the two screw drives along the length of the water tank
were connected with a toothed belt and pulley system. ‘The unit provided accuracy
measurable to within 0.5mm of any required needle Fydrophone position.
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4. Results Using Foam Ring Deflector Plate Assembly

Over the period 25 October to 20 December 1999, tests were conducted aimed at
complementing the test results already presented by the author (Karnovsky 1998).
These original results show the water surface effects which result from impulsively
loading a flexibiy mounted curved deflector plate below a free water surface. The
current set of tests were intended to explore the pressure fields below the water
surface which drive the water surface effects recorded. A full description of the
experimental equipment can be found in Chapter 3.

The manual 3-D needle bydrophone positioning system allowed repeatable
positioning of the needle hydrophone at any point in the water tank. The main test
results were pressure traces captured by the oscilloscope. These were recorded both
on hardcopy and electronically — using a pe interface program written for the
University of the Witwatersrand by N, Harbor,

A typical test result, including the oscilloscope settings for each channel in use, is
shown below. Channel 1 is directly connected to the needle hydrophone, Channel 2 is
connected via amplifier to the pressure transducer mounted in the wall of the shock
tube, 150mm below the water tank base,
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Figure 4.1 Typical test result

The oscilloscope’s data analysis functions were used to facilitate real time
interpretation of the pressure trace output by the needle hydiophone in each test. This
{szluded maximum and minimum voltages, The times at which these occurred can be
measured off the actual signal trace,

During initial testing, sensitivity of the coaxial cable connecting the needle
hydrophone to the oscilloscope was noted. Bumping the cable induced a voltage
signal which was clearly recorded by the oscilloscope. To minimise this effect, the
coaxial cable was encased in snug Ftting silicon tubing and raised to avoid contact
with any solid surfaces,
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The walls of the shock tube used were designed to withstand a 15Bar internal
pressure, Most tests however were performed in the range of driver pressures from 3-
5Bar, These pressuras yielded adequate results in terms of the shock wave produced
and water surface effects recorded by a high speed digital camera, Figher driver
pressures produced water surface effects which extended beyond the window
recorded by the digital camera. The high » resulting pressure in the wiock tube
expansion chamber also compromised the silicon seals used around the deflector plate
in a comparatively low number of tests.

Since the water surface effects result from impulsively loading a deflector plate with a
passing shock wave, it is necessary to understand the form and characteristics of that
shock wave and to ensure that tlese are repeatable (within the limits of the
experimental apparatus used). The pressure transducer in the shock tube wall aliowed
analysis of the actual shock wave rising up the shock tube, A typical pressure trace
can be seen in figure 4.1,

The shock wave’s rising edge consists of two distinct portions, The first rising edge is
the high pressure behind the passing shock wave itself as it passes the pressure
transducer travelling up the shock tube towards the deflector plate, The second rising
edge represents this same high pressure as it is reflected from the defiector plate at the
end of the expansion chamber, back towards the driver chamber. Ia between is a
regivn of constant pressure as the shock wave travels between the pressure transducer
and the deflector plate and back (300mm), Atter the highest pressure is reached there
is another region of constant pressure before the expansion vave reflected from the
opposite end of the shock tube passes the pressure transducer,

The figure below shows an enlargement of the pressure characteristics described.
From it, the times at which each pressure change oveurs can be measured.
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Figure 4.2 Pressure history in the shock tube expansion chamber 150mm from its end

As the shock wave travels up the shock tube, and strikes the flexibly mov~ted
deflector plate, the deflector plate moves upwards against its flexible foam mounting,
and then returns to its original position as the pressure in the shock tube normalises.

Above the deflector plate is water, As the deflector plate moves upwards, so the wate:
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above it moves upwards under the same action, The deflector plaie is curved concave
upwards. This curvature it thought to have the effect of directing the water movement
towards its geometrical focus specifically by turning and focusing the passing shock
wave towards the sume geometrical focus, thus producing localised water surface
deformation which can be recorded by high speed photography. A typical example of
this water surface deformation is shown below.

Figure 4.3 Water jets produced at the water/air interface

Splash effects are noted at the base of the central water surface deformation, It is
thought that these are caused by interference between water rising under the influence
of the deflector plate movement and shock wave and the inner lip of the deflector
plate supporting flange.
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Physical test
cquipment

Shock wave
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Figure 4.4 Schematic by pothesis of the cause o splast etfvets at the base of the water
jet

Cemsidering the above, an anomalous result was noted by the author dkarmoevsky
19983, Tlsing a flat detlector plate. pradoeed 2 similar water surlace deformation to
that produced whon using o ennvad dedleetor plate. Tt vas e pothesised that this



anomaly resulis because the water surface deformation is caused by a rising column
of water, energised by the impulsive loading of the deflector plate below, and not as a
result of any focusing process. This is not to imply that the focusing effect is not
present, but rather that it is being masked by the overall hydrodynamic flow initiated
by the movement of the deflector plate (Karnovsky 1998),

The photographic results obtained could not conclusively prove any of the above.
Instead, it was suggested by Professor Skews that a map of the pressures driving the
water surface deformation would better clarify its mechanism of formation, and the
roles played by different experimental variables such as deflector plate shape, water
depth and shock strength. Furthermore, measurement of the pressure field within the
water jet itself would give an indication of the energy available within the moving
body of water to do useful work, This is important to know, because the overall aim
of this research is to explore new techniques for industrial applications such as rock
breaking and particle sorting,

For the purpose of measuring pressures below the water surface, a needle hydrophone
identical to that used by Miiller (Milller 1987) and Mortimer (Mortimer 1997) was
used. This particular unit was custom designed by Miiller to facilitate Yis shock wave
focusing research. It is now commercially available through Mitller Ingenieurtechnik
of Aachen Germany (see Appendix A3). Using this particular unit has (he advantage
that it was specifically designed for an application almost identical to thz one at hand,
and its effectiveness has been independently verified by Mortimer (Mortimer 1997).

Despite this, initial test results using the needle hydrophone showed inexplicable
results. Collaboration with staff members of the department of Electrical Engincering
at the University of the Witwatersrand, showed that because of the needle
hydrophone’s ultra low rise time, the required oscilloscope time/division setting was
of the order 20ms/div or less. At this sefting, certain of the available oscilloscope units
became susceptible to noise which masked the experimental results, The Yokogawa
DL1200A unit used in subsequent testing did sot exhibit this problem. It was set to
trigger on the rising edge of the voltage output by the pressure transducer in the shock
tube wall, as the shock wave passed. None of the oscilloscope’s built in amplification
or filtering functions were used.
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Figure 4.5 Example of a successful test result
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In figure 4.5 , the result recorded by the oscilloscope for a successful test is shown,
Approximately 25milliseconds after the initial pressure rise in the shock tube, the
needle hydrophone registers a sharp pressure rise. This corresponds to a peak output
voltage of 12.4mV. Since thie sensitivity of the needle hydrophone, as supplied by its
manufacturer, is 1.35mV/Bar, the peak output voltage represents a pressure of
16,74Bar at the tip of the needle hydrophone, This pressure is a passing high speed
phenomenon. It rises and falls within 1.2ms. The high pressure is followed by a
smaller valued but more prolonged negative pressure (approximately —1Bar for 4ms).
The combination of a high positive pressure followed by a low negative pressure is
consistent with results obtained by others when investigating shock wave focusing
(Mortimer 1997, Stuka et al 1995). From 60ms onwards, the needle hydrophone
registers a series of small pressure peaks and roughs. These may or may not
correspond to the movement of the deflector plate caused by reflection of the now
decaying shock wave within the closed shock tube. Other possible causes are
reflection of the passing shock wave from the water surface and tank walls, and
cavitation effects as the shock wave travels through the water.

It is interesting to note that the shock wave travels the distance between the pressure
transducer in the shock tube wall and the deflector plate in approximately 233pus.
Despite this, the needle hydrophone only registers a sharp pressure rise approximately
25ms after the initial pressure rise recorded in the shock tube. This delay is ascribed to
the inertia of the deflector plate  sembly which delays transmission of the shock
wave energy from the gas shock bel.w it to the water in the tank above it.

The original experimental objectives were to perform pressure tests using different
water levels and shock tube driver pressures, This would lead to maps of the pressure
fields driving the photographable water surface effects for different experimental
parameters, The pressure maps, in turn, would help to characterise the effects of
varying shock strength and water depth on the water jets produced. They could also
provide insight on whether a curved deflector plate does in fact focus the passing
shock wave at its geometrical focus or not.

To achieve the above, approximately 140 tests were performed and their results
recorded. Comparatively few of these tests could be considered successful i.c.
showing a distinct high pressure peak as in figure 4.5, The following figure shows a
test conducted with a 95mm water level and 3,5Bar driver pressure. No distinct
pressure peak is discernable, despite the fact that the needle hydrophone was
positioned only 40mm above the centre of the deflector plate.
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Figure 4.6 Example of an unsuccessful test result

In the above figure, the needie hydrophone registers a series of distinct pressure peaks
and troughs over the times 40-120ms. There may be some cotrelation between these
pressure changes and those recorded within the shock tube expansion chamber s the
shock wave is reflected between closed ends (Channel 2 in figure 4.6). None of the
above pressure peaks are of a form which is easily recognisable as resulting from
shock wave focusing — a high pressure peak with very short rise and fall times.

The pressure traces recorded by the oscilloscope did not always remain constant over

a number of tests, Some tests showed the surprising result of repeated high pressure

peaks with comparatively long rise and fall times. These peaks do not have any

obvious correfation with the pressure changes occurring within the shock tube. An

example is shown below.
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Figure 4.7 Repeated high pressure peaks with conparatively long rise and fall times
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It was noticed that the type of test result shown above, would consistently occur in the
few tests before significant water leakage from the water tank into the shock tube was
noticed. This water leakage always indicated that the silicon seal which sealed the
deflector plate to its foam mounting had been compromised, The conclusion drawn
from this is that the test result shown in figure 4.7 is caused by air being forced past
the silicon seal when a test is run. This leakage becomes progressively worse as
testing continues until rising air bubbles in the water tank becomme noticeable to the
naked eye. Once leakage has accurred, it is necessary to drain the water tank and
replac. the entire deflector plate assembly. This process is particularly disruptive to
the testing procedure because of the time it requires, as well as the time required to
allow the shock tube itself to dry out. Often leakage was noted as frequently as in five
test intervals.

Furthermore, when testing was resumed, the new test results did not necessarily match
those recorded with the previous deflector plate assembly. The assembly’s stiffness
decreases with time as its foam mounting ring becomes more pliable, and the

deflector plate itself deforms slightly becoming less rigid.

To avoid the problem of leakage past the silicon seal, two different commercially
available sealants were tried (Pratley Flexiseal and Bostik 2638 One-part
polyurethane sealant). Both exhibited inferior flexibility and shock resistance to the
silicon originally used. The sealing problems outlined, coupled with the need for
consistent test results, ultimately necessitated redesign of the deflector plate assembly,

Although the abovementioned problems did not allow a consistent set of test results to
be obtained, valuable information was nevertheless recorded. Approximately fourteen
test results were similar to those shown in figure 4.5. Of these, the main variations
noted are in;

o the amplitude of the peak piessure

o the time at which the peak pressure occurs

o the shape of the peak pressure’s rise and fall

o the occurrence of a negative pressure immediately preceding the
piessure peak

s the general form of the pressure trace following the peak pressure’s
rise and fall

4.1 Variation in peak pressure amplitude

Peak pressures recorded ranged from 3.0161Bar to 29.4068Bar. The »mallest
3.0161Bar was recorded at the centre of the deflector plate 10mm above the top face
of its supporting flange height. This surface (flange height) represented the closest
that the needle hydrophone could be positioned to the deflector plate, without risking
damage as the deflector plate moved. It was thus used as a datum throughout testing.
The lowest (3.0161Bar) peak pressure was actually lower than that recorded at flange
height on the centre of the deflector plate (3.7701Bar). The test results are shown
below:
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Figure 4,8 Results for 3Bar driver pressure and 100mm water level with needle

hydrophone positioned (g) at flange height (b) 10mm above flange
height on the deflector plate axis

The water level in the tank has a decisive effect on the magnitude of the peak pressure
recorded in a test. In the above figure, the water level was 100mm above the tank
base, In the figure below that water level has been lowered to 45mm, The recorded
peak pressure has increased to 29.4068Bar. Thus approximately halving the water
level has increased peak pressure almost tenfold.

&4
TS Ty PIL?
6 ﬁ: e j “pra
NN
d NIRYESENIA A
N
. 2
SRRTPU Srea | TN A, r'L .n_ viv PR TN i
PP 1 V26, K00 TRISE : | 2080
g e
R SR TR -
l UNDSHT: ?f' ’W%ﬁ' .-é??f?-
| OURSHT: "%
]

Figure 4.9 Result for 3Bar driver pressure and 45mm water level with ncedle
hydrophone nositioned at flange height on the defector plate axis

In figure 4.8 and figure 4.9 the driver pressure was 3Bar, Interestingly, the time at
which the peak pressute oce.urs is earfier for the higher water level. This despite the

higher inertia and hydrostatic pressure resulting from the extra water above the
deflector plate.
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4.2 Time at which pressure peak occurs

The time at which peak pressure occurs within the recorded test frame varies greatly.
In most tests they occur within 40ms of the first pressure rise recorded in the shock
tube. In two tests though, the high pressure peaks occur approximately 145ms and
98ms aftzr the pressure rise in the shock tube. Judging by the amplitude of the peaks
and troughs in both these tests, leakage of high pressure air from the shock tube into
the water tank past a silicon seal is suspected. The effect of this leakage on the
characteristics of the high pressure peak is unknown, but it can be assumied that the
later time at which this high pressure occurs is related in some way to the leak.
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Figure 4.10 Results for 3.5Bar driver pressure and $5mm water level with needle
hydrophone positioned 30mm above flange height (a) on the defiector
plate axis (b) 70mm off the deflector plate axis

The following figures show the correlation between the height of the nuudle
hydrophone above the deflector plate and the recorded position of the pressure peak.
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Figure 4.11 Results for 4Bar driver pressure and 65mm water level with needle
hydrophone positioned on the deflector plate axis (a) at flange height
(b) 10mm (c) 20mm (d) 30mm above flange height

As the necdle hydrophone is positioned progressively higher above the deflectrr plate,
so the high pressure peak occurs later in the recorded signal trace, In figure 4.11(a-d)
these times are approximately 22ms, 25ms, 30ms and 32ms respectively. This result is
to be expected because of the extra distance the shock wave and moving water
molecules must travel before reaching the tip of the needle hydrophone as it is raised.

The time at which the high pressure peak occurs does not appear to be highly
dependent on the shock tube driver pressure used. In the following figure, the shock
tube driver pressure is 6Bar and the needle hydrophone is positioned 30mm above
flange height. The hLigh pressure peak occurs approximately 35ms after the high
pressure in the sheek tube, This is similar timing to figure 4.11, where the shock tube
driver pressure is 4Bar.



T
ﬁlfzn -1??7‘ TR 1;!5"' m;':"‘!

r>

1 V-9 t’h’.'. 2 o A it A i ]
P 4,007 1% RG]

mg Shae Tead © |1

s et BRI <

R eV 1P IEDS ----- [

M Bav §wlLIK: | 428

OVRSHT: 9%

Figure 4.12 Result for 6Bar driver pressure and 65mm water level with needle
hydrophone positioned at centre of deflector plate 30mm above flange
height

No consistent correlation between the water level in the tank, and the time at which
the high pressure peak occurs has been noted.

4.3 Shape of the pressure peak’s rise and fail

Each recorded pressure peak is unique to a particular test. Although the pressure
peaks, which are considered to represent passing shock vaves, have short rise and fall
times and a high pressure amplitude, each exhibits charvacteristics which are not
necessarily repeatable. This is illustrated in the following figure,
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Figure 4.13 Results for 4Bar driver pressure and 65mm water level with needle
hydrophone positioned 10mm above flange height on the deflector plate
nxis

Although the above two tests were conducted under identical experimental conditions,

marked differences in the test results recorded can be seen. Most striking is the
difference in pressure umplitudes obtained. This despite the fact that no obvious
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differences between the pressure traces recorded in the shock tube (channel 2) can be
seen. Furthermore, fipure 4.13(b) shows an initial pressure peak and trough
approximately 6ms after the initial pressure rise in the shock tube, which is far more
pronounced than the equivalent in figure 4.13(a). Both of the main pressure peaks are
immediately followed by negative pressure tronghs but this phenomenon is more
pronounced in figure 4,13(b).

One consistent set of test results was obtained which showed the change in peak
pressure as the needle hydrophone is positioned consecutively higher above the centre
of the deflector plate. In figure 4,11 the deflector plate used had a focal length of
65mm. This coincides roughly with the positioning of the needle nydrophone in figure
4.11(d) above the flange height. Thus, from the above, it can be seen that peak
pressure increases as pressure measurements are taken further away from the surface
of the deflector plate and closer to its geometrical focus.

The shape of the pressure peak recorded by the oscilloscope varies depending on the
neerle hydrophone’s height above the deflector plate. This is because the peaks® rise
and fall times remain similar irrespective of height above the deflector plate. Pressure
amplitudes however increase with increasing distance above the deflector plate. The
resul* of this is that pressure peaks recorded closer to the deflector plate appear short
and broad while those recorded further away appear tall and natrow,

4.4 QOceurrence of a negative pressure immediately before and after the pressure
peak

Most of the pressure peaks recorded are immediately followed by a noticeable
negative pressure,
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Figure 4.1+ Result for 4Bar driver pressure and 65mm water level with needle
hydrophone positioned 20mm above flange height. Illustrates the
negative pressure immediately following the high pressure peak




This negative pressure represents an expansion wave immediately following the high
pressure shock wave travelling through 4. - & =t is thought to originate either at
the corners of the deflector plate as the sh. ¥+« passes, or at the inner cdges of
the deflector plate supporting flange or b k. { - " ‘ering the progression of tests
shown in figure 4.11, the negative pressure + 1 ' gecurs about 8ms after the high
pressure, but this time interval decreases and tne nejative pressure’s amplitude
increases as the needle hydrophone is moved further away from the deflector plate.
This behaviour is consistent with an expansion wave which gradually steepens and
catches up with the travelling shock wave ahead ¢it.

Some test results display a distinct negative pressure ahead of the recorded high
pressure as shown below,
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Figure 4,15 Results for (a) 4Bar (b) 6Bar driver pressure and 65mm water level with
needle hydrophone positioned 30mm above flange height on the deflector
axis

This phenomenon is not consistent throughout the recorded results, nor is its form. In
figure 4.15(a) the preceding negative pressure is similar in form to that following the
high pressure, This gives the high pressure trace a symmetrical appearance. In

figure 4.15(b) the wave is not followed by an appreciable expansion and hence the
preceding negative pressure is not repeated after the high pressure trace.

4.5 General form of the pressure trace following the peak pressure’s rise and fall

Test results recorded by the oscilloscope cover a 200ms interval, The initial pressure
rise in the shock tube occurs at approximately 25ms on the time scale, Following this,
a high pressure is recorded in the water tank generally within 40ms depending on
experimental conditions, This high pressure is thought to represent the shock wave
travelling through the liquid medium towards its focus. Once this shock wave has
passed, the pressure trace continues to oscillate about its steady state axis, indicating
rapid but low amplitude pressure variations. This behaviour is seen in every recorded
test result,
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Two possible explanations are proposed. The first is that cavitation bubbles oceur in
the liquid behind the passing shock wave, These cause the recorded pressure
variations as they pass the needle hydrophone. Stuka et al.(1995) have found that in
non-degassed water. the cavitation threshold is lower than 0.5MPa. Thus where a
negative pressure is recorded afler the shock wave, vavitation could well occur, This
is further verified by photegraphic results (Karnovsky 1998) where dark regions
observed below the water surface are thought to be rising clouds of cavitation

bubt.ias.

Figure 4.16 Photographic test result showing a dark cloud below the water surface
thought to be cavitation bubhles

The seeond explanation is that the pressure variations are caused by the physical
movement of the deflector plate against its flexible mounting. driven by the hiph
pressure behind the shock wave, However it is guestionable vohether the inert.a of the
materials involved would allow them to respond so quickly to the high pressuee. that
they could set up pressure variations in the water tank which are recorded just 40ms
aiter the shock wave has passed.



S, Results Using Bellow Deflector Plate Assembly

The overall thrust of the current research is to develop water jets which can be used in
industrial applications. A novel methoa for producing water jets using a flexibiy
mounied deflector plate driven upwards by a shock wave has been developed
(Karnovsky 1998) To gain more insight it is necessary to characterise the underwater
pressure tields which drive the water jets

Chapter 4 has presented and explored pressure measurement tests which were
intended to map the underwater pressure fields. Although a number of individual tests
were successtul, the majority did not record useable results This due to frequent
changes of the deflector plate assembly when leakage of water from the water tank
into the expansion chamber was noted

A new deflector plate assembly using a bellow to provide flexibility (see section 3.1)
was designed to overcome the above problens. This new assembly incorporated a
displacement limiter to avoid excessive bellow extension. The results obtained are
detsiled below.

5.1 Water jets produced with the bellow svstem

The water jets produced by the bellow system with displacement limiter are similar to
those photographed using the original foam ring deflector plate assembly (Karnowsky
1998). A series of photographs showing development and decay of these jets can be
tound in Appendix Al
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A number of tests recorded a tearing of the water surface, similar to that documented
by Mortimer (1997). This effect could result as the shock wave is reflected from the
waterzair interface. It is shown below:

!Qv mmmﬁ% Tearing of the
X i water surface

Slight bulge on
water surface

__ Bellow displacement
limiter

Figure 5.2 Tearing of the water surface as the shock wave is reflected from the water/
air interface

5.2 Pressure measurement results

Pressure measurements were conducted using the same 3-1) needle hydrophone
positioning system and needle hydrophone previously described, No changes other
than replacement of the deflector plate assembly and the addition of a displacement
limiter were made to the experimental equipment.

Over 120 tests were conducted and recorded to obtain data from which a map of ths
pressure field set up below the water surface by the deflector plate movement could
be constructed. During these tests, the current bellow system proved superior to the
previonsly used deflector plate assembly in ters of consistency and reliability of
results. No changes or replacements were required throughout testing, which was
particularly advantageous.

All pressure measurements were conducted at a water level of 120mm mewsured from
the base of the water tank. This gave a SUmm region Letween deflector plate height
and the water surface in which pressure measurements ceukd be taken. The water level
above the deflector plate was sufficient to effestively lamp any viotant water surtace
effeets which could potentially have damaged the v cedle hydrophone, The datum

level for the needle hydropiiie was faken as the top sarface of the displicement
limiter, which was the same heieit s the outer edges of the deflectn plate in its rest
positior ™ e lowest possible pe-idoning of the needle hydrophone tip was ot feat
Smmbove the dEplicement diniter tp flange. as botk deflector plate and
displacement limiter were free -y = Stm gpwards during testing,



5.3 Pressurc measurement results at varving heights on the axis of the deflector
plate

In: the first set of pressure measurements undertaken, the needle hydrophone was
positioned at the centre of the deflector plate and results recorded for tests at
incremental needle hydrophone heights, The progression of results is shown below,
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Figure 5.3 Results for 3.5Bar driver pressure and 120mm water level with needle

hydrophone positioned on deflector plate axis (a) Smm (b) 10mm (c)15mm
(d) 20mm (e) 25mm (f) 30mm (g) 35mm (h) 40mm above flange height
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In figure 5.3 the largest pressure amplitude is recorded closest to the deflector plate,
Since the needle hydrophone’s sensitivity is 1.35mV/Bar, the recorded pressure
amplitude is 3.890Bar. This recorded pressure decreases consistently with increasing
distancc away from the deflector plate. Close to the water surface, the recorded
pressure is 1.5147Bar (figure 5.3(h)) and the pressure peak is hardly distinguishable
on the pressure trace. Despite this decreasing pressure amplitude, as testing progresses
away from the deflector plate so the results show a change from a number of distinct
pressure peaks to one distinet peak (Ggure 5.3(d)). This effect is duc to diffraction and
near-field edge effects as opposed to steepening - which would require a larger time
frame or distance to occur because of the low pressure wave amplitude.

In figure 5.3 a number of tests seem to suggest that positive recorded pressures are
followed by negative recorded pressures and vice versa. This oscillation is highlighted
in the figurc below.
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Figure 5.4 Result highlighting the oscillation betw=en positive and negative pressures

It is also interecting to note that most of the pressure variations recorded oceur within
the first 8ms after the oscilloscope has triggered, the pressure trace flattening and
spreading out thereafier, To explore the behaviour of the system over a longer time
frame, the tests of figure 5.3 were repeated at both 2ms/div and 20ms/div
consccutively, Sample results are shown:
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Figure 5.5 Two sets of tests repeated using different time/division oscilloscope
settings: (a+b) Results for 3.5Bar driver pressure and 120mm water
level with needle hydrophone positiored Smm above flange
height

(c+d) Results for 3.5Bar driver pressure and 120mm water
level with needle hydrophone positioned 10mm above flange
height

Periodically spaced negative peaks are noted in figures 5.5(b+d). Their cause cannot
be accurately pinpointed, but their periodicity and consistency in both tests suggest
that they are real phenomena and not attributable to experimental error. These
negative peaks do not appear in tests where the needle hydrophone is positioned more
than 10mm above the displacement limiter,
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Figure 5.6 Two sets of tests repeated using different time/division oscilloscope
settings: (atb) Results for 3.5Bar driver pressure and 120mm water
level with needle hydrophone positioned 15mm above flange

height

(c+d) Results for 3.5Bar driver pressure and 120mm water
level with needle hydrophone positioned 20mm above flange
height

Tests conducted at the 20ms/div oscitloscope setting are instructive, but do not
provide the resolution necessary to analyse the actual shock wave focusing
phenomenon. Judging from the tests already run, the shock wave seems to pass the
needle hydrophone within 10ms of the initial pressure rise in the shock tube. For this
reason, a 2ms/div oscilloscope setting was used in subsequent tests.

5.4 Pressure measurement results at constant height and varying needle
hydrophone positions

To build a map of the underwater pressure fields requires pressure measurements at
various points in the water tank, Measurements were taken at Smum height increments.
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The needle hydrophone was positioned at a chosen height and its position along the
length (expressed as a distance in front of or behind the deflector plate’s axis of
symmetry) of the water tank varied in Smm increments, Test conditions were 3.3Bar
shork tube driver pressure and 120nun waler level throughout testing, The results are
summarised below. To infer the pressure field at a given height in a particular
position, the maximum pressures recorded in two tests symmetrically in font of and
behind the deflector plate axis were averaged. These pressure fields are combined to
form an overall pressure map above the moving deflector plate.

5.4.1 Smin above the deflector plate

Only two tests were conducted with the needle hydrophone 5mm above the deflector
plate. The results are shown below:
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Figure 5.7 Results for 3.5Bar driver pressure and 120mm water level with reedle
hydrophone positioned Smm above flange height (a) on deflector plate
axis (b) 5mm in front of deflector plate axis

In figure 3.7(b) where the needle hydrophone was po..:ioned Smm off the deflector
plate axis, disproportionately large pressure peaks are noted. These are considered too
large to represent the passing shock wave. Rather they may represent contact between
the deflector piate and the tip of the needle hydrophone. The needle hydrophone was
checked after the test and found to be functioning correctly. No turther tests were
conducted at this height above the deflector glate.

5.4.2 10mm above the deflector plate

When the needle hydroohone is at this height. a single distinct pressure peak is
recorded at the centre of the deflector plate. This is not recorded in any other position
ai this height,
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Figure 5.8 Results for 3.5Bar driver pressure and 120mm water level with needle
hydrophone positioned on the deflector plate axis 10mm above flange

height

Two other notable tests were recorded Smm in front and 15mm behind the deflector
plate axis. The results are shown below:
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Figure 5.9 Results for 3.5Bar driver pressure and 120mm water level with needle
hydrophone positioned 10mm above flange height (a) Smm in front of
deflector plate axis (b) 15mm behind deflector plate axis

In figure 5.9(a) the needle hydrophone was in the same position but Smm above
figure 5.7(b). This might suggest that the result shown in figure 5.7(b) is in fact a true
pressure measurement and did not indicate contact between the deflector plate and
needle hydrophone.

The following pressure field can be inferred 10mm above the deflector plate rest
height.
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Figure 5.10 Pressure field 10mm above deflector plate

5.4.3 15mm ahove the deflector plate

Twu separate tests confirmed the existence of high pressure peaks on the deflector
plate axis. Unlike figure 5.8(a) above, these peak pressures are reenrring and not just
concentrated in one peak. The average maximum peak pressure on the deflector plate
axis 15mum above the deflector plate is 3,24 Bar
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Figure 5 11 Results for 3. 5Bar driver pressure and 120mm water level with needle
hydrophone positioned 13mm above llange height on deflector plate axis

It is noted that Jarge negative pressures gecompany the positive pressures recorded on
the axis of the deflecton piate.

Consistent distinet pressure peahs are recorded 1omm oif the detlector plate avis,
Pressure poahs were abao recorded Zrm aind 18mn off the deflector plate axis, but
these were not repeatable.




I'n  ollowing pressure field can be inferred 1Smm above the deflector plate rest

height.
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Figure 5.12 Pressure field 15mm above dellector plate

544 20mmabove the deflector plate

At this height, single distinct pressure peaks are recorded on the deflector plate axis
and Smm in front of it but these are not consistent as shown helow:
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Tigure 5.13 Resulis for 3.5Bar driver pressure and 120mm water level with needle
hadrophone positiored 20mm above tange beight on deflecter plae axis

Phe to Hewing presae eld can Fe inferred 2o above the deflector phate rest
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Figure 5,14 Pressure field 20nim above deflector plate

5.4.5 25mm above the deflector plate
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Pressure peaks are recorded on the deflector plate axis. These are of low amplitude
and their form varjes from test to test.
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Figure < 15 Results for 3 5Bar driver pressure and 120mm water level with needle
hydrophone positioned 25mm above flange height on deflector plate axis

No other repeatable flow features were recorded at this height. although two tests
showed pressure peaks Hmm and 15mm behind the defleetor plate,



The following pressure field can be inferred 25mm above the deflector plate rest
height.
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Figure 5.16 Pressure field 25mm above deflector plate

5.4.6__30mm above the deflector plate

No distinct pressure peak is recorded on the deflector plate axis. In front of and
behind the axis, pressure variations are noted in the 1ime frame where the shock wave
is expected to pass the needle hydroplione (approximately 2ms after the first pressure
rise in the shock tube). 15mm Behind the deflector plate axis a small pressure peak is
recorded while 10mm in front of the deflector plate axis a steepening of the pressure
trace occurs. This steepening is recorded for a number of tests at this needle
hydrophone height.
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Figute 517 Results for 3 5Bar driver pressure and 120mim water tevel with needle
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The following pressure field can be inferred 30inm above the deflector plate rest
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Figure 5.18 Pressure field 30mm above deflector plate

3.4.7 35mm above the deflector plate

Slight steepening of the recorded pressure trac: is noted on the deflector plate axis
and single peaks were recorded 10mm and 30mm in front of the axis,
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Figure 5,19 Results for 3.3Bar driver pressure and 120mm water level with needle
hvdrophone positioned 35mm abeve Mange height () on the centie of
thy 10mn in front f¢) 30mm in front of the deflector plate asis



The following pressure field can be inferred 35mm above the deflector plate rest
height.
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Figure 5.20 Pressure field 35mm above deflector plate
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wave. This high pressure region is in direct contact with a spherically shaped deflector
plate. The deflector plate material is stainless steel. Stainless steel offers greater
stiffness than copper, preventing flexing and deformation during the simulation. To
increase simulation speed - by increasing the grid spacing on the water subgrid, which
is the largest subgrid defined - the deflector plate thickness is defined as 2mm. This as
opposed to the 0.5mm thick deflector plate used in the actual experiment. In front of
the deflector plate is a water region and in front of that air at atmospheric conditions.

For convenience the problem setup has been entered into Autodyn horizontally.
Gravity has accordingly been defined in the negative x direction.

In the experiment, an elliptically shaped deflector plate shape was pressed in a custom
designed die. Autodyn does not incorporate a predefined elliptical shape. The closest
predefined shape is a sphare. Thus a spherically shaped deflector plate has been used.

Separate subgrids were defined for the shock and deflector plate. The water and
atmospheric air share the same subgrid. The shock and water/atmospheric air subgrids
are defined as Eulerian while the deflector plate subgrid is defined as Lagrangian. The
nodes of an Eulerian subgrid remain static throughout the simulation, while the
material moves independently within the defined geometrical limits. In a Lagrangian
subgrid, the nodes are attached to the material and hence the subgrid distorts as the
material moves. Interactions between Lagrangian and Eulerian subgrids are selected
by defining a polygon around the Lagrangian subgrid and specifying with whicl
Eulerian subgrid it is to interact.

Boundaries allowing material infoutflow from any of the Eulerian subgrids can be
added as required. These were experimented with, but none were found to make a
significant difference to the simulated results. They were therefore not included,

In figure 6.1 when defining the air subgrid on the extreme left, representing the high
pressure region behind the shock wave, the following material properties have been
used:

Material name : GAIR

Density: 5.0190kg/m’

Internal Energy: 673.3277E3 J/kg
Velocity (x, y, radial): Om/s

The shock subgrid extends beyond the deflector position in figure 6.1 to allow the
high pressure shock subgrid to remain in contact with the steel deflector plate as it
moves forward.

The steel deflector subgrid is 2mm thick. It is free to deform as the simulation
progresses and interacts with both the shock wave and water subgrids, Excessive
deformation is avoided by defining the deflector plate material as stainless steel
instead of copper. Defining deflector plate thickness as 2mm instead of the
experimental 0.5mm allows a coarser subgrid definition. minimising processing time.
The material properties used are:
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Material name: STNLS STEEL
Density: 7860kg/m’

Internal Energy: 134.1E3 Tkg
Velocity (%, y, radial); Om/s

To the right of the deflector plate is a 124mm water region. The water material
properties used are:

Material name: GWATER
Density: 1000kg/m’

Internal Energy: 45900.8270 J/kg
Velocity (%, v, radial): 0 m/s

As the deflector plate is forced forwards by the high pressure behind it, so it in turn
forces the water forwards producing a noticeable surface bulge, A void region
develops immediately in front of the deflector plate. This occurs as a matter of course
in Autodyn, possibly representing a region in which cavitation occurs. Using different
predefined water models does lessen the impact of the void areas on the simulation,
but does not etiminate them completely. This remains so even when the materiat
praperties of the water model used are changed so as not to allow material failure, The
void region does have the advantage of highlighting the gross water movements
through the contrast of different material colours and hence improving the users
understanding of the relevant water dynamics.

Above the water surface is air at atmospheric conditions. The material properties used
are;

Material name: GAIR

Density: 1.2029kg/m’

Internal Energy: 191.4408E3 J/kg
Velocity (%, v, radial): Gm/s

All material definitions require an internal energy. For fluids, the following equation
has been used (Mitller 1987):

p+B
plr-1)

Where: e = Internal energy (J/kg)
p = Pressure (Pa)
p = Density (kg/m’)
B. n= Material constants

e =
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For stainless steel the following internal energy equation has been used:
e=c,AT

Where: e = Internal energy (J/kg)
¢ 0,447
T = Temperature (K)

The above equations, although well known and widely used, are not referred to in the
Autodyn Users Manual and could not be confirmed with the prograin vendors. It is
assumed that they are correct for calculating the internal energy of a fluid and solid as
required by the material properties input prompts.

No boundaries or constraints other than the geometrical limits of each subgrid have
been imposed on the movement of materials throughout the simulation. These
geometrical Jimits are based on those found in the physical experiment.

To control the magnitude of the water surface effects produced during the simulation,
the shock and deflector subgrids are deactivated after a specified time. When a
subgrid is deactivated, it remains visible on the screen but is not considered any
further by the simulation. Depending on the simulation setup, the shock and deflector
subgrids were deactivated when the simulation reached 15-50us real time.

Autodyn incorporates an axial symmetry function, allowing the user to define only
one half of a symmetrical sirnulation setup and have the program mirror it around the
horizontal axis, Using this feature has the advantage of conserving computer
resouzces and hence improving processing speed. Initially the axial symmetry
function was used, but more accurate results were obtained by defining the
experimental setup in its entirety. It is suspected that this is because of the
mathematical singularity which results close to thz axis of symmetry when processing
an axisymmetric simulation,

Below are a set of thumbnail images showing the progression of results through the
simulation
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Using Autodyn to simulate the experimental results allows greater resolution and
hence insight into the mechanism of formation of the water jets which are the focus of
this study. The simulation shows that as the deflector plate moves forwards, so a
pressure field is set up in the water ahead of it. The movement of the deflector plate
also causes a bulge in the water surface. This bulge becomes the base from which the
water jet will grow. The most significant flow field created by movement of the
deflector plate is the water flow which under the influence of the pressure field moves
away from its rest position, rc _hly directed towards the outer sides of the water tank.
When the deflector plate ceases moving (subgrid deactivated) the water which has
been furced outwards then moves back towards the centre of the tank, As this water
returns, it meets in the centre of the deflector plate with water returning from the
opposite direction. These two “walls” of moving water are forced upwards by their
o'wn inertia, forming a tall narrow column of rising walter which is seen as a water jet.
This process can be seen in figure 6.2,




7. Discussion

The objectives of the current research were to further explore the mechanism of
formation of the water jets already presented by the author (Karnovsky 1998). Maps
of the underwater pressure fields driving these jets would clarify whether they are the
result of a shock wave focusing process in which the focal point coincides with the
water surface, or some other physical phenomenon.

To this end, test equipment was required which would facilitate pressure
measurements in the area of the water jets produced. An existing vertically mounted
gas shock tube was used as the basic test rig. By subjecting a submerged deflector
plate to a shock wave from below, a water jet was produced on a free water surface

Previous authors (Miiller (1987), Mortimer (1997)) also working in the field of shock
wave focusing, had used a needle hydrophone to take pressure measurements of
passinz shock waves, The needle hydrophone is a custom designed pressure
transducer with very small sensitive diameter and ultra short rise time, Its
specifications matched the requirements of the current research. A positioning system
which allowed accurate 3-D positioning of the needle hydrophone within the test
section was designed as an attachment to the existing test rig. The first such system
was computer controlled, driven by stepper motors but did not provide the accuracy
and repeatability required. It was modified to be manually operated. The result was
measuraole accuracy to within 0.5mm of any required position,

In the first set of pressure measurements undertaken, pressure fields in the water were
set up using the same deflector plate assembly previously documented by the author
(Karnovsky 1998) to produce photographable water surface effects, Here a curved
deflector plate was mounted against a high density foam ring, for vertical flexibility,
and supported from above by a stee] flange. However repeated failure of a silicon seal
disrupted testing and prevented continuity of results, It became obvious that a
redesign of the deflector plate assembly was required. Despite this, valuable
information had been collected,

Approximately 25ms afler the shock wave passed a pressure transducer 150mm below
the deflecior plate a sharp pressure rise would be recorded by the needle hydrophone
often followed by a weak negative pressure. This form of pressure trace has been
documented by others working in the field of shock wave focusing (Mortimer 1997,
Stuka et al 1995). The water level above the deflector plate has a decisive effect on
the peak pressure recorded by the needle hydrophone. In one instance, halving the
water level increased peak pressure almost tenfold. For a constant water level, peak
pressure at flange height would tend to decrease 10mm above flange height and then
increase again above this level. Generally as the needle hydrophone is positioned
higher above the deflector plate, so the pressure peak occurs later on the pressure
trace. This is to be expected because of the extra distance the shock wave must travel
before reaching the tip of the needle hydrophone as it is raised. The time at which the
pressure peak occurs does not appear to be highly dependent on the shock tube driver
pressure or water level used, Most of the pressure peaks are followed by a negative
pressure, This is thought to be an expansion wave originating at the corners of the
deflector plate and inside edge of its supporting flange. Initially the negative pressure
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is recorded about 8ms afler the pressure peak., but this time interval decreases as
measurements are taken further away from the deflector plate. Such behaviour is
consistent with an expansion wave which gradually steepens and catches up with the
travelling shock wave ahead. Scme tests recorded a negative pressure ahead of the
pressure peak, This phenomenon was not consistent and its source is unknown

As noted above, redesign of the deflector plate assembly was required. In the new
design, the detlector plate was welded onto a thin wall stanless steel bellow to allow
it vertica! flexibility, A displacement limiter surrounded the bellow to prevent
excessive movement, This displacement limiter also had the advantage of preventing
any unwanted hydrodynamic effects from fluid flow around the bellow convolutions,
To produce a water jet with the bellow deflector plate assembly required a greater
shock tube driver pressure than a similar water jet using the original deflector plate
assembly discussed above. Furthermore, a number of the initial water jets produced
were lopsided -- probably due to fabrication imbalances in the bellow. This improved
as testing progressed. The water jets prodireed using the bellow system are generally
smaller, broader and less coherent than those produced by the foam ring deflector
plate assembly, They also have z larger rise time. These differences reflect the larger
mechanical inertia of the bellow mounted deflector plate compared to its foam ring
mounted equivalent. Thercfore, to achieve the most efficient encrgy transfer between
shock wave and resulting water jet it is necessary to minimise the mass and inertia of
the deflector plate assembly, Despite its greater inertia, the major advantages gained
from the bellow deflector plate assembly were consistency and reliability. Once
installed in the test rig. no further attention was required throughout testing,

When photographing the water jets produced with the bellow system, streaking of the
water surface was noted before the actual water jet developed, This is a similar
phenomenon to that documented by Mortimer (1997) under similar experimental
conditions. The similarity between the tv. can be seen below,

g s ey e e e e

Figure 7.1 Streaking produced (a) with bellow tlange assembly (b by Mortimer
11997

Mortimer noted that the streaking represents high speed water particles energised and
tor from the water surfice as a passing shoek wave is reflected from the water air
interfice at the free water surface. On the other hand. the actual water jet results from
the overall hydrodynamie o initted by movement of the curved deflector plate,
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The pressure measurement tests conducted with the bellow systum were for a constant
water level. The recorded pressure amplitudes were generally lower than thosce
recorded with the foam ring deflector plate assembly, while the actual pressure traces
adopt a noticcably different form. Inertia of the bellow and displacement limiter, as
well as drag created by fluid flow around them, are thought to limit the pressure
amplitudes achicvable with this system. The same forces damp the system’s response
‘o impulsive shock wave loading, resulting in a number of smaller high pressure peaks
rccorded by the needle hydrophone as opposed to one large peak. These differences
are shown below,

T | 7] R
- \ I\\_r‘\ IR 1/

A\ S
= — \ L

2 | '

Bty 1 = ,

N AT :

O e ;

CAREHT: [ 3 | VFSHY

i |
(a) (b

Figure 7.2 Qualitative difference in pressure trace recorded with;
(a) Foam ring deflector plate assembly
(b) Bellow system deflector platc assembly

For the bellow system, the largest pressure peaks were recorded closest to the
defleetor plate. Their amplitude decreased with decreasing distance to the water
surface. Close to the water surface the pressure peak was hardly visible on the
pressure trace, Despile this, as needle hydrophone distance away from the deflector
plate increased, the pressure traces recorded change from a number of distinct
pressurc peaks to onc peak, This is attributed to diffraction and near-ficld edge
effects. Pressure fields were calculated at 5mm height increments between deflector
plate and water surface, These are instructive but it must be noted that they are bascd
on tests which in many instances were not repeatable. The pressure fields show an
almost smooth transition from higher to lower pressures with increasing distance
above the deflector plate. Thus the pressure waves set up by the deflector plate are
damped by the water above. This is in contradiction of results obtained with the foam
ring deflector plate assembly, where pressure increases with increasing distance above
the deflector plate. The foam ring deflector plate assembly has o lower incrtia than the
bellow system assembly with displacement limiter. Therefore it causes greater water
particle velocities in the water tank, The moving water particles are dirccted towards
the peometric focus of the deflector plate. This movement is reflected in the
increasing pressures recorded by the needle hydrophone when approaching the focal
point. The bellow system deflector plate assembly, with its own response to the
impulsive shock wave loading damped by its mechanical propertics, docs not initiate
water movement on the same scale as the foam ring assembly.
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Photographic results show dark clouds between the water surface and deflector plate
assembly during testing. Resolution is inadequate to make a definite statement but it is
thought that these clouds represent cavitation bubbles. Such bubbles, if impacting on
the tip of the needle hydrophone must have some effect on the pressure trace
recorded, When high pressure air was forced past the silicon seal of the deflector plate
assembly it resulted in large repetitive pressure peaks and troughs being recorded.
Similarly cavitation bubbles behind the passing shock wave could be responsible for
the pressure fluctuations recorded behind the initial high pressure peaks.

During the course of experimentation, 11on-linear dynamic analysis software
(Autodyn) became available with the capability to simulate the physical experimental
situations already discussed, Although a number of idealisations were required, a
simulation was set up which represented a curved deflector plate, driven forward by a
high pressure region behind it, impacting a flnid from below. The water ahead of the
deflector plate is forced outwards to the side, creating a cavity in the water, In time
this cavity collapses and the kinetic energy of the moving water is focused into a
central eruption which emerges fror 1 the water surface as a water jet. The form of this
jet matches closely thoss photographed by the author during experimentation. Its
mechanism of formation is similar to that hypothesised by Kedrinskii (1978) and
visualised by Zeff et al.(2000).
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8. Conclusions

It has been shec wn that it is possible to use a deflector plate driven by the high
pressure behind a passing shock wave as a mechanical analopue of the FEMAS
documented by Mortimer (1997). The free surface water jets produced vary in form,
shape and speed depending on the mechanical design of the test equipment. The
overall hydrodynamic flow initiated by movement of the deflector plate using the
present experimental equipment represents a complex coupled system whose physical
properties are inherently subject to scatter and variation. This hinders interpretation of
the physical measurements undertaken during experimentation.

Non-linear dynamic analysis software can be used to simulated the water jet
phenomenon observed experimentally with good correlation between the
experimental and simulated results. This type of simulation allows a means of
exploring the effects of varying experimental parameters such as water depth and
shock strength. Furthermore the simuiation offers insight into the mechanism of
formation of the water jets . This confirms that the water jet resulis from collapse of a
cavity which forms below the water surface.

ZefT et al.(2000) documented an alternative mechanical system which produces free
surface water jets by vertically exciting a free water surface, The resulting water jet is
of exceptional form and concentration, suggesting that this type of system holds
advantages over the FEMAS and its shock tube based analogue.
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Recommendations

A better understanding of the physical characteristics of free surface water jets is
required before they can be used in industrial applications. The most promising
experimental tools for further studies are computer simulations and test rigs which
harmonically excite the water surface. Future studies could concentrate on
characterising the free surface water jets according to a fundamental experimental
parameter such as amplitude of excitation as well as quantifying the energy available
within the jet to do useful work and its distribution throughout the jet formation
process.
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Appendix Al



The following sequence of photographs shows the development and decay of the
water jet produced by the deflector plate mounted on a foam ring,




The following sequence of photographs shows the development and decay of the
water jet produced by the bellow system with displacement limiter,
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10-32 Cogxial Plug o 10-22 Coaxdal Pluy . ;:‘ (3"2’,..; m&‘m :

@U I@ 10R (3,0 m) CORALD, DO2A10
20 1t{8.1 m) CO2A20, BOAARD

BO R (15,2 m) (02450, DOAASO

10-32 Coaxist Pkig to BNC Plog

tangh Avatichis Modain

In@Hm) 002003, BOICHY
| I—— 10430 m) 002010, 003E10

21(6.4m) 002020, 002020

sa#1{152m) 002050, POIOSH
5-44 Coaxinl Plug 1o BNC Py

1 {angih ) Mﬂw;«w Acckada

%238 = WHhEo XSG, 10

BR{7Em) O, 25, 5C3P25
Microtech (d-pin) ta thres BNG Flugs

Langth Avalistie Mocais:

BR{15m) PRl

100 (3.0m) oo,

150 (4.8 04} 010614

204 {83 m) 010620

Length Avallable Modats:

10 #¢3,0 m) 012810, 024R10

20K (5.t ) 012R20. U24R20

50K {152 m} O12R%7, G24R50
100 41 (30,5 ) O12A100, 02¢A100

Langin Aviilshle Modals:

3809 m} 002703, 003003, DI2A03
101 {3.0m} DORTID 00306, D12A10
20h (8.9 m) CUZT20. 003020, D12AR0

kY
P{ﬁ Olher kzngths and cable types ara availohla . .. consudt PLE.

PCH PIEXOTANKRICS IHNC A28 WALITFN ANENYL » DEPEY. NEW YORX 140432455 » PHONE 716-634-0K0) » FAX Tif 42 0en)
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Miiller-Platte-Gauge

Piezoelectric Micro Pressure Gauge for High Frequency
Ultrasaund- and Shack Wave Measurements in Liquids

Typical Applications

The Miiller-Platte Gauge was invented a t the
University of Aachen 1985 for measurements of high
frequency pressure waves in water, Today this probe
is the Gold-Standard for prassure measurements of
high energy pressure amplitudes. Within these years
the Miiller~Platte gauge has demonstrated its
reliability and durability in multiple experiments
worlgwide, especially under very high shock wave
pressures,

This speciat gauges is designed for high energy
ultrasound measurements as well as for recording
blast waves in water up to some kbar, By its small
sensitive diameter less than 0,5 mm and the very
short rise time of about 50 ns the gaupe is the ides!
device for distribution measurements especially in
focal reginns of ultrasnnic transducers or e,g. kidney
stane lithotriptors.

Other applications are measurements of laser
generated shock waves, cavitation effects or
applications in the medical research,

Fressure

‘2Ap$/dtv‘

WM e i Bane

§ rsatz & ser fretand.gan Orocksande suf B0 S958 2ur Untarsuchung
¥2rafe g hrenger Sioliveeian v Wasser
Asustzayv. 58 1388 § 2y 222

\t f\l“ &

Expee manea gt gatans oo Frrusing of Weak Spherical Shoek Waves
“ah3te by S7ar w Elpsowal Refiasters

Brattra v, E4'GR7 5 65.93

€ Ry G Demrenar R P Syaieg

Seazmentst oo penzesy nduced by nanggecard laser pulses

Ao Fresuoienans Vo B [22), 15982

Technicat Data:

Pressure range:  -100 to 2000 bar

Calibration: Shock wave calibration up to 10
bar in water. {Const. sensitivity
coutd be verified up to 320 bar)

Rise time: 50 ns'

Sensitive diam.; < 0,5 mm

Const, up to 10 MHz
about 0.5 mV/bar* {incl. 2 m cable)

1.2 mm at the tip, 4.0 mm for
mounting, stainjess steel

Sensitivity:
Tube diam.:

Recording: e.g. to 2 Y MOhm Input

Article~-No.: 100-100-1

Extent of supply: Micro pressure gauge with 2 m
cable and BNC plug with protective
case

For speciat applications the gauge can be defivered in
.arly any wished size ard shape or with different
cante tength, Please give detai’ g information {inel,
drawinr) about your viuned appiication and ask for
an offer.

* Al go :ams areirgviduany SFfersnt By *ris thase techmical data car
vary withie 30 &

Dr. Michael Miiller Ingenieurtechnik + Im Brockenfeld 3 + D~52074 Aachen
Telefon/Fax ++49 (0)2 41/70 99 40



Instruction Manual
for

Mduller-Platte Needle Gauge

w he Miiller-Pl Needl J:H

This sensor is only designed for fast and high pressure measurements in water. If you want to use it
for other liquids than water the probe has to be calibrated in the new enviroment.

1. The sensitivity of the gauge is defined to:

Uprobe = 0probe I Csum

In the ubove equitation

Yprobe meAns the sensitivity of the probe in Volt/bar
Qprebe means the sensitivity of the probe in pC/bar
Csum 1s the sum of probe capacity, the capacity of the connected device

and , if necussary the capacity of an extension cable in pF

2. For measurements the Needleprobe has to be connected to the 1 MOhm input of a recorder,
oscilioscope etc.

3. Do not use or store the Miiller-Platte Needleprobe in temperatures beyond 60°C because of
depolarisation of the sensor,

4, Do not use the Needleprobe in water for more than 5 hours due to diffusion of water into the
sensor material, Start next application after a break of at least 3 hours,

5, To avoid electromagnetic distortion the top of the sensor is coated with a silver ink. During
use this might be distroyed due to cavitation effects.Therefore it is recommended to chack
periodically the coating,

If necessary renew the coating by removing the ola coating carefully with a soft paper
soaked with acetona and then apply a rnew thin filrn of silvar coating.

€. The tip of the Needleprobe is very sensitive. Avoid any machanical stress. The tip can be
distroyed
7. . Thelifetime of the gauge 1s limited due to cavitation erosion. You can evaluate it as follows:

100 bar pressure wave x 2000 single measurements = const.

Muller Ingerieurtechri® Or.-Ing. Michap) Muller Im Brockenftld 3 52074 Aschen Germany Tel.Fox: +45-241-70 89 90
Advarice Bank Postbankk Kiln Geschaftsfahrer: Sitz degs Mnter :ehmens:
Konto 100 275 1608 Konto 1398893-603 Gr.Ing Michast Malier Aachen
BLZ 702 300 00 BuZ 570 100 50
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The following is a macro file generated by Autodyn, recording the keystrokes for a
typical simulation setup. It excludes the definition of gravity in the negative x
direction, which can be found in the global menu under the options submenu.

fs
$Mirror
%

Yes

No
$Global
$Material
$Library
%
EXAMPI,
3Retrieve
%

YES

NO

NO

NO

NO

NO

1“; O

NO

4]

WO

NO

NO
#Retrieve this material?
Yes
$Library
%
COMPDS
$Retrieve
%

NO

NO

NO

YES
#Retrieve this material?
Yes
$Library
%
HULLOO
$Retrieve
%

NO

NO

N



NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
NO
NO
%
NO
#Retrieve this material?
Ves
Esc
Esc
Esc
$Subgrid
%
SHOCK
%
Euler
%
60
30
$Zoning
$1J-Range
%
1
30
1
30
$Generate
SEdge
$J-varies
$Arc

%

30
1.00000E+00
6.70000E+01
0.0::000E+00

%

7.00000E-+00
0.00000E+00

%

1.50000E+01]
3.00000E+01
$l-varies



$Line
%
1
1.00000E+00
%
1,00000E+00
0.00000E+00
$I-varies
Esc
$l-varies
$Line
%
30
1.00000LE+00
%
0.0C000E+00
3,00000E+01
$J-varies
$Line
%
1
1.00000E+00
Esc
$Block
$lstraight
%
1.00000E+00
Esc
$View/Mod
Esc
Esc
Esc
Esc
Esc
$Save
%
TRY520
#Overwrite existing file?
Yes
$Modify
$Subgrid
%
SHOCK
$Zoning
$1J-Range
%
30
60
1
30



$Generate
$Edge
$l-varies
$Line
%
30
1,00000E+00
%
2.50000E-+01
3.00000E+01
$l-varies
$Line
%
1
1.00000E+00
%
2.50000E+01
0.00000E+00
$J-varies
$Line
%
60
1.00000E+00
Esc
$Block
$Jstraight
%
1.00000E+00
Esc
$View/Mod
Esc
Esc
Esc
Esc
Esc
$Save
%
TRY520
#0verwrite existing file?
Yes
$Modify
$Subgrid
%
SHOCK
$Zoning
$1J-Range
%
]
30
1



30
Esc
$Fill
$Block

%

1
30
1
30
GAIR
%
5.01900E+00
6.73328E+05
2.92484E+02
0.00000E+00
0.00000E+00
$Block
%
30
60
1
30
YyQID
Esc
Esc
$View
$Matplot
$Location
Esc
Esc
Esc
Esc
$Save
%
TRY520
#Overwrite existing file?
Yes
$Modify
$Subgrid
%
DEFLECTOR
%%
Lagrange
%
3
30
$Zoning
$Generate
$SEdge
Sl-varies



$Arc
%

1
1.00000E--00
6.70000E+01
0.00000)E+00

%
7.00000E+00
0.00000E+00

%
1.50000E+01
3.00000E+01

$J-varies

$SArc

%

3
1.00000E+00
6.70000E+01
0.00000E+00

%
9.00000E+00
0.00000E+00

7
%

1.70000E+01
3.00000E+01
$I-varies
SLine
%
30
1.00000E+00
$l-varies
$Line

%

i
1.00000E+00
Esc
$View/Mod
Esc
$Block
$Jstraight
%
1.00000E+00
Esc
Esc
Esc
$Fill
$Block

%

1




%
30
STNL.STEEL
%
7.86000E+00
1.34100E+05
0,00000E+Q0
0.00000E+00
0.00000E+00

Esc

Esc

$View

$Matplot

$Location

Esc

Esc

Esc

Esc

$Save

%

TRY520

#Qverwrite existing file?

Yes

$Modify

$Subgrid

%

WATER

%

Lagrange

Esc

$Subgrid

%

WATER

%

Euler

%

35

30
$Zcning
$1J-Range
%

]

15

]

6
$Generate
SEdge
$J-varies
$Are

%




1
1.00000E+00
6.70000E+01
0.00000EA+00
%
9.00000E+00
0.00000E+00
%
1.70000E+01
3.00000E+01
$1-varies
$Line
%
1
' 00000E+00
%
2.50000E+01
0.00000E+00
$J-varies
$Line
%
15
1.00000E+00
Yo
2.50000E+01
3.00000E+01
Esc
Esc
$1J-Range
%
1
15
6
30
$Generate
3Edge
$l-varies
$Line
%
1
1.00000E+0Q
%
1.70000E+01
3.00000E+02
$l-varies
$Line
%
30
1.00000E+00
0s

-0



2.50060E+01
3.00000E+02
$J-varies
SLine
%
15
1.00000E+00
Esc
Esc
$1J-Range
%
1
15
1
30
$Generat.
$Block
$lstraight
%
1.00000E+00
Esc
Esc
$1J-Range
%
15
35
1
30
$Generate
$Predefs
$Box
%
3.50000E+01
4.25000E+02
0.00000E--00
20
Centered
0.00000E+00
3.00000E+02
0.00000E+00
29
Centered
Esc
Esc
$View
Esc
Esc
$Fill
$Block

%



1
21
1
30
WATER
%
9.98000E-01
4,59008E+04
0.00000E-+00
0.00000E+00
0.00( DOE+00
$Block
%
21
35
1
30
GAIR
%
1.22500E-03
1.91441E+05
0.00000E+00
0.00000E+00
0.00000E+00
$View
$Materials
$Location
Esc
Esc
Esc
Esc
Esc
$View
$Matplot
SLocation
Esc
Esc
Esc
Esc
$Save
%
TRY520
#Overwrite existing file?
Yes
f3
$Mirror
%%
Yes
No
$Modify




3Global
$Edit
$Makeslide
$Matplot
$Location
$Cycles
%
0
999999
200
Esc
$Vecplot
3Cycles
%
0
999999
200
%
0.00000E+00

10
0.00000E+00
0.00000E+00
1.00000E+-00

Esc
$Conplot
$Cycles
%

0
959999
200

%
PRESSURE
%

10
0.00000E+00
0.00000E+00
1.00000E-+00

Esc
Esc
Esc
Esc
Esc
$Save
%

TRY520

#Overwrite existing file?

Yes

SModify
SInteract
$Eul/Lag




$Polygons
$Gen/Mod

%
DEFLECTCR
$Zoom
$Zoom
3Insert

Esc

Esc

$Add

%
DEFLECTOR1
DEFLECTOR
SHOCK

$Add

%
DEFLECTOR2
DEFLECTOR
WATER
$View

$Next

Esc

Esc

Esc

Esc

$Save

%

TRY520
#Overwrite existing file?
Yes

$Modify
$Subgrid

%

SHOCK
$O0ptions
$Active

%

0.00000E+00
5.00000E-C2
Esc
Esc
$Subgrid
%
DEFLECTOR
SOptions
SActive
%
0.00000E+00
S.00000E-02
Esc




Esc

Esc

$Save

%

TRY520

#QOverwrite existing file?
Yes

6

Y
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