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ABSTRACT
This paper presents experimental work on a new type of transient water jet device.

A spark discharge at one focus of a two-dimensional, elliptical, water filled cavity creates
a shock wave which converges towards the other focus. There it enters an axisymmetric
duct and is converted into a plane shock wave which moves out from the plane of the
ellipse. When the plane wave reaches the free surface at the front of the nozzle a water jet
is emitted. The Schliereren technique is used to study the process of wave convergence in
the cavity.  Resulting jet speeds form a simple non-optimized device are also measured.
The fundamental idea appears to work and the results are promising, but difficulties
remain.

INTRODUCTION
In the areas of rock cutting and erosion by liquid impact, continued interest has

been devoted to the use of transient water jets. The reason for this is the property of this
kind of jet to strongly erode a surface on which it is impinging. This destructive
behaviour has been explained by the very high pressures  that develop in the contact zone
between the liquid  drop and the solid surface, pressures that exceed the water-hammer
pressure  at the edge of the contact zone.

      There are several ways of producing a transient liquid jet. Brunton
introduced the technique of generating a shock wave in a liquid filled cavity (Bowden and
Brunton, 1958).  When this wave reaches a free surface of the liquid, i.e.  at the front of a
nozzle, a small amount of the liquid near the surface is emitted in the form  of a slug.
This shock wave  can be generated in different ways, of which  the most popular has been
to mechanically impact the liquid mass in the cavity. This can be done using a movable
piston or slug from, for example, an air gun. However, in applications where a high
repetition rate is desired, this method is less suitable because of the inertia associated with
the moving parts. In such cases an alternative is to generate the shock wave by a
discharge between two electrodes submersed in the liquid.

Regardless of the way in which the shock wave is produced, it is desirable to
convey as much as possible of its energy to the jet. It is thus of interest to examine the
possibility of focusing the energy in the shock at the orifice of the generator. This paper
presents experiments that have been carried out on a new type of transient water jet
device. It operates with electrical discharges to create the shock wave, and has a cavity
geometry which forces the major part of the wave to converge towards the nozzle area.

TRANSIENT WATER JET DEVICE
The liquid filled cavity has a two-dimensional elliptic shape.  It consists of three

layers of flat plates, of which the one in the middle has an elliptical hole. At one focus of
the ellipse an electrode is mounted in each of the side plates. At the other focus one of the
side plates has a conical hole, and one has a cone attached to it. The cone and the conical
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hole together form an axisymmetric converging channel with its axis directed normal to
the plane of the ellipse. Fig. 1 shows a crosssection sideview of the cavity.

Fig. 1. SCHEMATIC DRAWING OF THE ELLIPTICAL CAVITY WITH THE ELECTRODES AT ONE
OF THE FOCII AND THE AXISYMMETRIC CONVERGING CHANNEL AT THE OTHER.

An electrical discharge across the electrodes creates a shock wave which travels
away from the electrodes in all directions. If the spark gap is considerably smaller than
the distance between the side plates, the shock wave will have a shape close to spherical.
If, however, the spark gap is the same, or nearly the same, as the distance between the
side plates the shock wave will have an almost cylindrical shape. Furthermore it will also
be weak if the amount of energy given to the liquid by the discharge is comparatively
small. The shock then travels with approximately constant speed through the liquid, i.e.
the speed of sound in the liquid. When the different parts of the wave reach the wall they
will be reflected, and due to the specific geometry of the cavity the reflected wave will be
a negative image of the outgoing wave, with its axis of symmetry at the second focus
towards which it converges. Fig. 2 shows an illustration of the reflection process.

Fig. 2. THE WAVE PATTERN IN THE ELLIPSE AT TWO DIFFERENT TIMES, T2 > T1. AT TIME T,
NO PART OF THE OUTGOING WAVE HAS YET BEEN REFLECTED.
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The reflected wave is thus also cylindrical and converges towards the focus where
the converging channel is. When the shock wave passes through this channel its direction
of travel is turned 90 degrees and it is converted into a plane shock wave.

EXPERIMENTS
Optical studies of the shock wave motion in the cavity in the absence of a

converging channel have been conducted. This was made possible by using side plates
made of glass whereby photographs could be taken with the use of a Schlieren system.

One glass plate was permanently attached to the center plate, and the other was
squeezed tight in between the center plate and a cover plate. The latter two, which were
made of steel, were held together by bolts along their edges. To prevent leaks, the
removable glass plate was sealed with a silicone rubber gasket. The center plate and the
cover plate both had elliptical holes with lengths of the major and the minor axes of 150
mm and 120 mm respectively. The thicknesses of the center plate and the glass plates
were respectively 20 mm and 10 mm. To avoid the problems associated with holes in the
glass plates, the electrodes were mounted in brass holders which were cemented onto the
inside of the glass plates at one focus. The electric wires were led out of the cavity
through grooves in the center plate. This arrangement made it necessary to adjust the
distance between the electrodes before mounting the removable glass plate. The electric
circuit for the experimental set-up is shown in Fig. 3.

Fig. 3. CIRCUIT FOR THE ELECTRICAL DISCHARGE.

The discharge energy was supplied by an 8kV constant DC source charging a 0.6
µF capacitor, to which the electrodes in series with an air spark gap were connected. Both
pairs of electrodes, in liquid and air, were cylindrical with a diameter of 2.4 mm and
made of tungsten. The air spark gap was necessary in order to get a discharge, and by
changing the distance between its electrodes the breakdown voltage could be varied.

With the water filled cavity placed in the parallel light section of a Schlieren
system, photographs of the wave motion were taken. The light source was a Fischer-
Nanolite, coupled to a delay unit which was triggered by the air spark gap. By changing
the delay time between the discharge and the light flash the waves could be photographed
at different positions ir the cavity. The recordings were made in a dark room with a
Hasselblad 500 EL/M camera, equipped with a 500 mm lens with open shutter, To
suppress as much disturbing light from the liquid spark gap as possible, the parts of the
glass plates that covered the electrodes were painted black on the inside.
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RESULTS AND DISCUSSION

A series of photographs of th econvergence porcess, taken at different times after
discharge, is shown in Fig. 4.

    

    
Fig. 4. WAVE PATTERN IN THE ELLIPSE. EACH PICTURE IS FROM A DIFFERENT
EXPERIMENT, AND THE NUMBERS INDICATE TIME IN MICROSECONDS AFTER DISCHARGE.

The spark gap in the air was 3 mm, and the liquid spark gap was < 1 mm. The
latter distance was difficult to measure exactly since it depended on how strongly the
removable glass plate was pressed against the center plate. Practical considerations
required flat ended electrodes. Electrodes with conical ends eroded very rapidly, which
made it necessary to open the cavity after only a few discharges to adjust the distance
between them. No differences between the wave patterns produced by the two different
types of electrodes could be detected.

The photographs reveal a complex pattern of waves. The pattern was very
repeatable. The almost circularsymmetric wave front is the leading wave from the
discharge. In the photograph taken at 82 µs after discharge its reflection from the cavity
wall is just completed. It converges to zero radius in 100 µs, which shows that it moves
with a speed of 1500 m/s and hence is approximately acoustic. The slight disturbance at
its bottom is caused by the electrodes and their wires. Inside it is a lens-shaped wave
which is a Mach wave originating at the wall, caused by the difference in sound speed
between steel and water. The almost equally spaced waves behind it are the reflections of
the leading wave from the glass side plates. These are present because the distance
between the electrodes was smaller than the distance between the side plates, as explained
earlier. Behind the circular wave are also many other waves of apparently irregular shape,
of which some are Mach waves from the reflections in the side plates, and some probably
produced by oscillations of the compression ring that surrounds the electrodes for some
time after discharge (Frungel, 1980).

For the objective in question, namely to produce one coherent wave, only the
leading circular wave is desirable. The reflected waves from the side plates and the
disturbance to the leading wave can be eliminated by a suitable design of the electrodes as
mentioned earlier. The Mach waves and the waves from the compression ring are more
difficult to suppress but can, however, in view of their relative weakness probably be
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neglected. The introduction of a cone and a converging channel will inevitably also
disturb the leading wave, since a part of it passes them before it is reflected from the wall.
By using a cone and a channel with small lateral dimensions compared to the dimensions
of the cavity, this disturbance call however be made small.

The conclusions that can be drawn from these experiments are that the electrodes
should be placed in the plane of the side plates, and that the cone and the converging
channel should have small lateral dimensions compared to those of the cavity. In addition,
it is also advantageous to make the thickness of the center plate small, since this will
result in a converging wave which has a more two-dimensional behaviour and will bend
more easily in the converging channel.

A few experiments were also carried out with a device with steel side plates,
equipped with a cone and a converging charnel. It was not optimized in the way outlined
above, but was merely built to get a rough estimate of the jet speeds attainable. The
lengths of the major and minor axes of its cavity were respectively 30 mm and 24 mm,
and it had a center plate with a thickness of 9 mm. A high-speed camera capable of taking
a series of pictures of one single jet was used to measure the jet speeds. With the use of
the same electrical circuit as in the previous experiments, Fig. 3, typical jet speeds
attained were almost 100 m/s.

The experiments carried out established that the shocks in the elliptical cavity
converge to the second focus and that the principles employed essentially work. The
discharge in water leads to a complicated system of waves. This is undesirable as it means
that the discharge energy is spread over the resulting wave system rather than being
concentrated in the leading pulse. Previous tests with air in the cavity gave a "clean"
discharge with a single observed shock.

To achieve practical jet speed levels considerable work will be required to
optimize the device. The directions in which this should proceed are relatively clear.
These are:
1. Improvement of the external spark generating circuit and system to prevent the

"ringing" discharge;
2. Optimization of the cone:orifice geometry to reduce the diffraction of the incident

wave on the first pass and decrease the reflection coefficient of the converging
cylindrical wave, and

3. Optimization of the nozzle attached to the cavity (Lovgren, 1983; Lovgren and
Gustafsson, 1983).

In conclusion it is felt that the basic idea has considerable promise insofar as the
fundamental principles involved appear to work as expected, but that more must be done
to produce water jets with interesting properties.
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DISCUSSION

NAME:                  George Savanick
COMPANY:          U. S. Bureau of Mines

QUESTION:         "Please give details regarding the photographic technique used."

ANSWER: A presentation of the Schlieren technique can be found in most textbooks
on compressible flow theory, e.g., Elements of Gasdynamics by Liepmann and Roshko.

NAME:                   H. S. Stevens
COMPANY:            BHRA

QUESTION: "Is there a practical limit of the proposed shock technique to the size of jet
it is supplied to?"

ANSWER:  There is no fixed limit, but the relative losses in the process can be expected
to increase with larger cavity dimensions and stronger shock waves.

Sufficiently strong shocks also display a nonlinear behavior, and
this further decreases the efficiency by imperfect focusing of the converging wave.


