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2.1.2. Abrasive Water Jets

Hjelmeflt and Mockros (1965) investigated the motion of discrete particles in a turbulent
fluid. The authors determined the deviations of particle motion from fluid motion by
various approximations and found that only for high density ratios and small particles, the
effects of added mass, history of acceleration and pressure gradient was insignificant.
Their approximation became invalid for sediment transport and motion of gas bubbles in
liquids.

Distribution of mass, velocity and intensity of turbulence in a two phase turbulent
jet were analyzed by Hetsroni and Sokolov (1971). It was found that the two phase jet
was narrower than the single phase one, with smaller normalized velocity fluctuations. The
authors showed the discontinuities were proportional to the droplets' concentration and
suppressed turbulence in the dissipation range at high wave numbers. Their analysis was
confined to liquid droplet in an air medium.

Parthasarathy and Faeth (1987) developed a model to investigate the structure of
particle-laden turbulent water jets in a still water. The authors simulated flow by
considering three limiting cases: locally homogeneous flow, deterministic separated flow
and stochastic separated flow. They found best agreement of measurements with
stochastic analysis.

Swanson et al. (1987) investigated abrasive particle behavior based on
experimental determination of particle velocity. They mixed magnetic particles with
conventional gamet sand and which was then injected into a water jet. The resulting
cutting stream was then directed through a pair of current-carrying coils spaced a fixed
distance apart. The magnetic particles induced a signal in each of the coils which they
recorded in a digital transient recorder. Measurement of the time between the signal
response from each of the coils yielded a measure of the particle velocity. The authors
noticed the inefficient mixing process of abrasive water jets since water jet velocity of 550

m/s induced abrasive velocities of only 120 m/s.



Hishida et al. (1989) investigated the turbulent structure of a liquid-solid particle
confined jet. A modified LDV with particle size discrimination permitted detailed
measurements of velocity for each phase. The authors observed that the liquid velocity
increased in two-phase flow since the slip velocity between solid and liquid phases became
larger in the down stream direction. The ratio of velocity fluctuation and turbulent
Reynolds shear stress to local velocity difference between the centerline and the outer flow
region decreased due to the existence of particles. The authors used glass particles with an
arithmetic mean diameter of 479 pum at a constant mass loading ratio of 2.59% and a pipe
Reynolds number of 9000,

Chen (1990) employed LTA for velocity investigation of water and abrasive water
jets. In this work, the author validated results by measuring velocities with schlieren
photography and demonstrated a weak relationship between velocities and operating

parameters. The regression equation has the form:

VoY, ) 627[_21_}2.557@0 /Dt)z
Vs.w, Qw 21
where,
Va velocity of abrasive particles

Vew  velocity of water jet at the exit of the focusing tube

Vg w. : velocity of water jet at the exit of water nozzle

Qa  : volume flow rate of abrasive particle
Qw  :volume flow rate of water

Dy diameter of water nozzle

Dy - diameter of focusing tube

The effect of other variables was limited.



10

A similar study was carried out by Himmelreich and Riess (1991) by the use of a
Laser-2-Focus method. This investigation was limited to the pressure of 100 MPa. The
authors depicted a pattern of flow behaviors similar to that observed by Chen (1990).

Neusen et al. (1992) used forward-scatter LDV system to measure abrasive water
jet velocity. This method could not discriminate between the velocities of particles and
water drops. However, their investigation of velocities gave an indication of the

effectiveness of the momentum interchange from water drops to abrasive particles.

2.2 Flow Characteristics Inside Nozzles and Diffusers
The hydraulic diffuser is one of the most common engineering devices in water jet
technology and it has some similarity with sapphire water jet nozzle. Because of this, the
understanding of the dynamics of the flow in the diffusers constituted the basis for
numerical prediction techniques developed in the presented work.

Tropea and et al. (1989) used LDA operated in forward scatter for the study of the
flow field in three axisymmetric expansions having diffusers half angles of 300, 450 and
900 respectively. They found that the diffuser geometry had profound influence on the
separated shear layer over the entire length of the diffuser section. The formation of
turbulence immediately after separation was much higher in the case of smaller angle
compared to higher angle expansion, leading to higher diffusion rates of separated shear
layer, and hence earlier reattachment of the shear layer.

Sala et al. (1980) modeled two (k-e) equations for the prediction of flow
characteristics of the axisymmetric diffusers with half angles of 159, 300, 450 and 90°. In
their analysis static pressure distribution was more flattened than the experimental data,
due to the underestimation of normal turbulent stresses. They also overestimated the shear
stresses which counter blocked kinetic energy and momentum analysis. Their model could
not predict some quantities well when recirculation regions were present as in wide angled

diffusers.
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Habib and Whitelaw (1982) developed a numerical method of calculating the
properties of axisymmetric swirling and non swirling (swirling numbers of 0 and 0.93)
turbulent recirculating flows in wide-angle ( with expansion half angles of 20° and 459)
diffusers. They found the consistency of velocity and kinetic energy with measurements
for zero swirl number. Their turbulent kinetic energy were always significantly different
from measurements, and the difference increased with swirl. They predicted the defects of
the numerical computation were due to the model's isotropic characteristics and inability
to represent large stream line curvature and rotation. In their analysis they only found the
effect of diffuser angles and swirling on flow field. But the upstream effect due to flow in
different nozzle geometry is not presented in their analysis.

Baskharone (1991) developed a finite-element model of the turbulent flow field in
the annular exhaust diffuser of a gas turbine. He used a modified version of the Petrov-
Galerkin weighted residual method, coupled with a highly accurate biquadratic finite
element formulation. His analysis showed that spurious pressure modes associated with
the inertia dominated flow were alleviated while the false numerical diffusion in the finite
element equations was simultaneously minimized. This model is not applicable for highly
separating flows which are typical for sapphire nozzle design.

The effect of small scale, high intensity inlet turbulence on flow through a subsonic
two-dimensional diffuser with total included angles of 9° and 200 was studied
experimentally by Hoffmann and Gonzalez (1984). They noticed symmetrical velocity
profiles as compared to the transitory stall regime, where flow remained attached to one
wall and detached from the other. Their results might be applicable to the flows which
encounter adverse pressure gradients.

Durst et al. (1993) carried out both experiments and numerical analysis for the
flow through a two-dimensional plane with a symmetric sudden expansion of area ratio
1:2. They observed a symmetry breaking bifurcation of the flow leading to one long and

one short separation zone and with the increase of the Reynolds numbers the long
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separated region increased whereas the short one remained approximately constant in
length. Their study was confined to low Reynolds numbers 300 and 610 which was far
away from turbulent flow field. In earlier papers concerned with the flow downstream of a
symmetric, plane sudden expansion, Durst et al. (1974), Smyth (1976) and Cherdron et al.
(1977) had demonstrated the asymmetric nature of velocity distribution at Reynolds
numbers above critical values which depend on the expansion and aspect ratios. This
asymmetry was attributed due to the amplification of disturbances along the shear layers
and the requirement, imposed by continuity, that the corresponding vortices shed and
grow in an asymmetric manner. At this Reynolds number (~1000) the energy spectra
showed discrete peaks with relative small energy at higher and lower frequencies.

A numerical approach was developed by Lai et al. (1991) to predict the flow
characteristics inside three different nozzles. The authors showed that the incorporation of
a pin or to a certain extent a center-body insert into a conical nozzle resulted in enhanced
cavitation. However, the overall performance of the nozzles was not experimentally
verified.

The review of numerical and experimental results related to the influence of
variation in the geometry and input conditions of a variety of nozzles was presented by
Edwards and Welsh (1978). The authors analyzed exponential and general nozzle shapes.
They showed the straight tapered nozzle produced the highest initial velocity at the exit
and also highest maximum internal pressure but it exerted lowest stagnation impulse since
velocity decay was rapid. The exponential nozzles of shortest length produced the highest

initial jet velocities, but they gave rise to the greatest pressures within the nozzle.

2.3 Comments on the Previous Studies
Although a substantial amount of data concerning the behavior of WJs and AWJs has been
acquired, the available information is not sufficient to allow prediction of the optimal

design of the nozzle and the optimal cutting strategy. The flow characteristics of jets such
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as velocity, pressure and turbulent quantities mainly depend on the nozzle configurations
and input conditions which have not been extensively investigated for machining process
control. The numerical simulation of noizle flow i1s an economical and efficient way to
predict these flow characteristics. The experimental determination of jet characteristics
will validate the data for practical application of WJ and AWJ machining processes. The
development of a knowledge base for the nozzle design by integrating experimental and

numerical results 1s the objective of this investigation.



CHAPTER 3

EXPERIMENTAL SETUP AND TEST PROCEDURE

The experimental investigation was concerned with the determination of velocity, force
and structure of WJ and AWJ. The investigation was divided into three parts. The first
experiment involved the LTA measurements of water and abrasive particle velocities along
and across the jet. The second experiment was concerned with measurement of forces
exerted by the jet on the workpiece. A piezoelectric force transducer was used during this
study. The third experiment involved the qualitative investigation of jet structure and

behaviors by high speed filming.

3.1 Experimental Facilities
The tests were carried out in the water jet machining laboratory of Mechanical and
Industrial Engineering Department of the New Jersey Institute of Technology. The water
jet cell was manufactured by Ingersoll Rand Co. It has a 5 axis robotics manipulator
controlled with an Allen Bradley 8200R robot controller. The system consists of the units

(Fig. 3.1) described below.

3.1.1 Water Preparation Unit

The major components of this unit are the booster pump, filters, water softener, prime
mover, intensifier, accumulator, control and safety instrumentation. The major function of
the unit is to feed continuously pure water pressurized to the required pressure. To ensure
continuous flow into the high pressure cylinder, the booster pump supplies the water into
the low pressure water circuit (1.25 MPa). The low pressure filters (1-10 microns) and the

softener are used to remove the iron and calcium dissolved solids.

14



15

A hydraulic driven (10-40 hp) oil intensifier is used to develop pressure upto 345
MPa in the water from the booster pump. There are two separate circuits for oil and
water. The oil circuit is a close circuit and the water circuit is an open one. The oil
pressure of about 20 MPa developed by the rotary pump is used to drive the intensifier.
The intensifier is a double acting reciprocating type pump, of 152.4 mm diameter. It is
operated every few seconds by an adjustable controller.

The high pressure water from both sides of the intensifier is discharged to an
accumulator where the pressure is stabilized. Since the water at 345 MPa is 12 percent
compressed, the water is not discharged uniformly from the intensifier at all piston

positions. Hence, the accumulator is used to maintain the uniform flow.

Abrosive
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Figure 3.1 Schematic of AWJ Machining System
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The high pressure water output of the accumulator is conveyed to the work station
through a series of pipes, swivels, flexible joints and fittings. The line pressure drop is

determined by summing up pressure drops in all joints, elbows and the pipe.

3.1.2 Work Cell
This 1s the place where the actual experiment was performed. It consists of a nozzle body,
an abrasive feeder, traversing mechanism and a catcher.

The pressure head of water is converted into kinetic energy in the nozzle assembly.
There are two nozzle bodies; -one for sapphire nozzles and another for sapphire-carbide
nozzles generating WJ and AWJ réspectively (Fig. 3.2). The high pressure water supplied
from the water distribution line passes through the sapphire nozzle and accelerates to a
higher velocity. In the case of AWJ, abrasive is feed via a side port into the water stream
exiting from the sapphire nozzle. Thus, water and abrasive are well mixed in the carbide
nozzle made of tungsten carbide where abrasive particles are accelerated and the

momentum transformation takes place.

/J?
o

(a)

woler in
d

Noe ke Porl

£ 3
3 &

Carbide Tube

Figure 3.2 Schematics of (a) WJ and (b) AW]J Nozzles



17

The abrasive feeder ensures continuous delivery of abrasive into the nozzle body at
a controlled rate. The bulk abrasive is stored in a hopper whose exit is located on an
electronically controlled vibrating tray. Through the control of the amplitude of vibration,
the tray meters the flow of abrasive to a catch hopper. It is then aspirated through a short
section of a flexible tube into the mixing chamber of the nozzle body.

An open tank type catcher is used to store the ejected high energy jet which
contains particles of used abrasive, cut materials, water and debris. A drain near the base
of the catcher tank allows water and abrasive flow into a settlement tank where the water
drains out and the abrasive grit settles down. Noise reduction can be achieved by covering
the cutting cell with a sound proof material such as Styrofoam.

There is a computer to load a NC program to control water and abrasive flow as
well as robot movement about 5 degrees of freedom. The standard G, F and M codes are
used to write the program. The technical data of the robot related to the experiment is

listed in Table 3.1.

Table 3.1 Technical Data of the Robot

Position accuracy +/- 0.005 inches
Repeatability +/-0.005 inches
Controller resolution 0.0007 inches
Working range of rotary axes A: 200 degrees, B: 360 Degrees

3.2 Measuring Instrument
3.2.1 Laser Transit Anemometer
The laser transit anemometer (LTA) is an nonintrosive velocity measurement device (Fig.
3.3). Particles entrained in the flow provide scattering centers for the incident light. The
technique for encoding the measurement region uses two closely spaced spots, where the

flow velocity component parallel to the axis connecting the spots is obtained from the
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time-of-flight of the particles traversing the two spots. A Dantec made LTA was used to
conduct the experiment for velocity investigation. It consists of He-Ne laser source, optics
for measuring volume and signal processing counter.

The light source is a 15mw He-Ne laser to focus the flow field. There are two
polarizers which make it possible to rotate the internal parts of the system i.e. the beam
plane, and so the direction of the measurement can also be rotated. Both beams are
focused by the lens system to form a measuring volume. The focal length is 600 mm and
the two spots are separated by 449 um. The image of the two points is received by the
same lens system, and transmitted, via the mirrors, to the beam splitter which combines the
two images. The back-scattered light from the particles is detected by the photo multiplier

which converted the signal to voltage in the counter.

LTA
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Figure 3.3 (a) The LTA System (b) The Measuring Volume & Counter's Clock Operation
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The 55L90A counter i1s used as a signal processor for the LTA. The counter
determines the velocity in the chosen direction by inverting the cross-correlated transit
times for the particles passing through the two spots. The calibration factor is selected

from the 55L90A instruction manual which depends on the range of jet velocity.

3.2.2 Piezoelectric Force Transducer

A Kistler made piezoelectric force transducer is used to measure the momentum
distribution along the axis of the jet. The principle applied here is electric polarization
produced upon the application of mechanical strain to piezoelectric matenals. This relative
value of polarization is proportional to the strain. This phenomena is known as direct
piezoelectric effect. The piezoelectricity of a crystal is determined by its longitudinal,
transverse and shear effects. These three effects are distinguished according to the position
of the quartz crystal axes in relation to the force sustained.

Two identical, Kistler, three-component force measurement, platforms 9257A are
used in this investigation. Each multi-component transducer is assembled from stacked
quartz disks, loaded mechanically in series with electrode interlayers. The force to be
measured acts on the work-piece so that each quartz disk produces the same amount of
charge in the same direction at the same time.

A Kistler three-component charge amplifier, model 5007, is used as an
electrometer to enable the charge alteration at the quartz transducers to be measured. The
measuring range scale and sensitivity switch of each component of the charge amplifier are
adjusted to suit the experiment being conducted.

A steel plate of 356X102X19 mm3 is used as a work-piece. It contains 20 holes
each of diameter 0.953 mm. This plate is attached to the insulation wood and transducers
by means of screw. The bottom surface of the work-piece is fine machined to prevent

possible vibration of the work-piece and the insulation wood.
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3.2.3 High Speed Camera

A photec 16 mm rotating prism camera with a speed of 8,000 frames/sec is used with a

copper-vapor laser beam to film the jet. The exposure time is 30 nano seconds. A ground

mirror 1s used for illumination.

3.2.4 Matrix Video Matrix Econoscope

A matrix video matrix econoscope uses a non-contact technique to provide 3D video
inspection system for dimensional verification of complete parts. It is used to measure the
piercing diameter of the work-piece in order to analyze the jet core diameter. The

positioning accuracy is 0.1 micron.

3.2.5 Read-Out Devices
To measure the voltage output and signal for the LTA and the piezoelectric force
transducer, the following read-out devices are used.

A Fluke model 8101A digital multimeter is connected in parallel to the charge
amplifier to record the voltage signals.

A Nicolct 2-channel oscilloscope is used to freeze the voltage signals generated

during LTA and force transducer experiments.

3.3 Experimental Procedures
In this investigation, velocities and forces were measured for different conditions of jet
formation. High speed filming of the jet and piercing of aluminum plate were also

performed. The developed techniques for these investigations are described below.

3.3.1 Alignment of the Nozzle Body
Before starting the experiment, alignment of the sapphire and carbide nozzles were

checked as described below.
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A new sapphire nozzle was placed in the nozzle body. By turning on the intensifier
at low pressure, 25-35 MPa, the coherence of the jet was observed visually and controlled
by set screws, which determined the position of carbide nozzle axis. If the coherence of
the jet was not found acceptable, the above procedure was repeated for new set of
sapphire and carbide nozzles. Once a nozzle was aligned perfectly, the experiments were

conducted by setting the intensifier to run continuocusly at the high pressure 345 MPa.

3.3.2 Calibration of the Abrasive Flow Rate

The gamnet sands manufactured by the Barton Company have been employed as the
abrasive particles in this study. In order to get an accurate abrasive flow rate for the
experiments, the abrasive particles accumulated on the tray are flowed out and replaced
with the new particles of the expected flow rate. The calibration of abrasive flow rate was
then conducted by collecting and weighing the abrasive particles flowed out in one minute.

The properties and size distribution of the abrasive particle are listed in Table 3.2.

Table 3.2 Properties and Size Distribution of Abrasive Particle

Abrasive Material (#50 HP): Garnet, Density: 3.9-4.0 g/cm3, Hardness: 800-1000 HV
Abrasive Size Distribution
Tyler Mesh Size (#) Sieve Opening (microns) Percent Retained (%)
28 600 0.6
32 500 0.8
35 425 43
42 355 21.8
48 300 41.2
60 250 26.7
65 212 4.1




3.3.3 Velocity Measurement
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Water and abrasive particles velocities were measured by the use of LTA. Both axial and

transversal jet velocities were measured. The experimental matrix for this investigation is

given in Table 3.3.

Table 3.3 Experiment Matrix for Velocity and Force Measurement
(#50 HP garnet with flow rate 76 g/min used for AWY)

Measurement Sapphire Nozzle | Sapphire-Carbide Stand off distances, x
Type Diameter, d Nozzles Diameters, (mm)
(mm) d/D (mm)
Axial velocities 0.178, - 0.127,3.81, 6.35, 12.7,
& Forces of WJs 0.254, 25.4, 38.1, 50.8, 63.5,
0.305 76.2, 88.9, 101.6, 114.3
Axial Velocities & - 0.178/0.762, 0.127,3.81, 6.35, 12.7,
Forces of WJs 0.178/1.092, 254, 38.1
& AWIs 0.178/1.600,
0.254/1.600,
0.305/1.600,
0.254/0.762,
0.305/0.762
W] Velocities 0.178, - 0.127, 6.35, 25.4, 50.8,
Across Jet. Step in 0.254 76.2,127.0,177.8
radial direction:
0.128 mm
WI & AW] - 0.178/1.600 0.127,25.4,50.8, 76.2,

Velocities Across
Jet. Step in radial
direction: 0.128 mm

127.0, 177.8

LTA velocity measurement is very sensitive to its alignment with jet and measuring

volume. For initial setup, a rotating wheel pinned radially with a thin wire at its perimeter

was focused with LTA. At a motor speed of 1000 rpm and focusing the pin at a radius of

152 mm, the stored data in LTA was 16+0.6 m/s which had uncertainties only 1% of

actual velocity. Before carrying out actual measurement, LTA was further calibrated with



