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ABSTRACT

Title of Thesis : Investigation of Forces Develcped In The
Course of The Water Jet-Work Piece
Interaction.

Hung-Yuan Li, Master of Science In Mechanicdl Engineering, 1988

Thesis Directed by : Dr. E. S. Geskin
Associate Proffessor

Mechanical Engineering Department

This study is concerned with the dynamic of the interaction
between the water jet and the work-piece. The piezoelectric
transducer was used to construct an experimental setup. The

simultaneous use of the constructed setup and strain gage enables

us to validate the experimental procedure. The forces in the
impingment zone were measurea at different operational
conditions. Totally about 400 éifferent combinaticns of these
conditions were tested. It was found that the force is mainly
determined by the diameter of the sapphire. The effects of the
abrasive size , abrasive flow rate, the diameter of the carbide

tube, and the stand-off distance were also determined. The

acquired informations will be used to improve the understanding

of the mechanism of the jet formation and optimize the condition

of cutting.
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INTRODUCTION

High pressure water jets have been used as an industry
tool for many years[1-10]. This cutting method shows great
potential not only in.cutting and drilling minerals, focks,
or concrete, but also in comparison with conventional
cutting and drilling tools which are inherently limited by
their lack of both strength and resistance to abrasion. This
cutting technology has proved to possess many advantages such
as low production cost, high cutting speed, and low material
loss. However, the most important feature is its ability to

reduce the total cost of part production[1-16].

The application of high pressure water jet cutting
technology has two different directions. First one is the
pure water jet cutting. The success of this technology has
been traced back to the 1970’s when the jet was used in
cutting some soft materials (non-metal) with a pressurized
pure water jet of 20-30 ksi. This application began by using
a high pressure and low flow rates water jet in cleaning(8],
mining[14-15], and cutting woods or paper products[4,5].
Working pressure of the water jet at a maximum of 50000 psi
proved to be able to cut a variety of relatively soft

material at a high cutting rate.

In the beginning of the 1980’s, it was found that by



mixing the abrasive particles in the jet the cutting
capability will be increased so that almost any type of
materials could be cut[13]. The jet developed through the
entraining of the so0lid particles became the abrasive water
jet. During this process, The abrasive particles are flown
into the down stream of a pure water jet which guides the
particles into a carbide tube where mixing takes and forms
the water jet stream. In the carbide tube the particles are
accelerated, this means that the kinetic energy of the
particles increases and creates the high cutting capability

of the developed two-phase mixture([5,6,9].

A number of research works have been performed in order
to find new applications of the jet cutting, to determine the
jet properties, and to improve the jet performance[16-20].
Computer integrated manufacturing technology has extended the
areas and applications of water jet cutting [10]. Under the
new application, abrasive water jet cutting is more
efficient, more accurate, and less material consuming than
any other traditional cutting methods. New Jersey Institute
of Technoleogy started the research in water jet cutting
technology in 1986 with a water jet cutting machine comprised
of a 5-axis robotic water jet cutting cell manufactured by

Ingerscll-&and Inc..

The water jet cutting system is composed of two sub-



systems: (1) Water preparation system and (2) Robotics
system. The robotic system is the control station and the
water preparation system includes booster pump, filter, water
softener, intensifier, and accumulator. The water
preparation system combined with the nozzle assembly and
abrasive feeder and the guiding robot constitutes a water jet

cutting cell.

To ensure a continuous flow into the high pressure
cylinder, the booster pump is used to push the water into the
low pressure water circuit. The water has to be softened
first to remove any dissolved solids which will damage the
system during the pressurization process. A major part of
the water preparation system is an intensifier. The
intensifier is driven by o0il and can develop a water pressure
up to 60000 psi. The o0il is compressed up to 3000 psi by
the action of rotary pump. Then, the oil is used in the
intensifier driver to make the double acting reciprocating
move. The oil and water loop are separated so that the oil
will not pollute the water. The acting time of the

intensifier can be adjusted by a control valve.

The high pressure water from the intensifier is then
discharged to an accumulator which is used to compensate the
water compressibility arn2 to stabilize the water pressure so

that the water will be transmit to every portion of the



system uniformly. In the water preparation section, pressure
safety gauges and safety control features are properly

installed.

After the pressure preparation section, water is
supplied the nozzle assembly where the internal energy of the
water will be converted into the kinetic energy. In the
nozzle assembly, the water first passes through a sapphire
and is accelerated to the velocity 2000-3500 fps. The water
jet is formed in this nozzle. The abrasive particles then
enter the stream of the water jet in a carbide tube which is
used as a mixing chamber. The abrasive inlet angle, the
diameter of sapphire and carbide tube, and the diameter of
the inlet path are all parameters of the nozzle assembly

which determine the Jjet properties.

The abrasive particles are stored in a vertical hopper
and suppliedito the nozzle assenmbly by an abrasive feeder.
The abrasive feeder is an electric vibration tray which
regularize the the abrasive flow rate. By changing the
voltage ﬁo the vibration device, the abrasive flow rate can
be controlled. Beyond the vibrator conditions, the abrasive

flow rate also depends on the size of the particles.

In this experiment, a 5-axis rekot is used to control

the movement of the nozzle and corresponding to the motion of



the jet.



OBJECTIVE

In this experiment, the intensive study of both
abrasive and non-abrasive water jet cutting has been carried
out. The mechanism for the interaction between the cutting
substance and a work~-piece is not understood. However, the
forces developed in the impingment zone provided substantial
information about the process of cutting. Effects of the
process conditions on these forces enabled us to estimate the
optimal range of process variables. Because of this, the
magnitude of the forces developed in the course of the jet-
work piece interaction provided the substantial information
necessary for the design and control of water jet cutting.
The investigation of the forces developed in the jet

impingment zone was the objective of this study.

Presently there is no documented technique of measuring
the forces created during the interaction between a high
speed two phase jet and a solid. Because of this, our first
task 1included the development and verification of the

measurement procedure.

The next task involved the investigation of the effect
of the distance between the work-piece and the nozzle(stand-
off distance) on the force. Because the general pattern of

the relationship between the stand-off distance and the force



is known, this study enabled us to verify the measurement
procedure. It also provides new information about the

hydrodynamic of the high speed two phase jet.

The following task involved the estimation of the
effect posed by different process conditions on the forces;

and speclally, the effect of the nozzle wear on these forces

studied.

The sequence of the tasks above enabled us to develop
a new experimental procedure and to use this procedure for

the evaluation of some basic characteristics of the water jet

cutting technology.

-

To simplify our text, we will use the following terms :

Sapphire = Sapphire nozzle.
Carbide = Carbide tube.
Nozzle assembly = Diameter of sapphire and

carbide tube used in the
combination in this

experiment.

]

Stand-off distance The distance between
nozzle and work-piece.
Pure water ijet = Water Jjet without

additional abrasive.



PRINCIPLES OF THE PIEZOELECTRICITY

In carrying out this experiment, we were faced with
various difficulties. The creation of a continuous liquid
jet of supersonic velocity (ranging in diameter of 1 mm)
required a large delivery rate from the apparatus. It seemed
almost impossible to probe the interior of a jet of such a
small diameter since the introduction of any extraneous
object as a measuring instrument will produce a large
disturbance into it. Therefore, a measuring device, treated
as an obstacle placed in front of the jet was developed to
attain the momentum from the jet[20-22]. In this experiment,
we use piezoelectric force transducer to measure the momentum
distribution along the axis of the jet for the piezocelectric
transducer can provide high frequency (a property of high
pressure jet) and high measuring dynamics measurement with

satisfied accuracy[21-36].

Piezoelectricity can be defined as the electric
polarization produced upon the application of mechanical
strain 6r deformation to piezoelectric materials. The
polarization is proportional to the strain and the plus or
minus sign with it. This is generally referred to as the
name of the direct piezoelectric effect which was discovered
in 1880 by brothers Curie when they placed a weight on the

surface of a crystal and found that the charge appeared on



the surface with a magnitude proportional to the weight[23].

The converse piezoelectric effect, found in 1881 by
French Physicist Lippmann and verified by Curie latter,
applies an electric field to a crystal to generate

mechanical stress and strain in this crystal[24].

This phenomena of crystal piezoelectricity can be
explained by the behavior of a spring. When the force is
applied to a spring, it deformed the spring and the
deformation is measured to calculate the acting force. The
usually linear relation between the force and the deformaticn
is determined by a spring constant. The direct and converse
piezoelectric effects can be explained by the relation
between force and deformation in the spring. The higher is
the stiffness of the crystal, the smaller is the disturbance

caused by the measurement.

The direction of the current generated in a crystal is
determined by " one-wayness " in the crystal internal
structure. This means that the crystal has a structure bias
which can determine whether a given region on the structure
should follow a positive or negative charge on compression.
In the converse effect, the same "one-wayness" determines the

sigm of the deformation when an electric field is applied to

the c<rystal[23].



Generally, the crystal can be divided into 32 possible
classes by the symmetry they exhibit. Of the 32 classes,
there are 20 that poses "one-wayness". With all the rest
there is nothing to determine the direction of the polarity
on deformation; hence they do not have the properties of

polarization at all[23].

In 1964, Cady derived two sets of equations for both

the direct and converse piezoelectrical effects, which given

as follow[23]:

Py=ej1Xxte)¥yte1az,tey Y e15251e 6%y
Py=e, 1 Xyteyo¥ytessztep Y teps2ytereXy
Py=e3Xytes ¥ytessztegy,teggzytesgXy

Yy

Y

Y

Y
Xx=ellEX+821Ey+e3lEy
Yy=e12EX+e22Ey+932Ey
Zy=€13E tep3E eq3E,,
Yo=egEytes By e Ey
ZXzelsEx—FeZSE?%egSEy
Xy=e1 gEytesgEy+es¢Ey
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Where E : electric field strength

X,Y¥,2 : stress related

X : strain related

P : electric polarization

I : piezoelectric stress coefficient
dij : piezoelectric strain coefficient
i,J : notation of different constants

(For example, XX,Yy,and Z, mean the X,Y,Z

axis stress in x,y,z direction separately.)

In these equations, all coefficients are constant and

determined by the kind of crystal.

The following two values of the piezoelectric
coefficient are used in the Kistler force transducer at 20

C. and utilized in our experiment:

d;,=2.3*10712 ¢/n

d,,=0.67*10"12 ¢/N

The piezoelectricity of a crystal is determined by the

following: longitudinal, transverse and shear effect.

These three effects are distinguished according to the

position of the quartz crystal axes in relation to the force

11



sustained.

With the longitudinal effect, the negative lattice
points. in the crystal lattice are displaced by the force
imposed towards the positive one so that the equilibrium of
the charges is disturbed; and measurable charge differences
result on the surfaces of the crystal plates. The resulting
charge from this effect depends solely on the applied force.
The simplified longitudinal effect of crystal is depicted in

Fig. 3.1.

When the force is applied in the direction, say F, of
one of the neutral crystal axes z, an electrical charge is
set up on the surfaces of the axes polar to it, this is
called the transverse effect. The charge magnitude depends on
the geometry of the quartz which 1s contrast to the
longitudinal effect. This is illustrated in Fig. 3.2. When
shear stress is applied to the quartz, the surface of quartz
will produce a current. This phenomenon is called shear
effect. The shear effect depends on the geometry and size of
the quarfz element and the charge distribution similarly to

the longitudinal effect(Fig. 3.3)[33,37].

Due to these effects, the current is g=nerated and sent
to the charge amplifier to convert into & voltage change

which can be detected by a recording syste=n.

12



EXPERTMENTAL APPARATUS AND PROCEDURE

The measuring system used in this study includes a work
piece bolted to a piezoelectric force transducer, charge
amplifier and read out devices. The jet emanating from the
nozzle impinges on the work-piece and develops the force
measured by the transducers . Proper setting of each
component of this system can provide an adequate measuring

range and an accurate result[38,39].

4.1 Experimental apparatus:

4.1.1 Piezoelectric force transducer:

The sketch of the transducer is given in Fig. 4.1. Two
identical, three components force measurement platforms are
used 1in this study. Each multi-component transducer is
assembled by stacked quartez diéks, loaded mechanically in a

series with electrode interlayers{37].

The force to be measured acts on the work-piece so that
each quartz disk produces the same amount charge in the same
direction at the same time. 1In our study, two Kistler three-

compeonent force measurement platforms 9257A are used.

13



4.1.2 Work-piece:

A steel plate, 14%%4"%0,75%" shown in Fig. 4.2, contained
20 0.0375 inch diameter holes which are used to connect the
steel plate with the insulation wood plate ana the
transducers. The bottom surface of the work-piece is
machined to prevent the possible vibration of the work-piece

and the insulation wood.

4.1.3 Charge amplifier:

A charge amplifier is used as a classic electrometer to
enable the <charge alteration at the quartz transducers to be
measured. Each component of the charge amplifier has its own
sensitivity switch and measuring range scale switch
determined by each measuring axis[33]. In this study,
Kistler three components charge amplifier Model# 5007 is

used.

4.1.4 Read out devices:

A Fluke Mcdel# 8101A digital multi-meter and a Gould
two-channel recorder are used. These two are connected in
parallel to the charge amplifier. For future study, a
digital oscilloscope connected to the computer to record the

signal from the charge amplifier is recommended.

14



4.2 Experimental procedure:

This study is concerned with estimating the components
of the force acting on a work-piece during the water jet and
work-piece interaction. In order to determine these
cbmponents, we set up two transducers, putting on a flat
surface, to procbe the force. The work-piece 1is post-
machined to flat and fixed on the top surface of the
transducers. Between the work-piece and the transducers, a
thin wood plate is inserted as an insulation material to
reduce the disturbed signal of the transducers caused by the
thermal effect. Both the work-piece and the wood plate are
fixed on the transducers by screws. By this, the thermal and
vibration effects on the transducers can be reduced. The

constructed set up is shown in Fig. 4.1(a).

The outputs of the transducers are connected to the
charge amplifier where the signal will be converted into a
voltage proportional to the force acting on the work-piece.
Because the Z axis sensitivity is the same in both
transducers, the position of the force acting on the work-
piece is not as important as that it is within the measuring
range of the work-piece. The allowed measurement of the work
piece is shown in Fig.4.2. The relation of different
positions and force are shown in Fig 4.3(a) and 4.3 (b) The

voltage from the charge amplifier then will be transmitted to

15



the read-out equipments which are connected in parallel to
the amplifier. The form of the recorder print out is

depicted in Fig.4.5

The results of the measurement by the use of the
transducers are compared with the results of the measurement
by a Lebow strain gage(Model # 3168) to check the accuracy of
the determination of the forces. The comparison was carried
under the jet flow through the sapphire at 10/1000 inch
diameter and carbide 30/1000 diameter. The difference
between the results of the two measurement methods ranged
from 4% to 8%, depending on the stand-off distance and the
jet pressure. The result of the comparison is shown in Fig.

4.4.

In the course of experiment, the combinations of the
sapphire nozzles(4/1000 inch, 5/1000 inch, 7/1000 inch,
10/1000 inch, and 14/1000 inch) and carbide tubes (30/1000
inch, 43/1000 inch, and 63/1000 inch) were tested. The
nozzle was kept vertical and normal to the target plate. The
plate is fixed on the transducers by six axis-symmetric
position screws. Two transducers are connected to the charge

amplifier in parallel.

The control panel of the charge amplifier, is egquipped

with the several switches. Transducer sensitivity which" is

16



used to control the charges produced by one specified
mechanical force unit. Each measuring axis has its own
sensitivity which is calibrated by the manufacturer.
However, the sensitivity will be influenced by the
temperature. So the calibration work is needed to sustain
this. The charge is then transmitted to the charge amplifier
and converted to voltage. This conversion factor is
controlled by a range switch and maximum switch combined with
the sensitivity switch. Proper setting of these switches can
provide almost any measuring range. For example, a
sensitivity 7.85 pc/N with a range switch 500 N/V and the
maximum voltage it can produced 10 V will provide a measuring
range +-500%10=+-5000 N and one volt represent 500 N. The
time constant switch is on "long", representing the high

frequency property of the Jet.
This study included the following tasks:
1). The validation of the selected procedure.
2). Abrésive water jet force measurement.
3). Jet force variation as a function of nozzle wear.

In the first part, the forces created by the

interaction between the water jet and the work-piece are

17



measured at different combinations of sapphires and carbide
tubes at the stand-off distance of 2.54 mm, 12.7 mm, 25.4

mm, 50.8 mm. The function can be expressed as:

Force=f(d,,d,,z)
d, :sapphire diameter
d, ccarbide tube diameter

z :stand-off distance

In the second part, the abrasive size and the abrasive
flow rate have to be considered in addition to the sapphire
size, carbide tube size, and stand-off distance. Four
abrasive sizes (50 HP, 80 HP, 120 HP, and 220 HP) and two
flow rate grid are under inspection. The function can be

expressed as

Force=f(d,, d,,2z,s,m)
d,; :sapphire diameter
d, :carbide tube diameter
z :stand-off distance
s :abrasive size

m :abrasive flow rate

The third part will investigate the force variation
caused by the abrasire consumption. The abrasive consumption

represents the nozzle wear condition which affects the

18



force. The number of tests; in this study are limited.

However, sufficient information is still revealed.

Whenever the jet impings on a work-piece, the amplifier
must first reset. Resetting discharges the voltage in the
transducer. Therefore, the force which will act on the work-
piece can be measured and displayed correctly by the

adequate setting of the amplifier control switches.

In the course of the experiment, the following precautions

have to be taken:

1). To measure the abrasive jet force, the switch for the
abrasive has to be turned on after the jet passes through the
carbide tube and turned off before jet exists to prevent the

abrasive particles chokes in the mixing chamber
2). The nozzle must change acting position on the X-Y plane

of the work-piece because the cavity produced by the jet

increases the stand-off distance.

19



EXPERIMENTAL RESULTS

The results of the measurement of the pure water jet
force due to the interaction between work-piece and jet are

given in Table 5.1:

The values of the abrasive water jet force are shown in
Tables 5.2-5.4. This experiment was carried out at the
sapphire exit diameter of 0.007 in., 0.01 in., and 0.014 in.
because the abrasive particles can choke the carbide tube.
The force at the sapphire diameter of 0.004 in. and 0.005 in.

can not be measured.

20



NON-ABRASIVE WATER JET FORCE AT DIFFERENT COMBINATIONS
(NEWTON)
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ABRASIVE WATER JET FORCE AT SAPPHIRE DIAMETER 0.007 in. AND OTHER
COMBINATIONS
(NEWTON)

| CARBIDE TUBE
| EXIT AREA 0.456 mm2
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AND OTHER

" COMBINATIONS
(NEWTON)

ABRASIVE WATER JET FORCE AT SAPPHIRE DIAMETER 0.014 in.
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ANALYSIS OF EXPERIMENTAIL RESULTS

The first task of our study is to develop measurement of
the force for a high speed jet. After the device was set up,
the validation of the results must be checked. In our étudy,
the results are checked with a strain gauge, used in industry
as a force measurement device for decades[40-42]. Strain
gauge, Lebow Model #3168, used here was connected with a
recorder which can provide a balanced Wheaston bridge
function and print out the bridge voltage difference when a
load is applied. The comparison of these two results gives
3% to 8% difference and the is shown in Fig. 4.4. With this

the experiment can be carried out.

6.1 Investigation of non-abrasive water jet force.

This task was accomplished by the monitoring forces
developed for similar jet conditions by the use of
experimental devices and a strain gauge. The results of the
measuremgnt are shown in Fig.4.4. As this graph shown, the
difference between these two results roughly ranged from 3%
to 8%. Thus, the error of measurement does not exceed 8% and
probably is equal to 4-5%. At this stage, the objective of
the study is the gqualitative evaluation of the effects
developed im the course of cutting; therefore, the accuracy

of 5% is considered sufficient.
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6.1.1 Effect of sapphire exit area to the non-abrasive

water jet force.

In this study, we compare the effect of two parameters:

carbide tube exit area and stand-off distance.

The variation of the sapphire exit cross section area,
as a function of the force at the different carbide tube exit
area, is clearly shown in Fig. 6.2 to Fig. 6.4. As shown in
the graphs, the force increases as the sapphire exit area
increases and the relation is pratically 1linear. This
phenomenon satisfies the principles of mass and momentum
conservation. At the steady state, the force can be

approximated by the equation:
F=Kl*m*V
where Kq: constant.
V : mean velocity of the water.
m : mass flow rate of the water.

The values of m and V are given as the following:

m=A* § &V

V—-Kzﬁﬁé‘?
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where A cross section of the sapphire.

density of the water.

~Q

constant.

=
N

P : water pressure before the nozzle.

Because in our experiment, P and V are constant, so the
mass flow rate of the water is directly proportional to the
sapphire exit area. Therefore, the force is also directly

proportional to the sapphire exit area.

Fig. 6.2 shows the relationship between the force and
the sapphire exit area at carbide exit area of 0.456
mm2(30/1000 inch diameter). The second variable in this
graph is stand-off distance. The maximum force is obtained
at the stand-off distance of 12.7 mm. The force at this
condition drops from 38 Nt. to 1.97 Nt. while the sapphire
exit area changes from 0.099 mm? to 0.008 mm2. As similar
relationship at the carbide exit area of 0.937 mm2(43/1000
inch diameter) and 2.011 mm? (63/1000 inch diameter) is shown
in Fig. 6.3 and Fig. 6.4, which proving that the
relationships are similar to each others. These results show
that the sapphire exit area is a primary variable of the

force function, since changing the carbide tube does not

have much influence: on. the force.
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The effect of the process variable on the force at the
fixed stand-off distances of 2.54 mm, 12.7 mm, 25.4 mm, 50.8
mm, and 76.2 mm is shown in Fig. 6.5-6.9. These figures
show that the largest amount of force occurs at the largest
sapphire exit area and the largest exit area of the cafbide.
And, the smallest amount of force occurs at the smallest
combination of the sapphire diameter and the carbide tube.
In Fig. 6.7 , the maximum force is 39 Nt. and the minimunm is
1.6 Nt. If the focus on the sapphire exit area 0.025 mmz,

the force difference is 1.9 Nt. with a carbide exit area of

2

2.011 mm? and 0.456 mm®. In other sapphires, the differences

are 0.4 Nt., 0.6 Nt., 0.7 Nt., and 2 Nt., corresponding to
the sapphire exit areas of 0.008 mmz, 0.013 mmz, 0.025 mm?

and 0.099 mn%. These demonstrate that the non-abrasive jet

14

forces change in significantly at a given range of change in

the stand-off distance and carbide tube diameter.

6.1.2 Effect of the carbide tube exit area on the non-

abrasive water jet force.

The parameters in this study are sapphire exit area and

stand-off distance.

Fig. 6.10 to Fig. 6.14 were constructed at sapphire
exit area of 0.008 mm?, 0.013 mn?, 0.025 ®2%, 0.051 mm?, and

0.099 mm? separately. Here, we can clearly see that the
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diameter of the carbide tube will not have much of an

influence on the force as the sapphire exit area and the

relations are pratically linear. Fox example, in Fig. 6.13
at the stand-off distance of 12.7 mm, the maximum force drops
from 23.4 Nt. to 22.1 Nt. to 20.9 Nt. when the carbide tube

changes from 2.011 mm? to 0.937 mm? and to 0.456 mm?. This

phenomenon is due to the interaction letween the jet and the

carbide tube internal surface. The smaller is the carbide

tube diameter, the stronger intexraction takes place.

Consequently, more kinetic energy is 1l ost. Because of this,
the use of a sapphire instead of the nozzle assembly results
in a larger force as it is shown in Fig. 6.1.

The second relationship discussed is the force vs. the

carbide tube exit area when the stand-off distance is held

as the parameter. The results are shown in Fig.6.15-6.19.
In these graphs, the effect of the =Sapphire exit area on
the force is clearly depicted and proves the conclusion in
the previous section that the sapphire eXit area is the main

variable of the force function. AlsoO in the graph, the

linearity of the force vs. the carbide €exit area is clearly

depicted.

6.1.3 The optimum stand-off distance.

Important information is revealed WwWhen the effect of
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the stand-off distance on the force is shown. The existence
of the force extremity value was consistently observed in

all our experiments.

Fig. 6.20-6.24 are show that the extreme point always
occurs at the stand-off distance ranged of 12.7 mm to 25.4
mm. For example, in Fig. 6.23 at carbide tube exit area of
0.456 mmz, the force is 20.8 Nt. at the 2.54 mm stand-off

distance and increases to 20.9 Nt. at 212.7 mm, then drops to

20.5 Nt, 20.2 Nt., and 19.4 Nt. when the distance increases

from 25.4 mm to 50.8 mm and to 76.2 mn.

The relationship between the foxrce and the stand-off
distance at a constant diameter of the carbide tube and
variable diameter of the sapphire is shown in Fig. 6.25-6.27.
These graphs show that the force at all combinations of the
sapphire and carbide tube are almost the same even if the
stand-off distance is changed. This phenomena is due to the
relatively small energy dissipation at the observed length of

the jet. 1In our next study, the extended length of the jet

will be observed.

6.1.4 The effect of carbide tube on the water jet force.

 The carbide tube is used as a mixing chamber for water

and abrasive particles. In our study, we determined the
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influence of the carbide tube exit area on the jet force. We
compared the forces of the jet developed by a sapphire nozzle
only (sapphire exit area 0.051mm2) with the force developed
by a nozzle assembly(sapphire exit area 0.051mm2, carbide
area 0.456 mmz). The force from the nozzle assembly is
smaller than the force from the sapphire. The comparison is
shown in Fig. 6.1. The force of the jet drops from 26.3 Nt.
to 21.6 Nt. which is nearly 20% difference when the sapphire
is replaced by the nozzle assembly. The change is due to the

interference between the jet and the internal surface of the

carbide tube.

6.2 Investigation of abrasive water jet force.

This work involves the detailed analysis of the effect
of process variables on the force developed in the impingment

zone.

The variables involved and their values are given in

Table[6.1].

Because of lack of the informations about the
interaction between variables and non-linearity of the

process, all possible combinations of variables were test.
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Each series of experiments involved the change of three
variables while two others were fixed. The results of these

experiment are shown in Fig.6.28 to Fig.6.70.
The analysis of these figures enables us to estimate the
effect of tested variables on the jet force in the impingment

zone. The acquired informations is given in Tables 6.3~6.6.

6.2.1 Effect of stand-off distance.

The constructed diagrams enable us to compare the

abrasive water jet force and the pure water jet force.

The result shown now the process extermality: maximum
force is developed at the stand-off distance of 10-25 mm.
The increase of the force with increase in the stand-off
distance at a low value of the stand-off distance is due to
strong turbulence at the space between nozzle and the work-
piece. When the effect of the work-piece on exit from the
nozzle 1s totally faded, the increase in the stand-off
distance diminishes the force. The range of the force
changes due to the change in the stand-off distance that does
not exceed 3 Nt. The effect of other process conditions is

shown in table 6.3.
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6.2.2 Effect of abrasive flow rate.

With some exceptions which are due to experimental
errors, increase of the abrasive flow rate will force the
addition of small particles. The effect of the abrasivé flow
rate on the force is almost linear. However, in several of
the experiments, this situation has been observed. With
small size particles, the flow rate of the abrasive has a
stronger effect on the force. The comparison of the effect

of different process conditions are given in Table 6.4.

6.2.3 Effect of carbide exit area.

Increases in the carbide exit area results in the
increase of the total jet force. Relationship between the
force and exit area are monotonous and almost linear. Other
process conditions are not greatly affected by this
relationship. However, the sapphire cross'section area of
0.025mm, the carbide does not influence on the force. The
influence of other process conditions on the force are

compared in table 6.5.

6.2.4 Effect of sapphire exit area.

- The sapphire cross section area is a principal factor

determining the force. As it follows from Fig.6.66-6.69 and
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Table 6.6, the effect of other process conditions, except for
the abrasive flow rate, is negligible compared to the

sapphire cross section area.

6.3.3 The influence of carbide wearing condition on the

force.

The abrasive particles passing through the carbide tube
damage the inside surface of the tube and change the shape of
the jet. Therefore, an investigation of the carbide tube
wearing condition on the force was carried out. The total
abrasive consumption was used to represent the duration of
the use of the nozzle. The results are shown in Fig.6.71-

6.74.

From these graphs of this study is followed that when
the total consumption of abrasive increases the abrasive jet

force decreases, but the pure water jet force increases.
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CONCLUSION

The apparatus for measuring a high speed water jet force
by means of piezoelectric transducers has been constructed.
The comparison of the results of the measurement of the
device constructed and conventional Lebow strain gage
demonstrates the validity of the developed measuring
procedures. The constructed setup was used to measure forces
of the water jet at different operational conditions.
Totally about 400 combinations of operational conditions have
been tested. The performance demonstrate the effectness of
the constructed devices. However, some improvements in the
existing design is required. It is necessary to increase the
accuracy and sensitivity of the recording system. Design of

the work-piece is also suggested to modifies.

The performed experiment enables us to determine some
important phenomena which occurred in the course of water jet
cutting. It was found that developed force pratically is
determined by the water flow rate at constant water
stagnatibn pressure and became proportional teo the exit
sapphire area. Other variables inquisition. Diameter of the
carbide tube, flow rate and size of abrasive particles, and
stand-off distance have much less effect on the force
developed in the impingment zone. It was found that the

carbide tube reduces the force developed by the sapphire
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about 20%. Effect of the stand-off distance on the force has
an extreme character. Between the stand-off distance 12.7 mm
to 25.4 mm, there is a maximum value of the force, The
increase of force at low stand-off distance is due to the
rebound effect. The decrease of the force at high staﬁd~off
distance is due to tubulent losses. The effect of the
additional abrasive particles depends on the diameter of the
sapphire. = Adding abrasive particles in the jet causes the
force decreases if the sapphire diameter is smaller than
0.18 mm and increases when the diameter is larger than 0.18
mm. The increase of the abrasive particle size increase the
force and the force containing fine particles is minimum. At
the experimental conditions, the additional abrasive monoto-
nous increases the force. The form of the constructed graphs
however shows abrasive flow rate is fading or even inversing.
It is possible that at higher abrasive flow rate the maximum

of the jet force will be observed.

The obtaining information enables us to make some
recommendation directed to the improvement of the cutting
technology. For example, it was found the range of the
force in the impingment zone is from 2 to 50 Nt. These data
is used to select the fixture holding work-piece in the
course of cutting. Other recommendations about selection of

operational conditions can also be made.
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EXPERIMENTAL VARTIABILES AND VALUES

VARIABLRE NOTATION VALUE UNIT
STAND-OFF DISTANCE z 2.54, 12.7, 25.4 mm
50.8, 76.2

SAPPHIRE EXIT AREA N 0.025, 0.051, 0.08 nm?
CARBIDE EXIT AREA c 0.458, 0.837, 2.011 mm?
ABRASIVE SIZE S 50, 80, 120, 220 HP
ABRASIVE FLOW RATE H m || 0, 5, 10~ *

* : 0 MEANS PURE WATER JET. 5, 10 ARE SCALES ON THE CONTROLLER

*¥* : REAL FLOW RATE SHOWN IN TABLE 6.2.

TABLE 6.1
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ABRASTVE FLOW RATE

(gram per minute)

SCALE ABRASIVE SIZE (HP)

50 80 120 220
5 150 109 118.5 64
6 258.35 214.5 225.5 123.5
7 351.75 299.25 333 191.5
8 462.7 370 411.5 248.5
9 517.9 419.5 472 291
10 540.75 447 498.5 318.5

TABLE 6.2
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EFFECT: OF PROCESS CONDITIONS AT FIXED STAND-OFF DISTANCE

EFFECT
VARIABLE STRONG MIDDLE WEAK
ABRASIVE SIZE X
SAPPHIRE EXIT AREA X
CARBIDE EXIT AREA X
X

ABRASIVE FLOW RATE

TABLE 6.3
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EFFECT OF PROCESS CONDITIONS IN FIXED ABRASIVE FLOW RATE

EFFECT
VARIABLE STRONG MIDDLE WEAK
ABRASIVE SIZE X
SAPPHIRE EXIT AREA X
CARBIDE EXIT AREA X
STAND-OFF DISTANCE X
TABLE 6.4
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EFFECT OF PROCESS CONDITIONS IN FIXED CARBIDE EXIT AREA

EFFECT
VARIABLE STRONG MIDDLE WEAK
ABRASIVE SIZE X
SAPPHIRE EXIT AREA X
ABRASIVE FLOW RATE X
STAND-OFF DISTANCE X

TABLE 6.5
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EFFECT OF PROCESS CONDITIONS IN FIXED SAPPHIRE EXIT AREA

EFFECT
VARIABLE STRONG MIDDLE WEAK
ABRASIVE SIZE X
CARBIDE EXIT AREA X
ABRASIVE FLOW RATE X
STAND—OFF'DISTANCE X

TABLE 6.6
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Fig. 3.1

Principle of the longitudinal
piezoelectric effect (topp)
and schematic assembly of a
transducer (bottom)

Crystal structure {simplified)
unioaded loaded

R

PR B

‘Fig. 3.3
Principle of the sheer effect

{top) and mode of force
application (bottom).
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Ceysal svtructure simphbied)

unleaded leaded

Fig. 3.2

Principle of the transverse
piezoelectric effcéct(top):

and its practical utiliza-

tion(bottom).

Crystal structure {ximphlicd)
Unfoaded loaded
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