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ABSTRACT

Jet cutting is gaining importance in recent years due lo the fact that it is applied to

industrial processes where other available technologies fail.

There are different parameters aflecting jet cutting performance, such as stand-off

distance, aspect ratio, jet type, jet size,...etc.

This work is devoted to investigate the effect of these parameters on the depth of
penctration in different metallic and non-metallic target materials using dillerent orifice

diameters, namely 1.0, 1.5, and 2.0 mms. Drinking water was used as the cutting jet.

Results showed that cutting petformance did not ouly depend on jet speed but also
on the aspect ratio I/D, where { and D are the jet length and diameter, respectively,
at which depth of cut is maximum for the most stable jets. 'Plasticine’ and tin targels
showed the two extremes in the cutting depth due to their, relntiveiy, weak and strong

mechanical strength, respectively.

The cavity formed in the target was cylindrical in shape. The diameter of the cavity
was found to vary from the diameter of the jet to three or four times the diameter which
attributed to the shear in the tadial direction of the jet, therefore, the eflect of some
chemical additives in ppm including arabic gum and polycthylene glyrol were added Lo

the jet in order to reduce the shear effect.
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Chapter 1

INTRODUCTION AND
LITERATURE SURVEY

1.1 Introduction

When a liquid mass strikes a solid surface, compressible behaviour, a sharp peak

pressure, may occur in the initial stages of the impact. The duration of the peak depends

on the dimensions and impact velocity of the liquid mass, and also on the compression

wave velocity of the liguid. There are similarities between this type of loading and

that produced by the defonation of small quantities of explosive, since both give intense
pressure peaks of only few microseconds duration which leads  to a high rate of strain.

In recent years, a large number of studies have been made on the behaviour of solids

at high rates of strain. Many of these experiments have been of a kind involving the high-
speed impact between two solids (Taylor [1], Rhinehart and Pearson [2]). Less atiention
has been given to the equally inleresting care of the high-speed impact between a liquid
and a solid, possibly because it is less commonly met with in everyday life. The studies
which have been concerned with liquid/solid impact have been closely related to cases of
practical importance; much of the early work, for example, was concerned with studying

the factors affecting the erosion of steamn- turbine blades by collision with water droplets
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suspended in the steam. Hongger [3], Qardner [4], and de Haller {5], using an apparatus
which simulated conditions inside a turbine. Erosion of metal specimens was caused by
whirling them at velocities up to 336m/s through streams of water. They showed that
at these velocities it was possible for the water to cut through even the hardest of the
metal specimens. Their works have also shown that the damage incrensed rapidly at
lljgher velocities, but no general relationship could be given. Gardner [1] found that the
hardness of the metal was the main property for determining the resistance to erosion.
Hongger [3], on the other hand, did not find a corrclation between hardness and erosion
resistance.

More recently, the erosion of aircraft and rockets moving at high speeds through rain
has attracted attention and renewed the interest in the liquid impact problems.

Unlike the usual impact firing methods, Jenkins [6] has fired solid speciimens at ve-
locities up to 244m/s through stationary liquid drops. Engel [7] has considered tll;z
mechanism of rain erosion and related the delormation produced by liguid drops strik-
ing a solid surface at a high velocity to that of a soft metal sphere striking the solid
at much lower velocity. On the other hand, Zaid et 2l.[8] has considered the impact of
non-deformable flat-ended cylindrical projectiles on mild steel plates for impact velocities

up lo 300m/s.
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1.2 Water-Jet as a Cﬁtting Tool

High-pressure water jets have been recognised as cutting tools in a wide variety of
industries. Most metals and non-metals can be cut rapidly and efliciently with a waler-

jet. The advantages offered by water-jet cutting include [9]:

e Minimal or no dust,

High cutting speed,

Multidirectional cutting capacity,

No dulling of the cutting tool (the jet),

No thermal stresses,

No fire hazards associated with the cutting process.

1.2.1 Methods of Producing High Speed Jets

Difterent methods are used to produce high speed jets,

e I[ » hollow high explosive charge, lined with sheet metal, is detonaled in contact
with a block of metal, then the pressure on the sheet metal liner due to the explosive
is very large, such that the yield strength of boil the liner and the target material
may be neglected and the system can be treated hydrodynamically assuming the
metal to flow as a non- viscous ﬂuid, this is not to say that the metal is in a fluid
state. The pressure and high speed of the collapsing liner will penetrate the block,

target plate, and cause a crater.
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e Applying » high pressure loading to a water contnined in a packet and forcing it

through a nozzle or an orifice with high speed.

A schematic representation of the last stages in a typical high speed liquid-jet gener-

ating device is shown in figure 1.1

R
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Fig.1.1 A typical high speed liquid jet generating device, L is high- velocity liquid in the
final stages of a converging nozzle. It is acted on by corner compression signals, C.T, A
froutal cornpression zone; M, a region of compressed air and droplets; R, air reliel

waves; S, the shock; €, compression waves [10].

A package of liquid is impacted by a projectile forcing the fluid into a loug slowly con-
verging nozzle. The result is that a small segment of the initial water packet reaches the
orifice of the generator with both large velocity and a (leﬁsity in excess ol the liquid’s
cquilibrium density under normal atmospheric conditions. If the generating device is im-

mersed in a gaseous environment, such as the atmosphere, the accelerating fluid will be
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preceeded by a gas shock, with a relatively high pressure region between the shock and

the luid front. Also the compression of the liquid will lead to large internnl pressures in

the front region of the accelerating packet.
1.2.2 Parameters Affecting Jet Cutting

Fxamination of the available literature, reveals that there are several parameters

distinctly affecting the jet cutting process, these are:

o Impact velocity.

Stand-off distance (spacing between the nozzle and the target).

Stability of the jet.

Multi-plate targets (lamination).

Targets and jet materials.

Bowden and Drunton [11] have studied the deformation of solids al high rates of
strain, produced by the impact of a small cylinder or jet of liquid on the surface of the
solid, at velocities up to 1200m/s. The subsequent deformation of the solid under impact
and the behaviour of the liquid was observed using high speed photography.

The mode of deformation of the solid has been investigated for plastic elastic and

Lrittle materials. There was evidence that the liquid jet, on impact , behaves initially in

a compressible manner.Part of the deformation is due to these compressible effects and
part to Lthe shearing action of the liquid flowing at very high speeds across the surface.
Il the head of the jet lhias an appropriate shape, the velocity of the flow across the

surface may be much greater than the velocity of approach. It was found that there were
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five general types of deformation produced in the solid. These were, 1- circumferentinl
surface fracture, 2- sub- surface flow and [ractures, 3- large-scale plastic deformation,
4- shenr delormation around the periphery of the impact zone, and 5- fracture due to
the reflection and interference of stress waves.The predominating mode of deformatiou

depends primarily on the mechanical properties of the solid and on the velocily of impact.

Field [12] investigated the [racture and deformation of glasses, hard polymers, single
crystal and ceramic materials by liquid impact at velocities up to 1000m/ s and briefly
compared the obtained results with those produced by solid /solid impact aud explosive
loading. The detailed development of frncture had been followed by high speed photog-
raphy.In brittle solids the main characteristics of damage o.u the front surface is a ring
fracture surrounded by a largely undamnged aren.The ring fracture forms at the edge of
the londed area were high tensile forces develop during impact.Qutside this main ring of
fracture, short circumlferential cracks occur. More complex fracture patterns appeared
on lhe front surface of the plate due to the reinforcement of the sutface wave with Lhe
components of stress reflected from the back surface. Thin plate specimens oflen exhibit
'scabbing’ fracture at the rear surface; in brittle materials of low attenuation this form

of damage can be of prime importance.

Experiments were reported on limestone, and sandstone by pulsating water jets with

jet velocities up to 1450m/s and piston impact energies up to 65,000Joules.

Data on the specific energy for single pulse spall craters in the face of 30cm cubic rock
samples was plotted against the specific pressure (the ratio of jet stagnation pressure
to rock compression strength). The results showed thal the specific encrgy decrenses

rapidly as the jet pressure is increased from 1.45 to 3.95 times the compressive strength.
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A specific energy of 500J/cm? was observed for Darre granite [13]. The relatively low

values of specific energy were attributed to the high jet pressure in combination with a

relatively short length-to-diameler ratio of the water slug. This produces cifficient shear

fraclure without wasting the energy by eroding on excessively deep hole.

A determination of the fensibility of water jet cutting of surlaces with nsperity sized

geometry which match to form discontinuities was investigated by Dowding et al.[t4].

The preheating of hard-rock before mechanical or hydraulic itnpact had been proposed

by Orlo McNary [15] as 2 method of enhancing rock disintegration. The efficiency of

surfnce heating as a function of time led to the conclusion that the heating time must be

short for an cconomical process. A simple formula was given which allowed judgments

to be easily made regarding the duration of the heating time, and that a critical healing

time exists where the total specific fragmentation energy is a minimum. The total specific

fragmentation energy was incressed for heating times other than the critical time and
surface heating does not lower the energy requirements in all situations, that is, the

critical heating time may be zero in some cases. This study yields usefu! guidelines for

defining the condilions under which supplemental heat addition can incrense the rate of
excavation.

Measurements of wall-pressure in the impact-chamber of an impulsive water-cannon
were carried out by Edwards et al.[16]. The results indicated that the radial oscillations
of the piston caused fluctuations in the axial velocity at the piston/water interface. Also
the cffcct of the axial wave motion in the impacted piston had been exantined experi-
mentally by varying the time of travel of Jongitudinal pressure waves along the pislon,

using pistons of different leugths and materiols of diflerent acoustic velocities. It was
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found that such variations in the piston characteristics had no discernible difference in

the pressure histories in the impact chamber. Similarly, radial oscillations of the walls of

the timpact chamber had been examined theoretically and found to exert only a marginal
ellect on the pressure in the impact chamber.

As expected, varying pistons’s material and dimensions affects the performance of the

process. Edwards el al.[17] selected diflerent piston’s length and materinls. Computer

calenlations and laboratory experiments were described in which the influence of the

geomelry and acoustic properties of the piston on the maximum jet velocily produced by
o water-cannon were assessed. Design recommendations concerning the sclection of both
piston length and material were included. Both computer computations nnd laboratory
measurements confirm that maximum jet velocity for a given piston impact velocity is &

function of the length of the piston in addition to its acoustic impedance [L7].

The influence of nozzle geometry on the performance of pulsed water cannons was
studied by Edney [19]. Four nozsles, two of an exponential shape and two of a hyperbolic
shape had been tested both in air and vacunm.The quantities measured include the
peak jet velocity as a function of piston impact velocity and the time between pision
impact and the eppearance of the jet. The experimental results obtained showed that
at low velocities (<1500 m/s), the experimental results are in reasonable ngreement with
the incompressible flow theory. At higher jet velocities it is necessary to include in the

calculations both compressibility effects in the water as well as the effects of air shead of

the jet in order to explain the experimental results [1 9].

An important advantage of high specd liqnid jels over the more conventional mechani-

cal cutter for rock-cutting and drilling lies in the appreciably greater rates of energy input
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provided by the former especially in the case of pulsed operation.Various lypes of nozzle
Jiave been used to produce high-speed jet pulses of short time durntion.Edwards

shape

et al. [18] tried to choose a certain design in order to maximize the velocity of the head
of the jet. The main findings in their work were [18]:

Short nozzles produce rapid velocity decay and préduce the highest initial jet velocity,
but they gave rise to the grealest pressure within the nozzle. The uselul stagnation
impulse provided by an exponential nozzle depends in part on the overall length and also
on the strength of the target material.

Increasing the overall area ratio also jinproved the maximum jet velocity and the
slnguntio:{ impulse, but only at the expense ol generating greater pressure in order to
incrense the initial packet velocity.

Overall result of their work is that adjusting the length ratio and initial velocity wonld
appenr to be a more attractive means ol optimizing nozzle performance than using ||igil
atea ratios [18].

Cutting with water jets alone has the limitations in cutting hard materials such as
metals, ceramics and high strength composites and for such materials jets of higher power
levels are required for acceptable cutling rates. '

To increase the capabilitics of water jet cutting, abrasives were introrluced to pro-
ducé abrasive water jet systein.The addition of abrasives greatly increascd the cutting
capability and the performance of the process . Abrasive water, jet cutting was studied
by Harris [20]. The results of his investigation indicate thal abrasive waler jet cutling
technique can be effectively used to cut most materials including metals, composites and

ceramics in a wide range of thicknesses and is suitable for a range of material removal

408831
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applications ‘including weld toe dressing, gouging, weld edge preparation.

As a result of momentumn transfer between water and sbrasives, a focused, high ve-

locity stream of abrasives out of the exits of the accelerator nozzles performs the cutting

action. Cutting or controlled depth penetration of the target material occurs as a result

of crosion, shearing failure under rapidly changing localized stress fields or micromachin-

ing eflects, depending upon the specific properties of the material being cut. The cutting

rate con be controlled by adjusting the feed rate, the stand-off distance, the water jet

pressure, ot the abrasive paramelers 19].

1.3 Stability of the Jet

An intensive study of water jets discharging into air is being made in order to develop
improved fire-fighting equipment for U.S. Navy ships oud shore installations. As part
of the research, a detailed study of the mechanism of jet formation, and resultant air

entrainment were presented (Moyt ot al. [22]). Through reduction of spray formalion

and air entrainment it is believed that more compact, coherent, and longer-range fire-
fighting streams will result.

The laminar-turbulent transition and initial turbulent formation on the surface of the
jet is followed by amplified disturbances which result in spray detachmen!. A very large
modification to this process is observed when polymers are added to Llle.water 122].

Iaboratory experiments had been carried out by Fdwards et al.[21] to assess the
progressive loss of potential cutting effecliveness of impulsive water jets with increasing
stand-ofl distance from nozzle to target, both in air and vacuum, and the separation

ol droplets from the jet boundary all over the stand-off distance. The impulsive high
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speed water jets produced in and tenvelling through atmospheric air Inck coherence even

ot short distance from the nozzle exit [21]. Similar jets produced in, and traversing &
y large stand-off distance and

yacumm show a much greater coherence even at relativel

offer appreciably greater potential for jet cutting.

1.4 Impact of Solid-Jet, Penetration, and Perfora-

tion

Penetration may be defined as the entrance of a projectile into a target without
completing its passage through, wheress, perforation implies the complete picrcing of the

targel by the projectile [23].

The penetration of projectiles (solid-jet) into metallic and non- metallic targets has
fong been of interest to ordance engineers; however, because of its military connection,
little published material is available on this topic. More recently. inferest in this field

las arisen due o the need for information concerning [23],

1. The dynamic properties of materials at high rates of strain (of the order of 10%/s

during penetration process);

2 The containment of fragments resulting from the failure of high speed rotating

machinery (e.g. turbine blades); and

3. The meteroidal damage of space vehicles.

Perforation of a plate by a flat-ended punch has similarities with the blanking oper-
ation [8], in that both define the punching of a hole in a sheet and the production of a
blank, of the same profile as the punch; perforation could be considered as an extreme,

but very importable, case of blanking in which the punch/die dearance is such that the
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die is entirely beyond the plastically afTected region, so that it no longer inkes any part
in the operation.
For & critical and historical review of perforation by projectiles, the reader is referred

to Zaid et al., work [24].

Results of experiments on the high speed petloration of different thicknesses of mild
stecl plate were presented and discussed by Zaid et al.[8]. Plate profiles, thinning of

perforated plugs and energy requirements for perforation were presented rnd discussed.

It was found that the bulging of the target plate is greatest when the projectile
is just contained, and that the bLulging at containment increases with plate thickness
over the enrly stanges of the thickness range, alter which it decreases with increasing
plate thickness. This is contrary to the static case, in which the bulging continuelly in-
crenses. Metallurgical examination of the material at the plug-plate interface indicated
that thermo-plastic instability occurs as a result of the adiabatic heating whern perforating
thicker plates at high speed.

Flat-ended cylindrical projectiles, of varying length were projected normolly at high
speed against a thin mild steel plate to examine the impact conditions relrvant to their
containment, Zaid et al. {23), and the mechanism of deformation was provided. The
energy of the projectile is consumed in the bulging of the target and shearing the plug,
and the amount of bulging is found to be drastically reduced by increasing the impact
velocity beyond the containment limit, it is concluded that less energy will be consumed
by the target when perforated by the projectile, than when the projectile is contained
[23).

A comparison of single and mnlti-plate shields subjected to impact by a high specd
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projectile was also studied by Zaid et al.[24]). The study included the spacing of the plates,

their relative thicknesses and materials, the level of impact velocity involved and the

presence of fillers between plates.

A mild steel single plate shields, and multi-plate shields of equivalent total thickness
were subjected to normal impact by cylindrical flat ended hardened stecl projectile at
velocities up to 500m/s.They concluded that, a thin laminated shield is less effective
than a thin single plate shield of the same tolal thickness, in resisting penetration by
a high speed flat-cnded cylindrical projectile. As a shield thickness is increased, the
laminated shield becomes relatively more effective, and this is shown to be associated
with an increasingly greater amount of energy being absorbed in bulging the second
plate.After penetrating the first plate, the projectile is capped by the plug from the first
plate and therefore becomes deformable and ogival ended, and thus loses the ability to
penctrate the sccond plate cleanly, so that the latter suffers significant bulging before

eventual shearing of the plug terminates the penetration process.

The ratio of the shield total thickness to the projectile diameter was the major pa-
rameter in determining the bulging of the second plate, and the relative eflectiveness of

the laminated shicld [24].

A recent topic is of a high imporlance investigated by Salem et al. [25]. A short high
speed water jet is used for spot welding metallic co;rlbinations. of different thicknesses
and materials. The jet, which is extruded from a specially constructed portable water
jet gun, is made to impinge on a thin flyer plate, causing it to deform locally forming

a dimple (bulge) which advances with a high speed. The impact of the dimple on the
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parent plate, which is separated from the flyer plate by a suitable gap, gives rise to o
condition of oblique collision similar to that encountered in explosive welding, causing

the flyer plate to be welded to the parent plate.
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with a 15 mm inside diameter hollow stainless steel cylinder of 2 mm thickress and Rtted
inside the gun's jacket, and extended from the explosion chamber to the outlet of the
gun, and a 5 mm width groove was drilled over its length to allow the gnses resulting from
explosion to expand out of the gun barrel to stop the acceleration of the flying piston.
Second, a 15 mm diameter and 22 mm length steel piston was used with a reduction of
1 mm in its dinmeter over 2/3 of its lengih to form a step in order to treat the eflects
of the reflected waves from the plane of discontintuity between the piston and water, i.e.

the piston water interface.
2.2.2 The Extension Barrel and the Velocity Measuring Unit

An extension barrel, made of high strength steel, was machined to 38 mm outside
diameter and 15 mm jnside diameter and 140 mm length. One of its ends was screwed
to the gun barrel and the other end to the water packet.

Four loles were drilled along the barrel two on each diameter and at 20 mm axiol
distance to accommodate the velocity measuring unit.

The velocity measuring unit, figure 2.1, consists of four high conductivity copper discs
of 5 mm diameter and 7 mm thickness with four holes each 1 mm in diameter drilled
through their centers to receive the two pencil leads which worked as conductors. The
copper discs were covered by teflon to provide electri.cal insulation between the copper
discs and the extension barrel. The copper discs were inserted and fixed by aroldite.

The flying piston passes over the first conductor, it breaks and an electrical drcuit
receives a stafting pulse transferring it to a digital oscilloscope causing it to trigger, while

the break up of the second conductor stops the start-signal of the oscilloscope and gives

the time interval of the start-stop signals, figure 2.2.
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2.2.3 The Water Packet

A hard carbon steel hollow cylinder , designated, C60 (40655), supplicd by the Jor-

danian cement factory, which has the following chemical analysis by weight

0.6 % carbon,
0.26 % silicon,
0.72 % manganese,
0.016 % phosphorous,

and 0.035 % sulphur.

was used with 15 mm inside diameter 10 mm wall thickness was machined to form a
waler packet whiclt is connected to the extension barrel and receives the firing piston
that impinges on the water surfaces and forces it through the orifice drilled at the lower
end of the packet.

Three packets, with three different orifices machined at their lower ends were used.

The orifices were 1.0, 1.5, and 2.0 mm’s in diameter.

2.2.4 Protection Shield and the Base Plate

A shield was necessary in order to protect the worker from the flying water droplets
or any other fragments from the target plate.

A hollow steel cylinder of 110 mm inside diameter, 11 mm thickness and 600 mm
height with two thick flanges as a base and a holder to the gun assembly and extension
barrel were used for this purpose.

A gate was opened in the shield to facilitate the replacement of target plates.
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2.3 Procedure

The following procedure was followed in each test:

o Preparing the ficing gun by cleaning the barrel of the gun itsell, the explosion
chamber, the extension barrel, and the water packet by a steel brush. Finally, it

was made sure that the orifice is well opened.

e The flying piston was fitted in position in the explosion chamber checking that
friction was minimized during the piston travel. A small piece of 'plasticine’ was

used to support the piston from dropping due to its weight.

¢ Ten gramms of drinking water was poured in the packet with a smnll piece of a

sullo-tape on the orifice hole to prevent water from leaving the packet due to gravity.

o All parts are now connected in place: the firing gun, the water packet, the target
plate at the desired stand-off distance, and the gate in the protection shield is
closed, the velocity measuring unit is to be connected by passing carefully the two
conductors (pencil Jeads) through the holes in the velocity measuring unit and the

clectrical circuit is connected to the oscilloscope which is now in triggering position.

* The cartridges are now fixed in their place,(for safety, the cartridges should be in

the last step). Finally, the gun is fired.

* Afler firing, the cartridges are pulled out of the gun and the gate is opened, and

the target plate is taken out to make the necessary measurements.

¢ The gun, water packet, the broken conductor pieces and piston are then removed

and cleaned, ready for another test.
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2.4 Ixperimental Obsetrvations

Some difficulties and observations were noted during the manuflacture of the test rig,

these are:

e A good alignment between the gun, the extension barrel, and the waler packet

must be achieved to facilitate a free flight to the piston without any obstacles, and

[rictional losses within the path of the piston.

o Tle wave reflection at the piston/water interface is a very important point that one
must take care of. ‘Iv treat this real problem, 5 mm brass and steel discs were used
behind the flying piston to form a second plane of stress discontinuity in order to
transmit the reflected wave and to stop the piston from reflecting back and jam in
the explosion chamber, but this was not the ideal solution for this problem, since a

fracture took place in these discs, i.e. scabbing.

Another effective way of treating this problem was by reducing the diameter of the
flying piston 1 mm over 2/3 of its length which stopped the piston from impinging

back due to wave rellection at the interface due to impedance mismatch.

e A hard material should be used for the extension barrel and the water packet with

enougl thickness to prevent fracture due to high pressure.
- o A heat treatment may be necessary for the flying piston to increase its hardness.

¢ Solid jet impact was observed to hehave like [luid jet. An experimeni was made in
order Lo prove this behaviour, such that, four 5 mm thickness 'plasticine’ discs with

diflerent colors, namely red, green, brown, and yellow, were sequently assembled to
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form a 20 mm thickness 'plasticine’ bullet which was fired against a white 'plasticine’
target. After impingement, the color sequence became, yellow, brown, green, and

red, i.e. opposite to the color sequence before impact.
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The connecled electrical dreuit (the oscilloscope) to the velocity measuring unit was

employed to measure piston’s speed only.

The speed of the water contained in the packet was obtained as follows ,

Consider the original dynamic stress of the piston, oy, is fully transferred to the water

in the packet, neglecting friction,

0p = ppCpVp = puCu Vi = ow

G0

where, p,, is the density of the piston material, C, is the piston's acoustic speed,V;, is the

piston’s speed belore it impinges on the waler surlace, p,, is the the waler’s densily, C,.

is the water’s acoustic speed, and V|, is the water’s speed.

V, =V, — K
where,
c,
K- —=
PrCy

Substitution of the value of o, from equation (3.1) into equation (3.2} yields,

o Cu Voo

":u = ‘- -
Y Oy

(3.2)

(3.3)
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Thus,

rCr
yo=—Per y 3.1
ppcp + chm r ( )

Substitution for pn, Cp, pw, and C,, in equation (3.4) gives the result that
Vi = 0971,

this result is used to get the waler speed at the water piston interface prior to the ejection
from the orifice. V, is obtained by dividing the fixed distance between the two conductors
(pencil lends), which is needed by the piston to travel and break the two pencil leads,

over the time interval measured by the oscilloscope in each firing.
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Chapter 4

RESULTS

4.1 Introduction

This chapter is devoted to represent the results obtained during this resenrch.
The eflect of the stand-off distance, orifice dinmeter, type of jet , jet speed ond target

mmatarials on the penetration process are presented and shown in separate sections.

4.2 Penetration Results as a Function of Stand-off

Distance

4.2.1 Paraflin Wax Targets

As previously discussed, stand-off distance is an important parameter that offects the
process. Figures 4.1 through 4.3 inclusive show the depth of penetration as a function
of stand-off distance for three different dinmeter orifices 1.0, 1.5, 2.0 mm’s, respectively;
at three piston speeds 800, 1000, 1670 m/s and indicated by symbols o, A, and O

respeclively, using 40 mm thickness parallin wax iargets.

4.2.2 Lead Targets

Results concerning penetration of 20 mmn thickness Iead targets using ilie same con-

ditions as those of paraflin wax mentioned previously are shown in figures 1.4 through
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4.6 inclusive.

4.2.3 Tin Targets

Results using tin as target material at the same penetration condilions as those of

paraffin wax and lead mentioned previously are shown in figures 4.7 through 4.9 inclusive.

4.2.4 'Plasticine’ Targels

Results of penetrating 70 mm thick ‘plasticine’ targels are also shown in figures 4.10

through 4.12 inclusive at the same previously mentioned conditions.

4.3 Penetration with Orifice Diameters Results
Figures 4.13 through 4.16 are concluded from the previous figures which indicate the

depth of penetration at a specified stand- off distance of 10 am with orifice diameters

for puraflin wax, lead, tin, and 'plasticine’ targets, respectively. Figures are illustrated

for the three speeds used in cutting the targets, namely 800, 1000, 1670 m/s indicated

by symbols #, +, and O, respectively.

Figures 4.17 through 4.20 inclusive are conclnded from figures 4.1 throngh 4.12 give

the variation of maximum penetralion with orifice diameter at any stand-off distance for

penelraling paraflin wax, lead, tin, and ’plasticine’, respectively.

4.4 Penetration with Different Additives to the Wa-
ter Jet

4.23 inclusive represent the eflect of stand-off distance on the

Figures 4.21 through

depth of penetration for 2.0 mm orifice in paraflin wax largets, at piston specds of 800,
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r both water jets and water jets with Arabic gum as

1000, and 1670 /s, respectively, fo

an additjve indicated on each figure by symbols * and -+, respectively.

Figure 4.24 is the same as figure 4.22 at the same conditions except using, polyethylene

glycol as an additive of 1000 ppm.

4.5 Variation of Depth of Penetration with Impact

Speed

Figures 4.25 through 4.28 inclusive show the effect of piston speed on the depth of

penetration, using paraffin wax, lead, tin, and "plasticine’ as target materials, respectively

for three orifices, 1.0, 1.5, and 2.0 mn’s indicated by symbols *, +, and 11, respectively

at a specified stand-ofl distance.

4.6 Ice Penetration

Figure 4.29 shows the variation of the depth of penctration with stand-off distance

for 2.0 mm orifice diameter at 800 m/s piston speed, in an ice target.
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Chapter 5
DISCUSSION

5.1 Introduction

As previously mentioned, water-jet cutting process is affected by different parameters,

mainly, stand-off distance, impact speed, fluid type,...etc, that lead investigntors for the

optimization of these variables in order to enlance the process petformance. This Chapter

is devoted to discuss the results obtained in this work.

5.2 FEffect of Stand-ofl Distance

The water-jet, used in cutting, consists of three regions [22]), laminar, transient
laminar-turbulent, and turbulent, retspectively in the axial direction from the slug to
the tip of the jet.

Thus by .increa.sing the stand-off distance, the jet is transferred from laminar into
tucbulent flow which leads to scattering of the jet and the appearance of a waler-droplets
lond which reduces the momentum of flow in the axial direction, hence reduces cutting
performance.

Figires 4.1 through 4.12 inclusive represent the results of penetration at different

stand-o(l distances (equivalent lo 0D, 5D, 7.5D, 10D, 15D, and 20D where D) is the jet
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mechnnical strength and low melting point ns shown in figures 4.10 through 4.12 inclusive.

In some cases, the maximum penetration is at zero stand-off distance, while in others

it is minimum according to the impact specd used.

Figure 4.11 shows a common stand-ofl distance of 10.0 mm for two penks at speeds

{000 and 1670 m/s and at 15.0 mm stand-ofl distance for 800 and 1670 m/s as shown in

figure 4.12.

From the general look to the figures illustrated, it could be seen that 'plasticine’ and

{in form the penetration extremes in a way that the maximum is in the former and the

minimum is in the latter.

5.3 FEffect of the Orifice PDiameter

5.3.1 For Constant Stand-off Distance

Figures 4.13 through 4.16 inclusive show penetration as a function of orifice diam-

cters (jet diameters) for paraflin wax, lead, tin, and ’plasticine’ targets gespectively ot

constant stand-off distance, namely 10.0 mm. Those figures were concluded (rom figures

4.1 through 4.12.

Maximum penetration for paraffin wax and 'plasticine’ targets was obtained when

nsing 1.5 mm orifice diameter in an ordered increasing speed sequence as shown in figures

413 and 4.16, respectively, while it is minimum for tin targets at 1000 and 1670 m/s

impact speeds, and it is maximum at 2.0 mm orifice diameter and 800 m/s speed as in

figure 4.15.

Fignre 4.14 clarifies the agreement of paraflin wax and ‘plasticine’ resnits at 1000

m/s impact speed to that obtained using lead targets, while penetralion continuously
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1670 m/s.

increnses with orifice diameters in the case of other speeds, namely 800 and

5.3.2 Maximum Penetration at any Stand-ofl’ Distance

Similar resulls were concluded for paraffin wax and ’plasticine’ targets as discussed

in section 5.3.1 and figures 4.17 and 4.20, while penetration is continuously increasing

with orifice diameter for lead targets in an ordered impact speed sequence a3 in figure

4.18.

Figure 4.19 shows the maximum penetration with orilice diameter for lin targets. A

ng 1.5 mm orifice diameter.

reduction of the maximum penetration is observed when usi

5.4 Effect of Additives to Jet
5.4.1 Arabic Gum - Drinking Water Jet

Penetration increases with increasing jet cohesion and the elimination of the water-

droplets cloud formed as the jet progresses. Addition of some soluble additives to the jet

may improve its capability on penetration. In this work, 1000 ppm arabic gum concen-

tration was added to the waler to study its effect on the jet capability for penetration.

Results are presented in figures 4.2} through 4.23 inclusive for impact speeds 800,

1000, 1670 m/s, respectively when poraflin wax largels and 2.0 mm orifice diamcter were

used. As it can be seen from these figures , at 800 m/s speed, penetration was reduced all

over the stand-off distance range, whilst it was increased for 1000 and 1670 m/s speeds

at zero stand-ofl distance after which it started to decrease.

5.4.2 Polyethylene Glycol - Drinking Water Jet

Figure 4.24 represents a comparison of penetralion belween water and 1000 ppm

polyethylene glycol/water jet. A reduction of penetration all over the stand-ofl distance

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



35

at a 15.0 mm stand-ofl distance, the jet recovered ils

range was observed, however,

me depth of penetration as that of drinking waler jet.

stability and penetrated the sa

5 Lffect of Impact Speed

5.5

Figures 4.25 through 4.28 inclusive show the eflect of impact speed on glepth of

penetration for paraflin wax, lead, lin , and 'plasticine’ targets, respectively.
Clenerally, as it can be scen from these figures, penriration increases with jet momen-

tum, whilst for some points penetration is maximum at lower speeds as shown in figure

wax targets, and 5D stand-off distance. This re-

4.95 for 1.5 mm orifice diameter, paraflin

iables, e.g. aspect ratio and other parameters

flects the effect of other interdependent var

in the process.

5.6 Shape of the Penetrated Cavity

nection of the jet and target densitics

Penetration, as stated by ield et al. [10],is 2 [t

and the length of the jet (ie. d = Ly/ps /pe, wher
s of the jet and the target, respectively).

¢ d is the depth of penetrn.tion,!' is the

length of the jet, and p; and p; are the densitie

penetration, d, increases ss the target

Fxamination of this relationship indicates that

densily decreases for the same jet fluid. Results obtained in this work are in full agreement
with this relation, when comparing lead and lin targets with paraflin wax and 'plasticine’

n comparing the penetration of tin with that

targets, while it is in full disagréement whe

of lead targets and penetration of paraflin wax with that of ’plasticine’ targets.

liat penclration process is more complicated to

The previous observations indicate t

be treated and represented by the hydrodynamic model snggested by Field et al.{10] and

d other parameters such as mechanical strenglh, wave

previously by Taylor et al.[27] an
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propagation,...elc affect the culting performance.

It was nlso observed that- the width of the penetrated cavity was tripled or even [lour

times the jet diameter for some targets, whicl indicates that the‘le[fect of shear forces

acting on the surface of the target plate cause this enlargement of the penetraled cavily.

For these conditions addition of chemicals to the drinking water as jet will euhance the

penelration capability of the jet.‘

The shape of the cavity was observed to be cylindrical all over its depth, which

indicates an equel jets strength during penetration and melting occurance, unlike that

caused from lined cavity metallic jets in the explosive shaped charge where the shape of

the cavity was found to be conical.
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Chapter 6

CONCLUSIONS AND
RECOMMENDATIONS

6.1 Conclusions

Jel cutting technology is one of the topics that is of high concern due to its wide

applications and advantages over the other machining processes.

This work was devoted to test some of the parameters which affect the process and

i this section the conclusions made are given under each of these parameters.

6.1.1 Varying Stand-off Distance

Varying the stand-off distance while impact speed, orifice diameter , and jet type are

kept fixed, the following conclusions can be drawn,
e Diflerent target materials were used and the effect of stand-off distance on pene-

tration, in general, was inversely proportional in all targets, due to the breakage of

the jet as it progresses which reduces ils stability and continuity.

e An jmportant point, that one has to take into consideration, is the effect of aspect

ratio,l/D, since penctration is not only a function of speed but also of this ratio

(e.g. the optimum value of I/D) for paraflin wax targels was found to be 5.0 for 2.0
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mm orifice diameter and 1670 m/s impact speed, as shown in figure 4.3.

o In general, the maximum penetration was observed at zero stand-ofl distance (i.e.
1/D=0) due to the cohesion capability of fluid particles in the laminar region when
leaving the orifice depending upon the impact speed and the orifice diameter used.
This is unlike the metallic jet resulting from a lined cavity shaped charge \vl;ete cer-
tain stand-ofl distance is necessary to allow elongation of the jet before penctration
|26].

While the flow progresses, it will change its characteristics from the laminar into
turbulent region through the transient laminar-turbulent which lead to the forma-
tion of water-droplets cloud that scatters the flow and reduces its momentum, and

consequently, the ability to cut.

¢ The maximum and minimum penetration was observed in ’plasticine’ and tin tar-
gets, respectively.

"Plasticine’ has the lowest mechanical strength and melting temperature among

other used target materials hence needs the lowest dynamic loading for penetration.
6.1.2 Varying Oriflice Diameter

Generally, in static loading, varying the impact speed leads to an incrense in pene-

tration or size of the cavity to be mannfactured as in blanking process, while in dynamic

loading (¢ > 10 /s, where € is the strain rate) the rule is not general, since penetration
depends upon both impact speed and the length of the jct indicated by the aspect ra-
tio,I/D. So, for a suitable impact specd and jet’s Jength characterized by high stability

aud continuity give the best cutting performance.
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6.1.3 Jet Type

The bulk of the results in this work were obtained using drinking water.

s soluble in water would increase

It was expected that using chemical materials that i

the jet’s stability and the ability to cut.” Arabic gum and polyethylene glycol were used
ed that peunetration reduced lor

with a concentration of 1000 ppm. The results show

4 at the jet’s laminar region (i.e-

certnin impact speeds, namely 800 m/s, and enhance

g arabic gum as an additive.

l/D:Uj ot 1000 and 1670 m/s piston speeds when usin

6.1.4 Cavity Shape

e which indicates an equality of the pene-

Cavilies obtained were cylindrical in shap

iration strength over the cut patl.

An enlargement of the cavity was observed in the radial direction due lo the shear

compensates a significant amount of the

forces in the radial direction of the target that

« the longitudinal direction. Additives were

mentum that causes the penetration it

jel’s mo
t and enhauce the depth of penetration by

used in these conditions to reduce this ellec

modifying the shear forces.

On the whole it can be concluded that 'plasticine’ and tin as target materials represent

ithin the limitations of the testing mode

ihe two extremes in the penetration process W

throughout this work.

Penetralion, d, is inversely proportional to Uie larget’s density, consequently, tin ter-

d targets and it was in full disagreement

gels penetration should be more than that of lea

with the results of this work. The same argument applies Tor paraflin wax and ’plasticine’

largels.
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This leads to think with other parameters affecting penetration other than the densily

of the target material and the length of the impact jet, o5 melting temperature, malterial’s

strength, wave propagation,...etc.

Accordingly, Taylor expression might need modification to include the strengths and

melting points of the jet and larget materials to be of the form {26],

d= 1\/’;—? + [F(e) + G(T)),

where (o) and G(T') are indications lo the material’s strength and melling process,

respectively.

6.2 Recommendations

Jet culting technology is a solution lo many industrial applications that other cutting

wmethods lack especially for processes where termnl stresses, fire hazards, and dust are

to be avoided.

Concerning this work, extensious may be suggested for future investigalions,

e Penetration of other materials that were not used in this work like ceramics, plastics,

wood,...etc is recommended.

o The jet, in this work, was freely drown out of the orifice, a swiral mechanism applied

to the jel may increase its elfectiveness, therefore it is suggested to be investiga.ted.
as stationary, vibrating the target and applying a cross

e The larget, in this work, w

air jet over the surface of the larget may alfect pnutti.fni-ion, and are worlhwhile to

Le studied.
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Using polymers, with different concentrations, increase the stability of the jet [22],

accordingly, these types of jets are suggested.

Using dilferent types of nozzles (e.g. exponential shape nozzles and others) and
studying their performance numerically in order to optimize the system's nozzle

design is suggested.

Studying the effect of penetration on the microstructure of the target material
and the mechanism of cavity formation and crack propagation needs to be further

investigated.

The effect of the target thickmess and lamination is of prime imporlance on the

penetration process, and requires investigation,

Literature lacks data concerning the coeflicient of discharge within orifices of differ-
ent geometries at such high velocities of flow of water; therefore it is suggested that
the coeflicient of discharge should be determined and the data could be extended

to include the effect of Mach number on penetration process.

-— .
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Fig.4.1. Variation of depth of penetration with stand-off distance at diflerent piston

speeds, for parallin wax target and an orifice of 1.0 mm diameter.
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Fig.4.2. Variation of depth of penetration with stand-off distance at different piston

speeds, for paraflin wax target and an orifice of 1.5 mm diameter.
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speeds, for paralfin wax target and an orifice of 2.0 mm diameter.
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Fig.4.4. Variation of depth of penetration with stand-ofl distance at different piston

speeds, for lead target and an orifice of 1.0 mm diameter.
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Fig.4.5. Variation of depth of penetration with stand-off distance at different piston

speeds, for lead target and an orifice of 1.5 mm diameter.
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Fig.4.7. Variation of depth of penetration with stand-off distance at different piston

speeds, for tin target and an orifice of 1.0 mm diameter.
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Fig.4.8. Variation of depth of penetration with stand-off distance at different piston
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Fig.4.21. Variation of depth of penetration with stand-off distance for water and 1000
ppm Arabic gum-water jets in paraflin wax target at 800 m/s piston speed and an

orifice of 2.0 mm diameter.
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