


Copyright Warning & Restrictions

The copyright law of the United States (Title 17, United
States Code) governs the making of photocopies or other
reproductions of copyrighted material.

Under certain conditions specified in the law, libraries and
archives are authorized to furnish a photocopy or other
reproduction. One of these specified conditions is that the
photocopy or reproduction is not to be “used for any
purpose other than private study, scholarship, or research.”
If a, user makes a request for, or later uses, a photocopy or
reproduction for purposes in excess of “fair use” that user
may be liable for copyright infringement,

This institution reserves the right to refuse to accept a
copying order if, in its judgment, fulfillment of the order
would involve violation of copyright law.

Please Note: The author retains the copyright while the
New Jersey Institute of Technology reserves the right to
distribute this thesis or dissertation

Printing note: If you do not wish to print this page, then select
“Pages from: first page # to: last page #” on the print dialog screen









productivity was low. Finite element analysis showed that only small portion of ice
particles survive in the course of jet formation and in order to enhance process
productivity it is necessary to prevent melting of the particles.

Conventional gun for sand blasting was used for formation of ice air jet. The
generated jet was used for various cleaning and decoating operations. The experiments
involved removal of heavy conductive grease from an electronic board, emulsion from a
photo film, and paint from CD-ROM, etc.

The performed study demonstrated the feasibility of the use of the water ice as an
abrasive material. Thus, such environmentally hostile technology as sand blasting can be
replaced by green ice based processing. The feasibility of the use of ice as a machining

tool and thus, formation of green machining technology was demonstrated.
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CHAPTER 1

INTRODUCTION

Thermodynamic analysis of material removal and common sense indicate that an ideal
tool for material shaping is a high energy beam, having infinitely small cross-section,
precisely controlled depth and direction of penetration and no effect on the generated
subsurface. The production of the beam should be relatively inexpensive and
environmentally sound while the material removal rate should be high and should exceed
the rates of existing material removal techniques. No such beam currently exists. The
laser beam, embodying some of the above features, constitutes an effective material-
processing tool. Laser applications for surface modification, welding and precision
machining is well understood and documented. At the same time the physics of the laser-
material processing limits the use of this beam. Laser processing is based on the material
evaporation and results in the formation of the heat affected zone, which irreversibly
changes the properties of the material. In some cases, for example during surface
modification, such a change is necessary. In other cases, for example in eye surgery, such
change is damaging. Another shortcoming of the laser processing is its limited ability to
control energy density and the shape of the beam. Still another shortcoming of the lasers
is the complexity and high cost of the equipment.

A narrow stream of high-energy water, so called waterjet, comes close to
becoming an ideal tool. Waterjet (WJ) is able to remove a material without subsurface
damage. Because of this, WJ constitutes one of the most common tools for surface

processing. During last 30 years high speed WJ was adopted by industry as a machining



tool. At water pressure at the order of 340 MPa (50,000 psi) water velocity approaches
800 m/s and specific energy of the jet is comparable with that of the laser beam. However
machining ability of WJ is far below than that of the laser. The principal shortcoming of
WI is the low efficiency of the energy transfer between the jet and the workpiece. This
results in low productivity of WJ machining. More important, WJ can be applied to
machining of comparatively soft materials only.

The energy transfer and subsequently the mode of material removal change
dramatically by addition of abrasive particles into the water stream. The abrasive waterjet
(AW]J) generated as the result of such an addition enables us to machine practically any
engineering material. The rate of removal of “hard -to -machine materials” by the use of
AWT] is comparative if not superior to other material removal processes. Because of his
capability AWJ in a short time became one of leading machining technologies. In the
course of AWT particles are sucked into a mixed chamber due to vacuum created by the
jet. Mixing of water and particles and formation of a homogeneous flow occurs in a
focusing tube, which form a highly erosive slurry jet. The various applications of AWJ
are well understood and documented.

However, AWJ is a mixture of water and particles and this imposes a number of
limitations and inconveniences. The energy efficiency of AWI is still low, although
acceptable, mixing of the water and particles imposes a severe limitation on the minimal
usable jet diameter, special provisions are required for particles supply and disposal, the
addition of abrasive particles increases the cost of processing and its environmental

impact.



It would be highly desirable to enhance the productivity of WJ and yet avoid solid
emission. This objective can be achieved by the replacement of conventional abrasive
materials by ice particles, thus resulting in formation of ice-waterjet (IWJ). The solid
particles, regardless of their properties, are able to erode the material in the impingement
site. Thus, ice can be used as an abrasive media. Termination of the negative
environmental effects of AWJ machining constitutes a significant advantage of IWIJ.
Most important, however, is the feasibility of the use IWJ for shaping of material in food,
electronic, space and other branches of industry where any contamination in the course of
processing is impossible. One of the potential applications of IWJ is medicine. Another
significant advantage of the water ice abrasives is their availability and low cost. There is
no need to deliver and store ice. The only commodities needed for fabrication of water
ice particles are water and electricity.

It is highly desirable to convert an environmentally unfriendly, but widely
adopted, AWJ machining into a green ice blasting process. However, it is necessary to
overcome significant technological difficulties in order to attain adoption of IWJ by the
practice. The erosion of substrate by impinging particles is due to stress waves generated
in the course of impact. The strength and duration of these waves depends on mechanical
properties of the impinging particles. The elastic characteristics of conventional abrasives
are superior to that of ice. Thus, these abrasives constitute much more effective
machining tool. Despite a low productivity, the use of water ice will be readily acceptable
by food, biomedical and other industries where the contamination of the substrate

constitutes the primary concern of users.



The most important problem, which actually impedes adoption of the ice-jet
technology, is the difficulties in the generation and handling of ice abrasives. Regular
abrasives are stable at all practical ranges of operational conditions, while ice particles
can exist only at subzero temperature. Maintaining such a temperature within the nozzle
and within the jet is an extremely difficult task. Ice particles tend to pack and clog the
supply lines. The adherence between the particles increases dramatically as the
temperature approaches O C. Thus prior to entrance in the nozzle ice particles should be
maintained at a low temperature. These and some other problems prevent adoption of
IWJ. In order to assure the acceptance of IWJ by the industry, it is necessary to develop a
practical technology for formation of the ice-water slurry.

IWJ jet is one of few practically available green machining tools. The need in
such tools is rapidly growing. Although no practical application of IWJ is reported so far
it is safe to predict that water ice constitutes one of the most promising technological
tools.

There are several reports of the application of the air-ice jets (Herb and Visaisouk,
1996, Liu et al, 1998, Geskin et al, 1999)[1,2]. The advantage of air driven system is the
feasibility to maintain a low temperature of the stream and a high pressure gradient in
suction lines. Because of this it is expected that this technology will be adopted by the
practice fairly soon. However machining ability of the ice airjet (IAJ) is insufficient for
removal of the most of engineering material. Thus, most probably, this technology will be
adopted for surface processing, while material shaping will be carried out by IWJ.

The substantial advantage of IAJ is elimination of off-products, solid or liquid,

while its disadvantage is the use of gas as a source of momentum. Low density of the gas



media limit machining ability of the jet. The use of cryogenic fluid (liquid nitrogen,
ammonia, and carbon dioxide) enables us to eliminate off-products as well as substrate
contamination, while the sufficient momentum is delivered to the impact zone (Dunsky
and Hashish, 1996, Hashish and Dunsky, 1998, Sherman and Adams, 1996)[3,4,5]. The
obvious difficulty of this technology is the necessity to maintain a working fluid at a
cryogenic temperature.

The use of particles as energy carriers in the impingement zone is one of ways of
improving momentum transfer from the fluid to the substrate. The increase of the density
of the fluid momentum at the impingement zone is another approach to this problem.
Highly coherent fluid flow readily passes through a layer of a rejected fluid. Thus,
momentum losses of the jet are reduced. However, the mechanisms of the energy
delivery to a substrate by a coherent jet and impacting particles are quite different.
Material removal by particles is due to the erosion, while penetration of a fluid jet is due
to the stagnation pressure. Because of this even coherent jet can penetrate only
comparatively soft materials. The most effective way to increase jet coherence without
water contamination is addition of small amount of polymers (Summers, 1995, Lombari,
1997)[6,7]. The improvement of the jet penetration by the addition of polymers is widely
adopted by the industry.

In this study we discuss the potential of the reduction of emission of jet
processing and the obstacles to the creation of the green jetting technology. Although
various approaches to this issue are examined, the main attention is paid to the

application of water ice, particularly to the contribution of the authors to this problem.



CHAPTER 2

MISSION STATEMENT

The mission of the proposed work is to develop a generic "green", material processing
technology. A fluid-particle stream will be used for such processes as cleaning,
decoating, polishing, pinning, cutting etc. A desired change in the surface properties will
be achieved by the selection of the stream characteristics.

One of the immediate objectives of this work is to develop a "green", rugged,
readily deployable system for derusting and depainting. The system will require the
minimal logistics. With no or minor modification the system will be applicable to "green"
cleaning, depainting and other decoating operations.

The sought technology is in the final analysis conversion of an environmentally
hostile, but widely adopted, process of sand blasting into a green ice blasting technology.
However, the hardness of the ice is much lower than that of the sand and process
modification is required to account for the change of the blasting media. The peculiarities
of the ice behavior constitute another obstacle. Ice particles tend to pack and the
adherence between the particles increases dramatically, as the temperature approaches 0
C. Even at low temperature motionless particles brought into contact tend to clog. The
hardness of ice is maximal at the temperature below - 25 C and decreases as the
temperature approaches O C. Thus the ice particles should be maintained at a low
temperature and duration of the contact between particles should be minimal. These

conditions should be met in the course of the particle life. Finally, it is possible that at



some spots air-ice particle mixture will not remove the rust. More aggressive high speed

water or water-ice blasting will be used to overcome this problem.

The following innovations will assure the successful operation of a proposed
system:

- The system will integrate the use of the air-ice, water and the water-ice streams. The
air-ice stream, which generates no emission will constitute the principal rust-
removing tool. The rust spots having specially strong adherence to the substrate will
be removed by the water or ice-water jet.

- The operational conditions will be selected so that only minor spots will need the
water treatment.

- Off-products of ice-air derusting can readily be contained and process will be carried
our with minimal or no emission.

- Water freezing will be carried out at optimal temperature and pressure, so that the
desired ice properties will be assured.

- The temperature along the water freezer will be distributed so that the stresses
generated in the course of water freezing in an enclosure will be minimal.

- Heat removal during water freezing will be carried out by a refrigerant, if there is no
limitation on electrical supply or by liquid nitrogen if such a limitation exists.

- Ice generation (water freezing) and ice decomposition (grinding) will be carried out at
the same rate, thus the duration between particle formation and particle impact will be
minimal.

- Conditions of ice grinding will assure optimization of the particle size.



- Conditions of air acceleration in the nozzle will assure optimization of the air-particle
mixing in the mixing chamber, that is characteristics of the slurry stream.

- The particles temperature will be held below - 25 C during the particle life, that is
during the time between the particle formation and the particle impact.

- The optimization of the impact conditions (rust separation) will be attained by the
selection particles flow rate, jet traverse rate and standoff distance.

The compressor, used for generation of the air stream will also be used for air
removal from the impact zone, that is emission in the course of derusting will be

eliminated or at least reduced.



CHAPTER 3

PROPERTIES OF WATER ICE

The practical application of the water ice as a machining media is determined by ice
properties. The phase diagram showing the regions of the existence of various forms of

solid ice as well as the boundary between the solid and liquid states is depicted on Figure

3.1 (Hobbs, 1974, Fletcher, 1970) [8,9].
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Figure3.1 Phase diagram of water. (Hobbs, 1974)

Although the properties of various phase modification of ice vary in a wide range,
a practical importance has Ice I existing at the modest pressure (below 200 MPa). The
important feature of ice I is the reduction of a melting temperature with increase of the
pressure. The minimum temperature of the liquid water is attained at the pressure about

200 MPa and is equal to — 20 C. As it follows from Figure 3.1 the reduction of the water
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solidification temperature from O C to - 20 C as the pressure rises from 0.1 MPa to 200
MPa is almost linear. This property determines the feasibility of ice formation by cooling
of compressed water to the temperature slightly exceeding solidification temperature at
this pressure and subsequent isoenthalpic water decompression in a nozzle. After the
nozzle water pressure drops to 0.1 MPa, a part of water is converted to ice. The energy
balance of the flow prior and after the nozzle determines the fraction of the frozen water.

This fraction is determined by the equation:

C, ()T, -C (1)

. 1
¥ h+C,T, ®

where x is the fraction of water converted into ice during an expansion, Cp(Tp) is
the specific heat of water at constant pressure at temperature T, ki/kg C, T, and T, are
the temperatures of water prior (T) and after (T2) an expansion, C, h is the latent heat of
water freezing at T, kJ/kg.

Another important ice feature determining particle behavior in the course of
impact is ice elasticity. At the temperature range of - 3 C to - 40 C ice behaves as almost
perfect elastic body. Hook’s Law is obeyed if the stresses in the ice are below than
certain level and are applied during a short period of time (Hobbs, 1974, p. 256) [8]. The
dynamic elastic properties of ice (Fletcher, 1970, p 173) [9] at - 5 C are characterized by
the following data: Young modulus (E) = 8.9-9.9 GPa, Rigidity modulus (G) = 3.4-3.8
GPa, Bulk modulus (K) =8.3-11.3 GPa, Poison's ratio () = 0.31-0.36. For comparison,

for Aluminum Alloy 1100-H14 E = 70 GPa and G= 26 GPa. For silica glass E = 70 GPa.



11

If a columnar ice is stressed perpendicular to the long direction of the column the static
Young modulus in bars is determined by the equation:
E=(5.69-0.64T)*10* (2)

where, temperature T is given in C. The dynamic Young modulus of ice increases
almost linearly from 7.2 GPa at -10 C to 8.5 GPa at - 180 C, and is independent from
direction of loading. The data above shows that the ice powder can be consider as a soft
blasting material and used accordingly.

One of the main issues in the use of the ice powder is sintering of ice particles and
their adhesion to the surface of the enclosure. The strength of the adhesion of ice particles
depends on the ice temperature. The effect of the temperature on the adhesion forces is
shown in Figure 3.2.

As it follows from this figure it is necessary to maintain ice temperature below -

30 C to prevent sintering of the particles. The sintering is also determined by the duration

of the particles contact.
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Figure 3.2 Strength of the adhesion of ice particles. (Hobbs, 1974)
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Radius.
/)

Figure 3.3 Schematic of the sintering of ice particles. (Hobbs, 1974)

The radius of the neck, which forms between two ice spheres, brought into

contact during time t at temperature T Figure 3.3 is determined by the equation

(zs]” _AD)

r r”

where x is the radius of the neck, r is the radius of sphere, A(T) is a function of
the temperature, which depends on the mechanism of sintering, n and m are the constants,
which are also determined by the mechanism of sintering. As it follows from equation (3)
it is necessary to prevent the contact between particles in order to avoid particles
sintering.

Ice tends to adhere to a solid surface where the ice nuclei are generated. The

strength of the adhesion to the polished steel is illustrated by Figure 3.4.
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As it follows from this picture moisture contained in the atmosphere in the course
of ice transportation will bring about the adherence of the ice to walls or sintering of ice

particles. Both phenomena result in the formation of a plug and clogging of the conduits.
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Figure 3.4 Shear strength of ice adhesion to stainless steel. (Hobbs, 1974)



CHAPTER 4

EXPERIMENTAL SET UP

The preliminary experiments involved cooling of the compressed water prior to the water
nozzle. Cooling was accomplished by submerging of the supply pipe into the liquid
nitrogen bath and resulted in the improvement of WJ performance. However no ice
particles have been found in the stream. The most probable cause of the observed
improvement was reduction of steam generation in the course of jet formation and thus
increase in the stream coherence.

In order to evaluate the effect of ice particles on the jet-workpiece interaction a
simple system for ice-particles generation and entrainment by WJ was constructed Figure
4.1. In this system ice cubics produced by a regular icemaker were fed into a grinder. In
order to prevent ice melting the dry ice (solid CO;) was added to ice. The particles
generated in the grinder were fed into a conventional abrasive nozzle via a conventional
system for abrasive supply. A coil installed prior to the nozzle was submerged into liquid
nitrogen and used for water cooling prior to expansion. The nozzle in the system Figure
4.1 is motionless and thus was used for drilling only. IJ material cutting was carried out at
the 5-axes robotics workcell. The compressed water for the performed experiments were
supplied by Ingersoll-Rand Co. made intensifier with maximum available pressure of 340
MPa.

The experiments were carried out at the water pressure of 320 MPa. The nozzle
diameter was 0.175 mm, the diameters of the focusing tube were 0.75 and 1.075 mm

while the stand off distance ranged from 3 to 5 mm. The traverse rate during cutting was

14
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25 mm/min. The experiments involved cutting and drilling of steel, aluminum, titanium
and composite samples. The machining was carried out by IJ and WJ at similar
operational conditions. The developed ice supply system was not able to provide steady
flow of ice particles as well as to assure the control of particles size and prevent particles
melting. In order to evaluate the effect of particles addition on the machining, water

during the reported experiments was not precooled.

High pressure —
(50 ksi)
,
Liquor nitrogen ; /
or dry ice \
Grinder
Cooling coil
- “Vibrator
Nozzle bod /
. Y\
Focusing tube Water collecter
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Figure 4.1 Schematic of IJ Cell

Clogging of ice particles in the course of ice supply from the source (bunker, ice
grinder, etc.) to the focusing tube constitutes the main barrier in the system design. The
clogging occurs as a result of any appearance of water within the particles stream. When

started, the chain reaction of clogging is developing almost instantaneously. Water within



