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Forward

Read on if you wish to learn the present state of the art of water jet technology. This volume
contains the considered thoughts of some of the leading authorities in the field as expressed at the 8th
American Water Jet Conference. These authors assembled in Houston, Texas in August of 1995 to
share their thoughts and thereby gain new insights on how water jet technology can be advanced even
further.

The Water Jet Technology Association offers this volume, the eighth in a series of Proceedings of
American Water Jet Conferences, as evidence that water jet technology is contributing significantly to
man's ongoing and comprehensive effort to enlarge human power and safeguard human welfare.

George A. Savanick, Ph.D.
President, Water Jet Technology Association

In 1983, when the Water Jet Technology Association (WJTA) was just formed, there were only
few charter members. In 1989, when I became the vice president of the Association, the membership
was 327 (including corporate members). Now, when I am leaving WITA as chairman of the board,
the membership stands at 535, an indication of truly remarkable growth and interest in the varied
applications of Fluid Jet Technology. Similar trends can be noticed in other major
associations/societies in the world, for example, the Water Jet Technology Society of Japan. The fact
that the International Society of Water Jet Technology (ISWJT) has recently become a Federation of
National Associations/Societies in the world confirms that there is a genuine interest for international
understanding and collaboration for enhancing the spread of the Technology for beneficial uses.

Yes, we should all be proud. Through our persistent endeavors, we have made noteworthy
contributions to advance the Technology which, in turn, has made the world a somewhat better place
to live by increasing productivity and abating pollution that occurs in many industrial processes.

I am certain you will learn a great deal from your participation at this Conference. You will
make new acquaintances and friends. You will continue to improve the Technology to address serious
problems (for instance, safe disposal of nuclear waste) of the 21st century. I have friends all over the
world and I sincerely thank each and every one of them for giving me the opportunity to serve the
Fluid Jet Comyrumity in a modest way. I wish you all the best in your future endeavors.

Mohan M. Vijay, Ph.D.
Chairman of the Board, Water Jet Technology Association
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Preface

Fluid jet technology continues to be a dynamic growth area in the 1990s. The papers in these
Proceedings provide insight into the areas that are the future of the technology. New types of fluid
jets and new uses for the standard jets continue to be developed. Trends identified in the 7th
American Water Jet Conference (i.e., nuclear decontamination, hazardous waste removal, and
demilitarization) have continued to develop and to achieve commercialization.

The advent of abrasive suspension jets and improvements in standard aspiration-type abrasive jets
have moved the technology toward a competitive position versus traditional machining operations.
This area continues to evolve as evidenced by the number of papers in these Proceedings addressing
machining processes, theoretical and experimental investigations of the cutting process, and integration
of fluid jets into intelligent machining systems. These trends should continue through the balance of
the 1990s. Improvements in abrasive nozzle life, the amount of abrasive used, and cut quality control
will drive the adaptation of fluid jets into traditional machining operations. In some fields such as
paper processing, fluid jets are the standard against which all other technologies are measured.

Construction and mining, applications still have not utilized the potential of fluid jet technology.
Several papers in these Proceedings address fields such as soil/ground stabilization, hydrodemolition,
bore hole mining, and tunnel boring. These areas of application need equipment designed for mobile
use that is rugged, has a high reliability, and low capital and operating costs. Some of these issues
are addressed in papers in these Proceedings.

The evolution of any technology depends heavily on the free exchange of information on research
and applications issues. This Conference provides a forum for such an exchange. It is due to the
willingness of the authors to share their information and views that this Conference takes place. I
would personally like to thank all the authors for their contributions. This Conference continues to be
international in nature with 27 of 70 papers submitted for consideration being from international
authors. I would like to thank this group of authors for taking time to prepare a paper, and for
supporting the conference with their attendance.

Sincere thanks go to Dr. Andy Conn, Dr. Tom Kim, and Mr. Bruce Wood who reviewed all the
paper abstracts, which aided in developing the overall technical paper content of the conference.
Thanks also goes to Dr. Tom Kim, Mr. Bruce Wood, and Dr. Mohamed Hashish who edited the
submitted papers. They executed this time consuming task with diligence and dedication to
maintaining a high quality program. Finally, but certainly not the least, the staff at Birenbaum &
Associates needs to be recognized.

Mark Birenbaum and Ken Carroll provided guidance and counsel as related to the overall
Conference goals. Ms. Jan Tubbs and Rhonda Stevens administered the development of these
Proceedings. They did an outstanding job. Ms. LeAnn Hampton supported the short course and
made it a success. I also wish to express my sincere thanks to all participants for making this
Conference a success.

Thomas J. Labus
Editor, Proceedings of the 8th American Water Jet Conference
Vice President, Water Jet Technology Association
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EFFECT OF OFFSET BORES ON THE PERFORMANCE AND LIFE

OF ABRASIVE WATERJET MIXING TUBES

Madhusarathi Nanduri, David G. Taggart, Thomas J. Kim
Waterjet Laboratory, University of Rhode Island
Kingston, RI

Eric Ness
Dow Chemical Company
Midland, MI

Ed Risk
Boride Products, Inc.
Traverse City, MI

ABSTRACT

It is well known that in abrasive waterjet (AWJ) machining systems, the shortest lived
component is the mixing tube or nozzle. Recent advances in ceramic technology have led to
significant improvements in mixing tube life. For instance, the composite carbide nozzle

ROCTEC 100 manufactured by Boride Products, Inc. has an average life of approximately 80

hours with garnet abrasive. The process of boring these nozzles from either end can result in
a step in the bore that may be visible to the naked eye. Although quality control procedures

in manufacturing maintain this step in the bore to less than 0.025 mm (0.001 inch), the effect
of this small step on nozzle performance has not previously been systematically studied. In

this paper, the effect of the offset bore on the AWJ machining process is investigated through

nozzle bore wear and weight loss. Experimental results demonstrate that the offset bore
adversely affects the nozzle wear and hence nozzle performance only when the measured
bore offset is greater than approximately 0.2 mm (0.008 inch). A nozzle with an offset less
than 0.2 mm performs as well as a nozzle with zero offset.

Organized and Sponsored by the Water Jet Technology Association.
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1. INTRODUCTION

Nozzle wear and performance characterization are receiving increased attention in an effort to
produce longer lasting mixing tubes for use with hard abrasives such as aluminum oxide and
silicon carbide (Ness et al., 1994 and Schwetz et al., 1994). Some observations on the wear
of mixing tube materials were also made by Hashish (1994). Abrasive waterjet nozzle wear
depends on many parameters that can be categorized as

¢ Geometric parameters
e System/process parameters
® Material parameters

Figures 1 and 2 illustrate the geometric and system parameters respectively. Material
parameters that affect nozzle wear are hardness, toughness, elastic modulus,
compressive/tensile strength and material microstructure.

In order to completely characterize, model and predict nozzle wear, the effect of each of
these parameters and their interactions must be thoroughly understood. This paper is a small
step in that direction; dealing with the effect of the parameter e, the nozzle eccentricity or
offset.

Standard wear tests to characterize nozzle performance involve exit and entrance diameter
measurements. The exit diameter increase is often approximated as a linear function of time.
Nozzle life is determined by setting an allowable limit on the deviation of exit diameter from
the initial value, generally 10 - 25% depending on the application. Our experimental results
demonstrate that the exit diameter increase is non-uniform over short time intervals. Over the
entire life of the nozzle, however, the exit diameter may be approximated as a linear
function. The nozzle weight loss data, on the other hand, for fixed operating parameters such
as abrasive type and size, abrasive flow rate, water pressure, orifice/nozzle combination, is
almost perfectly linear throughout the life of the nozzle (Nanduri et al., 94-1 1994).
Therefore, nozzle performance can be better characterized and nozzle life more accurately
predicted by weight loss data.

1.1 What is an Offset Nozzle?

The manufacturing process of an abrasive waterjet mixing tube or nozzle can be thought of as
a two step process. First, a cylinder of diameter and length equal to the required outer
diameter and length of the nozzle is manufactured. Then it is bored to a diameter equal to the
inner diameter of the nozzle. The process of boring these nozzles from either end can result
in a step in the bore that may be visible to the naked eye. Although quality control
procedures in manufacturing maintain this step in the bore to less than 0.025 mm (0.001
inch), the effect of this small step on nozzle performance has not previously been
systematically studied. A sketch of a typical offset nozzle is shown in figure 3.
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1.2 Objective and Strategy

In this study the offset nozzles were characterized by comparing their performance to
standard, zero offset nozzles. Exit diameter increase and nozzle weight loss per unit time
were used for comparison.

The nozzle chosen in this study was the composite carbide nozzle ROCTEC 100
manufactured by Boride Products, Inc. ROCTEC 100 nozzles were selected due to their high
wear resistance and consistent and repeatable performance with standard commercial
abrasives.

The strategy for this systematic study of offset bore nozzles was as follows. (1) To conduct
baseline wear tests on standard ROCTEC 100, zero offset nozzles. These tests would include
one nozzle wear test each with garnet and aluminum oxide abrasive. A typical wear test is
explained in the next section. (2) Conduct wear tests on the offset nozzles with garnet
abrasive. (3) Conduct accelerated wear tests (Nanduri et al., 94-2 1994) on the offset nozzles
with aluminum oxide abrasive to confirm results obtained in step 2.

2. EXPERIMENTATION

Tests on offset nozzles were conducted at the University of Rhode Island (URI) Waterjet
Laboratory. The abrasive waterjet system at URI consists of Flow International Corporation's
Model 9XD-55 Dual Intensifier pump capable of delivering water pressurized to 379 MPa
(55 ksi) at a maximum flow rate of 4.69 Ipm (1.24 gpm); Flow's PASER II abrasive cutting
head and abrasive delivery system; Flow's 404 X-Y cutting system; a robotic unit that
controls the motion of the abrasive cutting head and capable of machining two dimensional
designs in the horizontal plane. The motion control of the system is done through a CNC
controller. The unit is a microprocessor based numerical control system.

2.1 Offset Nozzle Data

The offsets selected for study were zero, 0.05 mm, 0.13 mm, 0.2 mm and 0.25 mm (0,
0.002 inch, 0.005 inch, 0.008 inch and 0.01 inch). The zero offset nozzles served as basis
for comparison. Table 1 gives the values of intended offset, offset via pinning and offset via
mold for each of the offset nozzles selected for study. The intended offset is the actual value
by which the boring machine was offset while boring from one end with respect to the other.
The offset via pinning is the value of offset obtained by noting the diameter of the largest
gage pin that went all the way through the bore. This value was always lower than the
intended offset due to the fact that the gage pins could bend around the step and hence not
detect the offset accurately. The third column shows values of the offset obtained by
measuring the offset from a mold of the inside of the nozzle. The molds of the inside of the
nozzles were prepared by using dental mold. These values are closer to the actual intended
offsets.
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2.2 A Typical Wear Test

The exit diameter of the nozzle is recorded prior to testing using 50 mm long steel dowels
(gage plugs) which range from 0.28 mm (0.011 inch) to 6.35 mm (0.250 inch) in diameter
with a 0.025 mm (0.001 inch) increment. The weight of the nozzle is recorded using an
electronic scale with 0.0001 gram accuracy. The nozzle is installed and the stream aligned.
Alignment consists of creating a fine, low pressure (34.5 MPa) stream that is centered
through the nozzle using three adjustment knobs. This crucial step ensures normal, smooth
wear. The abrasive flow rate is calibrated and water pressure is adjusted. The wear test is
conducted and timed by a Heuer stopwatch. There is no target material in the path of the jet
and the jet is simply allowed to impinge on the steel balls in the catcher tank for energy
dissipation. At predetermined intervals the test is stopped. The exit diameter and weight of
the nozzle are recorded, the operating parameters adjusted if necessary and the test continued.

2.3 Operating Parameters

Operating parameters for regular garnet tests as well as accelerated aluminum oxide tests
were set as follows:

Abrasive flow rate: 7.6 grams/second (1.0 Ib/min)
Water pressure: 310 MPa (45,000 psi)
Jewel: 0.33 mm (0.013 inch)

Abrasive type for the garnet tests was Barton Mines Corporation’s Garnet # 80 and for the
aluminum oxide test was Norton Company’s Dynablast # 80. Nozzle length and exit diameter
for all the nozzles tested were 76.2 mm (3 inches) and 1.0 mm (0.040 inch) respectively.

3. RESULTS AND DISCUSSION
3.1 Regular Garnet Tests

The results of tests on the 0, 0.2 and 0.25 mm offset nozzles with garnet abrasive are shown
in Figures 4 and 5. Figure 4 shows the exit diameter increase as a function of time. In the
case of the zero offset nozzle, there was no measurable increase in the exit diameter until the
8th hour. In ten hours the exit diameter increase was just 0.025 mm. In the case of the 0.2
mm offset nozzle, the increase in exit diameter was 0.05 mm in ten hours and there was a
0.15 mm increase in 5 hours for the 0.25 mm offset nozzle. Since our measurement
resolution is 0.025 mm (0.001 inch), it is hard to say if the initial increase observed (first
half hour) in the 0.2 mm offset nozzle exit diameter is significant. For example, if the initial
exit diameter was 1.036 mm (0.0408 inch, close to 0.041 inch), pinning would record it as
1.0 mm (0.040 inch). In other words, using gage plugs, following the:first 0.025 mm (0.001
inch) increment recorded, subsequent exit diameter increases measured will be significant.
After the first half hour the 0.2 mm offset nozzle exhibited identical wear behavior as the
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.zero offset nozzle. The 0.25 mm offset nozzle, however, after 3 hours of similar, although

not identical, stable behavior (in terms of exit diameter wear) as zero offset nozzle, wore out
much faster. The test on this nozzle was discontinued due to the high wear rate exhibited.

The nozzle weight loss results are shown in figure 5. The average weight loss rate (excluding
the first half hour of testing) of the zero and 0.2 mm offset nozzles was 0.23 grams/hour. In
the case of the 0.25 mm offset nozzle, the weight loss rate was 0.5 grams/hour. All the
nozzles exhibited an increased weight loss in the first half hour or one hour of testing. We
believe that the removal of the material residue left over after boring the nozzles adds to the
initial weight loss measured. This phenomenon is observed in the weight loss data of the zero
offset nozzle to a lesser degree. In the case of offset nozzles, we believe that the increased
weight loss in the first half hour of testing is due to initial smoothening of the edges of the
step in the nozzle. This primary difference apart, the zero and the 0.2 mm offset nozzles
have almost identical weight loss rates corroborating the results obtained in the exit diameter
wear aspect as shown in figure 4. In the case of the 0.25 mm offset nozzle, the weight loss
rate is much higher (about twice as much), again confirming the result in the exit diameter
wear plot. The trends obtained in the exit diameter wear and nozzle weight loss measurement
are similar. A higher weight loss rate suggests a higher exit diameter wear rate and vice
versa. A one to one correspondence between the two is evident. This also implies that the life
of the nozzle, which is based on exit diameter wear, can be predicted using the extrapolated
weight loss curve. The advantage in using the weight loss data is due to linearity of the
weight loss curve. This allows one to run a short test on a nozzle with a certain abrasive and
predict the useful life of that nozzle with a good deal of accuracy. Hence, the ambiguity in
nozzle life is eliminated and the choice of a particular nozzle material for a given cutting
application is facilitated. Extended testing time for nozzle life prediction is also obviated.

The direct correlation between weight loss and exit diameter wear (and hence, useful life of
the nozzle) has some limitations. It is not applicable when the flow pattern within the nozzle
is non uniform, whereby the exit diameter wear is eccentric and erratic. It is applicable only
to the nozzle and abrasive combination in question. If either is changed, another short test
should be run. The question whether weight loss data of an accelerated test can be used to
predict life of the nozzle with any other abrasive is currently under investigation.

3.2 Accelerated Aluminum Oxide Tests

After conducting the regular garnet tests described above, we decided to conduct accelerated
tests using aluminum oxide abrasive instead of garnet on 0.05 mm and 0.127 mm offset
nozzles. Intuitively, the weight loss and exit diameter wear trends for these two nozzles were

expected to lie in between the zero and 0.2 mm offset nozzle data.

Tests were conducted on zero, 0.05 mm, 0.13 mm, and 0.2 mm offset nozzles with
aluminum oxide #80 abrasive. The results of these tests are shown in figures 6,7.

The exit diameter wear of the zero, 0.05 mm, 0.13 mm and 0.2 mm offset nozzles was
almost identical. The average weight loss rate of all the nozzles tested was the same, being
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approximately 0.035 grams/minute. As mentioned above in the section on garnet tests, a
slightly increased initial weight loss phenomena was observed also in the accelerated tests.

3.3 Discussion

It is noteworthy to mention a few qualitative remarks based on visual observation regarding
the garnet test on the 0.25 mm offset nozzle. At the beginning of the test, the jet lacked
coherency. The jet stream was in no way comparable to the zero and 0.2 mm offset nozzles.
(The 0.2 mm offset nozzle also exhibited a minor jet incoherency in the first half hour.) In
the 0.25 mm offset case, jet coherency improved in the next 2-3 hours and then degraded
progressively till the end of the test. This trend corroborates the exit diameter wear trend as
shown in figure 4. .

Figure 8 reveals the cross-sectional view of the zero offset nozzle at the end of 10 hours of
testing with garnet abrasive. Figure 9 shows the sections of the zero offset nozzle after 30
minutes of testing with aluminum oxide abrasive. These are typical wear profiles. A
comparison of the wear profiles of the nozzles tested with garnet is shown in figure 10, and
wear profiles of the nozzles tested with aluminum oxide are shown in figure 11. Again, the
exit diameter wear and nozzle weight loss data trends are matched by the wear profiles. The
wear profiles of the offset nozzles are identical to the typical wear profiles with the 0.25 mm
offset nozzle being the exception. ‘

The excessive wear of the 0.25 mm offset nozzle as evident from the exit diameter wear,
nozzle weight loss data and its wear profile, is a clear indicator of poor nozzle performance.
We believe that the primary reason for the poor performance of this nozzle is due to the
change in flow pattern within the nozzle effected by the relatively large step of 0.25 mm. The
upper portion of this step is visible near the middle of the 0.25 mm offset nozzle in figure

10. '

There is an initial smoothening of the step in the case of 0.25 mm offset nozzle similar to the
other offset nozzles as mentioned before. However, the 0.25 mm offset could be a critical
step size, above which a permanent change in flow pattern is effected. A change in flow
pattern would mean changes in the mixing conditions, abrasive velocities and angles of attack
within the nozzle. These changes would result in increases/decreases in nozzle weight loss,
non uniformity of exit diameter wear and eccentric wear profiles. In the present case, there is
an increase in the weight loss and increased wear in the lower 1/3 portion of the nozzle that
can be seen in figure 10. Factors affecting the different flow patterns within the nozzle and
hence nozzle wear, are being studied. ‘

4. CONCLUSIONS

e The effect of a small step (offset) on nozzle performance was systematically studied.

* The offset nozzles were characterized by comparing their performance to standard, zero
offset nozzles. Exit diameter increase and nozzle weight loss per unit time were used for
comparison.
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¢ Baseline wear tests with garnet and aluminum oxide abrasive were conducted on standard
ROCTEC 100, zero offset nozzles.

e Wear tests were conducted on the offset nozzles with garnet abrasive.

e Accelerated wear tests were then performed on the offset nozzles with aluminum oxide
abrasive to confirm the results from garnet tests.

e Wear profiles of the offset nozzles were examined.

¢ Experimental results demonstrate that the offset bore adversely affects the nozzle wear and
hence nozzle performance only when the measured bore offset is greater than
approximately 0.2 mm (0.008 inch).

* A nozzle with an offset less than 0.2 mm performs as well as a nozzle with zero or no
offset.
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Table 1. Offset Nozzle Data

Intended offset Offset via pinning Offset via mold
(mm) (mm) (mm)
0.0 0.0 0.0
0.05 0.0 0.025
0.13 0.0 0.10
0.20 0.05 0.15
0.25 0.20 0.23

¢ 1

n 1, 1, I,

sle
rl‘

o /////// //////////////
ay e
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1= Nozzle Length s = Wear Profile Parameter

I; = Inlet Depth m = Mixing Chamber Parameter

o = Inlet Angle I, = Preliminary Mixing Zone Length
d = Original Inner Diameter I, = Mixing Zone Length

d. = Exit Diameter Wear l. = Exit Zone Length

d; = Inlet Diameter Wear e = Bore Eccentricity

Figure 1. Abrasive Waterjet Nozzle Wear; Geometric parameters.
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P = Water Pressure; d,, = Orifice Diameter; m, = Abrasive Flow Rate;

a = Abrasive Parameter (type, size, shape); 1, = Orifice - Nozzle Distance

Figure 2. Abrasive Waterjet Nozzle Wear; System / Process Parameters.
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Figure 4. Exit Diameter Wear (Garnet Tests)
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Figure 5. Nozzle Weight Loss (Garnet Tests)
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Figure 6. Exit Diameter Wear (Aluminum Oxide Tests)
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Figure 7. Nozzle Weight Loss (Aluminum Oxide Tests)
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Figure 8. Typical Wear Profile of ROCTEC 100 Nozzle with Garnet Abrasive.

Figure 9. Typical Wear Profile of ROCTEC 100 Nozzle with Al,O3 Abrasive.
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Figure 11. AL,Os Test Wear Profiles. From Top: 0, 0.05, 0.13, 0.2 mm Offset Nozzles.
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ABSTRACT

This paper deals with investigations on surface hardening by water peening as an advanced
application of water jet technology for improving surface integrity and fatigue strength of
components.

The effect of water peening parameters on residual stresses and structural changes are
discussed. X-ray measurements proved that high compressive residual stresses can be
induced in surface layers even in hard materials and in the notch root of kerfs with high
notch acuity. Furthermore, experiments were conducted to describe the characteristics of
water jets which are beneficial to the water peening process.

Rotating bending tests with notched and non-notched specimens were carried out to determine
the effect of water peening on fatigue strength.

Based upon these results, the paper defines the conditions for a promising use of surface
treatment by water peening to increase fatigue strength of components in industrial
applications.

Organized and Sponsored by the Water Jet Technology Association.
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1. INTRODUCTION

From investigations on rain erosion (Beutin, 1975) and cavitation (Hetz, 1987) the application
of high velocity water jets for surface hardening was derived. The application of water jet
technology for surface treatment aims at improving surface properties analogous to the well
known shot peening process. Thereby, it is characterized by the following advantages: As
discussed by Tonshoff et al. (1994) workpieces with complex geometry and kerfs of high
notch acuity can be treated by water peening. Moreover, a complete coverage of the surface
is guaranteed. In contrast to shot peening, investigations provided no change of roughness
after water peening (Tonshoff et al., 1995). The small number of process parameters and the
constant quality of water simplify process control. Low costs for the preparation of the water
are an economical advantage compared to shot peening. Besides surface hardening, water
peening can simultaneously be combined with cleaning or other operations such as burr
removing (Brinksmeier et al., 1991). These features are forcing the current development of
the water peening process at the Institute for Production Engineering and Machine Tools.

2. EXPERIMENTAL CONDITIONS

The jetting-pump used for the investigations on surface hardening by water peening has a
power of 75 kW and is characterized by a maximum pressure of 105 MPa and a water flow
of 39 dm’/min. A detailed description of the experimental set-up for water peening was
given by Tonshoff et al., 1994,

The geometries of nozzles used in the presented investigations are described in Fig. 1.
Besides a round nozzle with a conical nozzle bore (type 1), a nozzle characterized by a
cylindrical nozzle bore and a sharp edge at the elliptical aperture (type 2) was tested to study
the influence of different jet characteristics on the surface properties after water peening.
Furthermore, investigations with so-called flat nozzles were performed. Due to the elliptical
aperture the jet is spread and its characteristics are decisively different compared to round
nozzles. The jet has a nearly rectangular cross section on the workpiece surface of several
mm?. The coefficient of expenditure evaluated by Tonshoff et al. (1994) is comparable
between round and flat nozzles described in Fig. 1 and amounts about 0.8.

The investigations on surface hardening by water peening were carried out on case hardened
steel SAE 5115 (german specification: -16 MnCr 5) with a surface hardness of 60 to 62
HRC. The material offers a thickness of the case hardened layer of about 0.7 mm and an
edge oxidation of 10 to 20 um thickness.

Besides peening experiments on non-machined case hardened specimens with edge oxidation,
finished samples too were used to investigate the influence of surface properties on structural
changes due to drop impingement. Two series of ground and two series of turned case
hardened cylindrical specimens were machined which differed significantly in their close-to-
surface structural properties and residual stress states. However, the surface roughness
values were comparable. The results of the metallographic examinations, X-ray residual
stress and contact stylus measurements, are shown in Fig. 2.
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For every finishing process one set of samples was characterized by beneficial surface
properties, i.e., compressive stresses and the other one by thermal surface damage. The
latter one showed rehardening zones combined with tempered structure beneath. Thereby,
structural changes with higher extension were observed after turning while the chosen
grinding conditions led only to local white layers along the circumference of the samples.
These structural changes were found for both finishing processes to appear together with
tensile residual stress states in the surface layer due to critical process temperatures. X-ray
phase analysis proved that the amount of retained austenite in the rehardening zones is
increased compared to the bulk material by more than 25%. However, the case thickness of
0.6 mm after grinding and turning, respectively, is still sufficient for the rotating bending
tests.

3. JET CHARACTERISTICS AND NOZZLE GEOMETRIES

The general structure of turbulent-free jets in air according to investigations described by
Yanaida (1974) consists of three parts: the inifial region with a constant jet axial dynamic
pressure and continuous flow characteristic, the main region with constant jet axial velocity
and the final region, where diffusion occurs. In the main region, the so-called droplet flow
region, the continuous jet falls into pieces.

In general, the dynamic pressure of the continuous flow jet within narrow nozzle-to-surface
distances does not exceed the strength of the material. On the contrary, impact of drops in
the droplet flow region causes peak loads (Rochester et al., 1974), which suffice to deform
even material of high strength plastically and induce residual stresses a in the spot of impact.
This jet region is used for surface treatment by water peening.

In the following the influence of nozzle geometry on the effect and the efficiency of the
process due to the specific jet characteristics is described. First, Fig. 3 shows the influence
of nozzle-to-surface distance s on surface residuai stress state for nozzles with different
diameters but the same nozzle angle 0. On one hand, compressive residual stresses show
maximum level for a range of distances s where droplet flow in the jet occurs, Fig. 3. On
the other hand, the maximum compressive residual stress level increases from about -350
MPa for a nozzle diameter D of 0.8 mm to more than -500 MPa for D = 1.5 mm. This can
be explained by taking the number of drop impingements per unit area into account which
cause impact pressures higher than local yield strength of the workpiece material. Higher
flow rates as well as increasing peening duration t, go along with an increasing coverage of
~ the workpiece surface and more plastic deformation in the surface very similar to the shot
peening process.

The effect of nozzle angle O, on the residual stress state after water peening case hardened
samples with edge oxidation, is described in Fig. 4. It was found for flat nozzles that
maximum compressive residual stresses of about -500 MPa appear at lower distances with
increasing nozzle angle. Using round nozzles (0 = 0°) leads to a significant lower
compressive residual stress level at much higher nozzle-to-surface distances for the same
pressure p, of 75 MPa and almost the same nozzle diameter D. But if the pressure is
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increased up to 100 MPa the maximum residual stress level of about -500 MPa which can be
reached by water peening in the surface of a cased hardened steel with edge oxidation appear
over a wide range of nozzle-to-surface distances. Therewith, the extension of droplet flow
region and the optimum distance to nozzle depends strongly on the nozzle geometry.

Investigations were performed to study the effect of drop impingement within the cross
section of the jet on the surface residual stress distribution (Fig. 5). For a flat nozzle

(0p = 20°, D = 1,5 mm) a very even compressive residual stress state was measured by X-
ray diffraction method after water peening within an area of 3 x 11 mm?. This was found to
be valid for all flat nozzles described in Fig 1. Obviously, it is possible by using flat nozzles
to produce a water jet with equal characteristics within its cross section more suitable for
surface treatment than round nozzles.

A comparison of nozzle geometries concerning their efficiency in water peening can be
performed by evaluating the specific peening energy per unit area W'' required for reaching
a certain level of compressive residual stress. W'' can be calculated from the flow Q, the
pressure p, the effective cross section area of the water jet A, derived from examinations
exemplary described in Fig. 5 and the peening duration t..

W”=Q " Py C

y s With Ag=a b,
of

The right chart of Fig. 6 shows the compressive residual stresses due to water peening versus
specific peening energy W'' for peening with flat nozzles. With increasing nozzle diameter,
i.e., flow Q, the required specific peening energy per unit area W'' to reach maximum
surface residual stress state of about -500 MPa is strongly decreasing. Thereby, no
significant difference in process behavior was found between a nozzle angle of 10° and 20°.

The left drawing in Fig. 6 shows the different results for round nozzles described in Fig. 1.
The results obtained with a round nozzle with conical bore are characterized by a lower
ascent of compressive residual stresses with increasing peening energy W'' compared to the
second nozzle. Although the diameter of both nozzles is slightly different, the main reason
for the different results is seen in the different jet structure. The sharp edge at the aperture
disturbs the continuous jet in the initial region. On one hand, the droplet flow region appears
at lower nozzle-to-surface distances. On the other hand, within a bigger part of the cross
section of the jet at the optimum nozzle-to-surface distance drop impingement occurs and
causes local plastic deformation in the spot of impact. Therefore, efficiency of the process
increases. Nevertheless, flat nozzles are still more efficient than round nozzles due to their
beneficial jet structure.
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4. SURFACE PROPERTIES AFTER WATER PEENING

The properties of machined surfaces can vary in a wide range depending on the machining
process and its parameters. Usually, the finishing process for components of hardened steel
is grinding. But in more and more industrial applications, turning of hardened steel is used
as finishing process too (T6nshoff et al., 1994). After turning the surface properties differ
from those after grinding. Furthermore, tool wear or any kind of disturbances of the
machining process can cause surface or sub-surface damage like tensile stresses, tempering
zones or even rehardening zones, the so-called white layers. These changes in surface layers
can lead to a significant deterioration of strength properties (Syren, 1975; Wohlfahrt, 1978;
and Brinksmeier, 1991).

Based upon the experimental studies on jet characteristics beneficial for the water peening
process, a suitable nozzle geometry was chosen (0, = 20°; D = 1,5 mm) for further
investigations on water peening finished surfaces with different surface integrity (Fig. 2).
This research work aimed at finding a suitable peening duration for achieving maximum
compressive residual stresses in the surface (left drawing of Fig. 7).

For each peening duration nearly the same compressive residual stress state was obtained for
ground and turned specimens. The maximum residual stress value of more than -800 MPa
which is evidently higher than that after water peening of specimens with edge oxidation
occurred for a peening duration t, of 15 s. For this peening condition, the residual stresses
after water peening of all states described in Fig. 2 are shown in the right part of Fig. 7. In
all cases the same high compressive residual stress state was obtained independent of the
initial surface residual stresses and structural differences between the sets of samples
described above.

It hardly makes a difference referring to the maximum residual stress value after water
peening whether there are high or low tensile residual stresses in the initial state. The
extension of layers under compressive residual stress obtained at this peening conditions
amounts to approximately 20 um. The increase in compressive residual stresses as well as
the increase in hardness is partly due to a strain caused transformation of retained austenite
within the same distance to surface (Tonshoff et al., 1995).

Another important aspect of water peening is described in Fig. 8. Surface roughness
measurements for several peening durations t, verify that no change in roughness values
occur as a result of water peening. The removal of white layers due to drop impingement
which was detected in metallographic examinations is too little to deteriorate surface
roughness. Even the results of SEM investigations do not point to any significant change in
topography for ground and turned surfaces as well.
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5. FATIGUE STRENGTH TESTS

Rotating bending tests were performed for turned non-notched specimens (0, =1,0) with and
without surface damage to investigate the influence of the structural changes in surface layers
by water peening on fatigue behavior.

In case of no surface damage after the turning or grinding process, crack initiation occurs
beneath the surface within a distance of 150 to 200 um at local structural irregularities
(carbides) for all tested specimens. Therefore, the rotating bending strength remains almost
on the same level of about 900 MPa, independent of whether the specimens were peened or
not. The modified surface layer by water peening is too thin to have any effect on fatigue
behavior. These conditions change if unfavourable properties in surface layers like tensile
stresses or local rehardening zones due to, e.g., tool wear, during the finishing process occur
(Fig. 9). The rotating bending tests showed a significant decrease in fatigue strength for
samples with surface damage which causes a crack initiation directly at the surface. Due to
water peening the same level of fatigue strength of 900 MPa was reached compared to the set
of samples without surface damage after turning because crack initiation can be shifted below
the surface by generating beneficial properties in surface layers.

Notches cause stress concentration under mechanical load. With increasing concentration
factor, the tensile stress in the notch root and the stress gradient below surface increase.
Therefore, the properties of the surface are getting more important for fatigue strength than
deeper sub-surface regions. Rotating bending tests which were carried out to evaluate the
increase of fatigue strength of notched specimens with a concentration factor ¢, = 2,0 due to
water peening show an increase of fatigue strength of more than 31%. This is due to the fact
that crack initiation in notched components usually takes place at the surface, even after a
surface treatment (Kloos et al., 1988).

6. CONCLUSIONS AND OUTLOOK

The working mechanism of water peening is drop impingement. Due to the impact pressures
in the spot of impact, local plastic deformations cause high compressive residual stresses and
an increase in dislocation density in surface layers. Using pressures up to 100 MPa and a
high flow, it is possible to treat considerable surface areas. .

The beneficial effect of water peening on fatigue strength is mainly based on the increase in
compressive residual stresses in surface layers. An increase in hardness was only detected .
for the case hardened steel with a content of retained austenit. Higher dislocation densities,
which were detected after water peening in normalized or quenched and tempered steels by
evaluating peak-diffraction width from X-ray measurements and TEM (Transmission Electron
Microscopy)-investigations in previous studies (T6nshoff et al., 1993) do not lead to a
measurable increase of micro hardness.

From the results of experimental investigations the field of application of the water peening
process for increasing fatigue strength can be defined by taking two aspects into
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consideration. First, the beneficial properties like high compressive residual stresses have to
be stable over the life time of a component. While residual stresses in steels of low hardness
are reduced significantly during the first cycles of loads, compressive residual stresses in
hardened steels remain almost on a high level even for high amplitudes and cycles of loads
due to their high yield strength (Wohlfahrt, 1978). When talking about notched components
it has to be taken into account that residual stresses have a higher stability due to the multi-
axial-stress state in the root of the notch where crack initiation occurs. That's why recently
performed rotating bending tests with notched specimens out of normalized steel even showed
an increase of fatigue strength of more than 20%.

According to the concept of local strength described for example by Velten (1984) and
Starker (1981), a local fatigue strength value versus distance from surface can be evaluated
from the surface properties. Fatigue of the material appears if tensile stresses due to external
load exceed the local fatigue strength. Therefore, the gradient of stress in surface layers has
a strong influence on the effect of surface treatment by water peening.

For non-notched components, the decrease in tensile stress versus distance from the surface is
small, almost linear and symmetrical to the neutral axis. For that reason it depends on the
surface integrity before water peening whether this process has any effect of fatigue behavior
of a component. If surface damage exists and leads to a crack initiation at the surface like
presented above, improving surface integrity by water peening shifts the crack initiation
below the surface combined with an increase in fatigue strength.

If already beneficial surface properties exist before water peening within the surface layer of
about 20 um, the extension of structural changes due to water peening is not sufficient for
non-notched components.

Notches cause stress concentration under mechanical load. With increasing concentration
factor, the tensile stress in the notch root and the stress gradient below the surface increase.
Therefore, the surface properties are more important for fatigue strength than deeper sub-
surface regions and water peening can improve fatigue strength evidently.

Taking all these results into account, water peening appears to be a suitable process to
"repair" surface damages with negligible influence on surface roughness. In addition, it is an
efficient process to increase fatigue strength of finished notched components. Therefore,
water peening complements the established mechanical surface treatment processes like shot
peening and deep rolling. '
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Fig. 2: Structural Properties of finished surfaces before water peening
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Fig. 7: Compressive residual stresses after water peening
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ADVANCES IN FLUIDJET BEAM PROCESSING
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ABSTRACT

Waterjets and abrasive-waterjets (AWJs) are currently used in a wide range of industrial
trimming and shape-cutting applications. This paper addresses three areas of advancement in
this technology. These are related to creation of new fluidjet beams, machining applications,
and new components.

New fluidjet beams include superpressure (100 ksi) waterjets and AWJs for metal and
composite machining, cryogenic jets for zero-added-waste machining, abrasive-cryogenic jets
(ACJs), and high-pressure, directly pumped abrasive suspension jets (ASJs). Also presented
in this paper are new capabilities of the AWJ tool for machining operations, such as turning,
thread and spiral machining, wafer slicing, drilling, and milling, with emphasis on achieving
precise results. In general, the AWJ has been demonstrated to be capable of achieving highly
precise results within 0.001-inch accuracy. The use of automated, quick-change nozzles,
waterjet quality sensors, and abrasive flow rate sensing and feed back control has
significantly contributed to achieving precision and high productivity in the industry. These
components are also presented in this paper.

Organized and Sponsored by the Water Jet Technology Association.
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1. INTRODUCTION

Waterjet beams provide tools for cutting parts out of a wide range of materials such as glass,
metals, and composites. These jets can also perform such operations as cutting, turning,
milling, surface preparation, and the drilling of holes of different shapes and sizes.

This paper discusses advances in fluidjet beams, processing applications, and enabling
components. The discussion in this paper will address:

Superpressure waterjets

Superpressure abrasive-waterjets (AW1Js)
High-pressure abrasive suspension jets (ASJs)
Cryogenic jet (CJ) machining

Abrasive cryogenic jets (ACJs)
Polishing

Spiral machining

Milling

Small-diameter hole drilling

Deep hole drilling

Three-dimensional machining
Quick-change nozzles

Jewel health sensor

Abrasive flow rate sensor ..

Mixing tube sensor

Vision-assisted machining.

2. FLUIDJET BEAMS
2.1 100-ksi Waterjet Machining

Commercially available, high-pressure intensifier pumps provide reliable operations up to 55
ksi. At this pressure many materials can effectively be cut without using abrasives.

However, the cutting of metals and composites is limited at these pressures. For example,
only thin foils of soft metal can be cut with waterjets and several composites will delaminate
when pierced or cut. To overcome these limitations, waterjet pressures need to be increased.
Tests were conducted at pressures up to 100 ksi, with significantly improved results. Figure
1 shows the effect of increasing pressure on removing delamination when cutting composites.
It was found that a 0.001-inch-diameter jet at 100 ksi is feasible in making thin cuts and
small-diameter holes in thin sheet metals. Tests conducted by Raghavan and Ting (1993)
showed that there is a threshold pressure for metal cutting with plain waterjets in the range of
40 ksi to 60 ksi. It has also been established that the most efficient working pressure is 3
times the threshold pressure. Accordingly, pressures in the range of 120 to 180 Ksi will be
needed for efficient metal cutting. However, the thermodynamic limit for waterjet pressure is
about 150 ksi without upstream heating. It is recommended here that pumps in the range of
100 to 150 ksi be developed.
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2.2 100-ksi AWJ Machining

The addition of abrasives to 100-ksi waterjets has been explored. The premise is to increase
the particle velocity. This will allow reduction of the abrasive consumption to obtain the
same cutting performance. Figure 2 shows a 100-ksi AWJ cutting through a 1-inch-thick
steel plate. Observe that a vacuum assist line (U.S Patent No. 4,934,111) was used to help
entrain the abrasives to the nozzle. The use of a 0.001- and 0.003-inch waterjet in an AWJ
nozzle system with a 0.007-inch-diameter mixing tube was also explored. Figure 3 shows
some results obtained when cutting a 0.062-inch-thick aluminum plate. It can be deduced
from this figure that reducing the waterjet size improves the efficiency of cutting. For
example, the power used with the 0.003-inch-diameter waterjet is 9 times that used for the
0.001-inch-diameter jet. The reduction in cutting speed with the 0.001-inch-diameter jet is
only half that with the 0.003-inch-diameter waterjet. It is recommended here that further
work be conducted on superpressure AWJs with reduced sizes of waterjets and mixing tubes.

2.3 High-Pressure ASJ

Figure 4 shows a high-pressure (50-ksi) continuous ASJ pumping system. Three basic
critical components are currently under investigation for developing reliable high-pressure
AST systems. These are the nozzle, valves, and isolator. The isolator concept was selected
to eliminate the need for slurry seal development. This concept showed great reliability and
flexibility to controlling effective stroke length and pressure fluctuations without a need for
an accumulator. Nozzle materials made out of molybdenum carbide (supplied by Boride
Products) and diamond composite show great promise for reliable operation up to 4 hours.
However, there is still a need for improved nozzle material. The nozzle geometry was found
to be critical in affecting its lifetime and cutting performance. For example, longer nozzles
will last longer but are less efficient in cutting. It has been observed that ASJs cut up to 5
times faster than AWJs. Figure 5 shows thin cuts made in aluminum with ASJs. It was also
observed that the rheological characteristics of the suspension fluid is of critical importance to
the coherency of the ASJ. Hollinger and Mannheimer (1991) found out that the viscoelastic
component of the jet controls the penetration depth and width. They indicated that tripling
the viscoelastic polymer additive to the water doubled the jet penetration depth.

2.4 Cryogenic Jet (CJ)

The use of liquid nitrogen jets has been demonstrated by the Air Force Armstrong Laboratory
(WITA, 1994) for explosive washout. Also it was reported by the Idaho Energy National
Laboratory (INEL) that liquid nitrogen jets have been used to cut several relatively soft
materials. Recent tests by Dunsky and Hashish (1994) indicated the need for accurate
thermodynamic control of the cryogen. Although not a cryogenic liquid, liquefied CO, jets
were generated at pressures up to 50 ksi to explore the potential of this technique and to
identify the requirements for cryogenic jet development. Figure 6 shows a sample of lexan
cut with a 50-ksi CO, jet whose performance was found to be comparable to that of waterjets
at the same pressure and flow rate.
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2.5 Abrasive Cryogenic Jet (ACJ)

The addition of abrasives to cryogenic jets will enhance their performance, as is the case with
the AWJ. Entrainment of abrasives in a cryogenic jet, however, is more complex due to
possible abrasive feed line freezing and plugging. Tests conducted with entraining abrasives
in CO, and liquid nitrogen jets showed great promise for the use of this approach. Figure 7
shows an abrasive cryogenic jet using garnet as abrasives. Observe the freezing of the
nozzle.

The use of such abrasives as pelletized CO, was also explored in a regular AWJ nozzle. It
was observed that the produced jet has improved cleaning power, but no improvement in
cutting power was observed. Also, a degradation in performance was observed when the
CO, particles were injected in a relatively long mixing tube AWJ nozzle. This may be
attributed to the CO, particles not surviving the highly erosive environment during the mixing
process.

3. ADVANCED PROCESSING APPLICATIONS
3.1 Polishing

The use of high-velocity free streams of liquid-abrasive jets has been demonstrated for
polishing (Hashish and Bothell, 1993). Figure 8 shows a picture of a polished diamond film
using silicon carbide abrasives. The rationale for using high-speed particles is to use inertia
rather than hardness. In typical lapping processes, the abrasive velocity is limited to few
inches per second. In fluidjet polishing, the abrasive particle velocity is over three orders of
magnitude higher. The forces on the abrasive particle are transmitted to the workpiece via
hydrodynamic loading and not by the contact of the lap.

Recent results show that progressive reduction in grit size to improve surface finish is still
required with fluidjet polishing, but the quantitative increments of grit size reduction are
significantly different than with conventional polishing.

3.2 Spiral Machining

The use of waterjet beams to produce complex shapes can be accomplished through both
kinematic and dynamic control of the traverse and jet parameters. Traversing a waterjet
beam parallel (or along) the axis of a rotary part will either result in a turned part diameter
or a machined spiral based on the relative magnitudes of the rotational speed and traverse
rate. The dynamics of the jet, controlled through hydraulic and abrasive parameters, will
affect both the qualitative and quantitative results, but the general geometry may not be
affected. Figure 9a shows a double helix spiral being machined with an AWJ using a
specially built AWJ lathe. Synchronization of the rotary motion of the part and axial motion
of the nozzle is key to producing accurate dimensions, especially for a double helix, which
requires forward and backward passes. Figure 9b shows another helical shape machined by
an AW]J traveling over the centerline of a rotary part. Inspection of the helical surfaces
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produced shows line-of-sight marks extending in the radial direction. Applications in heat
exchanger design and screw feeders can greatly benefit from this simple process.

3.3 Milling

The milling of complex shapes was conducted to demonstrate the degree to which the depth
of milling can be controlled. This approach involved the use of masks to machine complex
patterns, such as isogrid structures (Hashish, 1994), on the inside and outside of cylinders,
cones, and domes. Figure 10a shows a part milled to a depth of 0.25 inch with an accuracy
of 0.001 inch using this method. The milling of variable-depth pockets can also be achieved
by controlling the exposure time of the AWJ over the different areas to be milled. Milling of
variable-depth pockets can be accomplished by controlling the exposure time through the
traverse rate and number of passes. Milling can also be used for multiple pattern cutting.
For example, a large number of holes can be drilled simultaneously by using a mask drilled
with the hole pattern. The milling of thin closely spaced slots can be accomplished with or
without a mask. Figure 10b shows 0.030 inch wide slots milled with an AW]J.

Similar to polishing, the surface finish of milled parts can be improved by reducing the grit
size. The use of a waterjet pass for surface cleaning showed that embedded abrasives can be
removed effectively.

3.4 Small Hole Drilling

The drilling of relatively small-diameter (up to 0.25 inch) holes with an AWJ may be
conducted using piercing and trepanning either separately or combined, (Hashish, 1994).

The majority of drilled holes in the industry are pierced and trepanned and are over 0.035
inch in diameter. However, recent advances were made to drill holes in the diameter range
of 0.015 to 0.025 inch for jet engine applications. Figure 11 shows a 0.003 inch diameter
hole drilled in glass. The length of this hole is over 1.5 inch. The use of small-diameter jets
and computerized pressure ramping are key to producing high-quality holes both qualitatively
and quantitatively. Pressure ramping eliminated delamination, chipping or cracking, and
significantly reduces the drilling time. The use of small-diameter jets and ramped pressure
requires the use of vacuum assist for abrasive entrainment.

3.5 Lathe Turning

Turning with an AW]J is a relatively simple process. The workpiece is rotated while the
AWTI is traversed axially and radially to produce the required turned surface. Work on AWJ
turning has addressed the volume removal rate, surface finish control, visualization and
modeling (Ansari and Hashish, 1992) of the turning process, and the development of a hybrid
AWJ/mechanical lathe.

The depth of cut, which is determined from the radial jet position, is a critical parameter for
process optimization. Figure 12 shows trends for the effect of the depth of cut on the
machined diameter and the volume removal rate. Typically, the volume removal rate
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increases as the depth of cut is increased. Unlike conventional turning, AWJ turning is less
sensitive to the original part shape. For example, a highly irregular geometry can be turned
in one pass with a relatively large depth of cut to a surface of revolution, as shown in Figure
13. Also, AWIJ turning is not sensitive to the length-to-diameter ratio of the workpiece.
Long and small-diameter parts have been turned to precise dimensions. Underwater turning
has also been demonstrated to significantly reduce the noise on the AWJ.

The processes of turning and cutting can be combined to improve the volume removal rate.
With this method, prior to turning a part, a number of linear cuts are made to reduce the
initial diameter. A number of experiments were conducted using a 2-inch-diameter
magnesium silicon carbide rod in which a three segments were first cut out, resulting in a
polygonal shape, and then the rod was turned to its final diameter. Using this approach, the
machining time can be reduced by over 50%.

The AWJ was also used to turn threads in glass, as shown in Figure 14. No mechanical tool
was used in this case.

3.6 Hybrid Lathe Turning

A hybrid AWJ/mechanical lathe was built by modifying a conventional lathe to allow
simultaneous turning with the AWJ and a solid tool, with the solid tool performing the
finishing process. The AWJ nozzle can either be mounted on a separate manipulator for
flexibility of pattern machining or mounted on the tool carriage when accurate
synchronization between the rotational and axial motion is required. Figure 15 shows a rod
of Mg/SiC turned on the hybrid lathe. The AWJ was used to produce a diameter 0.25 mm
greater than the required diameter. The machined surface was simultaneously finished using
a solid single-point tool immediately behind the AWJ. This approach was found to be most
efficient to obtain surface finishes better than 200 micro inch.

3.7 Three-Dimensional Machining

Figure 16 shows samples of glass and granite machined automatically using an AWJ. These
parts demonstrate the flexibility of the AWJ process for cutting, turning, and drilling using
the same setup and the same nozzle. A controller program was written to fully automate the
machining process, which includes automatic quick-change nozzles. Also implemented was
an intelligent manufacturing process involving parameter changes.

4. ENABLING COMPONENTS

4.1 Quick-Change Noizles

To automate the AWJ machining process similar to CNC operations, a quick-change nozzle
was developed. This nozzle, shown in Figure 17, consists of a nozzle body that attaches to

the end effector and cartridges that represent AWJ tools. A cartridge contains the jewel and
the mixing tube in an alignable assembly. The alignment of the cartridge was provided to
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allow the user to select the proper combinations of waterjet orifices and mixing tubes and
also to be able to reuse the cartridge for several applications. The challenge of reliable
cartridge operation was to design a small-size, nonmetal-to-metal, high-pressure quick-
connect seal with minimal maintenance. Another critical design criteria was position
accuracy of the mixing tube tip.

Significant reduction in down time was observed in operations requiring multiple machining
operations when the quick-change nozzle was used in the industry (Whalen, 1993).

4.2 Abrasive Flow Rate Sensor

To measure the abrasive mass flow rate directly, a force sensor can be placed in the path of
the abrasive particle stream, which free-falls from the metering valve. The force on the
sensor is proportional to the change in momentum of the stream of abrasive particles. The
change in momentum is in turn a function of the mass flow rate.

A force sensor was constructed for this application. The force sensor is constructed by
measuring the deflection of a spring. In this case, the spring is a cantilever beam, with a
strike plate at the free end to act as a target for the abrasive stream. Figure 18 shows a
picture of the abrasive flow rate sensor. A ceramic strike plate is used to resist the erosion
of the falling abrasives.

A differential pair of eddy current displacement sensors is used to sense the beam deflection.
The use of differential sensors provides a very stable gain and offset calibration. Of particular
importance is the gain stability over time and temperature.

4.3 Jewel Health Sensor

A physical measure of the quality or health of a waterjet is the coherence length. A long
coherence length provides the most efficient and stable machining conditions and is therefore
most desirable.

Two methods of monitoring the health of the waterjet jewel were selected for evaluation. The
first was an acoustics-based approach, looking for changes in the acoustic signature to infer
changes in the shape of the waterjet as it forms in the jewel. The second approach was to
monitor the vacuum level in the mixing chamber, located just below the jewel in the nozzle.
The later method was selected for further development due to its simplicity.

Figure 19 shows a cutaway drawing of the pressure-based sensor and the location of the
sensing port in the waterjet head.

Disturbance of the upstream flow produced poor-quality jets to simulate worn-out jewels.
Correlation of sensor reading was conducted with the following parameters:

e Waterjet coherence length
e Abrasive feed rate
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¢ Mixing tube diameter
* Waterjet pressure
e Jewel size

Figure 20 is a chart showing the results from one series of tests. These tests were done using
a 0.016-inch-diameter jewel, a 0.047-inch-diameter mixing tube, and mesh 60 garnet. Tests
for this jewel size were performed at four different abrasive rates, four different coherence
lengths, and three different pressures. The figure shows the relationship between coherence
length, pressure sensor reading, and abrasive rate. Note the primary relationship between the
coherence length and the pressure reading with only a minor dependence on abrasive rate.

4.4 Nozzle Exit Diameter Sensor

The method selected to sense the diameter of the mixing tube is an optically based method.
When a measurement needs to be done, the CNC brings the AWJ nozzle to an enclosed
measurement station where the end of the mixing tube is imaged onto either a one- or two-
dimensional solid state camera. Using very simple image processing techniques, the diameter
and shape of the tube can be determined. Front lighting is used to increase the contrast of the
tube. This presents a very-high-contrast, easy-to-interpret image to the measurement station.

An OPTCON (inspector series) machine vision sensor was used to evaluate this approach.
The sensor consists of an imaging lens, a one-dimensional CCD camera, and pixel mechanic
software to control the camera and process the data. The front-lit image of the exit tube is
imaged onto the one-dimensional CCD array using a lens of the appropriate focal length to
obtain the proper mix of resolution and field of view. The CCD array is aligned with the axis
of rotation of the mixing tube. The pixel mechanic software is configured to measure the
width of the central dark spot of the image, which represents the mixing tube exit diameter.

4.5 Vision-Assisted AWJ Machining

A new advance has been made in using machine vision to assist AWJ precision machining of
out-of-tolerance parts. The part, in the form of a honeycomb grid, needed to be cut with
several slots between specific cells without affecting cell walls. The machine vision camera,
with the aid of a special lighting scheme, maps the part. The developed software program
identifies AWJ beam paths to produce precise, accurate parts. Another software program
was also developed to interface the vision software with the manipulator controller and AWJ
components. To avoid the harsh environment of the AWJ operation, vision and cutting were
performed in separate stations. Calibration was performed to determine the spatial
relationship between the two stations and to develop a mathematical transformation function.
The transformation function is applied to the vision-generated data.

5. CONCLUSIONS

* Advances in new jetting beams include superpressure waterjets and AWJs, high-pressure
ASJs, cryogenic jets, and abrasive cryogenic jets. These techniques have been
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demonstrated in the laboratory and are currently under development for industrial use.

e Advances in processing include turning, milling, small hole drilling, polishing, and deep
hole drilling. Turning to an accuracy of 0.02 mm was demonstrated. A hybrid
AWJ/mechanical lathe has been investigated and shows great promise for optimized
turning. Milling can be accomplished to an accuracy of 0.025 mm. Both flat and
variable-depth pockets can be machined. Hole drilling can be accomplished to an accuracy
of 0.025 mm and a precision of 0.025 mm. Holes with length-to-diameter ratios of 100
can be drilled.

e Advances in hardware include an automated quick-change AWIJ nozzle, jewel health
sensor, mixing tube sensor, and abrasive flow rate sensor.
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Figure S. Thin Cuts Made in 1-Inch-Thick Figure 6. Lexan Coupon Drilled
Aluminum with ASJs and Cut by 50-ksi CO, Jet

INSULATED
ABRASIVE
FEED LINE

MIXING TUBE g~

ABRASIVE ; -
CRYOGENIC JET

Figure 7. UHP Liquid Nitrogen Jet with Abrasive Entrainment
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g OLISHED

Figure 8. Diamond Film Polished with an ASJ (reflection shows in polished zone)

a. Double helix spiral b. Helical shape machined by an AWJ
traveling over the centerline of a rotary part

Figure 9. Spiral Machining on an AWJ Lathe

a. Milling pockets b. Milled slots
Figure 10. AWJ Milling Examples
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Figure 11. Small-Diameter
Hole Drilled in Glass
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Figure 13. Turning of Irregular
Shaped Composite with AWJ
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Figure 14. AWJ-Turned Threads in Glass
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® Workpiece

Figure 15. Hybrid Mechanical AWJ Lathe

Figure 16. Example of Three-Dimensional Machining with AWJ
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Figure 17. Quick-Change Nozzle
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FEASIBILITY STUDY OF THE USE OF ULTRAHIGH-PRESSURE

LIQUEFIED GAS JETS FOR MACHINING OF NUCLEAR FUEL PINS

C. M. Dunsky and M. Hashish
QUEST Integrated, Inc.
Kent, Washington, U.S.A.

ABSTRACT

This experimental study examined the feasibility of using ultrahigh-pressure (UHP) cryogenic
jets for cutting the metal fuel pins for the proposed Department of Energy Integral Fast
Reactor. The concept offers all the machining advantages associated with abrasive-waterjet
cutting, while eliminating the liquid residue that poses special waste generation and handling
problems in hazardous or toxic applications. To establish expertise in handling UHP
liquefied gases, CO, jets were first investigated. Although liquid CO, is thermodynamically
unstable at ambient conditions, UHP mixed-phase CO, jets were successfully produced in this
study at pressures from 70 to 345 MPa. The CO, jets were found to have significant
capabilities for drilling, cutting, and surface removal of common materials, comparable to
that of pure waterjets at similar conditions. After cutting or drilling, workpieces were left
clean, cold, and completely dry. The cutting power of the jets was found to decrease rapidly
with distance. A subsequent study explored the formation of UHP liquid nitrogen (LN,) jets
at pressures up to 100 MPa. LN, was selected as a close, inexpensive simulant of liquid
argon. Most tests yielded UHP LN, jets with insufficient liquid content for substantial cutting
power. Several, however were able to produce shallow cuts in soft materials, such as wood,
and surface damage on harder, brittle materials.

Organized and Sponsored by the Water Jet Technology Association.
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1. INTRODUCTION

This study was conducted to examine the process parameters required to achieve ultrahigh-
pressure (UHP) jets of both liquid carbon dioxide and liquid nitrogen for material removal
applications such as cutting, machining, or cleaning. Specifically, we examined the
feasibility of developing a liquefied gas (argon) jet machining system for cutting the metal
fuel pins for the proposed DOE Integral Fast Reactor (IFR). In the IFR’s pyrometallurgical
fuel recycle process, fuel pin injection casting and machining operations will be carried out in
a heavily shielded cell containing a dry argon atmosphere. All equipment used in fuel
recycle processes must therefore be robust, remotely maintainable, and automated or
remotely operable. It must also be chemically compatible with the argon atmosphere and the
uranium-plutonium-zirconium fuel material itself.

To solve fracture problems encountered with conventional shearing of the highly brittle fuel
alloy, jet cutting with cryogenic liquid argon was proposed. The concept offers all the
machining advantages commonly associated with UHP abrasive-waterjet (AWT) cutting, while
eliminating the liquid residue that poses special waste generation and handling problems in
hazardous or toxic applications.

More generally, liquefied gas jets of substances such as CO,, N,, or air have attractive
environmental, technical, and economic characteristics. These substances are odorless, inert,
and nontoxic, and their density and viscosity are suitable for high-pressure flow conditions
and for forming coherent jets. They are also relatively inexpensive and are among the
chemical materials most abundantly produced today.

UHP liquefied gas jets offer a number of potential advantages over the use of waterjets or
AWIJs in cutting or cleaning operations. These include the following:

* Elimination of liquid residue, since these substances are gaseous at room temperature and
pressure. This is very desirable, both in environments that must be kept very clean and in
applications where the workpiece contains highly toxic or radioactive material. In the
former case, workpiece contamination can be minimized, while in the latter, hazardous
waste disposal problems may be mitigated.

* Potential extension of jet cutting to applications in which fragile equipment or materials are
located downstream of the intended workpiece surface. The cutting power decreases
rapidly with downstream location due to the rapid broadening of the jet’s axial momentum
flux distribution as the liquid vaporizes.

* Potential for the use of volatile solids such as CO, as an abrasive material within the jet to
augment cutting or cleaning performance, further reducing the volume of residual material
to be removed and processed.

* Possible modifications in the failure mode of the workpiece material due to the decrease in
its temperature below the ductile/brittle transition temperature.

In the present study, two experimental investigations were carried out, utilizing liquefied CoO,

and liquid nitrogen, respectively. Tradeoffs in the ease of handling and pressurizing these
substances were identified, forming the basis for future work in this area.
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2. LIQUEFIED CO, JETS

In this study, an experimental apparatus was constructed to demonstrate the feasibility of
producing UHP jets of liquefied CO, and to examine their potential for material removal.
Although CO, is not compatible with the IFR environment, our objective in this task was to
quickly determine the process parameters required to achieve and control a liquefied gas jet
of any material and to compare its cutting capability with that of waterjets.

Figure 1 shows a temperature-entropy (7-S) chart for CO,. The critical temperature and
pressure are 304.2 K and 7.39 MPa, respectively. In practical terms, this indicates that CO,
exists in a liquid phase at high (room) temperatures if maintained under pressures of only
several hundred psi. This is in contrast to substances such as N, (where T,,;, = 126.2 K and
P, = 3.39 MPa), which must be maintained at much lower temperatures to exist in the
liquid phase. On the other hand, Figure 1 indicates that, at atmospheric pressure, CO, exists
stably in only the solid or gaseous phases. In contrast, substances such as N, and air exhibit
stable liquid phases at atmospheric pressure if sufficiently cooled. Thus, in choosing to work
with liquefied CO, rather than liquefied N, or air, one gains the advantage of requiring less
cooling, which translates to more relaxed requirements on the operating temperature ranges
of UHP system components. This benefit, however, is gained at the expense of having to
contend with the thermodynamically unstable nature of liquid CO, at ambient pressure.

Under relatively low pressure conditions (5-10 MPa), as liquid CO, is expelled through an
orifice, its expansion to ambient pressure results in an aerosol jet of solid (dry ice) particles
in vapor. The change of phase between a liquid and the solid/vapor mixture occurs at some
finite rate, however. Under UHP conditions, the jet material is accelerated to high velocities
according to the approximate expression

for incompressible substances, where

jet discharge velocity

nozzle velocity coefficient (typically close to 1.00)
upstream (stagnation) pressure

=  upstream (liquid) density

DvAs
i

For pressures ranging between 70 and 350 MPa, this yields CO, discharge velocities in the
range of 360 to 820 m/s. If one wishes to maintain a jet of liquid CO, for, say, X mm
downstream of the orifice before the phase transition to the solid/vapor mixture is complete,
then the phase transition can take no less than 1.2xto 2.8x us to occur. If, in fact, the phase
transition takes place on time scales longer than tens of microseconds, then it would be
possible for liquid CO, to emerge from the nozzle and impact a workpiece, with the CO,
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liquid phase existing during the process in a state of thermodynamic nonequilibrium. Since it
seemed plausible that the phase transition does not occur more rapidly than this, it was
decided to attempt jet formation with liquid CO,. This eliminated the need to qualify for
cryogenic service such system components as the liquid transfer lines, the UHP valves, the
high-pressure piston seals, the nozzle orifice, and the UHP isolator vessel itself.

2.1 CO, Jet Experimental Apparatus

The experimental arrangement, shown in Figure 2, consisted of conventional UHP equipment
and a microprocessor-based control system for timing of the valves controlling flow of the
UHP working fluid and the liquid CO,. The heart of the apparatus was a UHP isolator unit,
which was comprised of a 15-5 stainless-steel UHP accumulator cylinder fitted with a piston
of low thermal conductivity. This configuration allowed the jet material (here liquefied CO,)
to remain isolated from the UHP intensifier pumps by transferring pressure through a
water/antifreeze mixture that was compatible with the intensifier hardware.

The isolator unit was placed in a drum container filled with fiberglass insulation. During
testing, dry ice was also used instead of the fiberglass and as a cooling jacket sutrounding the
nozzle. Standard nozzle bodies and sapphire orifices were used to form the jet. Liquefied
CO, was obtained in a commercially available pressure vessel. Under typical conditions, the
liquid CO, was drawn from the vessel at about 1.3 to 1.7 MPa.

2.2. Experimental Results and Discussion

A variety of tests were conducted to develop procedures resulting in UHP liquefied CO, jets,
to assess their material removal capability, and to examine their structure. These tests are
described in the following sections.

2.2.1. Liquid-Phase Jet Formation

Preliminary tests were performed to establish the conditions under which the CO, jet would
emerge from the nozzle with cutting power. The key physical criterion was found to be
eliminating any vaporization of the liquid CO, as it entered and was pressurized in the
isolator. When this did not occur, mixed-phase, intermittent jets with little material removal
ability were produced.

2.2.2. Material Cutting Survey

Upon successfully obtaining UHP CO, jets, we performed a preliminary survey of their
ability to cut or penetrate common materials. Tests were conducted with a 0.64-mm orifice
and each consisted of a 5-second run. Results are summarized in Table 1. The tests indicate
that these jets have significant material removal capability, comparable to that of pure
waterjets at similar pressures.
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2.2.3. Parametric Study of Jet Drilling

After establishing the capability of the CO, jets to cut the materials in Table 1, a more
detailed parametric study of drilling performance was carried out using 12-mm-thick Lexan
coupons. Figure 3 shows typical test pieces after cutting and drilling. In general, the holes
drilled exhibited near-circular cross sections. Most of the holes, however, featured
subsurface "butterfly" fractures, due to pressure buildup in the hole during the test (Figure
3b). In comparison, a waterjet expelled through the same orifice at the same pressure created
holes that were somewhat deeper and had no butterfly fractures, but were smaller in diameter
and less circular, leaving more rough "burr" material along the hole walls.

Figure 4 shows the penetration depth for the drilling tests plotted against workpiece standoff
distance for four pressures. As expected, smaller standoff distances and higher pressures
result in deeper penetration of the workpiece. At each pressure, there exists some maximum
standoff distance beyond which the jet did not damage the workpiece. Physically, the
thermodynamically unstable liquid changes phase to gas and solid as it moves downstream.
This causes the jet to expand and decelerate. Eventually, a condition is reached at which the
energy flux impinging upon the workpiece is insufficient to remove material. This
characteristic could be exploited in applications in which rapid streamwise energy dissipation
is desired to avoid damage to materials downstream of the intended workpiece.

Figure 5 shows drilling depth as a function of jet pressure for several test durations. The
data indicate a weak dependence of penetration depth on test duration. Doubling the run time
increased the depth attained by only 26-34%. However, run-to-run variations in the depth
attained at fixed conditions were observed to be as large as 15-20%. Drilling depth
dependence on pressure is significant, but weaker than linear.

Figure 6 shows the effect of varying the orifice size. The larger orifice appears to give
slightly higher material removal rates, but again the variation with orifice size is within the
bounds of the run-to-run repeatability. This is consistent with the view that the parameter
largely controlling the material removal rate is the rate of energy transfer per unit area of the
workpiece. To a first approximation, this parameter is independent of the orifice size.

2.2.4 Parametric Study of Linear Cutting

Lexan. Tests were also conducted in which the Lexan workpiece was traversed beneath the
jet. Measurements of the cut depths indicated that they were constant to within about 20%
over the length of the test. Kerf walls were near vertical for these relatively shallow cuts,
and the kerf widths varied by less than 10% over the length of the cuts. Subsurface butterfly
fractures were absent, due to the exit path provided by the kerf for the rebounding jet
material, as in standard waterjet cutting. '

Figure 7 plots the maximum cutting depth achieved in a particular test against the traverse
speed. In each of the four tests performed at 345 MPa, the jet penetrated the thickness of the
workpiece for at least one location along the cut. Hence, the figure does not reflect the
actual dependence of cutting performance on traverse speed for these tests. The tests
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performed at 207 MPa show slight dependence of the cutting performance on standoff
distance, with maximum cut depth increasing by 15-25% as the standoff distance was
decreased from 4 to 2 mm. As expected, maximum depth decreased as the workpiece was
moved more rapidly.

Aluminum. Several tests were conducted in which a 4.8-mm-thick aluminum workpiece was
traversed beneath the CO, jet. The piece sustained only slight surface damage for jet
pressures below 200 MPa, regardless of the traverse speed. Some material removal was
produced, however, at 345 MPa. A comparison was made of cut characteristics for 345-MPa
CO, jets and waterjets at the same conditions. The waterjet was more effective than the CO,
jet for aluminum cutting, removing material at traverse speeds well above the speed for
which the CO, jet no longer produced significant damage. The CO, and waterjet cuts
produced no major differences in the kerf shape or surface roughness.

3. LIQUID NITROGEN (LN,) JETS

In a second study, expefiments were conducted to develop a directly pumped UHP cryogenic
liquid jet, such as the liquid argon jet proposed for use in the IFR fuel recycle processes.
The objectives here were as follows:

* Demonstrate the feasibility of obtaining UHP cryogenic liquid jets. .

* Assess their cutting performance relative to waterjets and the liquefied CO, jets.

* Identify areas needing further refinement in order to add abrasive particles to the jet and
maximize its cutting power. :

3.1 LN, Jet Experimental Apparatus

Although LN, is thermodynamically stable at ambient pressure, cryogenic temperatures must
be maintained throughout the UHP apparatus. Since certification of standard UHP pumping
equipment for service at liquid-nitrogen temperatures (77 K) requires significant engineering
modifications, a commercially available cryogenic piston-type pump was used to pressurize
the cryogen. Pressures up to 100 MPa were achieved with this apparatus.

Figure 8 shows a schematic of the cryogenic jet experiment. Bulk liquid nitrogen was
supplied in a 2000-liter. horizontal insulated tank mounted on a wheeled trailer. The UHP
cryogenic pump and experiment hardware were located in an outdoor workshed so that the
lengths of cryogenic feed lines could be minimized. All plumbing, including low-pressure -
LN, supply, vent lines, and UHP lines were jacketed with fiberglass and foam insulation.
The pump itself was a single-cylinder reciprocating crosshead design, which creates .
substantial pressure oscillations at the discharge. To decrease these fluctuations, the pump
discharge emptied into a UHP surge chamber in which a portion of the liquid was allowed to
vaporize. This formed a gas cushion at the top of the chamber, which functions as a damper.
Commercially available UHP plumbing components were used in the high-pressure portion of
the apparatus, including standard sapphire waterjet orifices.
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3.2. Experimental Results and Discussion

Most tests yielded UHP LN, jets with insufficient liquid content for substantial cutting power.
Several tests, however, were able to produce shallow cuts in soft materials such as wood, and
surface damage on harder, brittle materials. As in the CO, study, workpieces were left cold
and dry after impact by LN, jets. Various mechanisms may have caused vaporization in the
liquid flow, leading to loss of cutting power. First, heat transfer from the ambient may have
warmed the liquid within the pump or experiment plumbing, in spite of the thermal insulation
blanket. Second, restrictions and sharp turns in the UHP fittings and valves, which create
pressure losses, may also be sites for cavitation of the liquid as the flow accelerates or
becomes turbulent. Finally, as the high-pressure fluid accelerates through the orifice,
frictional heating may add enough energy to the flow to cause vaporization when the liquid
pressure drops to ambient.

Figure 9 shows N, jets obtained with sufficient liquid content for cutting. The jets typically
vaporized and dissipated within 100-150 mm of the nozzle. Figure 10 shows wood and
Lexan samples cut with these jets. Material removal appeared to be comparable to that
caused by CO, jets at similar pressures. '

Temperature and pressure measurements were recorded just upstream of the nozzle for
several lower-pressure (5 - 35 MPa) tests. These jets were observed to spread rapidly and
had no significant cutting power, both characteristic of mixed-phase liquid/vapor jets with
high vapor content. Subsequent thermodynamic analysis showed that the measured
temperatures were typically 20 - 50 K higher than the upstream conditions that would yield a
saturated-liquid nitrogen jet in thermodynamic equilibrium at ambient pressure. Active
cooling of the UHP LN, upstream of the nozzle appears to be necessary in order to reduce
the fraction of vapor in the high-velocity jets. With proper upstream thermodynamic
conditioning, LN, jets with cutting power are apparently obtainable.

4. CONCLUSIONS
Following are the major conclusions of this work:

1. Although liquid CO, is thermodynamically unstable at ambient conditions, ultrahigh-
pressure, mixed-phase liquid/ vapor/solid CO, jets were successfully produced.

2. The CO, jets were found to have significant capabilities for drilling, cutting, and surface
removal of common materials, comparable to or somewhat inferior to pure waterjets at
similar conditions.

3. After being cut or drilled by the CO, jets, workpieces were left clean, cold, and
completely dry. Materials placed much farther downstream in the jets were left with a
small amount of surface moisture condensed from the ambient air.

4. No evidence of cold-induced brittle failure of metallic workpieces was observed in the
CO, jet experiments.

5. The cutting power of the CO, jets was found to decrease rapidly with distance,
presumably due to phase change and expansion of the jets. This could be a desirable
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characteristic for applications in which damage to materials downstream of the intended
workpiece must be avoided.

6. Preliminary investigations of cryogenic LN, jets were carried out. We met with some
success in creating jets with cutting power. However, careful control of the
thermodynamic state of the cryogenic liquid was found to be more important than that
required for the liquefied CO, jets. Nozzle orifice geometry and the mechanics of
abrasive addition to the jets were also identified as areas needing refinement.

7. Thermodynamic analysis indicates that with proper temperature control of the UHP
cryogen, LN, jets with minimal liquid content are attainable. It is anticipated that with
the addition of abrasives, these jets will equal AWJs in cutting performance.

5. ACKNOWLEDGMENTS
The CO, jet formation experiments were funded by QUEST Integrated, Inc. The LN, jet
experiments were carried out under Department of Energy Contract No. DE-F003-

93ER81648. The authors thank Mr. David Owens for his help fabricating and operating the
experimental apparatus in both studies.

Table 1. Effect of UHP CO, Jet on Common Materials

. : P Approx. Standoff
Material (MPa) Distanc,e‘T (mm)  Result
Blue Polystyrene Foam 69 - 15 Penetrated 20-cm-thick slab.
6-mm Rubber Sheet 69 5 Penetrated.
Wood 2x4 69 5 Penetrated ~2 cm. Splintered large area. Much
solid CO, embedded in damaged area.
3-mm Plexiglas 104 5 Penetrated. Fractured downstream face.
6-mm Aluminum 104 4-5 Surface damage.
2-mm Aluminum | 207 4 Surface damage.
1.3-mm Aluminum 241 4 Penetrated.
0.9-mm Sheet Steel 104 4 No damage.
0.9-mm Sheet Steel 207 4 Surface damage.
0.2-mm Brass Shimstock| 138 4 Dented.
0.2-mm Brass Shimstock| 207 4 Penetrated. Small hole w/surrounding dent.

Measured from exit hole in nozzle end-cap, not from sapphire orifice.
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Figure 1. Tempefature-Entropy (T-S) Diagram for Carbon Dioxide
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Figure 2. Ultrahigh-Pressure CO, Jet System Schematic
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b. Close-up of holes drilled by a 0.64-mm-orifice jet with a 2-mm standoff distance

Figure 3. Lexan Test Coupons Drilled and Cut by 345-MPa (50-ksi) CO, Jets. Damaged
areas appear larger due to the oblique view through the transparent Lexan, showing
subsurface "butterfly" fractures emanating from the holes.

— 600 T,

[ ©

£ 5000 469 MPa

= s 20° ¢ 138 MPa

2 4.00 {"am

) . ) m 207 MPa

Q 300{® ™

s = o 0276 MPa

= 2001 ©°

5 a ° o

O 1.00 T a, o

& 00024 o 00—
0 20 40 60

Standoff (mm)

Figure 4. Drilling Tests on Lexan. Material removal increases with higher pressures and
smaller standoff distances. At all pressures, a standoff distance is reached
beyond which the jet does no damage to the workpiece.
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515



SUBCOOLER LN2 SUPPLY LINE

BURST DISK
LP CRYO VALVE
PRESSURE GAUGE CURGE CHAVBER
1/2" LN2 TRANSFER LINE
L
180 LOOP =5
BURST DISK s
MOTOR
3/8" LINE ’_'_‘ CHECK VALVE
- o—] PUMP
PNEUMATIC |
VALVE
SUBCOOLER UHP CRYO VALVE ™1
\ / 1/2 VENT RETURN LINE
-
NOZZLE -
/ __SQ__| 1
b P CRYOVALVE 350 PSI BULK STORAGE
RELIEF VALVE

———————— WORKPIECE
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Figure 9. UHP Liquid Nitrogen Jets Obtained with a 0.46-mm. Sapphire Orifice
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ABSTRACT

Performance improvement in terms of better surface quality, reduced cutting forces, enhanced
tool life and improved chip shape has always been the focus in metal machining processes.
Detailed investigations conducted by the scientific community have demonstrated that this
objective can be better achieved if the thermal/frictional conditions existing at the cutting
zone can be controlled effectively. Cutting fluids have been used traditionally as an external
means to dissipate the heat produced at the cutting zone and reduce the friction. However,
the location of placement, speed and direction of application of cutting fluids are very
important factors which determine their effectiveness. In order to improve the performance of
two different machining processes namely face milling (where the material removal is due to
interrupted cutting by a finite number of cutting edges) and surface grinding (where material
removal is initiated by abrasion), suitable cooling/lubrication techniques are developed by the
application of waterjet at high pressures. Salient features of these two techniques are
presented in this paper. The results obtained indicate that apart from improvement in
thermal/frictional conditions at the cutting zone (which was observed for both the processes),
effective cleaning and resharpening of the grinding wheel was accomplished thereby
improving the overall process performance.

Organized and Sponsored by the Water Jet Technology Association.
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1. INTRODUCTION

Fundamentally, metal machining operations can be classified into two types namely, primary
operations and finishing operations. In the primary material removal processes such as
turning, shaping, milling etc., a tool penetrates into the workpiece and removes the material
in the form of big chips through shearing action. This could be achieved either by continuous
cutting (turning) or interrupted cutting (milling). In the case of finishing operations like
grinding, material removal is accomplished by the abrasive action between the rotating wheel
and the workpiece. Similar to other machining processes such as turning or milling, material
removal in grinding also takes place in the form of chips, but of a much finer scale, However
in grinding, the shearing process of chip formation is performed by a multitude of cutting
edges randomly distributed and randomly oriented. In all these processes, a considerable
portion of energy is expended in the formation and removal of chips. As a result, a lot of
heat is generated at the cutting zone due to friction and plastic deformation. The factors
which lead to higher energy consumption cause an increase in the frictional forces, workburn,
subsurface cracking, residual stresses, tool/wheel wear, chip burn and poor surface finish. In
the grinding process, the debris consisting of the chips and wheel particles have a tendency to
adhere to the wheel and fill the pores. This undesirable effect, called wheel loading, causes
drastic reduction in the grinding capability leading to the above problems. Frequent wheel
dressing needs to be performed in order to remove this debris and resharpen the wheel which
affects the productivity. The overall process efficiency of the above machining operations can
be improved if the thermal/frictional conditions existing at the cutting zone and wheel loading
(in case of grinding) can be controlled. Cutting fluids can be employed to achieve this
objective. However, the effectiveness of the cutting fluids in abstracting the heat generated at
the cutting zone, reducing the friction at the tool-workpiece interface and reducing the wheel
loading effect depends upon the location of placement, rate of flow and direction of
application of the fluids.

A flood of fluid directed towards the cutting zone is the conventional way of applying cutting
fluids. But, it has been proved that the cutting fluids lose their effectiveness at high cuitting
speeds and severe cutting conditions. This is because of greater rate of heat generation,
inability of the cutting fluids to reach the regions to be cooled and the tendency of the fast
moving chips and workpiece to carry the fluid away from the cutting zone. Only 5% to 30%
of the cutting fluid is effectively used in conventional flood application in grinding operations
(Guo et al., 1992) because of the inability of the cutting fluid to penetrate through the thin air
film barrier surrounding the wheel, and the high centrifugal force of the wheel.

Several attempts have been made in the past (Pigott et al., 1952; Ramaiyengar et al., 1965;
Sharma et al., 1971; Mazurkiewicz et al., 1989; Lindeke et al., 1991; and Wertheim et al.,
1992) to improve the effectiveness of the cutting fluids by employing high pressurized jet.
These methods were primarily focused on single edge stationary cutting tool operations like
turning and the pressures employed were ranging from 2.75 MPa to 280 MPa. Waterjet and
oiljet were used as cutting fluids. The results indicated that cutting fluids injected into the
cutting zone increased the tool life more than five (5) times, improved surface finish
drastically, eliminated built-up edge, decreased coefficient of friction, reduced cutting force
(about 60%) and improved chip shape. It was also concluded that applying cutting fluids
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through the rake face of the tool was more beneficial than injecting through a remote nozzle
as it reduces secondary shear, lowers interface temperature and changes the chip shape. The
present authors have developed (Kovacevic, 1994a; Kovacevic et al., 1994b; and Kovacevic
et al., 1995b) a coolant/lubricant system for rotary tool operations (face milling) based on
high pressurized waterjet (up to 380 MPa).

Different methods have been adopted in the past to enhance the effectiveness of grinding
fluids. Wagner et al. (1948) developed an apparatus for grinding fluid application at lower
pressures and higher volume flow rate through a plurality of nozzles. Pigott (1958) developed
another apparatus for application of grinding fluids at a pressure of 1.7 MPa so that the
discharged jet by the nozzle will be at a speed sufficient to overcome the peripheral speed of
the grinding wheel. A liquid coolant applying nozzle that supplies coolant in a direction
opposite to the direction of wheel rotation was developed by Klassen (1976) to remove the air
film and loose particles from the wheel surface. Apparatus such as air deflection flood nozzle
(Werner et al., 1980), radial or spiral grooved grinding wheel (Radhakrishnan et al., 1986),
etc. were used to penetrate the air cushion around the wheel; but they were not very
successful in overcoming the wheel centrifugal force or providing effective cleaning and
cooling/lubrication. Pressurized waterjet upto 2 MPa were used by Borkowski et al., 1989,
and Lincoln (1992) for cleaning and cooling the grinding wheel. However, at such low
pressures, the waterjet may not be able to provide effective cooling or cleaning of the
grinding wheels. Thus, an effective technique needs to be developed to provide proper
cleaning, cooling/lubrication and dressing/resharpening of the wheel. Towards this end, a
technique has been developed (Kovacevic et al., 1995a) to deliver grinding fluid at ultra-high
pressures (up to 165 MPa).

This paper discusses the salient features of the ultra-high pressurized waterjet based
coolant/lubrication system developed for face milling and surface grinding operations. The
effectiveness of the developed system for face milling operation is evaluated in terms of the
cutting force, surface finish, chip shape and tool wear. The technique developed for ultra-
high pressurized waterjet based grinding operation is evaluated by measuring the grinding
force, surface finish and acoustic emission (AE) signal. The workpiece material stainless steel
AISI 304 is used for investigation.

2. EXPERIMENTAL SETUP AND PROCEDURE

A schematic of the designed high pressure waterjet coolant/lubricant system in conjunction
with face milling operation is shown in Fig. 1. Water from a high pressure intensifier pump
capable of supplying cutting fluids up to 380 MPa is directed to the main flow channel in the
cutter through a rotary swivel which provides sealing up to a rotational speed of 2000 rpm.
The main flow channel directs the cutting fluid through a plurality of radially extending feed
channels, a sapphire orifice and the EDM drilled hole in the insert. The jet of water is
delivered to the tool-chip interface through the rake face of the insert at about 2.5 mm from
the tool tip and oriented in such a way that it hits the underside of the chip as it gets formed.
The number of radially extending feed channels depends upon the number of inserts mounted
in the cutter. The experimental setup also includes a four component dynamometer, charge

521



amplifiers, A/D converter and a computer with suitable software. Cutting force components
in X, Y and Z directions were acquired at a sampling frequency of 2 KHz using the
dynamometer. In order to study the effectiveness of the high pressure waterjet cooling
system, the experiments were performed by changing the hydraulic parameters namely water
pressure and orifice diameter, keeping the conventional parameters such as cutting speed,
feed and depth of cut constant. The process parameters adopted for these experiments are
given in Table 1. The surface roughness was measured and the chips produced were collected
for analysis.

A schematic of the experimental setup used for evaluating the ultra-high pressure waterjet
coolant/lubricant system developed for the surface grinding operation is shown in Fig. 2. The
cutting fluid that can be pressurized up to 380 MPa using a high pressure intensifier pump is
brought through a flexible hose towards the grinding wheel. The pressure energy of the high
pressure cutting fluid is converted into kinetic energy using a sapphire orifice placed at the
end of the flexible hose. Suitable fixturing is provided to facilitate easy manipulation of the
angular position of the waterjet and the stand-off distance of the nozzle from the grinding
wheel. Orifice diameter (0.46 mm) was chosen such that the complete width (10 mm) of the
grinding wheel can be covered by the ensuing waterjet. This design can be easily extended
for higher wheel widths by providing a row of nozzles. The experimental setup also includes
a horizontal spindle surface grinding machine, a four component dynamometer, charge
amplifier, A/D converter, AE sensing unit (consisting of an AE sensor, pre-amplifier and
oscilloscope), a computer with suitable software and the workpiece. The experiments were
performed by varying the water pressure keeping the conventional parameters namely
workpiece traverse speed and depth of cut constant. In order to quantify the influence of
waterjet with progressive wheel wear, grinding force components and acoustic emission
signals (at 1IMHz sampling frequency) were monitored at four different stages of grinding
time namely 2.5, 5, 7.5 and 10 minutes. A newly dressed wheel is used for experiments
conducted at each water pressure setting. The process parameters for these experiments are
also given in Table 1.

3. RESULTS AND DISCUSSION
3.1 High Pressure Waterjet Assisted Milling
3.1.1 Cutting Force Components

Typical cutting force components in the X, Y and Z directions for flood cooling are given in
Fig. 3. The different stages of intermittent cutting namely idle period and cutting period can
be noticed in the time domain signal very clearly. Fig. 4(a) shows the plot of average cutting
force components in the X, Y, and Z directions with changes in water pressure and Fig. 4(b)
shows the changes with orifice diameter. Zero water pressure and zero orifice diameter
indicates flood cooling. The presence of a high pressure waterjet has led to a reduction of
about 30% to 50% in the cutting forces. All three component forces steadily decrease with an
increase in water pressure. Whereas with an increase in orifice diameter, the cutting force
components initially reduce steeply and then remain more or less steady. This indicates that
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after an optimum value, further increase in the volume flow rate of water does not benefit the
machining process. Placement of the high velocity jet at the rake face close to the tool tip
causes a hydraulic wedge by the jet lateral flow after impingement on the chip bottom surface
(Kovacevic, et al., 1995b). This hydraulic wedge causes the tool-chip contact area to
decrease which reduces the secondary shear and lowers the interface temperatures. The
effectiveness of the hydraulic wedge improves with increase in flow rate which causes the
cutting force components to reduce.

3.1.2 Surface Finish

The surface roughness quantified in terms of R is plotted in Fig. 5 with change in water

pressure and orifice diameter. The flood cooling condition is represented by zero water
pressure and zero orifice diameter. The presence of a high pressure waterjet leads to a

reduction in R, of about 35% to 50%. An increase in water flow rate caused by an increase

in water pressure or orifice diameter, results in steady reduction in R . Lowering of

interface temperatures and secondary shear caused by the presence of a waterjet close to the
cutting zone leads to a reduction in tool wear. This reduction in tool wear is responsible for
improvement in surface finish.

3.1.3 Tool Wear

The effect of a high pressure waterjet on tool wear can be better understood from the
photographs of the carbide inserts at different stages of their lives. A new insert and the
inserts used in conjunction with flood cooling and high pressure waterjet cooling after 30
minutes and 50 minutes of operation are shown in Fig. 6. It can be noted that the width of
the flank wear which is used as a measure of tool wear is much less in the case of inserts
used with high pressure waterjet cooling compared to that of flood cooling, indicating that the
wear rate of flood cooling inserts is much higher.

3.1.4 Chip shapes

Being an intermittent cutting operation, even though chip handling is not a very critical issue
in the case of milling, study of the chip shapes gives us a better understanding of the role of
a waterjet in the material removal process. It is known that a considerable portion of the
energy is consumed in the formation and removal of chips. The chips produced for flood
cooling and high pressure waterjet cooling are shown in Fig. 7. The chips produced in flood
cooling were found to be bigger in size, more serrated (indicating the intense shearing
action), and blackened due to the extreme heat generated at the tool-chip interface. As the
heat generated during flood cooling was primarily conducted away by the chips, they could
not be physically handled immediately after machining. The chips produced by high pressure
waterjet cooling were smooth without burrs, thin, small, spirally and folded over. These
chips had longitudinal channels along the surface in contact with rake face (Kovacevic et al.,
1995b) through which the cutting fluid was exiting. Similar observations were made by
Sharma et al. (1971). Chips produced by a high pressure waterjet have bright surfaces
indicating that they were not burnt. Thus the presence of a high pressure waterjet at the tool-
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chip interface promotes the self breaking effect of the chips and improves the
thermal/frictional conditions existing at the cutting zone.

3.2 High Pressure Waterjet Assisted Grinding
3.2.1 Grinding Force Components

The tangential and normal grinding force components are plotted in Fig. 8 for different water
pressures and progressive grinding time. The magnitude of the grinding force components
increase with increase in grinding time for both flood cooling and high pressure waterjet
assisted cooling. As grinding proceeds, the grains on the wheel surface are subjected to
gradual attritious wear. This reduces the cutting capability of the grains and leads to an
increase in grinding force. With the application of high pressure waterjet the magnitude of the
grinding force components are reduced by almost 50%. This could be due to several reasons.
The high pressure waterjet is converted to high velocity waterjet by the sapphire orifice. This
high speed jet is capable of overcoming the centrifugal force of the rotating wheel and
breaking the air shield surrounding the wheel. The high velocity waterjet is also capable of
dislodging the workpiece particles and debris which adhere into the pores of the wheel
surface performing an effective cleaning action and reducing the wheel loading effect. The
waterjet stream also provides a dressing/resharpening effect on the wheel by removing a layer
of grains from the wheel surface exposing new grains. Due to its high velocity, the jet is able
to penetrate into the wheel-workpiece interface providing an effective cooling/lubrication
action. All these actions lead to a reduction in grinding forces, wheel wear and work burn,
consequently improving the performance of grinding operation. The high flow rate of the
grinding fluid prevents complete evaporation of the fluid film at the wheel-workpiece
interface which is desirable.

3.2.2 Acoustic Emission

Acoustic emission (AE) signals in grinding are stress waves primarily resulting from a
combination of attritious wear, grain fracture and bond fracture (Hundt et al., 1994).
Recently a lot of attention has been focused on AE sensing technique for grinding process
monitoring and control because of its capability to detect the abrasion process effectively. AE
signals are acquired to understand more about the role played by the high pressure waterjet in
the grinding process. Fig. 9 shows a plot of frequency domain AE signals acquired for
different cooling/lubrication conditions after ten (10) minutes of grinding time. Note that the
peak frequency for all the grinding conditions is around 150 KHz. As these AE signals are
after ten (10) minutes of grinding, the effect of grain fracture and bond fracture on the AE
signal can be eliminated. The peak amplitude is highest for flood cooling conditions
indicating the presence of high attritious wear of the wheel. With the introduction of a high
pressure waterjet at 55 MPa, the peak response at 150 KHz drops down drastically by about
40% due to reduction in attritious wear. No other frequency component is affected. Whereas
with a further increase in water pressure, the amplitude of the frequency domain AE signal
drops down through all the frequency ranges. This is because, the positive effect of reduction
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in attritious wear is contributed by the resharpening of the wheel by the high pressure
waterjet. The resharpening effect increases with increase in water pressures.

The overall effect of the combination of attritious wear, grain fracture and bond fracture
occuring in the grinding wheel as grinding progresses, can be evaluated from the plot

of AEg, vs. grinding time shown in Fig. 10. As expected, the AEg, . corresponding to
flood cooling is higher for different grinding time. An increase in water pressure tends to
reduce the AE,,  throughout the grinding process. These trends support the previous
observations made regarding the positive role played by a high pressure waterjet in the
reduction of wheel wear, improvement in the cleaning effect, reduction in wheel loading,
improvement in cooling/lubrication of the cutting zone and resharpening of the wheel.

3.2.3 Surface Finish

Any factor which has a positive effect on the grinding wheel should contribute to an
improvement in the surface finish of the workpiece. Fig. 11 shows a plot of R, vs. grinding
time for flood cooling and high pressure waterjet cooling. With progressive grinding time,
the surface finish deteriorates. As water pressure increases, the quality of the surface
improves for all grinding time. Stainless steel has a tendency at higher temperatures to
undergo metal adhesion to the wheel due to chemical bonding. The presence of wheel and
workpiece particles on the workpiece surface also affects the surface finish. These effects are
eliminated in high pressure waterjet assisted grinding. As a result of this and previously

mentioned reasons, the R, of the ground surface is reduced with high pressure waterjet
cooling assistance by more than 50%.

4. CONCLUSIONS

The salient features of the techniques developed for the coolant/lubricant systems based on
ultra-high pressure waterjet face milling and surface grinding operations are discussed. The
following conclusions can be deduced based on the evaluation of these systems.

In a high pressure waterjet assisted milling operation the cutting force components in the X,
Y, & Z directions reduce by about 30% to 50% with an increase in water pressure and
orifice diameter. This is caused by the improved effectiveness of the hydraulic wedge,
created by the jet lateral flow, with increase in water flow rate. Presence of waterjet close to
the cutting zone causes a reduction in tool-chip contact area and improvement in
cooling/lubrication effect. This reduces the tool wear and leads to about a 50% improvement

in R, The chips produced by high pressure waterjet cooling were small, without burrs, thin,

folded over and have bright surfaces. In contrast, chips produced by flood cooling were
blackened, large in size and more serrated.

The tangential and normal grinding force components are reduced by almost 50% by the
application of a high pressure waterjet. The jet stream, due to its high velocity is capable of
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penetrating through the air barrier surrounding the wheel, overcoming the centrifugal force,
and causing an increase in the fluid flow rate through the grinding zone. The high pressure
waterjet is also very effective in removing the adhering debris from the wheel surface, thus
reducing the wheel loading effect. As the high pressure waterjet is capable of resharpening
the wheel, the number of wheel dressings required is reduced. The positive role played by
the high pressure waterjet in reducing wheel wear and wheel loading, improving the
cooling/lubrication of the cutting zone and the resharpening of the wheel serve to reduce
the R, by more than 50%, and improve the quality of the surface. Presence of a high
pressure waterjet at the grinding zone reduces the AE signals by more than 50%. At lower
water pressures, the reduction in attritious wear plays a prominent role, whereas at higher
pressures the resharpening effect of the waterjet also contributes in the improvement of the
overall process performance.
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Table 1. Process Parameters

Face Milling Surface Grinding

Workpiece material - SS (AISI 304) Workpiece material - SS (AISI 304)
Diameter of the Cutter -50.8 mm Wheel Material - Al. Oxide
Max number of Inserts -5 (WA543-731-556106)
Number of Inserts Used - 1 Wheel Speed -30m/s
Type of the Insert Used - TPG322 (K313) Wheel width - 10 mm
Geometry of the Insert - Rake Angle = 0° Wheel Dia. - 300 mm

Nose radius=0.8 mm | Cross Feed - 0.81 mm/pass

Clearance angle 11° | Orifice Dia -0.46 mm
Type ot Cooling Used - Flood & Type of Cooling Used - Flood &

High Pr. Waterjet High Pr. Waterjet
Cutting Speed - 71.8 m/min Traverse Speed - 120 mm/s
Depth of Cut - 0.89 mm Depth of Cut - 0.062 mm
Cutting Feed - 8.9 mm/min Range of Water Pr. -0 to 165 MPa
Length of the Cut -75 mm Grinding Time -2.5,5,7.5, 10 min.
Range of Water Pr. -Oto 110 MPa
Range of Orifice Dia. -0to 0.45 mm
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ABSTRACT

Increasing environmental restrictions have created a renewed interest in the use of
ultrahigh-pressure (UHP) equipment for industrial cleaning and cutting applications. In an
effort to respond to this demand, leading manufacturers of UHP pumps have recently
introduced a new generation of direct-drive UHP pumps that are more efficient, economical
and easier to service than today's intensifier-based systems. This presentation will discuss the
recent advancements in direct-drive UHP pump technology, and focus on the advantages of
direct-drive ultrahigh-pressure pumps as compared to hydraulic-based intensifier pumps.

Organized and Sponsored by the Water Jet Technology Association.
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1. INTRODUCTION

Ultrahigh-pressure waterjet technology was first introduced into the industrial cleaning market
in the early 1980s. The adaptation of this technology can in many ways be seen as a
response to the demand for a cleaner, more environmentally friendly way of dealing with the
problems of the industrial cleaning market.

2. ULTRAHIGH-PRESSURE IN THE INDUSTRIAL CUTTING AND CLEANING
MARKET

The term ultrahigh-pressure (UHP) when used with waterjets is technically defined as those »
pumps having a working pressure in excess of 28,000 pounds per square inch (psi). With the
advancement of technology, the term UHP has generally become accepted today as those
pumps with an operating pressure ranging from 36,000 psi to 55,000 psi.

The process involves the focusing of highly pressurized water through a small orifice thus
forming a cohesive stream of water. Hand-held applications are normally limited to pressures
of 40,000 psi and below. If 55,000 psi is needed, the cutting or cleaning tool is normally
robotically controlled. The target materials are removed by the pure energy generated by the
waterjet stream which moves at speeds of 2,280 to 2,860 feet per second.

The difference between traditional 10,000 and 20,000 psi waterblasting pumps and
ultrahigh-pressure pumps is not unlike the difference between a modeirn attack fighter and a
heavy bomber. UHP waterjets are very precise. Using extremely low volumes of water (2
to 7 gallons per minute), they accomplish their mission by striking their target with a highly
focused beam of energy. Waterblaster pumps, on the other hand, saturate their target by
delivering a high volume (15 to 250 gpm) of energy over a wider target area.

UHP waterjet machines have become the standard method of choice for a specific number of
industrial cleaning applications: Tube bundle/heat exchanger cleaning of extra-tough
materials (mechanically controlled, some hand-held), surface preparation (normally
hand-held), coating removal (normally hand-held), and abrasivejet (cold) cutting
(mechanically controlled).

The reasons that UHP water is the "tool of choice" over traditional cleaning and surface
preparation methods such as solvents, acid, sandblasting, heat and high-volume waterblasting
are:

¢ Low volume of effluent: A relatively low amount of water is required in proportion to
the volume of material to be removed.

¢ Easy separation of material: In most cases, simple settling tanks will separate the water
from the paint or other substances removed.
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¢ No toxic or hazardous wastes: Besides the material being removed, UHP waterjets
produce no toxic, hazardous, or flammable substances that require special handling.

& No sand or dust: Sandblasting requires large volumes of material to be disposed of,
particularly where used on modern paint systems. Also, it is difficult to separate the sand
from the material removed, and airborne dust and silt can cause numerous problems.

¢ Improved operator safety and health: Because ultrahigh-pressure water produces no dust
or other toxic chemicals, the process alleviates workers' exposure to toxic materials. Due
to the significantly lower volumes of water generated, UHP hand tools are much easier to
handle than the high-volume, high-thrust tools typically used with waterblasters.

3. INTENSIFIER PUMPS OPEN THE UHP CLEANING MARKET

Until recently, the only commercially available ultrahigh-pressure waterjet pumps were
hydraulically actuated intensifier pumps. Since their introduction some 20 years ago,
intensifier pumps have been well accepted into a wide variety of industrial cutting and
cleaning applications.

The most common application for intensifier-based UHP waterjet pumps has been in
permanent factory cutting installations. These pumps have proven to be quite reliable in well
controlled factory environments. Where good water quality is available and routine
maintenance can be scheduled under relatively clean conditions, these pumps are often found
working around the clock. In the field however, the situation is quite different.

The performance record of intensifier pumps in field cleaning applications has been less than
perfect. Equipment used by industrial service contractors is routinely exposed to the
extremes of weather and temperature. Clean facilities for maintenance rarely exist under
field operating conditions. Contractors are often supplied with dirty or caustic water sources.
The combination of these conditions is a formidable challenge for any type of industrial field
machinery. Due to the advanced technology used in intensifier pumps, they are particularly
susceptible to failures caused by any one or all of the conditions listed above.

4. HIGH OPERATING COSTS LIMIT THE USE OF UHP EQUIPMENT

Despite the many advantages offered by UHP waterjets, the actual implementation of this
technology into industrial cleaning applications has remained somewhat limited. The reason
for this limitation is based primarily on economic reasons.

Ultrahigh-pressure intensifier pumps and their accessories have had high purchase prices and
relatively expensive operating costs. The higher cost of operation has limited the use of UHP
equipment to a specific number of problems that could only be solved by using pressures in
excess of 30,000 psi.
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In order to remain competitive, the majority of industrial service contractors continue to use
conventional lower pressure/higher volume 10,000 and 20,000 psi waterblaster pumps.

These pumps are often used in jobs where UHP waterjets could do the same job faster and
with less generated waste, but their higher operating costs result in non-competitive bids from
the equipment owners.

S. NEW ENVIRONMENTAL PRESSURES OPEN THE DOOR TO UHP

Due to a more aggressive enforcement policy by the Environmental Protection Agency (EPA)
and other related governmental agencies, many new restrictions are being placed on
traditional methods used for industrial cleaning and surface-preparation work. The use of
chemicals in stripping lead paint, for example, has come under intense scrutiny. In many
areas of the country, open-air sandblasting, when not heavily restricted, is altogether banned.
Regardless of the method being used, acid stripping, bicarbonate of soda, sandblasting, shot
peening, or low-pressure/high-volume waterblasters, the trend toward containment of cleaning
media, recycling of grit or water and a reduction of waste generation is the same throughout
the country.

The problems encountered by today's industrial service contractor lie not so much with the
method of coating removal, but rather with the amount of waste that is generated during the
process. In some geographic locations, the cost of disposal now routinely equals or exceeds
removal costs. '

In an effort to respond to this demand, many leading pump manufacturers, both UHP and
traditional waterblasters, have charged their design teams by developing a new generation
direct-drive ultrahigh-pressure pump that will be more efficient, economical and easier to
maintain than intensifier-based systems.

6. NEW DIRECT-DRIVE TECHNOLOGY LEADS THE WAY

In the development of UHP direct-drive pumps, the emphasis is on combining the reliability
and ease of service of triplex-plunger pumps with the pressures of UHP intensifier pumps.
With operating pressures ranging from 30,000 psi to 40,000 psi, many of these new pumps
have already been introduced into the market.

One of the most technically advanced direct-drive UHP pumps to be introduced into the
industrial service market comes from a leading manufacturer of intensifier equipment. This
new pump produces 6.5 gpm at 40,000 psi working pressure.

7. THE CHALLENGE OF DIRECT-DRIVE PUMPS AT ULTRAHIGH PRESSURES

Two fundamental approaches may be iakeri when designing a UHP ciirect—drive pump. One
approach is to simply take the existing 20,000 psi pump and modify the components so that
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they will withstand the greater operating pressures. This approach generally takes the
standard operating conditions found in 10,000 and 20,000 psi pumps and increases the wall
thickness and size of the components in order to withstand the higher operating pressures.

Because traditional waterblaster pump bodies are designed with low-pressure/high-volume
operational characteristics, the larger size of the pump components limits the speed at which
the pumps can operate. Since the majority of prime movers, whether diesel or electric, turn
at relatively high revolutions per minute (rpm), the waterblaster style of pump normally
requires some type of gear reduction between the engine and the pump. The average
working cycle of these pumps is 400 to 600 rpm. The design criteria for bringing a
waterblaster pump up to ultrahigh operating pressures is basically: the slower the rpm and
the higher the pressure, the larger the size of the pump components.

Another challenge faced by waterblasting pumps at ultrahigh pressures is the design of the
high-pressure seals. Most 10,000 and 20,000 psi triplex pumps are equipped with a
multi-element packing or seals. The design of the packing becomes even more complicated
when dealing with pressures greater than 28,000 psi.

8. SMALL COMPONENTS ALLOW FOR HIGH RPM OPERATION

In the case of the 40,000 psi direct-drive pump, thousands of hours of testing of high rpm
pumps was successfully combined with an in-depth knowledge of ultrahigh-pressure materials
and components. This combination of technologies led to a patent pending-design which has
allowed the pump to have relatively small high-pressure components.

The pump's small-diameter plungers make it possible to operate at much higher rpms than
waterblaster pumps are able to handle. It can easily operate at the 1700 to 2100 rpm level
found in most prime movers. The ability to run at high rpm means that the pump may be
directly coupled to the prime mover, thus eliminating the need for any type of gear reduction.

The high-pressure seal design of the pump takes full advantage of the small plunger diameter
and the ability to control the length of the plunger stroke. The seals in the pump are very
similar to the elastomer and polymer combinations found in the high-pressure seal design of
most ultrahigh-pressure intensifier pumps.

The check valve of the pump is sealed with a simple metal to metal seal that eliminates the
possibility of extrusion or erosion. The plunger seal or "dynamic" seal is made of a
polymeric material and is located at the back end of the plunger.

9. PRESSURE COMPENSATION, A LEAP FORWARD IN DIRECT-DRIVE PUMPS

The feature that most distinguishes the pump from the group of modified medium-pressure
triplex plunger pumps is its unique pressure-compensation system.
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Pressure compensation as it is applied to pumping technology basically means that the output
flow rate of the pump will be adjusted to maintain a given constant pressure. When dealing
with ultrahigh-pressure pumps, pressure compensation may also be defined as volume

control. In order to have pressure compensation it is first necessary to sense a given pressure
and then have the pump respond to it. The latter is especially critical when running multiple
tools with numerous on/off functions.

In the case of hydraulic-actuated. intensifier pumps, the pressure compensation system is
based on sensing and adjusting hydraulic oil pressure. During compensation hydraulic oil
pressure is sensed and once regulated, acts upon the swash plate of the hydraulic pump thus,
changing its displacement. The change in the volume of hydraulic fluid to the intensifier
lowers the stroke rate of the intensifier. The reduced stroke rate in turn lowers the output
volume of water while maintaining the preset working pressure.

If an intensifier pump is placed in an idle or dead-head mode (where working pressure is.
maintained but the out