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FOREWORD

The mission of the Water Jet Technology Association is to advance the state of the art of water jet
technology. Water jet technology has made significant contributions to industry productivity, and the
pace of improvement is accelerating. One method of advancing the art is to provide a forum where
innovative people engaged in water jet technology can meet and discuss new insights and applications.
The publication of a record of these discussions encourages others to use their ingenuity to gain more
insight into water jet technology and to explore new applications of the technology. The present volume
is the seventh in a series of published proceedings dating back to 1981. We proudly offer the
Proceedings of the 7th American Water Jet Conference as evidence that water jet technology is a vibrant
technology with a bright future. We expect that many readers will be inspired to investigate water jet
technology. We trust that they will find more applications for this exciting technology and thereby
increase the effectiveness and productivity of society.

GEORGE A. SAVANICK, Ph.D.
President
Water Jet Technology Association

Since 1972, when the 1st International Symposium on Jet Cutting Technology was held in the U.X., the

~ water jet technology has rapidly spread worldwide and with it the appetite for more knowledge, as

evidenced by the fact that there are more conferences in the field than ever before and the founding of
a new International Journal on Water Jet Technology. I am confident that this Conference, like the ones
before, will make it possible to share the knowledge gained around the world, as indicated by the large
number of papers from many countries presented and included in this publication.

The success of the Conference is due to sharing of the work by many individuals in the Organizing
Committee, the Conference Administrators and the International Advisors. However, this "Foreword"
will be incomplete without special gratitude to Dr. Mohamed Hashish, the Conference Chairman, and
his associates Dr. Andrew Conn, Prof. Thomas Kim, Prof. Thomas Labus and Prof. Mamidala Ramulu,
the Conference Co-Chairmen.

I am indeed fortunate, privileged and honored to write this "Foreword.” I am sure you will go home,
like I always do, better informed and better equipped to pursue and enhance the areas of your interest
in water jet technology. I sincerely thank you for enriching the Conference by your presence and 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

The proceedings for the 7th American Water Jet Conference is being presented in two volumes
due to the record number of papers received - 71. These papers were presented in three main
sessions at the conference: a general technology session that was held concurrently with two
workshop sessions on manufacturing and contractors’ applications.

The papers in this proceedings reflect the great advances that have been made in waterjet
technology over the past 20 years. In the 1970s, major advances were related to waterjet tool
and process developments primarily for mining, construction, rock cutting, cleaning, and a few
manufacturing applications. A conference proceedings in the 1970s typically contained an
average of 35 papers. In the 1980s, most advances that occurred were related to the introduction
of the abrasive-waterjet technology. The number of papers presented at jet cutting conferences
jumped noticeably to about 50 papers per conference, and the word "machining” started to
replace the word "cutting" in many papers, due to the fact that the main applications for
abrasive-waterjets were found in manufacturing where more accurate material removal was
required. The increased number of papers may also have been due to the increased number of
applications for both waterjets and AWJs.

In the 1990s, especially with this conference, we have observed another major jump, but we are
not able to attribute it to a single factor. It is my opinion that the technological advances in the
1990s will not be singular and will be realized with the development of abrasive suspension jets,
Jow-cost high-pressure direct drive pumps, and 3-D machining systems for the average size
machine shop. Both nuclear and demilitarization applications will grow significantly in the
1990s, requiring further developments in nonabrasive jetting techniques. The need for these
developments and for the continuing evolution of existing technologies to enable reliable and
widespread use is more important to the growth of jet cutting technology than is the seeking of
alternative approaches.

The success of this conference belongs to every participant. I would like to thank the authors
for their technical contributions and for making these proceedings possible. A special thanks
goes to those authors who are not proficient in English but yet elected to write and share their
findings with us. The great professional and tireless efforts by David Birenbaum & Associates
in organizing this conference have been most critical to its success. I would especially like to
express my gratitude to Mark Birenbaum, Ken Carroll, LeAnn Hampton, Rhonda Stevens, and
Jan Tubbs. I would also like to acknowledge the help and guidance of the conference co-
chairmen: Dr. Andy Conn, Dr. M. Ramulu, Professor Thomas Kim, and Professor Thomas
Labus. The assistance of Dr. Pawan Singh, Dr. Ed Ting, and Dr. Mohan Vijay was most useful
in developing the subject index. Thanks are also due Kristie Hammond and Christa Ramey at
QUEST for their assistance on this project. Finally, I must express my continuing gratitude to
my wife, Nadia, for her ongoing patience and understanding. ‘

MOHAMED HASHISH, Ph.D
Editor & Conference Chairman
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SURFACE STRUCTURE AND KERF GEOMETRY
IN ABRASIVE WATER JET CUTTING:
1 | ~ FORMATION AND OPTIMIZATION
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Institute of Material Science ™
University of Hannover, Hannover, Germany

ABSTRACT

produced by cutting with abrasive water jets are discussed.

profile in the region of rough cutting.

cutting during the cutting process.

between the surface structure and the physics of the cutting process.

In this paper the physics of the formation process and the characteristics of a surface

Using Fourier transformation the geometric structure of the cut surface is ana.lyséd and
~ characterised at first. While the surface profile in the region of finish cutting is random and
is dominated by the surface roughness, the grooves are the main component of the surface

Afterwards, the cutting process which leads to the formation of the geometric structure of
a cut surface, is investigated threé-dimensionally by interrupting the cutting procedure and
by attacking a second sample by the jet when leaving the work piece. It was observed that
the jet oscillates unsteady perpendicular to the direction of traverse in the region of rough

Based on the results described above the formation process of the surface produced by
cutting with abrasive water jets is discussed. It was found, that there is a strong correlation

* Head of Institute: Prof. Dr.-Ing. H. Haferkamp

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

Machining quality in case of cutting procedure in general can be characterised by the
change in material properties, the topography of the generated surface and the geometry
of the kerf.

Due to the special advantages of abrasive water jet cutting especially metallurgical and
thermal effects are not relevant (Blickwedel et al., 1989 and Hashish, 1989).

The geometry of the kerf includes the rounding at the inlet (Guo et al., 1992), the forma-
tion of the burr of ductile materials (Groppetti et al., 1992) and the formation of the
chipping of brittle materials at the bottom (Guo et al., 1992) as well as the width and the
straightness of the kerf (Matsui et al., 1990 and Guo et al., 1992). Although the geometry
of the kerf is a characteristic criterion for abrasive water jet cutting, it may occur under
certain conditions and can be reduced or optimised by means of suitable cutting condi-
tions.

The surface topography of a cut by abrasive water jets, characterised in Figure 1, origi-
nates from the physics of the cutting process. Many authors have attempted to analyse and
to describe the surface structure.

Blickwedel et al. (1990), Kovacevic (1991) and Singh et al. (1991) reported experimental
results. Chao et al. (1992) discussed the correlation between the vibration of the nozzle
and the waviness of the surface profiles. Using visualisation data from Hashish (1984) Tan
(1986) formulated a model describing the surface structure. In a recent paper, Hashish
(1992) presented a physical model to describe the phenomenon of waviness (striation),
which is also based on the cutting process developed by visualisation (Hashish, 1988). The
model shows a qualitative agreement with experimental data of surface waviness.

As described above the formation process of the surface structure is not completely under-
stood up to now, even though some investigations on the cutting quality have been con-
ducted.

The cutting quality is influenced by internal and external effects. The vibration of the
work piece or the nozzle and the fluctuation of cutting parameters can be described as
external influences. The physics of the process is the internal effect. This paper focuses
essentially on the physics of the process.

Figure 2 shows the main factors affecting the cutting results. The cutting results, that
means the cutting efficiency and the cutting quality, are caused by the interaction between



the abrasive particles, the target material and the abrasive water jet, which depends on the
parameters such as pressure, nozzle diameter, abrasive flow rate and geometry of the focus
as well as the hydrodynamics of the three phases jet while cutting. These three determi-
nant factors influence each other temporarily and locally.

In this paper, the cutting process that leads to the formation of the surface structure, will
be analysed three-dimensionally. The characteristics and the formation process of the cut
surface produced by abrasive water jets will be discussed. The surface structure will be
correlated with the cutting process. The influence of important parameters on the topog-
raphy of the surface and aspects of the optimisation in abrasive water jet cutting will also
be addressed to produce a surface with high quality.

2. ANALYSIS OF SURFACE STRUCTURE

The structure of each technical surface documents their formation progress (von Wein-
graber et al. 1989). To investigate this process and to identify the important parameters
influencing the surface structure, the surface produced by abrasive water jet was analysed
at first. The surface profiles were measured by an optical non-contacting laser surface
measuring system (Model RM600, manufactured by Rodenstock Company) and analysed
with aid of Fourier transformation.

2.1 Characteristics of the Cut Surface

Figure 3 shows the surface profiles of an aluminum sample measured at several typical
depth. To eliminate surface structure caused by the jet deflection in the lower part of the
cut, the sample was cut through completely. To ensure this, the thickness of the sample was
80% of the kerfing depth obtained with the same cutting parameters as given in Figure 3.
The thickness of the material was 29.5 mm.

Figure 3a gives the surface profile 5 mm below the top of the work piece. This surface
profile is typical for the zone of finish cutting (see Fig. 1). While the surface profile at the
depth of 15 mm (Fig. 3b) represents the transition region from finish cutting to rough
cutting, the surface profile at the depth of 20 mm (Fig. 3c) is located in the region of rough
cutting. The last picture (Fig. 3d) shows the surface profile at the lower part of the cut (27
mm).



The amplitudes of surface profiles increase with the depth of measuring position. In the
finish cutting region at the top, the surface profile is more random. In lower parts of the
cut, however, the profiles are characterised by periodical appearance of peaks and valleys.

Fourier spectral analysis has been used to investigate the causes of this surface structure.
The power spectra belonging to the surface profiles described in Figure 3 are presented in
Figure 4. The horizontal scale shows the frequency of waves in 1/mm, which gives the
number of waves per length unit. Inverse frequency delivers the wave length. The vertical
scale is the power spectral density, which expresses the relative amplitude of waves at the
frequency f. In the presentation of power spectra the Fourier-coefficients (from 1 to 10,
that is equivalent to the frequencies up to 0.179 [1/mm]) representing the component of
the surface profile with the large wave length, were omitted. A more detailed investigation
shows that these long waves are caused by external effects like nozzle vibration etc. (Guo,
1993), so that the characteristics of surface caused by the cutting process can be described
separately. Beside this the coefficients at higher frequencies than 5 [1/mm] are only rele-
vant to the surface roughness produced by the acting of single particles.

From these power spectra the characteristics of surface produced by abrasive water jets
along the depth of the work piece are clearly presented. In the upper part of cut (Fig. 4a)
the spectrum distributes in a broad range of frequency and does not show a significant
difference compared to the components with different wave length. This means, that the
surface profile is almost random and does not possess a characteristic wave length.

With increasing depth of measuring position the spectral distribution is concentrated in a
narrow range of frequency (Figure 4c and d, range of frequencies about from 0.179 to
0.804 [1/mm]), which demonstrates a dominant harmonic component in the surface pro-
files. This dominant component will be more and more marked when measuring in increas-
ing depth. It is also obvious, that the highest peaks of power spectra are found approxi-
mately at same frequency for different depth of cut in the region of rough cutting. Figure
4b shows the spectrum for the surface profile in the transition zone, in which the character-
istics of surface change from random surface profiles to surface profiles with dominant
components.

The surface characteristics presented above are created by the cutting process itself. In the
upper part a comparatively continuous cutting wear mode dominates the material removal
process (Hashish 1988). The material removal results essentially from the sum of each
micro-removal by abrasive particle. Therefore the surface profile is random and charac-



terised by the surface roughness. The roughness value of the surface depends on the inter-
action between the abrasive particle and the target material.

In the transition zone steps begin to form (Hashish, 1988 and Blickwedel, 1990). After this
the cutting process is dominated by the development and motion of steps, which will be
discussed later in detail. With regard to this fact the surface structure is dominated by
waviness.

Using Fourier synthesis the dominant wave components of the surface profile can be
reconstructed by inverse transformation of Fourier-coefficients from significant ranges in
Figure 4. For example, Figure 5 shows the comparison between the measured profile of
surface (Fig. 5a), the reconstructed profile of surface (Fig. 5b, synthesis using all coeffi-
cients) and the dominant wave component (Fig. Sc, synthesis using the coefficients from
10 to 45, that corresponds with frequencies from 0.179 to 0.804 [1/mm]) at the depth of 20
mm, which is equivalent to the measuring positions in Figure 3c. It demonstrates clearly,
that the profile produced by inverse transformation of Fourier-coefficients is the same as
the measured one. The curvature of the retransformed wave component shows an similar
behaviour as the measured surface profile. This means, that the surface profile is dominat-
ed by the wave component.

" 2.2 Correlation between Cutting Parameters and dominant Wave Component

" The frequency and the amplitude of the dominant wave component as well as the surface
profile depend strongly on the cutting parameters and the thickness of the work piece. A
variation of the diameter of the jet, which is related tb the diameter of the focus, influ-
ences substantially the characteristics of the dominant wave component.

Figure 6 shows the measured pfofiles of surfaces cut by three different focus diameters
(0.6, 0.9 and 1.25 mm) at corresponding measuring position. The related power spectra
from Fourier transformation are illustrated in Figure 7.

It shows, that the frequency of the dominant wave components decreases with increasing
focus diameter. Indeed there is a strong correlation between focus diameter and the fre-
quency (wave length) of the significant wave component (see the schematic drawing at the
bottom of Fig. 7). With increasing focus diameters the significant signal of power spectra is
displaced to lower frequencies (larger wave length). That means, that the wave length on
the cut surface is affected by the focus diameter. This effect is illustrated in Figure 8 by
examples of cutting of an aluminum alloy. At focus diameters of 0.6 and 1.25 mm the
picture shows clearly the different sizes of the grooves. V



2.3 Influence of Parameters on Topography of Surface

With regard to the analyses mentioned above the cut surface is in general composed of two
regions according to the structure of the surface in case of the rough cutting. The surface in
the upper part is dominated by the roughness, which is depending on the interaction
between single particle and material. The grooves dominate in the lower part of the cut
surface. They are caused by the behaviour of the jet itself. The cutting parameters must
have an influence on the topography of the surface.

To describe the surface topography in both regions the arithmetic mean deviation of the
profile R, was chosen. This parameter has the advantage, that the typical appearance in
both regions can be described by the same parameter as long as the transfer function of the
roughness measurement equipment is fit correctly to the expected roughness data. For the
tests a cut-off of 8 mm was used. This means, that stochastical as well as periodical parts of
the surface profile up to a wave length of 8 mm will be transferred by more than 75%. In
this way the R,-value in the upper part of the cut surface is dominated by the microstruc-
ture (roughness) and in the lower part by the macrostructure (waviness), and the measured
data are comparabile.

For instance, the surfaces of an aluminum alloy cut with two different focus diameters
were measured. The results are given in Figure 9. In this case the depth of kerfs are nearly
equal. In the upper part of the cut the R,-value increases just slightly with increasing depth
of cut. The difference between the R, -values for the focus diameters of 0.6 mm and 0.9
mm demonstrates once more the effects of the particle size. The abrasives used at the
focus diameter of 0.6 mm were smaller than at 0.9 mm. If a specific cutting depth is ex-
ceeded, the general behaviour of the curves shows a rapid increase of R,-values with
increasing depth of cut. A focus with a larger diameter leads to increasing values. The
reason will be discussed in the following chapter.

In case of finish cutting the surface quality is characterised by the surface roughness, which
is influenced by the particle size (Fig. 9). The influence of the particle size of the abrasive
(Garnet) on different materials is shown in Figure 10. It gives the arithmetic mean devia-
tion of the profile R,, which is measured at the depth of 2 mm with a cut-off of 0.8 mm,
versus the average particle size for aluminum alloy (3.4364), titan alloy (TiAl6V4) and
ceramic (AlyO3). The roughness increases with increasing size of the particles. However
the values are influenced by the sample material. The value R, is a characteristic data for
the combination of target material and abrasive particle (material, shape and size).



3. VISUALISATION OF CUTTING PROCESS

Using high-speed camera Hashish (1988) and Blickwedel (1990) observed the interaction
between the abrasive water jet and the work piece in transparent material while cutting. It
was observed that a steady-state interface exists at the top of the kerf. This zone is termed
as cutting wear zone, in which the material removal occurs by particle impacts at shallow
angles. In the lower part, however, a step is formed in the material and so a more discon-
tinuous deformation wear process is dominant. '
The cutting process leads to the two characteristic surface regions. While the upper part is
free from jet-induced structures, in the lower part the deformation wear mode leads to the
striation marks as characteristic structure (Hashish, 1988 and 1992).

The observation was only conducted in plane constituted by the direction of traverse and
the direction of jet. However, the interaction between the abrasive water jet and the target
material is three-dimensional. To understand the cutting process completely, in particular
the formation of the surface topography, a three-dimensional observation of the interac-
tion between the jet and the material had to be carried out.

3.1 Inclination of Jet

By interrupting the cutting procedure a leading edge was obtained. This appearance
demonstrates the interaction between the jet and the material at a certain moment and
gives information about the formation and movement of the step during the cutting pro-
cess. This step is illustrated in Figure 11 at perspex, which shows the formation and the
moving of the step in the direction of the traverse and perpendicular to it. The formed step
is deviated from the original axial direction of the jet during the cutting process (right
picture). This phenomenon was also observed at different materials such as aluminum
alloy, titan alloy, steel and ceramic materials.

3.2 Oscillation of Jet

To quantify the motion of the steps tests were carried out to attack a second sample by the
jet after leaving the work piece. This experiment is given schematically in Figure 12 on the
right. The material to be cut was perspex of different thicknesses. Beneath the perspex a
steel sample was positioned, loaded by the jet emerging after cutting through the perspex.



The traces of removed material at the steel sample represent the distribution of the inten-
sity of the jet emerging from the kerf of perspex sample at different thicknesses.

Figure 12 on the left shows the traces of material removal at the steel sample. In this case
the thickness of the perspex sample amounted to 75 percent of the depth of kerf. The
traces of material removal caused by the emerging jet can be seen as a series of dents of
removal at the steel sample. It demonstrates that the process is periodical, discontinuous
and three-dimensional. It is evident, that the dents are either found at the midline in turns
- nor form a continuous line. They oscillate unsteadily. This corresponds with the illustration
in Figure 11.

The trajectory of the moving of the step is dependent on the local loading condition, which
is caused by the jet and by the geometry of the target material at the loading position.
While the step begins to incline to one side from the midline in the first cycle, the next step
will be propelled by the jet to the other side. This recurrent oscillation of the step move-
ment occurs in the course of the cutting process and is due to the erosion effects. The
amplitude and the frequency of this oscillation are essential dependent on process parame-
ters as seen before.

By cutting perspex of different thicknesses it can be observed, that this oscillation of the
traces will be observed only when the thickness of perspex sample is larger than the zone
of finish cutting. In this case the amplitude of the oscillation of the traces increases with
the material thickness to be cut. This phenomenon is caused by the inclination of jet during
the progress of cut and proves that the inclination and the unsteady oscillation of the steps
start with the beginning of the formation of the steps.

4. FORMATION OF SURFACE TOPOGRAPHY
4.1 Correlation between the Surface Structure and the Cutting Process

From the analysis of the surface structure in the lower region of the cut surfaces described
above a wave component was detected, which dominates the surface profile. The visuali-
sation of the cutting process illustrates, that the abrupt oscillation of the jets around the
midline occurs periodically during cutting. To examine the influence of the cutting process
on the surface structure, the cut gaps at different depth are given in Figure 13. The surface
profiles present the measured data and their dominant wave components are made by the
inverse transformation of Fourier-coefficients in the significant range illustrated in Figure



4 (synthesis using the coefficients from 10 to 45, that corresponds with the frequencies
from 0.179 to 0.804 [1/mmy]). Underneath an example of the appearance of the cut looked
from the bottom is represented.

It demonstrates clearly, that the wave component dominates the profile of the surface. The
oscillation of steps can be recognised easily from the structure of the cut gaps. Because the
cut gaps show clearly an oscillation, which is in accordance with the physics of the cutting
process observed above, the wave component is caused by the unsteady oscillation of the
jet during the cutting process. The steps are moved by the jet with a lateral inclination,
therefore the amplitude of the oscillation as well as the amplitude of the dominant wave
component will increase with increasing depth of cut. However, the length of the dominant
waves remains nearly constant (see Fig. 4). As Figure 7 demonstrates, the wave length
depends on the diameter of the jet.

Comparing the whole surface profile and the waves (groove), another component of sur-
face profile can be found. Its wave length is smaller than the wave length of the groove
and larger than the "wave length" of the surface roughness. v

To examine the formation of this component, the surface profile at the depth of 20 mm,
where all of the components can be observed clearly, was reconstructed by Fourier inverse
transformation. The result is given in Figure 14 (on the left). The formation process of the
surface structure is illustrated schematically on the right.

As described before the grooves (Fig. 14¢) are reconstructed by synthesis using the Fourier
coefficients in the significant range of power spectrum (from 10 to 45, that corresponds
with frequencies from 0.179 to 0.804 [1/mm)]). The surface roughness (Fig. 14a) will be
reconstructed by synthesis using'the coefficients higher than 300 (frequencies higher than
5.357 [1/ mrn]). That means that the "wave length" of the roughness is smaller than 0.187
mm, which is in accordance with the half of the average diameter of the abrasive particles.
The formation process of these both components was discussed as before.

The coefficients of power spectrum from 46 to 299 were transformed inversely and the
obtained component of the surface profile is illustrated in Figure 14b. It shows a convex
form, which is caused by the overlapping of penetrations of the adjacent jets. This part of
the surface profile with relative small wave length will be called as the striation.

The Combination of the three components gives the whole surface profile (Fig. 14d). The
roughness dominates in the upper part of the surface and the wave component (groove)
dominates in the lower part.



4.2 Formation Process of the Surface Structure

The effects described above occurs during the cutting process not separately but con-
certedly. Figure 15 shows a general view of the surface formation process.

The surface topography is formed by the cutting process, which is caused by interaction
between abrasive particles, abrasive water jet and the material. They influence each other
during the cutting process.

The interaction between the single abrasive particle and the material, which is based on
the abrasion and erosion by solid impact, leads to a material removal. This micro-chipping
process leads to the microstructure of cut surface (surface roughness), which dominates
the surface profile in the region of finish cutting but can be detected in deeper regions too.

The macroscopic geometry of the cut surface results from the accumulation of removals of
material by impacts of single particles. During the cutting process the geometrical condi-
tion of the interaction between abrasive particles and material is changed temporally and
locally. This influences the abrasive water jet flow and so the motion of the particles lead-
ing to the formation of three-dimensional steps.

With the beginning of the formation of steps at a specific depth of cut the formation proc-
ess of the cut surface is dominated by the shape of steps and by the hydrodynamics of the
jet. On one hand, the formation process of steps and their overlapping in the direction of
traverse leads to a striation component of the surface profile. On the other hand, the incli-
nation and unsteady oscillation of the jet lead to a three-dimensional development and
movement of steps during the cutting process. This motion of steps causes the formation of
grooves, which are essential characteristics of surface profiles in the region of rough cut-
ting.

In addition external influences (vibration of nozzle or work piece) affect the structure of
the cut surface depending on the kinds of the external influencing factors (Guo, 1993).

The geometry of the cut surface consists in general of surface roughness, striations,

grooves and additional external effects. The proportion of each components varies along
the depth of the cut as described above. Their superposition leads to the surface profile.
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5. CONCLUSIONS

From investigations described above the topography of the surface, which includes the
surface roughness, striation and groove, varies along the depth of the cut. In case of just
cutting through the surface can be in general characterised by the region of finish cutting
and the region of rough cutting according to the structure of the surface. While in the
region of finish cutting the surface is quite smooth and random, there is an increase rough-
ness due to striations and grooves in the lower part of the cut.

The physics of cutting process is dominated in the region of finish cutting by a continuous
micro-chipping process. In the region of rough cutting, however, the formation and the
motion of steps dominate. The cutting process takes place discontinuously and three-
dimensional in case of rough cutting. The jet inclines and oscillates unsteadily perpendicu-
lar to the direction of traverse during the cutting process.

There is a distinct correlation between the surface structure and the physics of cutting
process. While the surface roughness is caused by the interaction between single particles
and material and the striation with short wave length is formed by the overlapping of
penetrations of the adjacent jets, the inclination and the unsteady oscillation of the jet lead
to the formation of grooves with large wave length. While the surface is dominated by the
surface roughness in the upper part, grooves are the main component of the profile in the
lower part of cut.

The particle size influences essential the surface roughness. The frequency (wave length)
of the grooves as well as the frequency of the striations are largely depending on the
diameter of the jet. Beside these, other cutting parameters may affect the surface profile.
Their quantitative relations will be the subject of further investigations.
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Fig. 2: Schematic of Interaction in Abrasive Water Jet Cutting
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Fig. 3: Surface Profiles at Various Depth of Cut
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ABSTRACT

This study describes the investigation of the formation of surface topography during abrasive
waterjet cutting. We observed that the direction of cutting dramatically changes the striation
pattern in the waterjet cutting system been study. The power spectral of surface topography
shows a dominant frequency when cutting was done in the Y direction and multi-peaks when
cutting was done in the X direction and the amplitude are much different. The amplitude of the
dominant peaks were found generated at different cutting speeds to be second order polynomial
function of the distance from the top of cut.

A series of experiment were carried out. It was found that the machine vibration is the main cause
of striation formation in the abrasive waterjet cutting system. The motor-drive system and
rack/pinion transmission were identified as the sources of vibration which cause severe striation
marks on the kerf edge.

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

Abrasive waterjet (AWJ) machining is a relatively new manufacturing technique. Due to
acceptable cutting speed, absence of a heat-affected zone and thermal distortion, and the ability to
cut all materials of interest, AWJ is widely used in a number of industrial applications. AWJ has
the potential of becoming one of the principal material removal technologies, however, several
shortcomings substantially inhibit the use of this technology.

One of the principal deficiencies of AWJ is excessive ‘waviness (striation) of generated
sidewall surfaces. Usually, the sidewall surface generated by AWJ consists of a smooth upper and
a wavy bottom zone (Blickwedel et al., 1990, and Hunt et al., 1988). The upper smooth zone has
a random, moderately isotropic texture, with a height distribution that is nearly Gaussian. The
surface quality in this zone is comparable to the quality generated using milling and turning
techniques (Matsui et al,, 1990). The depth of the upper zone depends on the specific energy
delivered by the jet per unit of workpiece area. Reductions of the cutting speed or increase of the
jet velocity results in deepening of the smooth zone. A desirable surface finish can be obtained if
the thickness of the workpiece is less than the depth of the smooth zone, otherwise additional
finishing operations are required (Souda, 1990, and Zhou et al., 1992). Obviously, striation
phenomenon substantially reduces practical application of AWJ technology and minimization of
this problem would constitute a substantial improvement in material shaping.

Striation formation is a phenomenon typical to all existing high energy beam technologies.
The general pattern observed on surfaces generated during laser, plasma, and flame cutting is
similar to that generated by AWJ. Despite the importance of elimination or minimization of this
phenomenon, the knowledge of the mechanism of striation formation is inadequate.

The current explanation of AWJ generated striation is based on the experiment of Hashish
(1984 and 1988), involving visualization of AWJ cutting of transparent materials. In this
experiment, the author attempted to demonstrate the existence of two modes of jet-workpiece
interaction, as well as the periodic character of this interaction. Thus, striation appears at the
portion of a workpiece below the level of the transition between the two modes. Using this
observation, Hashish suggested that the cause of striation is the change of the mode of material
destruction. He also presented a detailed theory based on the above hypothesis. This theory was
accepted by the most of the waterjet research community, and used for an explanation of the
factors pertinent to striation formation.

From Hashish's experiments, it follows that striation is an intrinsic feature of AWJ machining
and thus its elimination appears to be impossible. This conclusion is shared by the community of
waterjet researchers. Little additional study is being reported and the technology appears to be
encumbered by this important practical limitation.

More recently, Hashish (1991) hypothesized that striation can be caused by changing
operational conditions during cutting, These conditions include water pressure, abrasive flow rate,
and traverse rate. During the early phase of our experiments we observed other conditions that
influence the formation of striations. For example, the direction of cutting dramatically changes
the striation pattern. It was also found that the entire kerf geometry has a periodic character.
These observations together with the general formation of striation with all beam machining
techniques enabled us to suggest that motion control and robot vibration might contribute, at least
partially, to the striation formation.

This hypothesis formed the basis in this study. In the experiments to be described, we studied
the dynamic motion of the cutting head, as well as cutting of different materials attempted to
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correlate this information with the observed striation. The study of the robot dynamics showed
that the vibration in the nozzle guidance system is the main cause of the normally observed
striation formation. This information makes imperative the development of means for vibration
reduction, which would lead to suppression of striations, or at least greatly extend the depth of
the smooth zone.

2. EXPERIMENTAL SETUP AND METHODS

The waterjet machine made by Ingersoll-Rand company was used in this study. This system is
based on (Figure 1) a S-axis gantry robot. The cutting head is mounted on the gantry. The
translation along the X-axis is controlled by a rack and pinion system. For translations along the
Y- and Z-axes are controlled by two motorized ball-screws. Two rotary axes, perpendicular to
each other, one in the horizontal (i.e. the pitch motion) and the other one in the vertical direction
respectively (i.e. the roll motion), permit angular displacements within 200 and 360 degrees. The
5-axis motion of the cutting head is controlled by an Allen Bradley 8200 series CNC controller.

The surface topographies of all the samples are measured by the Matrix Videometrix
Econoscope. It comprises a general purpose computer (HP-9000 series), a 3-axis positioning
control system, and a digital image processor and part monitor section. The data representing the
surface profiles include the X, Y, and Z coordinates of the measured points. They are stored in the
computer and then downloaded to a 80386 based personal computer via the RS-232 port for
further analysis.

A non-contact laser displacement meter (LDM) LC-2010 made by Keyence Corp. was used
to measure the nozzle displacement. The LDM was held by a vise and placed on the top of the
catcher. The laser beam was pointed to a flat surface on the cutting head. The analog output data
of the LC-2000 controller was displayed on a Nicolet digital oscilloscope and then downloaded to
a PC via the RS-232 port for further processing.

2.1 Compliance Measurement

Compliance is the ratio between the displacement and input force. In robotics, it represents the
flexibility of the robot in the force-applied direction. The compliance is an inherent characteristic
of a robot (ElMaraghy et al., 1988). In the waterjet cutting system, the cutting head is mounted
on the frame of the gantry robot. The robot structure is subjected to the force induced by the jet.
If the robot structure is not sufficiently rigid, it is possible that the structure resonance is excited
when the jet is on. The compliance was measured at four locations as shown in Figure 2 by using
a force transducer to push the robot as the source of displacement. The displacement at the
corresponding position was measured by LDM. The force versus displacement plot is depicted in
Figures 3a-3d. It can be noted that the displacement at the location "a" is higher than that at other

three sites. This phenomenon most probably is due to the soft wrist element in the rotational joint
A.

2.2 Modal Testing

The compliance represents the static characteristic of the structure. Thus its values were used to
evaluate the flexibility of structure in the direction in which semi-static forces were applied. The
dynamic characteristics of the structure can be determined experimentally or theoretically. For a
simple system such as a single mass-spring-damper system, mathematical description of the
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dynamic behavior is readily available. For a complex system such as the 5-axes robot, theoretical
construction of a mathematical model is difficult. An experimental technique is used to identify the
vibration characteristic of this system. The experimental determination of vibration behavior is
termed modal testing. The natural frequency of robot upper arm in X and Y directions are shown
in Figures 4a and 4b. These frequencies are 20 and 26 Hz, respectively. The modal testing result
of end-effector is shown in Figure 4c. Frequencies of 1 Hz and 3.5 Hz were observed.

3. RESULTS AND DISCUSSIONS

3.1 Spectral Analysis of Surface Profiles
Two titanium samples of 20 mm thick that were generated at identical process parameters but at
the different directions of nozzle motion. The observed patterns of the striation marks are quite
different. The surface profiles were measured from 2 mm (at the top of cut) to 16 mm (almost at
the bottom of the cut) from the top of sample. The power spectral density functions of the surface
profiles are depicted in Figures Sa and 5b, respectively. The cut-off frequency 4.33 Hz was
selected since all the amplitude above the cut-off frequency are much smaller than the amplitude
of lower frequencies.

Figure 5a shows the surface spectra of the sample that was cut in X-direction. At the depths
14 mm and 16 mm multi-peaks distributed in frequency range from 0 to 2 Hz are observed while
at the frequency above 2 Hz and the surface spectra of depths 2 mm to 12 mm, no clear peak can
be identified. The sample that was cut in the Y-direction shows only a single peak at the frequency
of 1 Hz for all depths, as shown in Figure 5b. It can be readily noticed that the amplitude of
power spectral density functions of sample cut in Y-direction is much larger than that of sample
cut in the X-direction.

3.2 Effects of the Cutting Parameters

Due to the different striation patterns generated when cutting was done in the different directions,
experiments of cut steel sample with different speeds at the same location, and with the same
cutting speed but at different locations were carried out to determine the effects of structural
dynamics on surface topography. Figure 6a shows plot of surface amplitude versus cutting speeds,
for samples cut at same location of the 5-axes waterjet machine. It can be noticed that amplitude
at different depths can fit a second degree polynomial function and the trend is same for different
cutting speeds but amplitude increases with higher cutting speed. This is due to the jet penetration
rate decreases as the depth of penetrate increases and the penetration rate is decreasing linearly
with the depth of penetrate. Figure 6b illustrates that the surface dominant frequency is subject to
small changes when cut with different speeds. Table 1 shows the dominant frequencies of samples
cut with same cutting speed, but at different locations. It can be noticed that except for the first
cut which shows a higher dominant surface frequency, these frequencies are almost same when
cutting is done at same location, but the frequency changes significantly with the change of
cutting location.

3.3 Dynamic Characteristics of the Robotic Traverse System

Because the dominant striation frequency is independent of the cutting speed and the compliance
shows joint A (rotation about Y-axis) has the highest compliance, as shown in the Figure 3, we
can suggest that the periodicity of the striation marks is due to jet exciting the pitch resonance of
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end-effector. The different dominant frequencies generated at different locations are probably
caused by different dynamic characteristics of the gantry robot at various locations. To prove this
hypothesis, the natural frequencies of the waterjet cutting system in X and Y directions were
determined by the modal testing, as shown in Figure 4. From Figure 4c it is apparent that 1 Hz
frequency of vibration matches the surface dominant frequency and is the main cause of the
striation marks when cutting is done in the Y-direction.

3.4 Vibrations Measured Under Machine Dwell Conditions

The vibration signal measured at the nozzle tip under machine dwell conditions was also
investigated. The signal appears while the drive was on, but after turning off the drive of traverse
system, the signal disappeared immediately. It was then suggested that there is a small but
measurable vibration which appears once the drive is turned on without the robot movement and
without the jet flow. It was noticed also from the read-out of the LDM controller that the
vibration in the X-direction has a larger amplitude (about 20 pm.) than in Y-direction and it is
periodic, as shown in Figures 7a and 7b. It was found also that the 1 Hz frequency of the vibration
signal is the dominant frequency of the vibration measured at the nozzle tip in X-direction which
matched the 1 Hz frequency measured from modal testing as well as the surface dominant
frequency. Thus we can assume that the 1 Hz frequency measured in modal testing experiment is
not a natural frequency of the end-effector but was some other cause and the 3.5 Hz frequency is
the lowest mode of the end-effector.

Further experiments involved measuring the vibrations at three other locations with the
machine in a dwell status (b, ¢, d in Figure 2). The plots of the displacement and the
corresponding spectrum are depicted in Figures 7b, 7c, 7d, 7f, 7g and 7h. The vibration that was
measured at location "b" (Figure 7b) shows the same dominant frequency and about the same
amplitude as the vibration measured at the location "a" (Figure 7a). The vibrations measured at
the locations "c" and "d" (Figure 7c and 7d) show much smaller amplitudes than the vibrations in
locations "a" and "5" and do not have single dominant frequencies as do the vibrations in
locations "a" and "b". Thus the dominant frequencies measured at locations "a" and "5" matched
the dominant striation frequency when the cutting was done in the Y-direction of the waterjet
machine. The power spectra of the vibration measured at locations "c" and "d" had multi-peaks.
The characteristic agrees with that of the surface spectra generated when the cutting was done in
the X-direction of the waterjet machine. These results clearly indicate that the cutting head
vibration of force type is the main cause of striations in the waterjet machining studied.

3.5 Source of the Vibration

To identify the source of the forced vibration, we examined the driving mechanism of the waterjet
machining system. As shown in Figure 8, the motors that enabled manipulating the end-effector in
X- and Y-directions were mounted on the support frame of the gantry robot, with their axes along
Y-direction. The translation of the cutting head in Y direction is activated by the motor Y through
a ball-screw. The cutting head translation in the X direction is activated by the motor X through a
pinion-rack mechanism. The vibratory motion of the cutting head was not due to the pitch motor
(which rotates the cutting head about a horizontal axis as shown in Figure 9) because the
vibrations measured at location "a" and at location "5" were almost the same in magnitude. The
vibration displacement at location "a" should have been much larger than that at location "3" if the
pitch motor had been a main source of vibration. The roll motor ( which rotates the cutting head
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about a vertical axis marked by B in Figure 8) was not a cause of the cutting head vibration for
the same reason. Motor Z was not the main cause because if this was the case, then the vibration
spectra measured at locations "a", "b", "c" and "d" should all have had a high degree of similarity
due to the Z direction of this motor's axis. It can be concluded that motor X and motor Y are the
main sources of mechanical structure vibration in the waterjet machining system used in our study.
The excitations from these two motors could be due to the motor vibration in the direction
perpendicular to the motor axis and/or due to the motor rotation wandering an amount
corresponding to one bit of encoder measurement or digital quantization in the servo control. This
knowledge of sources of the cutting head vibration is necessary in order to develop means for
vibration reduction which in turn would lead to suppression of striations and improvement of
surface quality.

3.6 Vibrations due to the Rack/Pinion Transmission

The striation marks were found to have same distance apart when cut in X-direction at different
operating conditions and different workpiece materials. Figure 10 shows the samples cut at
different speeds. All surfaces depicted in Figure 10 exhibit striation marks with separation equal to
8 mm. Examination of the waterjet machine showed that the pinion and rack have a circular pitch
of 8 mm (Figure 11) which is equal to the distance between the striation marks. We can conclude
now that the smoothness of the traverse system is an important factor of striation mark formation
during the abrasive waterjet machining.

3.7 Amplitude Characteristics of AWJ Generated Surfaces

The results in Figure 6 shows the amplitude of striation increases abruptly as the jet penetrate
deeper. An important question to address is why the striations occur only well below surface. To
understand this, consider that sometimes the vibration amplitude is so small that striations would
not be expected to be visible. This small amplitude case corresponds to the smooth zone striation.
However, deep enough in the material the spent water flows back along the already cut channel.
When there is vibration, there is a sideways velocity component added to the forward motion of
the moving jet. Thus the spent water has a sideways component which cuts into the sidewall. The
expected result that the striation is in-phase with the amplitude of the vibration at the top and in-
phase with the velocity at the bottom of the side wall and deeper. As described in the preceding
section, the amplitude of striation marks is a second degree polynomial function of penetration
depth. This phenomenon is same as the striation marks can be characterized as a parabola in
cutting depth coordinate (Zeng et al., 1991).

4. CONCLUSIONS
The spectral analysis of the topography of the surface generated by AWJ determines the
frequency characteristics of these surfaces. The AWIJ generated surface does not contain
distinctive regions. The differences between various regions are qualitative. The surface spectra
show strong correlation with the structure dynamics of the traverse system. The jet-induced
waviness has not been observed in our study. The amplitude of the striation marks is a second-
degree polynomial function of the distance from the top of cut and is also a function of speed.

The dynamic test of the traverse system enables us to determine the real dynamic
characteristics of the system which are helpful for the understanding of the striation formation in
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abrasive waterjet machining. The obtained results show that the vibration plays an important role
in the striation formation. The driving motors and the gear/pinion transmission system were
identified as the vibration sources in the waterjet machining system. The straightness of the kerf
edge is affected by the accuracy of the waterjet machining system. This knowledge of the sources
of the cutting head vibration is useful for development of means for vibration reduction, which
would lead to suppression of striations and improvement of surface quality. '

REFERENCES

Blickwedel, H., N. S. Guo, H. Haferkampf, and H. Louis. "Prediction of Abrasive Jet Cutting
Efficiency and Quality." Proceedings of the 10th. Int. Symp. on Jet Cutting Technology,
Amsterdam, 1990.

Hunt, C. D., T.J. Kim, and M. Reuber. "Surface Finish Optimization for Abrasive Waterjet
Cutting." Proceedings of the 9th. Int. Symp. on Jet Cutting Technology, Sendai, Japan,
1988.

Matsui, S., H. Matsumura, Y. Ikemoto, K. Tsujita, and H. Shimizu. "High Precision Cutting
Method for Metallic Materials by Abrasive Waterjet." Proceedings of the 10th. Int. Symp. on
Jet Cutting Technology, Amsterdam, Paper No. G3, 1990.

Souda, V. Implementation of an Integrated High Energy Beam Workcell. Master Thesis, New
Jersey Institute of Technology, Newark, NJ, 1990.

Zhou, G., M. Leu, E. Geskin, Y. Chung, and J. Chao. "Investigation of Topography of Waterjet
Generated Surfaces." Proceedings of ASME Winter Annual Meeting, LA, 1992.

Hashish, M. "A Model Study of Metal Cutting With Abrasive Waterjets." ASME Journal of
Engineering Materials and Technology, Vol. 106, pp. 88-100, 1984.

Hashish, M. "Visualization of the Abrasive-Waterjet Cutting Process." Experimental Mechanics,
pp. 159-169, 1988.

Hashish, M. "Characteristics of Surfaces Machined With Abrasive-Waterjets." ASME Journal of
Engineering Materials and Technology, Vol. 113, pp. 354-362, 1991.

ElMaraghy, H. A, and B. Johnson. "An Investigation Into the Compliance of SCARA Robots.
Part II: Experimental and Numerical Validation." ASME Journal of Dynamic Systems,
Measurement, and Control, Vol. 110, pp. 23-30, 1988.

Zeng, J., R. Heines, and T. Kim. "Characterization of Energy Dissipation Phenomenon in
Abrasive Waterjet Cutting." Proceedings of the 6th. American Water Jet Conference, pp.
163-177, Houston, 1991.

33



Table 1 Dominant frequencies of surface spectra cut in different locations of the waterjet cutting system.
Case I cut at the location (%, y, z, A, B) = (135,387,-180.71,-0.5,-180). Case II cut at the location (X, y, z,
A, B) = (858,387,-179,-0.5,-180).

Dominant Frequency (Hz)
No. I 1I
1 1.0173 0.7452
2 0.9157 0.6112
3 0.9137 0.6173
4 0.8995
5 0.9299
6 0.9035
Average 0.9124 (Hz) 0.6143 (Hz)

Figure 1 5-axis waterjet cutting system
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Figure 2 Schematic of the end-effector showing four locations where
measurements were made.
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Figure 10 The surfaces were generated at different speeds show the striation
marks with same distance apart (8 mm).

Figure 11 Photograph of the rack with circular pitch equal to 8 mm.

41



42



7th American Water Jet Conference
August 28-31, 1993: Seattle, Washington
Paper

MECHANISMS OF MATERIAL REMOVAL IN ABRASIVE WATERJET
MACHINING OF COMMON AEROSPACE MATERIALS

Arola, D. and Ramulu, M.
Department of Mechanical Engineering, FU-10
University of Washington
Seattle, Washington, 98195
USA

ABSTRACT

Two common aerospace structural materials were machined with an abrasive waterjet to
distinguish the mechanisms of material removal indicative of the erosion process. Gr/Ep
laminate with [0/90/45/-45]ng lay-up and 7075-T6 aluminum were machined with various
parametric combinations to inspect change of removal mechanisms as a function of cutting
depth and material properties. A machined surface inspection of both the quasi-brittle
Gr/Ep and ductile aluminum suggest that material removal occurs predominantly by
abrasive micro machining . Abrasive shearing induced brittle fracture mechanisms are
predominate in composite machining with limited post-processed constituent disruption and
high interstitial integrity. Mechanisms of material removal when machining aluminum are a
product of ductile shear induced by scooping and plowing actions of the abrasive particles.
Although material removal is deformation induced at jet impingement, ductile shearing
mechanisms dominate material removal below this region and throughout the cutting depth.
Despite kerf geometry changes with cutting depth, micro-mechanisms of material removal in
AW]J machining of both brittle and ductile materials remain constant with cutting depth and
are governed by material properties.

INTRODUCTION

The abrasive waterjet (AWJ) is currently utilized for a variety of manufacturing applications.
Omni-directional cutting potential as well as minimal thermal and mechanical loading are
just a few of the advantages realized when cutting with a water driven abrasive slurry. Most
recently the AWJ has been suggested for use in post-mold shaping of composite
materials[1-3], particularly Graphite/Epoxy composites[4-6]. Based on drawbacks of
conventional shaping techniques with respect to composite trimming and drilling[1,7,8], the
aerospace industry has adopted the AW]J for net-shaping component parts molded from
FRP's. However, despite current and a continuing development of interest in this machining
process, only a limited understanding of material removal mechanisms in AWJ cutting
exists. Furthermore, the influence of material properties on the mechanisms of material
removal and change in mechanisms with cutting depth have not been reported.

Mechanisms of material removal present in AWJ machining have often been described
using theoretical studies of solid particle impact induced erosion. Hashish[9] concluded
from a visualization of the cutting process in Plexiglas that material removal may occur by
cutting wear and deformation wear, two distinct modes of material removal. Both "cutting
wear" and "deformation wear" are definitions derived from theoretical studies of solid
particle impact induced erosion by Finnie[10] and Bitter[11,12] respectively. Material
removal within these two domains is differentiated by the particle attack angle and ensuing
deformation of the material. Erosion at small angles of particle impact is defined as cuttting
wear. Cutting wear material removal occurs when the shear strength of the material is
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exceeded due to abrasive particle shear loading. The "cutting wear zone" is typically
identified on an AWJ machined surface by the uppermost portion of the eroded kerf which
exhibits a high quality surface texture with limited visible macroscopic variation.
Deformation wear erosion is induced by repeated particle bombardment at large impact
angles (greater than 20°) and was defined by Bitter[11]. In this mode of abrasive removal
the parent material is plastically deformed, work hardened with continual bombardment, and
eventually removed due to plastic embrittlement. The "deformation wear zone" in AW]J
cutting exists below the cutting wear zone and is typically identified by waviness patterns
caused by severe jet deflection. Waviness patterns have been noted in AWJ machining of a
variety of materials with uniquely different mechanical properties, both ductile and brittle.

Surface features observed in AWJ cutting of various materials have been defined using the
analogy of material removal provided by Hashish[3,9]. Consequently, distinction between
the cutting wear and deformation wear mechanisms of material removal in AWTJ studies are
differentiated by waviness patterns on the kerf. In a number of studies[13-16] it was noted
that the geometry of waviness patterns including size and shape appear to be influenced by
parametric cutting conditions including pressure, abrasive size and flow rate, and traverse
speed. Parametric influence on waviness geometry implies that the choice of cutting
parameters may inadvertently influence the mechanisms of material removal. Alternately,
this phenomena may imply that waviness patterns are a function of the energy of the
impinging jet, not the mechanisms of material removal. Waviness patterns are observed
when cutting both ductile and brittle materials which suggests that these patterns are a
function of jet energy, not a product of material removal mechanisms. Subsequently, it
appears that the mechanisms of material removal remain constant with cutting depth and
within both cutting zones. For example, Ramulu et al.[5] observed when machining
Graphite/Epoxy laminates that the mechanisms of material removal remain constant with
cutting depth. An understanding of the mechanisms of material removal inherent to a
machining process is important due to their effect on structural performance. External
forces applied to create a new surface through mechanical work can result in a near sub-
surface stress field[17]. Interestingly, Burnham et al.[18] found that the cutting force
during AWJ machining of alumina, steel, and Gr/Ep increased with jet penetration depth.
An increase in cutting force may influence the size and distribution of the residual stress
field near the surface in a material susceptible to work hardening. For materials where
plastic deformation or brittle fracture occurs, surface properties of the workpiece material
may change during material removal.

In this study a common quasi-brittle and ductile aerospace material were machined with an
AW]. Graphite/Epoxy composite laminate and 7075-T6 aluminum were machined with
numerous parametric combinations to promote varying degrees of cutting wear and
deformation wear zones on the machined surfaces. For each material a visual analysis was
conducted to distinguish and differentiate mechanisms of material removal as a function of
cutting depth and material properties. Scanning Electron Microscope analysis was
conducted at various penetration depths to examine the mechanisms of material removal on
a microscopic level. Material removal is discussed with regards to material properties and
as a function of the depth of cut in AWJ machining.

EXPERIMENTAL

All experiments were performed with a PowerJet model waterjet, which is driven by a Model
20-35 waterjet pump. Traverse bi-axial feed is produced by the addition of a modified
Hardinge milling machine table. Two Dayton Model 42140 DC motors and Model 6x165
motor controllers were fixed to the Hardinge table to provide adjustable, reliable, table feed
rates. The milling table is adapted with an aluminum cutting table to support the workpiece
and provide a source for clamping the workpiece. Primary components of the nozzle
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assembly for this study consist of a 0.3mm diameter sapphire jewel which transforms the
high pressure water into a collimated jet, and a 1.0mm diameter carbide waterjet nozzle
insert. All machining was conducted with garnet abrasives.

A 16mm thick Graphite/Epoxy laminate composed of 3501-6 resin and IM-6 fibers with
stacking sequence [(0/90/45/-45)p]s was used for all composite cutting experiments in this
study. The average diameter of the graphite fibers is 6um and the volume fraction of the
material is near 0.65. A 16mm thick 7075-T6 aluminum stock was also chosen for this
study based on its use within the aerospace industry and relatively ductile mechanical
properties. Elastic constants for both Gr/Ep and 7075-T6 Aluminum are listed in Table 1.

Graphite/Epoxy specimens were machined from laminate stock parallel to one of the
primary fiber directions resulting in fiber directions of 0°, 90°, 45° and -45° realized through
the depth of cut. A schematic diagram of specimen geometry and the associated cutting
terminology is shown in Figure 1. All specimens were machined a traverse distance of at
least 25mm to insure constant cutting conditions were achieved. Design of experiments
(DOE) of Taguchi was used in obtaining a total of 27 Gr/Ep specimens involving various
parametric combinations of pressure, standoff distance, traverse speed, and grit size.
Surface roughness and kerf taper models for AWJ machining of Gr/Ep composites were
formulated and previously reported with use of these experiments[5]. A visual analysis
indicated varying degrees of waviness on the kerf surface between specimens machined with
different parametric combinations. Two specimens which exhibited different degrees of
waviness were chosen to conduct further analysis regarding mechanisms of material
removal in this study. Two aluminum specimens were machined with the AW]J using
parametric levels of the two Gr/Ep specimens chosen for further analysis. Parametric levels
used in obtaining the two specimens of each material are listed in Table 2. Scanning
Electron Microscope (SEM) analysis was conducted to inspect micro-features of the
- machined specimens with a Jeoul JSM-T330A Scanning Electron Microscope. SEM
micrographs were obtained at various depths along the jet penetration depth to document
micro features of abrasive removal. :

RESULTS

Graphite/Epoxy

The machined surface of the Graphite/Epoxy laminate specimens are shown in Figure 2.
Variation in the macro-features between the two specimens indicates an influence of cutting
parameters on removal characteristics. From both a visual and profilometric examination it
was noted that the machined surface can be characterized by three macro regions of surface
topography. An initially rough region was observed near the jet entrance distinguished by
the rounded kerf edge and relatively rough surface texture. This region of the kerf will be
referred to as the initial damage zone. The entrance region was followed by a region of
notably smooth surface texture with limited damage phenomenon, typically referred to as
the cutting wear zone. The third region of surface topography exists from the end of the
cutting wear zone to the jet exit edge and is characterized by a rough surface texture and
waviness patterns that outline the path of jet deflection. This zone is commonly referred to
as the deformation wear zone. These regions of material removal in the machining of Gr/Ep
laminates have been discussed previously in terms of surface profilometry by Ramulu et
al[5]. Size of these three regions on the face of the machined specimens is dependent on
the level of the machine parameters. Note the relatively low degree of waviness on the
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surface of Specimen 1 in Figure 2(a) and contrasting well defined waviness patterns of
Specimen 2 in 2(b). Specimen 2 exhibits a larger initial damage region due to the higher
standoff distance and a well defined, large deformation wear zone attributed to the use of
#150 Garnet.

Scanning Electron Microscope analysis was performed to observe micro phenomena of the
machined surfaces throughout the cutting depth. Figure 3, 4, and 5 shows micrographs
taken within the initial damage, cutting wear, and deformation wear domains of Specimen 1;
depth at which the micrographs were obtained are noted as well. For comparison, the
removal features of the machined surface are very similar to those reported in a recent study
on AWJ machined unidirectional Graphite/Epoxy[4]. As can be seen from Figures 3-5(a),
the surface of the 90° plies suggests that abrasive induced brittle removal, including shearing
and abrasive micro-machining, are the dominate modes of material removal. The fractured
surface of the fibers and surrounding matrix appear to be machined, contrary to regions of
macro-fracture induced by cantilever bending which are the effects of sustained loading
forces. The cut surface is random in nature due to the host of abrasive attack angles at the
face of the penetrating jet. Features of the post-machined fibers and interstitial matrix
indicate that independent fracture of the constituents occurs during material removal.
Nearly all matrix adjacent to the fibers remains intact in its supportive position after
machining. Degrees of fiber pullout and fiber/matrix delamination are limited, possibly a
function of the high interfacial bond strength between the constituents coupled with
localized cutting forces of the AWJ.

Features of the 0° plies of Specimen 1 at three observation depths are shown in Figures 3-
5(b). Again, similar to the 90 degree plies, inspection of the machined surface suggests that
abrasive shearing and brittle fracture account for the dominant portions of material removal.
Although the surface of some exposed fibers are fractured, the matrix remains intact on the
machined surface. Shallow abrasive wear tracks can be distinguished perpendicular to the
fiber axis and are caused by stray abrasive particles at the exterior of the penetrating jet.
This phenomena is most predominant near the jet entrance region (3b) with combinations of
high supply pressure and large abrasives(small Garnet #). Note the increase in wear track
angle with cutting depth which is due to the increase in jet deflection with penetration depth.
Severity and depth of wear track penetration decreases with observation depth due to the
reduction in abrasive kinetic and potential energies.

The surface of +45° and -45° fiber oriented plies along the penetration depth of Specimen 1
are shown in Figures 3-5(c) and (d) respectively. The +45° fibers are those at a positive
(clockwise) angle of 45° with reference to the traverse direction and -45° fibers are at angles
of 135° with reference to the traverse direction. A +45° fiber ply on one side of the kerf will
be oriented at -45° on the corresponding opposite side of the kerf. Similar to the machined
surface of the 90° and 0° plies, nearly all the supporting matrix remains intact on the
machined surface. The fractured surface of the fibers in the +45° orientation are most often
parallel to the machined surface which can be seen in Figures 3-5(c). However, fibers in the
-45° orientation are often fractured perpendicular to the fiber axis. Variation in the fracture
planes of fibers in these two orientations is attributed to the deflection force of the
penetrating jet. Deflection forces compress the fiber within their matrix pocket in the +45°
direction, facilitating shearing of the fully supported fibers. However, fibers in the -45°
direction are pushed away from their interstitial position within the matrix due to deflection
forces. Brittle fracture often occurs perpendicular to the fiber axis due to shear and axial
stress distribution due to a combination of cantilever bending and shearing. Features
characteristic to AWJ machining of -45° plies are shown in Figure 3-5d. Despite these
features, macro damage features including fiber pullout and evidence of either interlaminar
or intraliminar delamination are unapparent.
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Figures 6-8(a-d) contain micrographs of the machined surface within the three material
removal regions of Gr/Ep Specimen 2. As can seen from these micrographs, distinctions in
machined surface characteristics between Specimens 1 and 2 are difficult to make on the
micro level. Material removal of the four ply orientations occurred by brittle fracture
induced by shear loading of the abrasive particles. The only notable difference in removal
features between the two Gr/Ep specimens is that the abrasive wear tracks on the 0° plies of
Specimen 2 are not as well defined as those on Specimen 1. This difference is solely due to
the smaller abrasive particles used in machining Specimen 2.

Aluminum

Two aluminum specimens were machined with the AWJ using the same parametric
combinations as those used in obtaining the two Gr/Ep specimens. Figure 9 provides a
macro view of the machined surface of Specimen 1 and Specimen 2. Similar to the
machined surface of the Gr/Ep specimens, three zones exhibiting unique surface features
can be identified on the kerf wall which vary in magnitude between the two specimens.
Specimen 2 exhibits a relatively large and distinct initial damage and deformation wear zone
in relation to Specimen 1 which can be distinguished by kerf rounding and the large degree
of waviness. Difference in size of these zones is due to the higher standoff distance
(2.5mm) and smaller abrasives used in obtaining Specimen 2.

Scanning Electron Micrographs were obtained along the cutting depth of the two aluminum
specimens to study the micro-mechanisms of material removal. Micrographs of Specimen
1 obtained at depths of 0.05, 0.2, 2, 4, §, 12, and 16mm are shown in Figure 10(a-g)
respectively. By comparing features in these figures it is easy to distinguish the contrast of
the machined surface in Figure 10(a) from the remaining micrographs. Within the initial
damage zone considerable deformation has occurred due to the nearly normal repeated
impact of abrasives on the exterior of the jet with the ductile aluminum. Repeated normal
bombardment of the surface within the domain of the initial damage zone has caused
material deformation and displacement but limited material removal. Features of cutting
seen in Figures 10(b-g) are quite different from 10(a). Definite wear patterns are easily
identified which outline the path of the abrasive particles along the penetration depth.
Material removal has occurred by ductile shearing of the aluminum by abrasive scooping
and scratching action of the garnet. The only contrasting feature within Figures 10(b-g) is
the increasing deflection and more random attack angle of the abrasives with cutting depth.
Deflection angle increases with cutting depth as a result of the reduction in the jet capacity
for material removal. v

Figures 11(a-g) contain micrographs of Specimen 2 along the machined surface at depths
of observation previously indicated for Specimen 1. General characteristics of the machined
surface exhibited by Specimen 2 are very similar to those noted on Specimen 1. The initial
damage zone is larger than that of the first specimen due to the increase in standoff distance
used when machining this sample. An increase in standoff distance allows the jet to expand
prior to impingement. Initial damage attributed to the normal impact of abrasives on the
impingement surface are visible to an approximate depth of 300um as evident in both
Figures 11(a) and (b). Although the size of the initial damage zone of Specimen 2 is
considerably larger, the magnitude of material deformation appears to be lower. This is
primarily due to the lower energy and potential for deformation of the #150 Garnet in
comparison to the larger abrasive used in machining Specimen 1. Below the initial damage
zone shear cutting mechanisms are predominant and remain constant with penetration to the
point of jet exit. Features of the machined surface which are attributed to abrasive shearing
induced by scooping and scratching of the particles are nearly identical to those observed on
the surface of the first aluminum specimen in Figures 10(b-g). Size of the indentations on
the surface of Specimen 2 are shallow due to the size and lower energy of the smaller
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abrasive particles. With an increase in cutting depth the deflection angle and randomness in
abrasive particle attack angle increases similar to the trend observed on Specimen 1.

DISCUSSION

Three macro regions were noted on the machined surface of the Gr/Ep and aluminum
specimens. The first region begins from the jet entrance and extends to a depth which is
dependent on the level of the AWT cutting parameters. Quality and depth to which this
region extends were found to be dependent on the grit size and standoff distance for both
materials. Characteristics of this mode include initial damage on the top of the specimen
and rounding of the entrance kerf. On the two Gi/Ep specimens, abrasive wear tracks were
formed on the face of the kerf in the 0° plies due to fracture of the brittle fibers. The extent
of the initial damage region is more severe on Specimen 2 (Gt/Ep) due to the brittle fracture
characteristics of this material. In contrast, the initial damage region on both the aluminum
specimens is characterized by extensive plastic deformation due to the normal component of
the impacting abrasives. Aluminum specimens were able to absorb energy from normal
impact of the abrasives through plastic deformation.

The second characteristic macro region on the surface of the machined specimens exists
between the initial "damage" zone and the beginning of the waviness patterns at greater
cutting depths. This region is typically referred to as the cutting wear zone[9,15]. Limited
surface variations within this domain result from a combination of optimum coherency of
the abrasive slurry with low exterior abrasive particle energy and minimal jet deflection. The
abrasive slurry in this region has a bell-shaped energy density with high interior energy and
low exterior intensity. Low energy levels of the outer region of the jet are a result of the
imposition of drag from the kerf/jet interaction. Material removal in AWJ machining of the
Gr/Ep specimens within this region occurs by brittle shearing mechanisms as shown in
Figures 3-5(b-c) and 6-8(b). Ductile shearing mechanisms were responsible for material
removal in AWJ machining of the aluminum specimens within this cutting zone. Figures
10(b-e) and 11(c, d) provide views of ductile removal on the kerf of the two aluminum
specimens. Comparison in surface features presented by the aforementioned figures
illustrates the similarity in abrasive particle path along the kerf surface of both materials.
Abrasives within the slurry in this region are only slightly influenced by deflection forces of
the reaction between slurry and kerf material. The path of the dominant portion of abrasives
are primarily parallel with little randomness attributed to impact related or water current
induced deflection. This property of the jet within the cutting wear domain is responsible
for the uniformity in surface texture with minimal variation.

The third region of surface texture with distinct macro features is located below the cutting
wear zone and extends to the jet exit edge on the kerf surface. This zone is evident by the
formation of waviness patterns due to deflection of the penetrating jet as seen in Figures 2,
and 9. Although deflection patterns were noted on all 4 specimens in this study, waviness
was most predominant on the surface of the Gr/Ep and aluminum Specimen 2. Specimen 2
was machined with #150 Garnet. The mechanisms of material removal within this zone can
be observed in Figures 5, and 8 for the Gr/Ep specimens and in Figures 10(f-g), and
Figures 11(e-g) for the aluminum specimens. In both materials it was found that the
mechanisms of material removal remained constant with AWJ parameters by comparing
Specimens 1 and 2.  Similarly, mechanisms of removal remained constant with cutting
depth in both materials despite the increase in jet deflection and formation of waviness
patterns. Brittle shear mechanisms were responsible for cutting of the quasi-brittle Gr/Ep
specimens due to properties of the brittle fibers. However, ductile shear mechanisms
including scooping and abrasive scratching were responsible for material removal of both
aluminum specimens. These observations are in agreement with those in a previous study
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by Ramulu et al[5] in Gr/Ep machining and those of Bitter[11,12]. Bitter observed in
abrasive erosion of both brittle and ductile materials that the degree of either cutting wear or
deformation wear material removal is dependent on the parent material properties. Despite
the abrasive impact angle, material removal is governed by the material properties.

Observations of this study may appear to conflict with results from a study by Burnham et
al.[18] in which he obeserved that cutting force in AWJ machining increases with cutting
depth for both brittle and ductile materials. These trends are easily described. An increase
in cutting force with penetration depth is primarily a result of longer loading duration during
material removal with greater cutting depths. Elements from fracture mechanics can be used
when machining brittle materials to suggest that crack initiation and growth is much lower at
greater cutting depths due to lower particle velocities. A reduction in impact energy reduces
crack initiation and severely reduces ensuing growth. Thus on a micro level, the duration of
loading is greater due to the absence of fracture induced unloading creating higher cutting
forces. For ductile matierals a similar argument is used without the use of fracture
mechanics. The duration of loading at greater cutting depths increases when machining
ductile materials due to the decrease in material removal with jet energy and particle velocity.
A decrease in material removal results in an increase in absorbed energy and inherent
cutting force.

Definitions used to describe macro regions on the surface of an AWJ machined material
have developed an inaccurate understanding of material removal indicative of this process.
Despite the use of the terms cutting wear and deformation wear by Bitter they do not
address the mechanisms of material removal within these regions in AWJ machining.
When machining brittle materials, material removal occurs by shearing induced brittle
fracture. Contrary to machining brittle materials, ductile shearing mechanisms are
responsible for material removal in ductile materials except within the initial damage zone.
Within this region deformation wear material removal occurs due to the nearly normal
impact of abrasives with the target material and its ability to absorb impact energy under
deformation. From an outline of the abrasive particle path with penetration depth provided -
by Figures 3-8 in Gr/Ep and by Figures 10 and 11 for aluminum we see that abrasives
follow a piece-wise continuous path along the deflected jet. Contrary to previous
assumptions, deformation wear does not at greater cutting depths. If deformation wear
occured with increased cutting depth a discontinuity in abrasive path would be noted which
outlines normal abrasive impact with rebounding and glancing deflections.

From the observations and simple descriptions provided by this study a more thorough
understanding of material removal in AWJ machining is developed. However, with this
understanding we realize that waviness patterns on the surface of the kerf must be a function
of jet energy only. Formation and geometry of these patterns are inadvertently a function of
material properties which influence jet energy. Ductile materials are able to absorb jet
energy through both elastic and plastic deformation. For this reason, jet deflection induced
waviness is more severe in ductile materials. This was noted by comparing surface features
of the aluminum and Gr/Ep surfaces of both Specimens 1 and 2. The cyclic nature and
regularity of these patterns must be attributed to hydrodynamic factors of the jet combined
with aspects of abrasive slurry and parent material interaction. Additional work in this area
is needed and will enhance our understanding of these phenomena in AWJ machining.

CONCLUSIONS

A Graphite/Epoxy composite laminate and 7075-T6 aluminum were machined with an AWJ
to distinguish and study the influence of cutting depth and material properties on the
mechanisms of material removal. From a thorough micro-analysis of the machined surfaces
the following conclusions can be made.

49



Material removal when machining Graphite/Epoxy occurs by brittle shearing mechanisms
which fracture and micro-machine the constituents of the composite material.

AWJ machining of aluminum is a product of ductile shearing mechanisms including
abrasive scooping and scratching of the parent material. These mechanisms are fully
described by cutting wear.

Mechanisms of material removal present in when machining both Gr/Ep and aluminum do
not change with cutting parameters. AWJ cutting parameters influence the macro features
of the machined surface only.

Within the initial damage zone material removal may occur by deformation wear due to the
normal impact of abrasives with the parent material. The degree of deformation wear is
governed by the ductility of the material; a low ductility results in low degrees of
deformation wear and high ductility will be subject to higher degrees of deformation.

Mechanisms of material removal below the initial damage zone in AWJ machining of both
ductile and brittle materials do not change with cutting depth despite the macro features
observed.
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Table 1 Mechanical Properties

Properties Graphite/Epoxy 7075-T6 Aluminum
0 degrees 90degrees Yield Ultimate
Tensile Strength (MPa) 1378 41.34 4 579
Tensile Modulus (GPa) 117.1-137.8 7.6-11.0 7.2 N/A
Compressive Strength (MPa) 1309 N/A 69 N/A
Compressive Modulus (GPa) 106.8-124.0 N/A 7.2 N/A
Table 2 Gr/Ep and Aluninum Machining Conditions
Machine Parameters Specimen 1 | Specimen 2

Pressure (MPa) 241 241

Standoff Distance (mm) 1 2.5

Traverse Speed (mm/s) 3.9 3.9

Grit Size (Garnet #) 80 150

Cutting Direction

[0/90/45/-45]ns

16mm

Kerf Wall

Figure 1 Schematic Diagram of AWJ Machined Gr/Ep Laminate
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a) Specimen 1

b) Specimen 2

Figure 2 AWJ Machined Graphite/Epoxy Laminate Specimens
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X288

a) 90° ply at 100xm depth b) 0° ply at 300xm depth
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c) 45° ply at 500um depth d) - 45° ply at 700um depth

Figure 3 Initial Damage Zone of AW] Machined Gr/Ep Laminate Specimen 1
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Figure 4 AW]J Machined Gr/Ep Laminate Specimen 1 at 5.0mm depth
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Figure 5 AWJ Machined Gr/Ep Laminate Specimen 1 at 12.0mm depth
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a) 90° ply at 100pm depth b) 0° ply at 300pm depth
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c) 45° ply at S00um depth d) --45° ply at 700pm depth

Figure 6 Initial Damage Zone of AWJ Machined Gr/Ep Laminate Specimen 2
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a) 90° ply b) 0° ply
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c) 45° ply

Figure 7 AWJ Machined Gr/Ep Laminate Specimen 2 at 5.0mm depth
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Figure 8 AWJ Machined Gr/Ep Laminate Specimen 2 at 12.0mm depth
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a) Specimen .1

b) Specimen 2

Figure 9 AW]J Machined 7075-T6 Aluminum Specimens
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a) SOum
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b) 200um




f) 12mm

g) 16mm

Figure 10 AWJ Machined 7075-T6 Aluminum Specimen 1 Micrographs.
Depth of observation noted
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¢) 2mm
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e) 8mm f) 12mm

g) 16mm

Figure 11 AW]J Machined 7075-T6 Aluminum Specimen 2 Micrographs.
Depth of observation noted
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ABSTRACT

An optical technique was developed to determine the principle stresses associated with the jet
penetration process by simultaneously recording the on-line isochromatics and isopachics. A two
dimensional dynamic photoelastic method is used to obtain isochromatics at the jet impingement
zone in a specimen which is made of a polycarbonate epoxied on a Plexiglas. A new approach by
using reflective interference optical method is conducted to record simultaneously the summation of
the principle stresses in the vicinity of the impacting zone. By synchronized operation of these two
methods, a real time stress state of the abrasive waterjet penetration process can be found. Some
preliminary results are shown here to demonstrate the possibility of this new approach.

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

Abrasive waterjet (AWJ) machining process has been introduced to industry for almost ten
years[1]. Improving the ability of the AWJ cutting process, especially in its application to hard-to-
cut material is growing [2-6]. However the mechanics of abrasive waterjet cutting is complex and
our knowledge of the machining process is limited. Understanding the stress field associated with
the jet cutting allow one to optimize the equipment and process, such that cutting energy and
material system can be used in more economic ways. To meet such a requirement, investigations
applying two dimensional dynamic photoelastic technique on the waterjet piercing process have
been conducted. Daniel et al. [6] were the first to utilize dynamic photoelasticity in characterizing
material failure due to waterjet impact. In addition, they found that the fragmentation and material
removal phenomena is related to stress waves induced fracture, and the material properties. Wong
[7], and Ramulu et al [8] successfully applied dynamic photoelasticity by using an Imacon high
speed camera system to record the maximum shear stress state at the initial stage of the abrasive
waterjet penetration process in polycarbonate material. Recently Ramulu et. al. [9] reported
additional experimental results comparing the stress field of waterjet and the abrasive waterjet
impingement process. So the mechanism within each stage of time during the penetration is
defined. The stress field associated with the process in terms of the difference of the principle
stresses, G1-0, were evaluated.

However, knowledge of the maximum shear stress within the abrasive waterjet impact region is not
sufficient to fully understand the mechanism of material removal. To enhance our realization of
material removal at the vicinity of jet impingement, knowledge of individual stress components and
its distribution is essential . Thus, an effort was made to optically record the summation of the
principle stresses simultaneously during jet penetration. The combination of 61-G5 and 61+03,
can be used to evaluate the stress distributions of o7 and o3 separately. Although there are many
methods available to obtain ¢1+03, but they either have difficulties to apply on dynamic situation
like abrasive waterjet impingement process or do not fulfill our real time requirement. In this paper,
we report a new approach called carrier wave method used in conjunction with photoelasticity to
record the isopachics (summation of principal stresses) and the isochromatics (difference of the
principle stresses) by synchronizing the two optical systems in real time.

2. CARRIER WAVE METHOD

The concept of the carrier wave method is to combines the laser holography and the traditional
photoelasticity which makes it possible to get the summation of the principle stresses G1+03. As
we know, the strain in the thickness direction can be written as

-V 1%
g, =—1_—v(ex+8y)=—E(o;+oy) (1)
or

e =— )

where t is the thickness of the material.
To measure the variation of the specimen thickness At, we utilized the reflective properties of
material and wave length of the light source. A collimated light is used to illuminate on a
transparent specimen strained under applied load. As the light enters the specimen, the reflected
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light from the rear surface will interfere with the reflected light from the front surface. Gratings
thus formed due to such interference is named as carrier waves. The thickness of the specimen can
be related to wave length and reflective index of the work as:

t= K-l— K=0,1,2,.. 3)
: 4n

where A is the wavelength of the light source, e.g. for He-Ne laser, A = 632.8 nm, K is integer, N is
the reflective index of the specimen. An illustration describes this concept is shown in Figure 1.
The grating will be in dark field when K is 0odd, and light field for K is even. The difference in the
thickness can be obtained by subtracting these gratings before and after the deformation of the
specimen.

When carrier wave gratings are used, a density of around 5~20 lines/mm is recommended to
achieve sufficient resolution. By double exposure of a frame of the film when taking pictures for
zero-load and loaded specimen we will obtain a new set of fringes formed by the intersected nodal
points of those two original carrier waves. This set of new fringes represents the summation of
principle stresses, 61+0,. The light intensity on that frame of film is

@+2c

) (4)

Liota; = 2C (l-cos-gcos

where C is a constant,
o = 2kNpto,

0 = kto(A+B- )(01+063).

8 and o are the phase differences before and after loading, and k represents the wave number which
is equal to 2n/A. And Ny, to is the material reflective index and the thickness respectively before
loading. A, B are the reflective constant in the principle directions. 0 varies slower than o, which
produced the "beat" phenomenon on the film in which low spatial frequency fringes overlap on
carrier waves. Such circumstance implies that the low frequency fringes were carried by the
original high frequency gratings. However, if we let 6 =N, 7, N, =1, 3,5,..., these are dark field

fringes. With some additional mathematical simplification, we will have the stress-optic relation as

2N,v

N f : o . .
0140, = 2‘; £, in other words these fringes are isopachic fringes. Where fp is a material constant
0
and has t 0 be determined experimentally by using diametral compression test. By combining this
relation with the isochromatic stress-optic law will yield ¢, and o, independently.

3. EXPERIMENTAL WORK

In current tests, we uses a Powerjet model 20-35 high pressure abrasive waterjet system to conduct
the jet impact process on the specimen. The polycarbonate specimen of 6.35 mm thick is epoxied
to a piece acrylic of the same thickness. A layer of aluminum of about 80 nm thick is coated on the
acrylic surface to enhance light reflection without significantly reducing light passage through the
specimen. An illustration of the specimen geometry is shown in Figure 2. A 20 mW He-Ne
polarized laser of wavelength 632.8 nm has been used as the light source with a spatial filter and an
aspherical lens were used to generate collimate light. Two Nikon F-3HP cameras without lenses
were used to record photoelasticity and the carrier wave method images synchronically. Two 50
mm focal length Plano-convex lenses were used in front of each camera to form the image directly
on the film.
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An electronic system which was used to trigger the high speed camera system [8]. An illustration
depicting the entire experimental setup is shown in Figure 3. A series of experiments were
performed using a water supply pressure of 103.4 MPa, garnet abrasive of size #80, and the
abrasive flow rate of 3 g/s. Isochromatic and isopachic fringe patterns were recorded continuously
and simultaneously during the jet exposure time of one second.

Figure 4 show the typical dynamic photoelastic fringe patterns associated with the abrasive waterjet
penetration process. Note that the difference in principal stress field clearly decreased with the jet
exposure time and the depth of jet penetration. The results are consistent with our previously
reported results. The corresponding dynamic isopachic fringe patterns are shown in Figure 5.
Each fringe line shown in the fringe record represents the constant value of the sum of the principal
stresses.

4. SUMMARY

The possibility of utilizing the carrier wave method in combination with photoelasticity to record the
stress distribution of the abrasive waterjet impingement process has been demonstrated. By using
this approach a full field data can be recorded in real time and with a data reduction algorithm in
progress, the distributions of 6, and o5 are yield separately. This could enhance our understanding
on the mechanics of material removal during abrasive waterjet machining process.
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Figure 1. The Formation of Fringes on a Transparant Specimen
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TARGET RESPONSES TO THE IMPACT OF HIGH-VELOCITY,
NON-ABRASIVE WATER JETS
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ABSTRACT

Theoretical and experimental investigations have been performed on the effects of a non-abrasive
water jet impinging on a solid surface. The theoretical analysis treats the time-dependent, two-
dimensional case of an axisymmetric jet impacting on a rigid or non-rigid surface at various
velocities, up to 1500 m/s. The numerical results obtained include time-dependent pressure
distributions and jet geometry near the surface. The maximum calculated pressures agree well with
the "water-hammer" values when modified for high-velocity jets. Impact and machining
experiments were conducted with various materials with water jet reservoir pressures up to 276
MPa (40,000 psi). Test results show that maximum mass removal rate takes place when the
standoff distance is several hundred nozzle diameters from the nozzle, suggesting that at this long
distance the jet has disintegrated into a series of ligaments and drops impinging on the surface.
Analytical and experimental efforts are continuing on determining the dominant mechanisms for the
target response to high-velocity jets.

Work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
National Laboratory under Contract W-7405-Eng-48, and at Pantex Plant.

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

We are interested in ultimately determining dominant mechanisms governing the material cutting
processes with non-abrasive water jets. In this paper we describe the preliminary approaches taken
on this complex phenomenon, and will concentrate our discussion on the problem of efficient mass
removal processes.

A survey of literature on water jet cutting technology reveals many approaches and insights,
ranging from the use of simple water jets to abrasive and cavitating jets in an effort to accomplish
effective removal of the target material.

The subject of material removal by high velocity water is not new, judging from the number of
publications available in the open literature on this topic. Many aspects of the phenomena have
been investigated, from steady-jet cutting to multiple-droplet erosions in both ductile and brittle
materials. Sample publications are: Bowden and Brunton (1961), Field (1966), Leach and Walker
(1966), Franz (1974), Neusen and Schramm (1978), Hashish and duPlessis (1978a, 1978b,
1979), Louis and Schikorr (1982), Pidsley (1983), Whiting et al. (1990), Springer (1976) and
Tikhomirov et al. (1992).

We are particularly interested in identifying the physics governing the most efficient mass removal
process when a material is subjected to water jet impacts. Many mechanisms have been proposed
and analyzed in the literature: see, for example, Bowden and Brunton (1961).

One major issue seems to be whether the most efficient mass removal is due to a steady, intact jet
impinging on a material or due to multiple drop impacts. See Franz (1974) and Conn (1974). This
question appears to be still relevant.

On the other hand, there seems to be a consensus on the existence of an "optimum" standoff
distance at which the mass removal rate is greatest. Reference is made to the works of Louis and
Schikorr (1982), Hashish et al. (1978b) and Franz (1974), among others.

Because we are primarily concerned with identifying the most efficient mass removal rate, our first
task in tackling the complex jet cutting phenomena was to conduct some preliminary experiments
and initiate theoretical analyses. On the experimental front measurements were made of the removal
rate of aluminum vs. the standoff distance under various nozzle designs and pressure conditions.
On the analytical front, the related problem of determining the pressure characteristics when a jet
impinges on a material has been addressed, both when the material surface is rigid and when the
material is deformable. The rigid case was first investigated to obtain the maximum attainable
pressure levels for a given jet impact velocity.

In subsequent sections we describe the experiments and the theoretical analyses performed and the
preliminary results obtained from both of these efforts.
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2. EXPERIMENTAL AND THEORETICAL ANALYSES

2.1. Jet Cutting Experiments

2.1.1. Experimental Setup.

Two nozzles were used to produce high-velocity water jet cutting on 6061-T0 and 6061-T6
aluminum bars 25 mm x 25 mm x 150 mm (1"x 1"x 6") with a feed rate of 2 mm per second (5 in.
per minute). Figure 1 shows the detailed cross-sectional view of one of the nozzles, (nozzle A).
The internal configuration of the other nozzle (nozzle B) is not shown here because of the
proprietary nature of its design. Both nozzles are designed and produced by A.M. Gatti Corp.

For the tests the following typical operating parameters were used:
Nozzle reservoir pressure = 69 MPa (10,000 psi) to 276 MPa (40,000 psi);
Nozzle diameter = 0.25 mm (0.01 in.) and 0.36 mm (0.014 in.);
Nozzle length to diameter ratio = 2;
Ambient gas = air at 1 atm.,;
Other parameters not mentioned above will be given as they occur in the text.

2.1.2. Preliminary Test Results.

Although we have obtained many test data under a variety of conditions, only some relevant and
representative results will be presented here. Specifically, we discuss three aspects of the results:
(a) The jet velocities and structures; (b) The mass removal rate vs. standoff distance; and (c)
Optimum standoff distance vs. pressure.

The Jet Velocities and Structures. The velocity of water jets produced by the nozzles A and B
was measured by the method of volume conservation. Table 1 lists the exit velocities of the jet at
various reservoir pressures for the nozzle diameter of 0.35 mm (0.014 in.). The table shows that
the velocities from nozzle A are somewhat larger than those from nozzle B. This is attributed to
differences in the two nozzle designs.

In addition, the jet shapes emanating from each nozzle also differ widely from each other. This can
be most clearly seen from the photographs taken of the jet core by using an infra-red film with the
exposure time of 0.5 microseconds (Figure 2). The jet structure from nozzle A is shown in Figure
2A, wherein the jet begins to spread soon after exiting from the nozzle. By contrast, the jet stream
from nozzle B (shown in Figure 2B) is remarkably coherent and remains so for a long distance
from the nozzle.

Test results show that nozzle B is more efficient than nozzle A in removing mass from the target
material, and therefore our subsequent discussion will deal with the results obtained using nozzle
B.
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Mass Removal Rate vs. Standoff Distance. Figure 3 shows the removal rate of 6061-T0

aluminum as a function of the standoff distance for nozzle B when the reservoir pressure is 138
MPa (20,000 psi). From Table 1 the jet stagnation pressure is 53 MPa (7650 psi), which is less
than the material yield strength of 124 MPa (18,000 psi). Thus the effects of the jet-stagnation
pressure alone are unlikely to cause any mass removal from the aluminum surface.

In Figure 3 we observe no mass removal in the first 15 mm (0.6 in.) from the nozzle exit.
However, mass removal is observed beyond this distance. The maximum removal rate occurs at a
distance of 145 mm (5.7 in.), about 405 nozzle diameters from the nozzle.

Similar results have been obtained for higher reservoir pressures. For instance, the case of 276
MPa (40,000 psi) is shown in Figure 4. The stagnation pressure for this case has been measured to
be 109 MPa (15,900 psi), which is still lower than the target yield strength of 124 MPa (18,000

psi).

Again, no mass removal is observed in the first 12 mm (0.5 in.). Beyond this distance the jet
begins to cut the material, and its cutting (removal) rate is larger than that for the lower pressure.
The maximum removal rate occurs at about 175 mm (6.9 in.) from the nozzle exit, i.e., at about
495 nozzle diameters.

We reiterate that while no mass removal takes place at certain standoff distances, at other distances
the jet can cut the material, even though the jet stagnation pressure at these locations is lower than
the failure stress of the material. Therefore, some physical factors other than the stagnation
pressure- effect appear to be at work in eroding the target material. This will be discussed later in
Section 2.1.3.

Optimum Standoff Distance vs. Pressure. Inspection of the mass removal rate vs. standoff
distance in Figures 3 and 4 yields the conclusion that there exists an optimum standoff distance at
which the removal rate is maximum. This finding is not new, but is consistent with the previous
analyses, notably Franz (1974), Conn (1974) and Louis and Schikorr (1982), among others. The
present results on the measured optimum distance as a function of the reservoir pressure are shown
in Figure 5. A monotonic increase in the standoff distance is observed for the pressure range of 69
MPa (10,000 psi) and 276 MPa (40,000 psi). Since the nozzle diameter is 0.35 mm (0.014 in.),
these optimum lengths are sizable in terms of the nozzle diameter. For instance, at the lowest tested
pressure of 76 MPa (11,000 psi) the optimum distance is about 280 nozzle diameters, and at 276
MPa (40,000 psi) it is about 500 nozzle diameters. Granting that the jet from nozzle B is very
coherent, such lengths are nevertheless remarkably long distances from the nozzle exit.

2.1.3. Discussion of Test Results.
The results presented in the previous section, albeit highly preliminary, suggest that:
(a) the material can be cut only at certain standoff distances;

(b) there exists an optimum distance at which the rate is maximum;
(c) this optimum distance is located very far from the nozzle exit.
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Because our primary interest lies in the dominant processes involved in the maximum removal rate,
we confine our subsequent discussions to the removal behavior at the optimum standoff distance
only. That is, our discussion will center on the jet-material interaction in what Louis and Schikorr
(1982) call "Regime III" .

The question arises as to whether at these optimum standoff distances the jet stream impinges on
the surface as an intact jet, or as a disintegrated jet. This question is relevant, because different
kinds of impact characteristics will be imposed on the target material depending upon the jet stream
shapes.

Therefore the jet-flow phenomena constitute an important aspect of the mass removal processes
using water jets. And indeed survey of literature supports this, considering the large number of
publications on the subject, notably Tikhomirov et al. (1992), Grant and Middleman (1966), Kusui
(1968), Dunn (1974), Yanaida and Ohashi (1978), Phinnney (1975), Mansour and Chigier
(1990), Hiroyasu et al. (1982), and Shimizu et al. (1988). ‘

Our particular interest is in estimating the intact jet length under given flow conditions. For the
nozzle geometry used in the present tests and for the reservoir pressures ranging from 69 MPa
(10,000 psi) to 276 MPa (40,000 psi), the estimate of the intact jet length is less than 200 nozzle
diameters, based on Hiroyasu et al. (1982), Tikhomirov et al. (1992). These estimates are,
consistent with the present results; for example, for the case of 138 MPa (20,000 psi) reservoir
pressure the intact length for nozzle A was estimated to be 63 mm (about 180 nozzle diameters),
while that for nozzle B was 71 mm (2.8 in.), or equivalently, about 200 nozzle diameters.

By comparison, the optimum standoff distances for the most efficient mass removal far exceed the
jet-intact lengths (about 200 nozzle diameters), as can be seen from Figure 5. In fact, the optimum
standoff distances are sometimes as large as 500 nozzle diameters.

Therefore, we interpret the present test results as follows:
(a) The maximum mass removal takes place at a distance far beyond the intact length of the jet;
(b) The jet structure arriving at the material is no longer intact, and consist mainly of ligaments
and drops;
(c) These ligaments and drops then impinge on the target material in a series of "water hammer"
blows, whose instantaneous pressures exceed the material yield strength, thus eroding
the target material.

2.2. Theoretical Analyses of the Target Responses to Jet Impacts.

In view of the above preliminary test results on the jet impacts on the target surface, we have
initiated analytical efforts to calculate the target response to a jet impact and the flow field as a
function of time. We first analyze the case of a cylindrical jet impacting on a rigid surface. This will
yield the maximum possible pressure that can be imposed on a target material. Following this, we
address the case of a jet impacting on a deformable material and analyze the target responses as a
function of time.
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For analysis of both these cases a "hydrodynamics" numerical code called CALE2D was utilized.
This code, developed at LLNL by Tipton (1992), computes both the fluid and solid characteristics
for two-dimensional (i.e., axisymmetric or planar), inviscid and compressible flow situations.
Although the code can use both the Lagrangian and Eulerian meshes in an arbitrary manner, we
have performed the numerical calculations in the pure Eulerian mode. Details of the analysis can be
found in Reitter and Kang (1993).

2.2.1. Jet Impact on a Rigid Surface.

Here we consider a circular water jet impinging on a rigid, non-deformable surface. This problem
is important in that the peak pressure obtained at the rigid surface sets an upper bound to the
pressure that any material can experience during the entire jet impact processes.

The jet diameter for this case is taken to be 0.127 mm (5 mil). The velocity of the jet varied from
200 m/s to 1,500 m/s.

Numerical results obtained for the above cases all display qualitatively similar behaviors.
Therefore, the results for the jet velocity of 1,000 m/s will be discussed in greater detail here as a
representative case.

Figure 6 shows the pressure history at the centerline stagnation point, labeled Location X. The first
peak pressure is seen to be about 3800 MPa (550 ksi) and represents the highest pressure that the
surface will experience. This magnitude is much greater than the nominal jet stagnation pressure of
500 MPa (72.5 ksi). As discussed by Brunton (1966) and others, the centerline jet behavior at the
moment of impact simulates the one-dimensional "water-hammer" responses.

We now give an expression for the pressure across a one-dimensional water- hammer compression
wave. The pressure has been experimentally measured by Cook, et al. (1962), and the test data
have been correlated by Heymann (1968):
V.
=pC. ’(“ZE:') o)

where the term p denotes pressure, p the liquid density, C the sound speed, and V; the flow

velocity. The subscripts o and 1 signify conditions in the undisturbed liquid region and the
compressed liquid region, respectively. Huang et al. (1973) have also derived a correlation
expression, but Eq.(1) is deemed to be a sufficiently accurate correlation.

The correlation given above is general, in that it applies to low velocities as well as high velocities,

up to about 2,000 m/s. We note that at low velocities, Eq.(1) reduces to the more-familiar
expression, p=p,C)V,.
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When the present numerical result for the first peak pressure at the stagnation point is compared
with Eq.(1), the agreement is excellent. Such an agreement with the one-dimensional expression
suggests that the pressure at Location X is one-dimensional at the moment of impact, at least for a
brief period of time. However, owing to the two-dimensionality of the flow, this peak value is
short- lived, since the jet now begins to expand in a radial direction. The time lapse when the "one-
dimensional" water-hammer pressure magnitude begins to decrease depends upon the radius of the
jet, and in the present case of 1,000 m/s velocity and 0.127 mm jet diameter, this time has been
calculated to be approximately 0.05 microseconds.

Other Velocity Cases. We now discuss the theoretical calculations made for velocities other than
1,000 m/s. The velocities considered are: 200 m/s, 440 m/s, 720 m/s and 1,500 m/s, the latter
being the water sound speed under standard conditions. The peak-pressure histories at Location X
are shown in Figure 7. All of these pressure histories show a peak at first impact and then
gradually subsiding to their respective nominal stagnation pressures. As in the case for 1,000 m/s
jet velocity, these peak values closely agree with the magnitudes estimated from the one-
dimensional water-hammer values.

This problem has also been addressed by others, for example, Pritchett and Riney (1974). We
shall see that the present results, employing different numerical schemes, agree well with their
results, as well as the measured impact pressures by Brunton (1966), confirming the validity of the
present approach.

We briefly summarize this section by stating that: (a) the peak pressure at the centerline stagnation
point upon first impact is momentarily one- dimensional; and (b) therefore we can estimate this
maximum pressure by the simple water-hammer expression given in Eq. (1). This is a useful
result, inasmuch as such a step obviates the need to engage in complicated calculation procedures
for two-dimensional, time-dependent flows just to obtain the maximum impact pressure levels.

We emphasize, however, that two-dimensional flow analysis must be used to obtain any other,
more general, flow and material response characteristics.

2.2.2. Jet Impact on a Deformable Material.

Having performed the calculations of the two-dimensional flow field and the pressure histories of a
jet impinging on a rigid surface at various velocities, we now turn our attention to the case of a jet
impacting on a deformable material. For this purpose, 6061-T6 aluminum was used as the
benchmark target material, as it is also being used as one of the materials for our mass-removal
experiments.

Analysis of this case requires as input conditions not only the equation of state for water but also
the dynamic response characteristics of the solid material. The appropriate material properties for
aluminum have been incorporated into the numerical code. The material failure criterion for the T6-
aluminum was taken to be 290 MPa (42,000 psi) yield stress. When the local material stress
exceeds this magnitude, that material is given zero strength, so that it is "removed" from the
material when it is subsequently subjected to a momentum away from the surface.
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Numerical calculations were performed for the case of 1,000 m/s jet velocity. Some preliminary
results have been obtained, and we present two of these preliminary results, viz., the pressure
history at the centerline impact point, and the material deformation shape at some moments after the
jet impact.

Figure 8 shows the pressure history at the centerline impact point. The peak pressure is about
2,900 MPa (420 ksi). This magnitude is greater than the jet stagnation value and, as expected, is
lower than the water-hammer value on a rigid surface.

The deformation characteristics of the material following jet impact is shown in Figure 9 at 0.7
microseconds after impact. The deformation of the material is observed, its extent being more
pronounced along the centerline. The water jet also shows deflections near the surface as a result of
the ever-deforming target. This is unlike the rigid-surface case, where the jet has spread along the
target surface and showed no detachment from the surface.

We emphasize that the results presented above are highly preliminary, and clearly more work is
needed to make general statements on the response characteristics of a deformable target material
following jet impact. Efforts are currently continuing on this problem.

3. CONCLUDING REMARKS

In this paper we have presented some preliminary results obtained from the analytical and
experimental efforts conducted at the Lawrence Livermore National Laboratory and at Mason &
Hanger, Pantex Plant.

A particular question addressed was to determine the optimum standoff distances for the maximum
removal rate of the target material when subjected to jet impacts. As with previous analyses the
existence of the optimum standoff distance was verified. The results from the present tests show
these optimum standoff distances to be much greater than the jet intact lengths, suggesting multiple
ligament impacts on the target surface. Two-dimensional, time- dependent analyses of the flow
field and the target response were conducted; the calculational results demonstrate that the peak
pressure at the first moment of impact on a rigid surface closely matches the value from the one-
dimensional "water-hammer" expression. The case of the jet impact on aluminum has also been
analyzed, and preliminary results display deformation of the material under sustained impact of the
jet stream.

We plan to continue both the experimental and analytical efforts to ultimately determine the
dominant factors involved in the most efficient mass removal rate. In the near term, analysis of the
deformable material response to jet impact will continue, in conjunction with the experimental
program to verify the theoretical predictions.
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NOMENCLATURE
C : Sound speed
p Pressure
vV Flow velocity
p Density

Subscripts
o : Undisturbed region in the fluid
1 : Compressed region in the fluid
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(A) From Nozzle A

(B) From Nozzle B

Figure 2.  Jet Structures from Nozzles.
(Nozzle diameter: 0.35mm (0.014 in.);
Reservoir pressure: 138 MPa (20,000 psi)
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Table 1. Xi Velocity from the Nozzl Vari Pr. r
(A). Nozzle A.
Pressure [MPa] 69 138 207 276
(ksi) (10) (20) (30) (40)
Velocity (m/s) 229 342 434 516
Velocity Coefficient 0.616 0.650 0.674 0.694
Stagnation Pressure [MPa] 26 58 94 133
(psi) (3795) (8450) (13628) | (19265)
(B). Nozzle B.
Pressure [MPa] 69 138 207 276
(ksi) (10) (20) (30) (40)
Velocity (m/s) 223 324 396 469
Velocity Coefficient 0.599 0.618 0.615 0.630
Stagnation Pressure [MPa] 26 53 78 109
(psi) (3588) (7638) (11346) | (15876)
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TRANSIENT BOILING HEAT TRANSFER TO A HIGH SPEED WATER JET IMPINGING
ONTO A HEATED MATERIAL AND THE THERMAL SHOCK FRACTURE

H. Kiyohashi, M. Ogasawara and M. Kyo
Tohoku University
Sendai 980, Japan

ABSTRACT

Thermal shock phenomena in hot insulating materials, which appear in the materials as thermal stresses
or thermal shock fractures by impingement of the high speed water jets, have been observed in various
engineering field. The objective of this study is to clarify the characteristics of the transient boiling heat
transfer to a high speed water jet impinging onto a circular heated rod. In this study, temperature
changes in the rod of stainless steel with time were measured at each three points for vertical and radial
directions under eighteen conditions. Heat flux and heat transfer coefficient on a surface of the rod were
evaluated for initial temperatures from 200 to 800°C and water jet velocities at nozzle exit from 36 to

110m/s. The thermal shock fractures appearing in an insulating material have also been discussed from
these results.

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

Thermal shock phenomena in hot insulating materials, which appear in the mate-
rials by impingement of the high speed water jets, are observed in various en-
gineering fields, for example, on the water jet hot cleaning of clinker grown
on the inner surface of the kiln for making industrial cement (Sugai, 1972),
and on the jet cooling and cleaning of hot steel plate at continuous casting
and rolling in the steel industry (Kikuchi et al., 1982). Furthermore, its
application is considered as forthcoming technologies; (1) Water jet drilling
and cutting of hot dry rocks and magma, which are considered as promising
methods with reference to establishment of technology for extracting heat from
them (Kiyohashi et al., 1978, Kiyohashi et al., 1980, Kiyohashi et al., 1981,
Armsted and Tester, 1987 and Kiyohashi, 1987), (2) Technology for reduction of
thermal shock fractures which may arise from heavy rain impingement in insu-
lating materials to protect the surface of aerospace planes from aerodynamic
heating when they return to the earth (Aihara, 1990) and (3) Establishment of
an evaluating method of thermal-shock-resistance characteristics of engineer-
ing fine ceramics at high temperatures, using impingement of high speed water
Jets. Qualitative and quantitative characteristics of the transient boiling
heat transfer between the impinging water jet and the hot surface are very
important to elucidate their mechanisms.

For stable, unsubmerged, uniform velocity laminar jets in the absence of phase
change, jet impingement cooling of uniformly heated surfaces were investigated
analytically and experimentally by Liu et al. (1991). They obtained predict-
ive formulae for the local Nusselt numbers from the stagnation point to radii
of up to 40 diameters. Recently, they (Lienhard V, et al., 1992) also inves-
tigated splattering and heat transfer due to impingement of an unsubmerged,
fully turbulent liquid jet experimentally and analytically.

Kunioka, et al. (1979) experimentally studied relations between the boiling
heat trunsfer coefficient on a heated surface and the velocity of water jets
impinging onto the surface in experimental ranges of initial surface tempera-
tures from 200 to 800°C and jet velocities at nozzle exit from 2 to 8m/s.

Then thev obtained experimental formulae for their relations. Monde (1987)
also studied experimentally critical heat flux during forced convection boil-
ing on an open heated disk supplied with saturated liquids through a small
round jet which impinged on the center of the disk employing refrigerant R12
at comparatively high pressures from 0.6 to 2.8MPa. Generalized correlations,
predicting the CHF within an experimental range of liquid-to-vapor density
ratio 5.3-41.25 and the reciprocal of Weber number 2x10°°-2x10-7, were given
for three different characteristic regimes: V-regime where the CHF increases
with an increase in the jet velocity, I-regime where the CHF is nearly con-
stant with jet velocity, and an HP-regime where the CHF appears only at high
pressure and again rises with an increase in the jet velocity. In a recent
study of a novel, flexible, long slender cryoprobe for cryosurgery of malig-
nancy and cancers using a micro-impinging jet of liquid nitrogen (LN.) (Aihara
et al., 1993), the boiling heat transfer characteristics of the micro-imping-



ing jet were clarified in detail using different types of probe tips. The
effects of the mass flow rate of LN., standoff distance, shape of the probe
tip, and surface roughness on boiling heat transfer were examined experimen-—
tally. The critical heat flux on the heat transfer area by Aihara et al.
(1993) was 20-25% higher than the value evaluated with Monde's experimental
formula (Monde, 1987), which was derived from the data on impinging jet boil-
ing of water, R12, and R113 in free space, and was little influenced by the
roughness of heat transfer surface.

Few studies on the impinging of a liquid jet on a hot porous surface have been
made. However, the impact of a liquid droplet on the hot porous surface has
been studied extensively because of its significance in a wide variety of
applications (Fatehi and Kaviany, 1990, Chandra and Avedisian, 1992). Chandra
and Avedisian (1992) experimentally studied the dynamic aspects of droplet
impingement on a porous ceramic surface by single-shot flash photography. The
primary parameter was the surface temperature in the range from 22 to 200°C.
The liquid was n-heptane. The measured value of spreading rate of droplet on
a porous surface at 22°C was lower than that on a stainless steel surface. No
transition to film boiling was observed with the porous surface at a surface
temperature of 200°C, unlike that seen with a stainless steel surface. The
evolution of wetted area and spreading rate, both of a droplet on a porous
surface and on a stainless steel surface, were found to be independent of
surface temperature during the early period of impact. The maximum value of
the diameter of droplet which spreads on the surface was lower on the ceramic
surface than that on the stainless steel surface at the same temperature.

Recently, the present authors (Kiydhashi et al. 1992), reported a experimental
study on the characteristics of the transient boiling heat transfer system
composed of conduction in a circular stainless steel rod and forced convection
between a flat surface of the rod and impinging water jets. Temperature
changes with time at central three points below the surface of the rod were
measured under the conditions of initial rod temperatures: Tso=200 to 800°C,
dimensionless standoff distances: L/Do=80 to 300, and jet velocities: Uo=7 to
20m/s. The results obtained in the study were summarized as follows; (1)
Transient heat transfer phenomena between the hot surface and the impinging
water jet could be classified according to their characteristics varied with
the degree of superheat on the heat transfer surface, ATsat=Ts-Tsar (Ts: sur-
face temperature, Tsar: saturated temperature), into the following two types,
i.e., the forced convection and radiation heat transfer for ATsar>300°C, and
the forced convection and subcooled boiling heat transfer phenomena for ATsat
£20~100°C. (2) Heat transfer coefficient, «a, increased rapidly with impinging
time, T, during shorter time than 7 =3s, independently of Uo and L/Do. How-
ever, for longer time and for Ts<100°C, Uo and L/Do affected a. (3) Uo and
L/Do almost never affected relations between « and ATsar. (4) The a rapidly
decreased with larger values of ATsar and was affected by Tso.

The objective of this study is to make clear the characteristics of the tran-
sient boiling heat transfer with respect to much higher speed water jets im-
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pinging onto a flat end surface of heated circular rod. Temperature changes
with time in the rod are measured at each three points for vertical and radial
directions under eighteen conditions. Heat flux is evaluated from the sub-
surface temperatures, and the thermophysical properties of the rod. From
their results and the jet temperature in the nozzle exit, the heat transfer
coefficients on the rod surface are calculated. The thermal shock fractures
appearing in an insulating material are also discussed from these results.

2. EXPERIMENTAL APPARATUS

An experimental apparatus used is shown schematically in Fig. 1. The appara-
tus mainly consists of three parts; (1) the water jet generating system (A to
S), (2) the heat transfer rod and it’s heating system (U to Y), and (3) the
measuring system. The test liquid (pure water) introduced in the water bomb
(H) is pressurized by the high pressure N, gas (maximum pressure :15MPa) in
the N. gas bomb (E). The pressurized water is jetted from the nozzle (s) via
the high pressure hose and the solenoid operated valve (Q). Pressure and tem-
perature of the water jet at exit of the nozzle (S) is measured by the pres-
sure transducer (0) and thermocouple (T.) immersed in the nozzle assembly (R),
respectively. The heat transfer rod (Y) is heated by the electric furnace (U)
of which capacity is SkW. Temperature of the rod (Y) is controlled by the
thermocouple (Tc:) attached on the rod surface and a temperature controller,
and also monitored by the thermocouple (Tc.).

The measuring system consists of a temperature measuring system and a remote
operating system shown in Fig. 2.-.-"Temperature changes at the eight positions
shown with solid points (T. to Ts) in the heat transfer rod (S), water jet
temperature at the nozzle exit, Te(T. in Fig. 1), and temperature of the elec-
tric furnace, T:0(Tc: in Fig. 1), are measured by the high speed digital
multimeter (TR6861, Takeda-riken Co.) (D) via the terminal box (F) and the
high speed scanner (10 channels) (E). Data of the temperatures are processed
by the personal computer (PC8801, NEC) (A), showed on the display (B) and/or
recorded in the floppy disk unit (C). The remote operating system for jetting
of water consists of the fiber (I), photoelectric detector (H), the remote
relay box (G), the solenoid operated valve (J), the pressure transducer (X),
the amplifier (L) and the pen type pressure recorder (M). Both the digital
multimeter (D) for measuring the temperatures, and the remote relay box (@)
for opening and closing the solenoid operated valve (G) can also be operated
by the personal computer (A). The two sensing parts of the fibers were so
fixed at about 20mm over the electric furnace (0) as to cross at right angles
the axis of light from the fiber and the axis of the water Jjet. The electric
furnace (0) are controlled by the thermocouple, T.; (Tc: in Fig. 1) and the
temperature controller (N).

Figure 3 shows the heat transfer rod and the temperature measuring points in
the rod in detail. Diameter and height of the rod were 75mm and 156mm, re-
spectively. Temperature measuring points, T:, T. and T; were set along the



central axis of the rod. Also, the points, T4 and Ts, and Ts, T; and Ts set
on a concyclic imaginary surface with radius of 4mm, and one with radius of
8mm, respectively, shown in Fig. 3. C-A sheathed thermocouples of 1.6mm in
diameter were used to measure the temperature of these measuring points. In
this experiment, two nozzles in different diameter, Do=4mm and Bmm, were used.
Figure 4 shows the schematic drawing of them. The lengths of the straight
part of the nozzle exit, Ln, were 12mm and 18mm for the nozzle of Do=4.0mm and
6.0mm, respectively. The Ly was decided from the law of similarity of flow in
the different nozzles. To obtain water jets having low level of turbulence,
Ly/Do of them was designed by three.

3. MEASURING METHOD OF TRANSIENT HEAT FLUX AND HEAT TRANSFER COEFFICIENTS

3.1 Inverse Heat Conduction Problem

I the heat flux or temperature histories at the surface of a solid are given
as functions of time, then the temperature distribution can be obtained from
the values. This approach is called a direct problem. In many dynamic heat
transfer situations, the surface heat flux and temperature histories of a
solid are determined by measuring iransient temperatures at one or more inte-
rior locations; this is an inverse problem. In particular, the special case
of estimating a surface condition from interior measurements has come to be
known as the inverse heat conduction problem (IHCP). It is much more diffi-
cult to solve the IHCP analytically than the direct problem. However, the
technique has been often used to measure the temperature history on the heated
surface of a solid, although it i&'very easy to accurately measure the temp-
erature history at an interior location or at an insulated surface of the
body. One of the earliest papers on the IHCP was published by Stolz (1960).
Papers over 300 have been writien to date on the IHCP or closely related prob-
lems (Beck, et al, 1985). Burggraf (1964) obtained an exact solution of tem-
peratures and heat flux at a boundary and internal locations by specifying the
boundary conditions (in case of temperatures and heat flux, given simultane-
ously at a single location in a solid). Shoji (1978) solved analytically the
inverse problem of one dimensional unsteady heat conduction in case of given
temperatures at two locations in the solid using Laplace transform. He also
examined calculating procedure, accuracy of the resultant answers and limita-
tions of this analysis for a specified application. In the present study the
authors try to use his technique to obtain the heat flux from the heated rod
and the heat transfer coefficients between the surface of the heated rod and
the high speed impinging water jets.

3.2 Principle of Measuring Method
The flow condition indicated in Fig. 5 is supposed. A water jet of velocity,
Uo, and temperature, T., at the nozzle exit flows radially over a flat surface

after impinging on the surface. If the surface conditions are such that
Ts>T., convection heat transfer will occur on the surface. The local heat
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flux, q., may be expressed as
Qr:ar(TSr_TL) (1)

where a . is the local heat transfer coefficient. Because the flow conditions
vary along the surface from stagnation point (r=0) to outer point (r=r), both
qr and o . vary radially. The heat flux, q., may be in general a function of
both position, r, and time, T . It is assumed that lateral conduction can be
neglected compared to the heat flow in direction normal to the surface. Thus
the net surface heat flux as a function of time is estimated from temperatures
obtained from two interior temperature sensors at positions, x; and X., as
shown in Fig. 5. The measurements are made at discrete times, t., t., -+ or
in general at any time, t ., whose temperature is denoted Ti. To estimate the
surface heat flux history it is necessary to have a mathematical model of the
heat conduction process. In the case shown in Fig. 5, the semi-infinite body
is assumed to be a single material, homogeneous and isotropic. Then the
energy equation can be written as for the body,

(8T/3t )=a(d?T/dx?) (2)

where, a (=42 /pc) is the thermal diffusivity of the material. The thermal
conductivity, A, density, p, and specific heat, c, are postulated to be
known functions of temperature. If any one of these thermal properties varies
with temperature, the IHCP becomes nonlinear. The initial temperature distri-
bution, To(x), is also taken as known. The locations, x, and x2, of the sen-
sor are assumed to be measured and to have negligible error. Resultant calcu-
lating formulae of the temperature;® Ts.:, and heat flax, q.:, on the surface
are obtained as the solutions of Eq. (2) by using Laplace transformation

(Shoji, 1978) as follows for the case of r=0:

TSri=T1i‘(h1/hz)(;\ v/ A a)(Tzi‘Tli)
+[hy (hi+hz) /4] (1/a:) (A /2 ) (Trie=Tyii-1)/AL (3)

qri==2A s{(h1/h2)[1/(h;+h2)] (T2 :-T, i)
-[(1/h)+1/(hi+h2)1 (T i-Ts: )} (4)

where, T,; and T,: are measured values of the temperature at the locations, x,
and x. at time Tz=i-At, and h, and h, distances from the heat transfer sur-
face to the location x;, and from the location x, to Xz, respectively, shown
in Fig. 5. The At is a time interval. From the analytical results on the
error estimation the time interval At was determined to be 150ms. Thermo-
physical properties of the material, SUS304, are given as functions of temper-
ature according to literature data (Touloukian and Ho, 1970) as follows;

A 1=15.4+0.0125T, [(W/(m-K)]
A a.:- 1

A %15.440.0125(T,+T:)/2 [W/(m-K)]
A s=15.4+0.0125Ts [(W/ (m-K)]
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a1=(15.4+0.0125T,)/7820(4.41+1.92x107°xT,) [m?/s]

Local heat transfer coefficients, «:, are calculated from Egs. (1), (3), (4)
and the equation,

ari=CIri/(TSri_TL) [W/(mz-K)]. (5)

In this experiment, C-A sheathed thermocouples of 1.6mm in diameter (diameters
of naked Chromel and Alumel wires are both 0.1mm) were used as the sensors.
The 63.2% response time, 7 &, of their thermocouples was 150ms. Temperature
corrections for the response delay of these thermocouples at arbitrary time T
=n- T = were made by the use of a following equation derived by the authors:

n-2 .
To=[1/(1-c)1Ta ~{Z ¢ " ™ 'XTas +{1/(1-¢)lc* 'T,} : (6)
m=-1
where, ¢=0.368, and T. and T. are true and measured temperatures,
respectively. '

4. EXPERIMENTAL METHOD AND CONDITIONS

The heat transfer surface was polished with emery papers #400, #700 and #1500
in this order before each test run. Experimental methods of one test run of
this experiment are shown in Fig. 6 as flowchart. The experiments were
conducted under the nominal condition: initial rod temperatures, Tso=200, 400
and 800°C; a fixed dimentionless standoff distance, L/Do=50; and water jet
velocities at nozzle exit, Uo=36,.63 and 110m/s. Diameters of the nozzle made
of SUS304, Do, are 4.0 and 6.0mm; and the temperature of the water jet, T., at
the nozzle exit was kept at air temperature in a test chamber. Diameter and
length of the rod are 75 and 156mm, respectively. Material of the rod is
stainless steel, SUS304. The rod is automatically heated up to the tested
temperature in the electric furnace with an insulating cap. Surface tempera-
tures of the rod may be predicted by inversed heat conduction technique from
temperatures measured with the thermocouples immersed in the rod. The actual-
ly tested values of Tso, Uo and T. are shown in Table 1.

5. EXPERIMENTAL RESULTS AND DISCUSSIONS

5.1 Characteristics of the Water Jets

The general structure of a free water jet in air consists of several regions:
the initial region with a constant jet axial dynamic pressure, the main region
with a constant jet axial velocity, and the final region (Kiychashi, 1980).
Relations between the jet diameter, D.., at the standoff distance, L, and the
dimensionless standoff distance, L/Do, for different jet velocities at nozzle
exit, Uo, were obtained by photographic measurements of the configuration of
the water jet taken under the reflective light illumination. Figure 7 shows



the configurations of the water jets of Uo=31.3, 62.7 and 109 m/s in the case
of Do=6.0mm. These reveal that divergence of D. increases with increasing Uo
and L/Do. Values of D: obtained with L/Do=50 are as follows: In the case of
Do=4.0mm, D.%6.0mm for Uo=31.3m/s, D.510.0mm for Uo=62.7m/s and D.513.0mm for
Uo=109m/s. In the case of Do=6.0mm, D.=8.0mm for Uo=31.3m/s, D.=12.0mm for
Uo= 62.7m/s and D.%18.0mm for Do=109m/s. The authors have estimated that the
water jets used in this experiment maintain the initial region or the
transition region of them at the impinging surface of L/Do=50.

5.2.Cooling Curves of the Heat Transfer Rod.

Figure 8 shows the histories of the temperatures at the two interior loca-
tions, T: and T., and at the central point, Ts..-o on the surface of the heat
transfer rod in the case of Do=6.0mm and Uo=62.8m/s. Figures 8 (a), (b) and
(c) also present the histories of which initial temperatures of the heat
transfer rod, Tso, are at about 200, 400 and 800°C, respectively. Symbols of
ellipse and triangle show experimental values at the locations of T, and T.,
respectively, and those of square show the estimated values at the point,
Ts.r-0, obtained from Eq. (3) and the experimental values. From the figures,
it is found that the curves of the temperature histories at the point, T, in
the cases of Ts0=200 and 400°C are characteristic of their shape. Both the T,
values in the above cases drop steeply at a certain temperature from about 110
to 120°C.

Figure O shows also the temperature histories at the interior location, T, of
the heat transfer rod as a parameter of the water jet velocity at nozzle exit,
Uo, in the case of Do=6.0mm. Again’, Figures (a), (b) and (c) in Fig. 9 indi-
cate the histories of which the initial temperatures of the heated rod are at
Ts0=200, 400 and 800°C. respectively. Symbols of ellipse, triangle and square
denote the data of Uo=33.0, 62.0 and 108m/s, respectively. Flow models of
water jets impinging onto a heated surface, reported previously by the authors
(Kiyohashi et al., 1992), may also be supported by these temperature histories
of T, and Ts..-o in spite of much higher jet velocities than 20m/s.

5.3 Transient Heat Transfer Coefficients

Figure 10 shows variations of heat transfer coefficient, «, with time, ©,in
the case of Do=6.0mm. Figures 8 (a) and (b) illustrate the relations between
a_ and T at the stagnation point(r=Omm), for the initial heated rod tempera-
ture, Tso0%400 and 800°C, respectively, as a parameter of the water jet veloc-
ity, Uo=33, 62 and 108m/s and Figure 10 (C) for Tso0=800°C and Uo:109m/s as a
parameter of the radial distance, r=0, r=4 and r=8mm. It can be seen that the
Uo and the r don't affect during t=0 to 0.3[s]. Figure 11 shows the varia-
tion of o with the degree of superheat, ATsar, for Do=6.0mm and Uo362m/s as a
parameter of the initial heated rod temperature, Tso3200, 400 and 800°C.

Also, Figs. 11 (a), (b) and (c) show the relation between a and ATsar for
r=0, 4 and 8mm, respectively. It can be recognized again that the values of
Tso and r markedly affect o and ATsar relations from above figures. Further,



the velocity Uo don't affect a and ATsar relations for r=0mm, and for higher
ATsar than 200°C against larger r than 4mm.

5.4 Thermal Shock Fracture Mechanism by Impinging Water Jet

In the previous work (Kiyohashi, et al., 1978, 1980), it has been found that

»fracturing patterns of heated specimens made of a castable insulating material

by impinging water jets varied characteristically with the specimen tempera-
ture, Tso. On the surface of the heated specimen struck by the water jet for
10s, a cylindrical hole-shaped cavity with a certain diameter at the stagna-
tion point was observed in both cases of Tso=400°C and Tso2800°C. A large
crater-shaped cavity was observed at Tso=600°C. These phenomena on the heated
surface struck by the water jets can be well explained by the heat transfer
characteristics obtained. The fracturing mechanism have been described in
detail elsewhere (Kiyohashi, et al., 1978, Kiyohashi et al., 1980).

6. CONCLUSIONS

An experimental study has been carried out on clarifying the characteristics
of the transient boiling heat transfer to the high speed water Jjet impinging
onto a circular heated rod. The results obtained in this study are summa-
rized as follows : (1) The transient boiling heat transfer phenomena between
the hot surface and the impinging high speed water jet are classified accord-
ing to their characteristics varied with the degree of superheat ATs.: on the
surface, into two types, that is,.# transient boiling system and a nucleate
boiling system. (2) The heat transfer coefficient o increases rapidly with
increasing impinging time T for a shorter period than 0.3s, independent of
the water jet velocity at nozzle exit Uo but dependent on the initial surface
temperature Tso. However, for the period longer than 0.5s and for larger sur-
face temperatures Ts larger than the saturated temperature of water, U, and
Tso affect a. (3) The velocity Uo and nozzle diameter Do almost never affect
the relations between « and ATsar. (4) For larger ATsar, the o -values rapi-
dly decrease with increasing ATsat but never be affected by the radial dis-
tance. (5) For smaller ATsar, the values of a are affected by the radial
distance and Tso. (8) The thermal shock fractures, appearing on the hot sur-
face by impingement of the water jets, can be well explained by these heat
transfer characteristics.
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NOMENCLATURE

a : thermal diffusivity [m?/s] Ts : surface temperature [°C]

¢ : specific heat [kJ/(kg-K)] Tsat: saturated temperature [°C]

Do : nozzle diameter [mm] Tso : initial temperature [°C]

h : distance [mm] AT : degree of superheat(=Ts-Tsar)[°C]

L : standoff distance [mm] Uo : water jet velocity

q. : local heat flux at r [W/m?] at nozzle exit [m/s]

r : radial distance [mm] a : heat transfer coefficient [W/(m?-K)]
T : temperature [K, °C] A : thermal conductivity [W/(m-K)]

T. : water jet temperature [°C] T : time [s]
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Fig. 2. Systems for data logging and temperature control of the electric furnace.
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PERFORMANCES OF HP FLUID JET TO CUT FOOD PRODUCTS

Claudie MERLE
AQUARESE Industries
Massy, Essonne, France.

Marielle BOUIX, Marc SIONNEAU, Jean VASSEUR

Ecole Nationale Supérieure des Industries Agro-Alimentaire (ENSIA)
Massy, Essonne, France.

ABSTRACT

A short synopsis of the applications of water jet cutting in food industry summarizes the main
advantages and special conditions of using this technology for these type of products.

Different experiments are conducted to study the hygienic aspects of cutting foods by high pressure
water jets. Special recommendations are given for the quality of the water and the ambient air.

~ Methodologies have been elaborated to study the slicing of bread. Cutting performances are

evaluated by 3 paramaters of "lenght of cut" ; a linear model is suggested to correlate these
paramaters with the process parameters (d, P, u), and to choose the optimal conditions to get

complete cuts. Some experiments have been realised to estimate the moistening pick up and the
loss of the material due to the jet.

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

Cutting is a very important standard unit operation in food processing. It is often indispensable for
harvesting and trimming agricultural products before transformation. Also, many products will be
conditioned as precut portions. There are even food industries in which the food transformation
consists of a sequence of cutting operations (example: slaughter houses).

As canned, frozen and prepackaged food in portioned volumes penetrates the world markets,
individual domestic cutting is being shifted to the food processing industry.

In most market studies on applications for the high pressure waterjet cutting process, the food
industry is mentioned as a candidate with many opportunities [Lombard ; Heiland et al.- 1990].

2. STATE OF THE ART.

In the early 70, when waterjet cutting installations had reached an industrial standard in other
industries, also the food industry became interested in the new technology. However, the first
companies involved tried to use a liquid, which would be more compatible with their products than
water, for instance vegetable oil or heated cocoa butter for confectionery. Since that time the term
"Fluid Jet" should be used rather than the standard term "waterjet".

Today approximately one hundred "high pressure fluid jet installations" worldwide are reported to
cut food products; this represents less than 5 % of all the HP fluid jet applications in other
industries.

Ggogra%lically, the food cutting installations are located: 50 % in the America, 40 % in Europe and
10 % ROW.

The main sectors equipped with fluid jets are the meat and fish portioning and the candy bar and
cake cutting. ' .

Slitting and crosscutting of bakery or confectionary goods in many different arrangements make up
for 20 % of all food applications. (Fig. 1)

Combined with completely automatic vision-control and weighing systems, the CNC controlled jet
cuts fish filets and chicken breast to the gram. (Fig. 2)

15 % of the equipements are used for research in public or private centers. Shield et al. (1973)
investigated HP jet for cutting of lettuce stems ; Heiland et al. (1990) proposed to use an automatic
controlled HP water jet for excising objectionable material from slices of bone-in beef chuck ;
BECKER R. and GRAY G.M. (1992) evaluated cellular damages and consequences on potatoes
slices.

3. SPECIAL CONDITIONS FOR THE CHOICE OF EQUIPMENT.
Several mayor criteria have to be evaluated for the choice of the cuttin g tool.
3.1. Reactions between Tool and Material.

For certain products knives or saws will have to be heated, cooled or vibrated (by ultrasonic
waves) in order to avoid sticking and to have a smooth cut.

Very elastic or jelly material will be strained and are deformed after cutting. Hard particulate in a
soft matrix can be displaced by the tool and cause holes, crushes or striation.

The fluid jet can solve many of these problems due to its small diameter, concentrated energy and

high speed.(up to 4.108 J/m3 and 900 m/s)
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3.2. Output, loss of material.

For portioning of material containing imperfections or inclusions like bones, fat, parasites the
mechanization of the cutting process with knives and saws normally will result in excess loss of
material.

The fluid jet is ideally suitable for robotic positioning and CAM nesting programs, due to its
omnidirectional feature and instantaneous on/off capability. Thus the waste will be minimized.
These are the main arguments presented by Heiland et al (1990), Frigoscandia (1988) and
Lumetech (1990).

3.3. Flexibility.
On mechanized production lines, the product mix often changes as to hardness, composition,

dimensions or weight. The number and positions of the jets and the cutting parameters can be
adapted much easier to changing conditions than any other tool.

-3.4. Hygiene.

Food stores require products with a long shelf life. This can only be achieved by a processing
under ultra hygienic and germ free conditions. A mechanic tool, once contaminated, will
contaminate through its repeated material contact automatically all the product that passes the line.
This can result in a large amount of rejects. The fluid jet with its continuous stream and non
;epeatable surface contact to the material reduces the risk of contamination and the cleaning
requency.

4. STUDY OF HYGIENIC CRITERIA AND CONDITIONS FOR THE FLUID JET.
The possible sources for contamination of the cut product are the following :
- The fluid jet itself.

- The ambient air, which is entrained by the jet.

- The conveyors and other surfaces in contact with, or closed to, the product.
- The product itself.

The experimental study concentrated on the influence of the jet and the ambient air .

4.1. Materials and Methods.
4.1.1. High Pressure Equipment.

A single intensifier pump "Flow International" with a capacity of 3.1 liters per minute at 3 800 bars
pressurized one or two stationary nozzles with standard on/off valve. The demineralized tap water
was supplied to the pump through a water booster and filtration unit equipped with standard filters
down to 0.45 micron. No additives were applied to the water.

4.1.2. Cutting Table.

The sterile material was placed on the sterilized surface of a slitting table, which can be moved at
speeds from 0.1 to 50 meters per minute under the stationary jet. The principle of the catcher and
its suction device excluded splash back from underneath. The set-up permitted to cut under a hood
with ambient air or with a small overpressure of filtered clean air.
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4.1.3. Sampling and Measurement of Water Contamination.

Under sterile conditions the water samples were taken:

- at the tap

- after demineralization (by means of cationic and anionic resins).

- after booster and filtration unit.

- at the nozzle exit (the water must be caught in cooled container to avoid heating, due to the
dissipation of the jet's energy).

The samples are diluted (from 100 to 10-5) or filtered (at 0.45 um) , depending on the concentration
of microorganisms. An inoculated, nutritious matrix PCA (Plate Count Agar, at 15 g/l) enriched
with Glucose (2 g/1), serves for the observation and counting of the microbial colonies after 72
hours of incubation at 30 degrees centigrade. :

4.1.4. Sampling and Measurement of Air Contamination.

The air samples are captured in Petri dishes, which contain a sterile nutritious matrix PCA,
enriched in agar (45g/1) and glucose (2g/1) ". Petri dishes are opened on the slitting table near the
material, all along the cutting experiments (Fig. 4), and evaluated after an incubation of 72 hours at
30°C.

4.1.5. The Product to Simulate Food.

Under sterile conditions a cylinder of nutritious material (500 ml) was poured into a mold
consisting of a plastic film. The solidifying liquid basically has the same composition as the matrix
used for the inoculation : 45 g/l of agar and 2 g/l of glucose. The cylinder was positioned on the
slitting table horizontally allowing round slices to be cut (Fig.4).

Using a 0.18 mm diameter nozzle at 380 MPa, the slices were cut at the speed of 5 m/min. ; the
stand off distance between the nozzle and the top of the product was minimal (1 to 3 mm).

After cutting, the single slices were removed from the table with the help of sterile pliers and put
into a Petri dish and evaluated as above.

4.2. Results and Discussion of Hygienic Conditions.
4.2.1. Water Contamination.
The results are summarized in Fig. 3.

* The demineralization device is a considerable source of water contamination due to the fact that
the micro balls of resin can be a nutriment for the bacteria. The discontinuous mode of operation
enhances the growth of the germs.

* The standard filtration of 0.45 micron is not sufficient to retain all the microorganisms.

In order to solve the problem there are two suggestions:

- change the sequence of filtration from 10, 1 and 0.45 micron to 5, 3 and 0.2 micron.

- install a closed loop in order to circulate the water constantly in the whole system, even when the
high pressure pump runs idle or stops. This closed loop will also serve to regularly sanitize the
circuit by steam or by chemicals. Thus no films of germs can develop on the inner walls of the
system elements.

* High pressure treatment of the water (in the pump and all tubing), and then the decompression at
the nozzle has a real influence on the non-multiplication of the micro-organimes. A 102 microbial
reduction is obtained with P =380 MPa and d =0.18 mm.

Today a lot of researches are done on the influence of the high pressure on the micro-organismes,
specialy with the objective to find a treatment that eliminates the germs and preserves the special
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characteristics of foods (flavor, taste, color, texture) ; this seems to be possible with very high
pressure (up to 1000 MPa) when high temperature modifies most of the quality characteristics.
Ludwig et al.(1992) and Smelt & Rijke (1992) got 102 to 105 reductions on Escherichia coli
during hydrostatic pressure treatment of 5 min at 350MPa.

For the water used as cutting medium, some complementary experiments will be necessary to
confirm if the microorganismes are realy killed or only inactived because of the stress of high
pressure and decompression treatments. Optimisation of the pressure, the nozzle diameter and other
important parameters (like time, temperature, pH, air quality) should be done to control the minimal
level of contamination that could be obtained with this process.

Consequently, to be sure of the hygienic quality of the jet, it is recommanded to provide a
sterilizing filtration system, as describe above.

4.2.2. Air Contamination.

The tests, evaluated in Fig. 5 have been made with ambient air, which always is naturally
contaminated with molds, yeast and bacteria. The results presented in Fig. 5 are given in average
number of CFU (Colony Forming Unit), observed on one Petri dish and on one agar slice,
contamined during the same experiment.

Part of the germs from the air was found on the surfaces of the cut. The depression created by the
high speed of the fluid jet entrains the ambient air into the kerf. It appears that the micro organisms
will adhere to the surface of the nutritious material and grow from there.

The consequences from the observations will certainly depend on the biologic properties of the
food to be cut and the following steps of processing. For all products which are sensitive to
contamination and which will be packed directly after cutting, we suggest to put the cutting station
into an enclosed space, where an air quality class 100 and positive pressure can be maintained.
(Class 100 : Less than 100 particles larger than 0.5 micron per cubic foot. Generally there will be 1
microorganism per 1000 to 10000 particles.)

5. CASE STuUDY: CUTTING BREAD
5.1. Materials and Méthods.

5.1.1. Cutting Equipment.

The basic set-up of high pressure and motion control equipment was the same as for studying the
hygienic criteria.

- Maximum pressure P = 3800 bar
- Variable cutting speed u = 0.1 to 50 m/min.
- Diameters of the nozzle d =0.1 to 0.33 mm

5.1.2. Characteristics of the Bread.

The white bread, which was used for testing, had the French standard dimensions.

- cross section 72 x 72 mm

- total length 230 mm

The industrial recipe for a shelf life of 6 months includes the following ingredients: wheat powder,
water, yeast, milk by products, sugar, animal fat, emulsifiers, Soya lecithin, salt, extract of malt,
ascorbic acid, natural tocopherols.

The density of the packaged bread was 0.23 g/cm3 at an average moisture of H =31 % of total
weight, equivalent to X = (.45 of the dry mass.
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5.1.3. Choice of the parameters.

* Process parameters.

For this first series of experiences, and following the experimental work described by different
authors [BECKER - 1992 ; HASHISH & duPLESSIS- 1978 ; HEILAND et al.-1990 ;
LOMBARD ; and YAZICI & SUMMERS - 19871, we have chosen only the three fundamental
variables to control the process: :

- d : internal diameter of the nozzle

- P : water pressure at the exit of the pump

- u : speed of the relative movement between nozzle and material

* Cutting performance.

In literature [HASHISH & duPLESSIS - 1978 ; YAZICI & SUMMERS - 1987], generally the
depth of cut in material of unlimited thickness is used to describe the performance of a liquid jet.
However, for bread and food in general, this alone is not sufficient to characterize the cutting
performance. First of all, food comes in naturally grown dimensions, which are similar, but
irregular and macroscopically inhomogeneous. Even, if food is molded into specific shapes, like
bread, there may be a crust, which means different hardness on the surface as well as at the entry
and exit of the jet, horizontally and vertically. Rather than extrapolating cutting performance from
the depth of cut, it is necessary to establish quality parameters of the real product, as it is sold.

The cross section schematically presented in Fig.6 shows an incomplete cut. The uncut areas are
due to the deflection of the jet by the crust. The parameters must be adapted to reduce jumps or
deflections when the jet passes over the crust or exits.

In order to define and describe the results of cutting bread, three illustrative parameters have been
chosen :

- L1 = depth of cut at the start

- L2 = depth of cut at the end

- L3 = the distance between the uncut areas at the bottom of the bread.

These parameters consider the specific inhomogenities and the morphology of bread.

Ten repetitions for each identical experimental configuration have been performed in order to
verify the validity of the results.

* Other important features.

In literature, very often the roughness or striation on the surface serves to describe the quality of
the cut. Although important for most food as well, the surface quality could be neglected for the
tested type of bread.

However, materials with a high porosity, like bread, tend to be considerably moistened by the
waterjet. This should be minimized and controlled.

The amount of kerf material, entrained by the jet and flushed into the catcher, has an impact on the
economics of the cutting process. Its recuperation and the treatment of the waste water are also a
cost factor. .

Both, humidity pick up and loss of kerf material were measured by simple weighing , evaporation
(105 °C, 24 h) and calculated mass balance before and after the cut.

- ML =loss of kerf material in mg per cm2

- Mwi = water deposited to the surface by the jet in mg per cm2

The sum of all slices Mws - ML represents the total difference of weight between the loaf of bread
before and after cutting.

All measurements must be referred to the created surface in order to be comparable.
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5.1.4. Schedule of Experiments.

To characterize the cutting performance, the three control parameters (d,P,u) have been varied
according to a decision matrix (Central Composite Experimental Design) ; 16 variations were
determined to be sufficient to cover the experimental field.

To evaluate the moistening and the loss of material, only those slices have been chosen, which had
been completely cut. Starting from there, d, P and u were changed continuously according to trial
and error.

5.2. Results and Discussion.
521 Cutting Performance.

The results for the 16 experiments were analyzsd using the computer program SYSTAT.

For this first step, a linear model of second order were proposed to describe the influence of the
variables on the results of cutting.

Three equations are expressed to correlate the jet performances, in terms of L1, L2 & L3, with the
process parameters (d, P, u and the 11near combmalsons of second order) that means 10
coefficients for each 3 models.

The squared multiple regression coefficients of these equations has value of 0.886 to 0.925. The
dispersion of the calculated results versus the experimental results is plotted in Fig. 6, and can be
evaluated as acceptable. This type of model is simple and suitable for this first study, but other
regression models will be considered in the future.

With these equations, the theorical variations of L1, L and L3 versus d and P can be expressed,
for different invariable values of u. Some of these 3 dimensional graphes are plotted in contours in
the figures 7, 8 and 9.

For the tested type of bread it has been decided, with a safety margin, that the industrial purpose of
""complete cut" for all the slices, was realised for L1, Ly and L3 superior or equal to 80 mm.
Figures 10, 11 and 12 describe how to manage the 3 process paramaters, d, P u to get complete
cuts on L1, L and L3.

The curves describing L1 and Ly have quite the same shape ; but the cut is harder at the start (L)
than at the end (L7). The nozzle diameter seams to have less influence at the bottom cut (L3) than at
the start and end cuts. Consequently, the process paramaters have to be chosen according to the
results obtained for the start cut (L), which is the limited factor for the complete cut of the slice.

5.2.2. Moistening and Loss of Material.

White bread will pick up moisture from the waterjet and will loose kerf material in the order of :
Mwi=3t020mg/cm2and ML=3to 8 mg/cm2.
For the complete loaf of 23 slices the variation of the results are estimated at :
Mwi=11t047 gand ML=81t0 18 g.
Generally the bread gains more water than it looses kerf material. The total change can vary
between a loss of 1 g and a gain of 47 g.

The dominating influence on the water pick up is first the pressure P and then the traverse speed u.
It seams that minimal moisture pick up can be obtained at P = 3000 to 3500 bars and at u = 20 to
30 m/min.. These values are probably function of the contact time between the water jet and the
material, and the abilily of this one to absorb water. But those results will be confirmed in the
future by complementary tests.
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6. CONCLUSIONS

There are many advantages for food industries to use a HP pressure fluid jet systems to cut their
products ; specially due to the present preoccupations with hygiene and longer shelf life.

The experiments described above indicates what are the conditions to make with the jet a perfectly
cleantool: - for the cutting media : filtration at 0,2pum and regular sanitation of the tubing

- for the ambient air : controlled atmosphere, class 1000 or 100, according to the
product.
These operations are quite usual in this type of industry, and will not give any major problems.

With the case study of bread a methology have been elaborated to understand how HP jet cuts this
type of product. The values of kerf loss and the moisture pick of the material can be now compared
to other cutting tools.
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NOMENCLATURES
d internal diameter of the nozzle (mm)
L1 depht of cut at the start of the product (mm)
L, depht of cut at the end of theproduct (mm) ,
Ls total of distances between the uncut areas at the bottom of the product (mm)

ML loss of kerf material (mg/cm?2)

My  water deposited to the cut surface by the jet (mg per cm?)
P water pressure at the exit of the HP pump (MPa)
u traverse speed of the material under the jet (m/min.)
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ABSTRACT

The first part of the paper is concerned with the definition of optimal process parameters
to achieve high material removal rates as well as high specific material removal rates in
relation to the consumption of power, of abrasive and of water. The definition of optimal
parameters has to take into account the specific requirements of milling with abrasive
water jets which covers e.g. the necessity to produce kerf profiles with a regular shape.
Secondly it is shown that a simple cosine function is suitable to describe a variety of differ-
ent kerf profiles produced by various parameters. Based on the description of the kerf
profile by the cosine function thirdly a model is introduced which allows to predict the
depth as well as the width of the kerf in relation to selected parameters. This model is
verified for different materials. Finally the superposition of kerf profiles is modelised for

both cases total and partial superposition. The accuracy of this model is proofed by milling
tests.
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1. INTRODUCTION

Abrasive water jets are available since one decade (Hashish, 1982) and mainly used for
cutting applications. But abrasive water jets have the opportunity to become a flexible tool
for manufacturing allowing milling, turning and piercing operations (Hashish, 1985 and
1992). In case of machining non-rotary-symmetrical parts fig. 1 shows schematically two
possible manufacturing strategies. On the left side the final geometry is produced by
removing coherent parts of the workpiece. It is obvious that this strategy is only applicable
to simple machining tasks but it shows a good ratio of material to be removed by the abra-
sive water jet to material totally removed from the workpiece. On the right side the
geometry of the workpiece is changed by a complete removal of the material due to a
multiple-passing operation. Although the ratio mentioned before is more unfavourable in
this strategy, which is comparable to conventional NC-milling operations, it allows to
machine parts of a more complex geometry. Milling with abrasive water jets can be done
on one hand side by using a mask to achieve sharp edged final shapes (Hashish, 1985), but
in this case applications are limited to two-dimensional milling operations, On the other
hand side the milling operation can be based on a deterministic approach which is subject
of this paper. The elements of this approach which were introduced in (Freist et al., 1989)
are

- modelling of the interaction between abrasive water jet parameters and the kerf profile

- modelling of the interaction between subsequently superposed kerf profiles.

The combination of both models which is subject of running research work aims at choos-
ing an optimal sequence of operations and at predicting the workpiece geometry at any
time during as well as at the end of the machining operation.

2. FACILITIES AND MATERIALS SPECIFICATION

An intensifier with maximum pressure of 400 MPa and maximum flow rate of 4 1/min was
used for all tests. The abrasive water jet was generated by a self designed adjustable cut-
ting head. Abrasive used was Olivine AFS 60 with a narrow particle size distribution (60
mass-% in the range of 250-355 um, 27 mass-% in the range of 180-250um, 4 mass-% over
and 9 mass-% below these ranges).

The profile was measured by a modified tactile roughness measurement system with a
measuring range of +5 mm. Data collected was analysed using commercial mathematical
software.
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Most of the tests were carried out on hardened steel (90MnCrV8, 65 HRC), the validation
of the models developed was carried out on austenitic (X5 CrNi 18 9, HRC 28) and ferrit-
ic steel (C45, HRC 26).

3. INFLUENCE OF PROCESS PARAMETERS ON MATERIAL REMOVAL RATE

As shown in fig. 2 many parameters influence the performance of the abrasive water jet
milling operation. These parameters can be grouped as hydraulic parameters, abrasive
parameters as well as abrasive jet generation parameters. The most important parameters
of these groups are pressure, nozzle diameter and abrasive mass flow rate which are all
faced in this study. Focus diameter as well as focus length are directly related to the nozzle
diameter to obtain an optimal acceleration process. In this study the focus diameter is 3 to
4 times the nozzle diameter and the focus length is 45 times the focus diameter. In addi-
tion the machining result depends on the working parameters traverse rate, working dis-
tance and lateral feed increment.

‘From a manufacturing orientated point of view a very important requirement of the mill-
ing process is to achieve a high rate of volume removal.

Considering firstly a constant nozzle diameter volume removal rate increases with increas-
ing abrasive mass flow rate as well as with increasing pressure. While there is a linear
dependence of volume removal rate from the pressure it exist an optimal abrasive mass
flow rate for each pressure level due to the momentum transfer capability of the water jet.
Optimal feed rate can be expressed by the mass ratio which is defined by the ratio of
abrasive mass flow rate to water mass flow. From fig. 3 it can be seen that an average
value for the optimal mass ratio is about R =0.33 showing the tendency to become smaller
for low pressures and greater for high pressures.

Considering secondly the material removal rate for various nozzle diameters and constant
mass ratio in each case fig. 4 shows that at the beginning the material removal rate in-
creases linearly with increasing nozzie diameter. If the nozzle diameter exceeds a specific
level a significant deviation from the linear behaviour can be obtained due to an increasing
damping effect in the kerf caused by the high absolute abrasive flow rates as well as by the
increasing depth of kerf.

In relation to the requirements of a specific machining operation the selection of machin-
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ing parameters is also influenced e. g. by the consumption of energy, of abrasives and of
water to achieve a certain material removal rate. If the material removal rate is for in-
stance related to the abrasive mass flow rate fig. 5 shows that for this specific material
removal rate an optimal nozzle diameter in the range of 0.2 to 0.25 mm exists. This range is
also valid for the material removal rate in relation to the hydraulic power input. The
dependence of the material removal rate in relation to the water flow rate shows qualita-
tively a similar behaviour as given in fig. 4 due to the fact that water and abrasive mass
flow rate are connected by the mass ratio.

From these results it is obvious that it doesn’t exist only one optimal combination of
parameters but one has to find a compromise between a high absolute material removal
rate and high specific material removal rates. Keeping this in mind in this study the pres-
sure was set to 300 MPa, the nozzle diameter to 0.25 mm, the focus diameter to 0.9 mm
and the abrasive mass flow rate to 6 g/s (R=0.25). The reduction of the mass ratio below
the value of R=0.33, which leads to a maximum material removal rate, increases the spe-
cific material removal rate in relation to the abrasive mass flow rate significantly.

Considering thirdly the influence of the working distance and the traverse rate it can be
seen from fig. 6 that the material removal rate increases significantly with decreasing
traverse rate if for a given working distance the traverse rate is below a certain value. This
critical traverse rate increases with decreasing working distance. Above the critical tra-
verse rate the material removal rate is constant in-between a narrow scattering band and is
independent on the working distance. There are two reasons for this behaviour. On one
hand side the energy density of the abrasive water jet at the point of impingement in-
creases with the decrease of both parameters working distance as well as traverse rate. On
the other hand side there is a transition in the macroscopic material removal process as can
be recognised from fig. 7. This transition occurs if the energy density exceeds a critical
value. Fig. 7 shows exemplary the kerf profile for a working distance of s=20 mm and
traverse rates beginning on the left of 200 to 1000 mm/min. An overcritical energy density
(v=200 mm/min) initiates a cyclic material removal process corresponding to the defor-
mation wear mode observed during cutting operations (Hashish, 1989; Tan, 1986). As long
as the energy density is below the critical value the material removal process shows a sta-
tionary behaviour producing smooth kerfs. Although the cyclic material removal process
enables to achieve high volume removal rates any combinations of parameters causing this
are not suitable to the requirements of milling with abrasive water jets. This is because
corresponding parameters lead to a highly irregular topography of the bottom of the kerf
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‘which results in a dramatically increase of the surface roughness as can be seen from fig. 8.
These irregularities have to be totally avoided at any time of the machining process be-
cause they cannot be corrected by following passes.

So in the following chapters only those combinations of parameters are considered which
produce smooth kerf profiles.

4. MATHEMATICAL DESCRIPTION OF KERF PROFILE

As stated earlier (Freist et al., 1989) the mathematical description of kerf profiles is one
very important element to realise the machining method finally aimed at. To get quantita-
tive information about the kerf profile the following requirements have to be fit:

- good matching concerning the shape of the kerf profile

- good correlation between the process parameters and the coefficients of the mathemat-
ical expression describing the characteristics of the kerf profile (e.g. depth of kerf and
width of kerf)

- minimal number of coefficients

Among the variety of possibilities which are suitable in general to describe the kerf profﬂe
(e.g. fft-analysis and -synthesis with reduced number of coefficients, polynomial of order 4
at least, segments of parabola) a modified cosine function is a very simple function which
fits the requirements listed above very well in a wide range of parameters (see also chapter
6.1). The characteristics of the modified cosine function (see fig. 9) are the amplitude <
and the wave length X. Using an Cartesian co-ordinate system with the origin in the
symmetry plane of the kerf profile and in the unaffected surface of the workpiece the
depth of kerf is two times the amplitude

k.=2a (1)
and the wave length is

A= X ; -b./2<x<b,/2 . 2)
be

Looking to the subplots in fig. 10 one can see that the cosine function fails in case of sharp
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contoured and deep kerf profiles which are produced for instance using small working
distances and relatively low traverse rates, Considering the macroscoplc shape matching
becomes better the smoother the kerf profile is.

Facing smooth kerf profiles only, fig. 11 shows the good correlation between the depth of
kerf k measured with the roughness measurement system and the depth of kerf k, resuiting
from the description of the kerf profile using the cosine function. This comparison
confirms quantitatively very clearly the qualification of the cosine function to describe the
shape of kerf profiles.

5. MODELLING OF WIDTH AND DEPTH OF KERF

As explained in chapter 4 the cosine function is suitable to describe quantitatively the kerf
profile for a wide range of parameters. To use the cosine function in a simulation model
that means to predict the kerf pi'ofile the two characteristics @ and X have to be correlat-
ed to the process pararﬁeters. Based on the results presented in chapter 3 in this study the
variable parameters are the traverse rate and the working distance while all the other
parameters remain constant. It is obvious that the model introduced below can be extend-
ed in principle also on other parameters (Hashish, 1987; Blickwedel et al., 1990).
Considering eq. 2 the wave length of the cosine function can be expressed by means of the
width of the kerf b, . From the tests carried out it was found that there is a linear relation-
ship between the width of the kerf and the working distance which can be expressed by

be=bys+by . | (3)

For hardened steel (see fig. 12) the coefficients of eq. 3 were found by regressmn analysis
being b1 =0.08 and b() =0.918 respectively.

It can be seen from fig. 12 also that the width of the kerf shows no significant dependency
on the traverse rate.

Due to the energy density at the impingement point of the jet the amplitude @ should
show an inverse proportional relationship concerning both the traverse rate as well as the
working distance. A simple equation was found which considers these relationships as well
as the fact that reducing the traverse rate towards zero will lead to a limited depth of kerf
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Rg

‘I’Cal = (4)
v(cis +0p)

Due to the calibration of eq. 4 on the hardened steel used in this study the relative erosion
resistance is Rg =1 for this material with the coefficients c; being c; =0.0002504 mm/ min
and ¢, =0.002224 mm/min?,

Fig. 13 demonstrates the excellent conformity between the amplitude directly resulting
from the cosine function < and the amplitude €, which was calculated using eq. 4. The
correlation coefficient for this material is r=0.997.

The general validity of the model given by equations 3 and 4 was checked by kerfing
austenitic and ferritic steel respectively. Considering eq. 4 it was assumed that only the
numerator i.e. the value of the erosion resistance has to be adapted to the properties of
different materials. Table 1 summarises the coefficients of eq. 3 and 4 and the correspond-
ing correlation coefficients for all the materials tested. As can be derived from the correla-
tion coefficients the conformity between the values measured and calculated is very high.

6. MODELLING OF THE SUPERPOSITION OF KERF PROFILES
6.1 Theoretical Background

Assuming that the cosine function is suitable to describe the kerf profile mathematically

- fig. 14 shows which final shape of the machined part is expected if five similar kerf pro-

files are superposed without and with different lateral feed increments. A most simple
machining operation is considered here that means that the moving paths of the cutting
head producing the individual kerf profiles shall be parallel to each other as sketched in
fig. 2. It is assumed furthermore the validity of a linear superposition model that means
that the final shape can be calculated by addition of all local depths of the considered kerf
profiles. Then the total superposition (¢=0) of N=5 kerf profiles should lead to a final
shape which can also be described by a cosine function and which has a depth of five times
the depth of the kerf profile. The depth of the final shape in a generalised form is

ka =Nik. ; e=0. (5)
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If the lateral feed increment is increased the final shape depends on the combination of
the number of partial superposed kerf profiles Np and the lateral feed increment. As long
as Np< b /e the final shape should remain a cosine function. If Npabc /e a flat bottom of
the final shape should occur with a depth of

ke be
kp = ————; 0<esb,/2, Np.>.bc/e . (6)
2e

If the lateral feed increment is greater than b, /2 but less than by, the final shape should
show a waviness with a maximum depth of

ka =k, ;b./25ex<hb, . (7
6.2 Validation of a Linear Superposition Model
6.2.1 Total Superposition of Kerf Profiles

Fig. 15 shows the development of the final shape in case of the total superposition of a
various number of kerf profiles. Under the chosen parameters the final shape itself is of
cosine type up to N;=3. Increasing the number of kerf profiles totally superposed leads to
a significant deviation of the final shape from the cosine function. Beside this it is obvious
that there is a difference between the depth of the final shape and the predicted depth
which increases with increasing number of kerf profiles superposed. Since the active
working distance is only influenced marginal with increasing depth of the final shape the
main reason for this behaviour is seen in increasing friction losses due to a more and more
intensive contact between the abrasive water jet and the profile produced so far.

Both aspects - deviation of the final shape from the cosine function as well as the increas-
ing difference between the depth of the final shape and the predicted depth - become
more distinct if kerf profiles with greater depth of kerf are superposed.

So as a pre-conclusion concerning the total superposition of kerf profiles it can be said,
that the linear superposition model is valid if relatively flat kerf profiles are superposed
and if the final shape produced so far does not exceed a critical state which is mainly
characterised by the angle of the flanks of the final shape. |
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6.2.2 Partial Superposition of Kerf Profiles

Fig. 16 images exemplary the final shape in case of the partial superposition of two kerf
profiles with a lateral feed increment of e=b, /4. The working distance is s=40 mm and
the depth of the kerf profile is 0.25, 0.5 and 1.0 mm respectively. The different depths of
kerf lead to different angles of the flanks of the kerf profiles. According to the explanation
in chapter 6.1 the final shape should be of cosine type, because Ny =2<b, /e =4 is fulfilled.
Each subplot shows the final shape (continuous line) and compares it with the result of the
prediction based on the superposition of two similar cosine functions (discontinuous line)
as well as on the superposition of the two kerf profiles (dotted line). These kerf profiles
are also the basis for the matching by the cosine functions. Considering first the upper left
subplot it can be seen that there is a good conformity between the final and the predicted
shape. If the depth of the kerf is increased as shown in the right subplot a deviation occurs
between the final and the predicted shape. As can be seen from the lower subplot this
deviation becomes more significant the greater the depth of the kerf profile is.

Increasing the lateral feed increment to e=by, /2 should result in a final shape with a flat
ground because in this case the condition N;=22b,, /e=2 is fulfilled. Facing the upper left
subplot in fig. 17 it can be seen that there is a markedly deviation between the final shape -
and the predicted shape based on the cosine function. But it is important to note that there
is no significant difference between the prediction based on the kerf profile and the final
shape. The deviation between the predicted shapes is due to a small size mismatching of
the lateral parts of the kerf profile' by the cosine function. Increasing the depth of the kerf
profile does of course not affect the predicted shapes qualitatively but leads to a more and
more significant deviation between the final shape and the prediction based on the kerf
profile in particular. ,

As a pre-conclusion concerning the partial superposition of kerf profiles it can be said that
the linear superposition model is valid if relatively smooth kerf profiles are superposed.
Also in this case deviations occur if the depth of the kerf exceeds a critical level which is
defined by the angle of the flank of the profile produced so far.

7. CONCLUSIONS AND OUTLOOK

- Concerning the requirements of the abrasive water jet milling process only those
combinations of parameters are acceptable which lead to a smooth and regular kerf
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profile.

To achieve a maximum material removal rate the pressure and the nozzle diameter
should both be as high as possible and the abrasive mass flow rate should be about 30 to
35 % of the water mass flow rate.

Facing the consumables energy, water and abrasive the nozzle diameter should be in the
range of .20 to 0.25 mm to achieve optimal specific material removal rates.

The material removal rate can be increased significantly by decreasing the traverse rate
as well as the working distance. But in this case the high material removal rates are the
result of a cyclic material removal process which has to be avoided because the kerf
profiles produced in this case are not suitable for the milling operation. The cyclic
process is initiated if for a given combination of the other parameters the combination
of the traverse rate and the working distance is below a critical value. If the critical
value is exceeded the material removal process becomes stationary and the material
removal rate remains unaffected by further increasing of the traverse rate and the
working distance. ' | |
Concerning suitable parameter combinations a model for the mathematical description
as well as for the prediction of the kerf profile was developed based on a modified
cosine function.

In relation to the description of the kerf profile by a cosine function a theoretical model
for the prediction of the final shape as a result of the linear superposition of individual
kerf profiles was introduced. The results of tests carried out to verify this model have
shown that it is valid in principle if smooth kerf profiles are concerned. The remaining
deviations between the predicted and the final shape are due to a slight mismatching of
the cosine function in relation to the lateral regions of the kerf profiles.

In order to improve the accuracy of prediction further work has to be done to find
methods to improve the precision of matching. This can be done on one hand side by
the modification of the cutting head geometry to achieve a kerf profile which is totally
fit by a cosine function. On the other hand side other functions as for instance segments
of parabola have to be specified and involved into the introduced models.
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10. NOMENCLATURE

b,  width of kerf resulting from cosine function mm
by coefficient of eg. 3 mm
bg  coefficient of eq. 3 mm
¢ coefficient of linearisation of eq. 4 min/mm®*1
dgp  focus diameter mm
dp  nozzle diameter mm

e lateral feed increment mm
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k depth of kerf profile
ke depth of kerf profile resulting from matching by cosine function
kp  depth of final shape
g focus length
mp abrasive mass flow rate
Np number of partial superpositions of kerf profiles
N;  number of total superpositions of kerf profiles
p pressure
Qyz  material removal rate
’Z,P specific material removal rate
T correlation coefficient
R mass ratio
Rg relative erosion resistance
Rz  roughness
S working distance
v traverse rate
X wave length of cosine function
<  amplitude of cosine function

©(, calculated amplitude resulting from eq. 4
xy,z Cartesian co-ordinates

Table 1: Coefficients of eq. 3 and 4

material | 90MnCrV8| X5CiNi189|  C45
Rg 1 1.96 178
r 0.997 0.985 0.996
by 0.080 0.081 0.075
bo 0.918 1.027 1223
r 0.998 0.993 0.993
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Fig. 2: Strategy for milling with abrasive water jets
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Fig. 1: Possibilities for three-dimensional machining with abrasive water jets
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Fig. 7: Kerf profile in relation to traverse rate
v = 200, 400, 600, 800, 1000 mm/min

s =20 mm, p=300 MPa, mp=6g/s, dp=0.25 mm, dg=0.9 mm, Ip=40 mm

160
p =300 MPa
140 - tp=6 g/s
dp =0.25 mm
£ 120+ dr = 0.9 mm
2 le =40 mm
= 100+
N
oz
» 804
[7¢]
2 60
-g'l ) \\ A 1 y x ¥
3 v A ¥
S 40+ X A
204lsin O + 6 A X V g
mm: 10 20 30 40 60 80 3
0 | i 1 I
0 200 400 600 1000 1200

Traverse Rate v in mm/min

Fig. 8: Roughness in relation to traverse rate

134



24444138

Fig.9: Description of kerf profile by cosine function
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ABSTRACT

A semi-empirical transient numerical model was developed to predict
material removal during piercing in the abrasive waterjet machining process. This
model is based on an energetic principle, and utilizes the principle of conservation of
momentum, to obtain an approximate mean velocity distribution of the slurry within
the cavity. A quasi-static penetration process was assumed for the purposes of simpli-
fying the equations that govern the process. It was proven that a model based on a
cylindrical cavity could be adapted for the actual ”cubic” cavity with ease, by making
appropriate transformations. Experimental determination of two empirical constants
was involved in the study. The experimental constants, when utilized in the model,
predicted reasonably well the jet penetration results.
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1.0 Introduction

Abrasive waterjet drilling or piercing involves the normal impaction of an abra-
sive~laden waterjet onto a target material to bring about erosion. This process is a continuous one,
and the jet upon penetration, by impact followed by erosion, looses its kinetic power, due to the back-
flow of the slurry, resulting in the lowering of the penetration rate with time. The piercing character-
istics such as the penetration, the penetration depth, a nature of the kerf etc. are a strong function
of the material properties, the slurry characteristics, and the process parameters. Due to a large num-
ber of parameters that are involved, which arise out of the nature of interactions between the various
phases that are at play, very few transient prediction studies have been reported. Many of these stud-
ies are adaptations of earlier theories on particle cutting ( Benchaita et al., 1985 ) or are highly empir-
ical in nature. But however, a considerable amount of experimental work pertaining to penetration
has been reported in the literature ( Ramulu et al., 1991 ). The simulation of the transient process
of piercing using AWIJs, considering the loss of energy due to penetration into the target, has never
been attempted before from physical principles.

This paper presents a semi-empirical model for the continuous process of abra-
sive waterjet piercing by considering the energy loss of the fluid slurry as it tries to penetrate the
workpiece. The model is based on an energetic principle, and it utilizes, the principle of conservation
of momentum in an effort to solve completely for the penetration rate. A prediction equation is
derived assuming two-empirical constants. This equation related very well with the experimentally
observed data for abrasive waterjets. The model presented has a very general validity for any kind
of a fluid, and hence may be even adapted for pure waterjets.

2.0 Theoretical Analysis

The process of piercing involves normal impact of a high—velocity abrasive-
laden slurry onto a target material. The abrasives upon impact bring about failure in the material
resulting in erosion and crater formation. The role of water in drilling of hard materials, is assumed
to be essentially to help in the transfer of momentum to the abrasive particles in the nozzle. After
a cavity is formed, the oncoming slurry upon further bombardment on the material surface creates
anew failed surface leading subsequently to erosion. Once the cavity is formed, the oncoming fluid
is retarded before impaction in the cavity and then turns around and gets accelerated out of the cavity.
The velocity of the outgoing slurry is dependent upon the target material removal rate and the veloc-
ity of the incoming jet stream. The process of piercing may be modeled by analyzing the retardation
of the flow of the slurry into a cavity. For convenience, the cavity will be assumed to be cylindrical,
although in reality the cavities formed are far from having straight generatrices and a flat bottom.
This assumption considerably reduces the computations involved in the prediction procedure. The
slurry will be assumed to be homogenous at points in the fluid and at all times, which means that
momentum between the particles and the carrier medium is transferred infinitely fast, and there is
perfect mixing. Further it will also be assumed that the two~phase slurry will be in kinematic equi-
librium. Energy principles will be utilized to obtain the governing equation of material removal rate.
In this section, a quantitative analysis of the process of retardation and acceleration of the slurry
along with the material removal rate of the target will be made, in an effort to predict the material
removal process.
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2.0.1 Governing Equations:

Consider the flow of the abrasive slurry into a cylindrical cavity as shown in Fig-
ure 1. The oncoming jet is assumed to have uniform mean velocity of V; and it will be assumed
that the jet does not diverge after it exits the nozzle. This assumption is true only for small standoff
distances, because the jet stream doesn’t have enough room for mixing with the surrounding me-
dium. The jet stream upon impact creates a damaged surface on the target material and with time
will penetrate the cavity by erosion. It will be assumed in this model that the cavity will grow as
a cylinder of radius R, inward into the target material.

To determine the penetration depth h and the penetration rate dh/dt, at any time
t, momentum and energy conservation principles will have to be invoked. The nature of the velocity
distribution within the cavity is essential, for estimating the loss of the piercing power of the abrasive
jet with penetration. To obtain the governing equations for the penetration depth and penetration
rate, the velocity distribution within the cavity needs to be determined. This can be accomplished
by assuming that the piercing process in time is a quasi-static one, and that the velocity distribution
one obtains on freezing the phenomenon in time, may be generalized to predict the transient penetra-
tion into the target.

To achieve this goal, consider a cylindrical cavity frozen in time with dimen-
sions h and R as shown in Figure 1. Although, Figure 1 does not show the incoming jet stream and
the outgoing slurry stream to be rubbing against one another, in practical situations the two fluid
streams interact. This interaction causes the incoming jet stream to loose its velocity downward,
and the outgoing stream to gain velocity. The figure separating the two streams was drawn merely
for convenience of visualizing. To model, the acceleration and deceleration of the slurry in the cavity
consider an infinitesimal element ( of thickness dy ) of the abrasive-laden fluid as shown in Figure
2a. Figure 2ashows an infinitesimal element of the two interacting streams. The incoming stream
is of radius r and has a velocity of V; and the outgoing stream exits the target out of an area equal
to m(R2-r2) with a velocity V. The interaction of the two beams causes a drag force, and for any
general flow situation the drag force may be given as:

Fy = %CDQSASVZ 1)

where Cp is the drag coefficient that needs to be determined from experiments, Qs is the density of
the slurry, As is the area over which the drag force acts, and v is the relative velocity of the fluid.

Although, definite boundaries exist, and boundary or shear layers are formed in
the cavity, no boundary layer effects will be assumed in this analysis. Inclusion of these effects make
the analysis more cumbersome and hence they will be relegated to a future work. It will be also as-
sumed in this analysis that the outgoing stream exits the cavity with a mean velocity V¢at any y and
at y = h, the slurry will leave the cavity with a mean velocity V..

The deceleration process of the incoming slurry can be analyzed by considering
the jet part of the infinitesimal fluid element shown in Figure 2b. Upon traversing a distance ”dy”,
along the direction of the flow, the velocity of the jet V;, falls to a lower value, which is caused by
the shear force Fq (ordrag force ), acting on the sides. The decrease in the velocity of the fluid stream
may be estimated using Taylor’s series, and neglecting higher order terms. This yields a velocity
of V; - (dVj/dy)dy after the jet has traversed a distance “dy”. Hence using Newton’s second law one
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can write the following equation for the equilibrium of the jet fluid element:
dv. Fq

S — Sy -V, = —d 2
VYTV @ e @
or using equation (1), we have,
dv, Cpos(V; = Vp?3(2nr)d
o _de -V, = DQS( J. t'). ( ) y (3)
I dy ] 2(m, + my)

where, 2rrdy has been substituted for the area where the drag force acts, and V- V¢has been substi-
tuted for v. Equation (3) may be simplified, and written as,

dv;  Cpes(V; = Vp*(2ar)

dy 2(m, + my) @

This is the governing equation for the variation of V;with y. To obtain the gov-
erning equation for Vg, certain simplifying assumptions need to be made. These include the assump-
tion of a uniform V¢ profile, and the absence of any boundary layer effects. This assumption is valid
because, we have been considering the mean velocities and uniform velocity profiles right from the
start. Assuming these, one can now consider the outgoing part of the infinitesimal fluid element
considered in Figure 2¢c. Note that, V¢ has a direction opposite to that of the incoming stream and
it increases from the bottom to the top of the cavity due to acceleration of the fluid. Utilizing again,
the concept of the Taylor’s series, one obtains the velocity of the outgoing slurry after it has traversed
adistance dy as V¢+ (dV¢/dy)dy after neglecting the higher order terms. Now if one writes Newton’s
second law for this element assuming that the mass flow rate of the eroded material is negligible
compared to the mass flow rate of the slurry we obtain approximately:

dv; _Fy 5
Vet G Ve ey e ®
or,
dv Cpos(Ve — V)2(2ar + 2nR)d
v+ Wiy _ v, = So0Ve” V)X i (6)

dy

considering the new area where the drag acts as 2x(r+R)dy. The drag coefficient Cp will be assumed
the same, and again it is some mean drag coefficient of all the flow situations occurring in the cavity.
Equation (6) may be further simplified as:

dv,  Cpos(Ve — V;)*@2nr + 2nR)
dy 2(m, + my)
Equations (4) and (7) can be used to completely solve for the velocities V; and
Vg in the cavity. However due to the ”parabolic” nature of the equations, the boundary conditions
are different for each one of them. Hence exact solutions of these equations are essential.
Upon dividing equation (7) by equation (4) we obtain,
dve _

;ﬁ,-j——(u%) ®

2(m,; + my)

7
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Since there will be no slurry exit velocity if there is no jet exit velocity, we can integrate Equation
(8) above to obtain:

vi=-(1+8)v, ©)
and hence we can write:
(10)

Substituting Equation (10) into equation (4) we have,

ﬁ - _ Cpos(2 + H2(2mr) v.2 (11)
y 2(m, + my) J
or assuming,
K = Cpos(2 + D2(2mr) (12)
1 2(m, + my)
we can write,
dv.
—d = k. v? 13
3 ky V; | (13)

This is a simple ODE which can be integrated when the boundary condition is known. The boundary
conditions for V; from the physics of the problem may be written as:

when y=h V;=U (14)

Using this boundary condition, one can integrate equation (13) to yield the following:

1 1
{;—j U~ ki(y = h) (15)
or using the definitions,
1
a= 'G - klh (16)
we can write,
Poo(at kyy)

This equation proves that within the cavity the incoming stream looses its velocity hyperbolically

and not linearly as enunciated by Hiemenz ( see Schlichting (1960) ) for the normal impact of a jet
onto a flat plate.

Now substituting equations (17) and (10) into equation (7) we obtain the follow
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ing equation for the velocity Vg

dVe  Cpos(2 + H2(2mr + 27R) 1

: . (18)
dy 2(m, + my) (a + ky)?
or using the definition,
L = Cpos(2 + $2(2mr + 2aR) (19)
2 2(m, + my)
we obtain:
Ve 1 (20)
dy  2(a+ k)2
This is also a simple ODE which can be integrated to yield,
k
Ve -2 14 1)

- k_l(a + k;y)

where I is a general integration constant. Now again from the physics of the problem, we can write
the following approximate boundary condition for V¢ for the transient case:

= _ _dh
when y=0, V= - qa (22)
This boundary condition is approximate, because in a realistic situation, flow bending distorts the
actual velocity in the vicinity of the stagnation point.

Using the boundary condition in equation (22) , equation (21) may be integrated
to yield:

1

_k1 dh
Vgl TGy T “

dt
This equation proves that the exit velocity V¢ at any point y depend upon the penetration rate dh/dt,
which in turn is dependent upon the target material resistance to penetration. The exit velocity at

the mouth of the cavity may be obtained from the condition at y = h, which yields the following ex-
pression for V.

_k1 1 dh 24
VemRlETETEn 1w N

Since the net energy that has gone into penetrating the material is the difference
in the kinetic energies of the incoming and the outgoing streams, and since we assumed the case of
erosion predominantly due to the abrasive, we can write the following expression for the net energy
that is utilized for piercing as:

l':-':net = %‘ma( U2 - Ve2 ) (25)

If we assume that the volume growth of the cavity is proportional to the rate at
which the net energy of the fluid stream is transferred into penetrating the medium ( following the
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arguments of Bitter (1963) ) we can write the following expression for the volume removal rate:

nRz%}tl o« Epee (26)
or,
nRZQd*t-l = g%ma( U2 - v2) 27)

where & is some empirical constant.

Upon substituting the expression for V. from equation (24) into the equation
(26) above, we get the following equation that governs the penetration of the jet into the target:

dh _ k,

2_p2pl___ 1 y_dhp 28
a T ROV [kl[a (a+k1h)] a 1) @9
where,
§ma (29)
37 2nR?
This is the governing equation for the penetration of an abrasive waterjet into
a target.

2.0.2 Solution Procedure

The equation (28) derived above, is a nonlinear ordinary differential equation
in dh/dt, and hence numerical methods have been resorted to in solving for dh/dt. A combination
of Adams method ( Piskunov, 1974 ) and fixed point iteration techniques was used to integrate this
equation. The flowchart in Figure 3 describes the solution procedure. It was also found that the solu-
tion procedure was very sensitive to the time increment ( At ) used for numerical integration, and
hence after trying various time increments, it was found that the solution was stable for all At < .01
sec. The solution procedure discussed here assumes that the two empirical constants Cp and & are
known a priori. These constants were found from experiments and the methods utilized to deter-
mine them will be discussed next.

3.0 Experimental Work
3.0.1 Penetration studies and Kerf Geometry

Piercing experiments were conducted on transparent polycarbonate specimens
at the Waterjet laboratory of the University of Washington. The details of the experimental setup
and procedure may be found in Ramulu et al. (1991). The goal of this study was two-fold: 1) To
capture the penetration process in time, and 2) To study the kerf geometry. The penetration process
was captured using a camera at a speed of 5 frames per second. As expected, the penetration rate
is not constant with time. This is attributed to the loss of power of the jet upon penetration.

A detailed study of the geometry of the profiles that were obtained during the
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tests was made in a effort to obtain a functional form for the kerf profile. Various regression experi-
ments were performed towards achieving this goal. Figures 4a-f show typical functions that best
describe the kerf profiles obtained experimentally. The exponents obtained varied between 2.4-3.6,
however to simplify the analysis, a cubic polynomial of the form given below was chosen to best
describe the profile geometry:

y = (G’ (30)

where h is the depth of the cavity, and R’ is the radius of the ”cubic” cavity at the crater exit and the
coordinate system is shown in the figures. In all the experiments, it was found that the radius R’
‘was more or less constant at all times. It was found to be approximately 1.2 mm ( mean value ).
This value is in accordance with Leach and Walker’s (1966) value of 1.3 which can be obtained
from the relationship:

R' =26T (31

where r is the radius of the jet stream.
3.0.2 Experimental Determination of R, Cp and &

The model proposed in section 2.0 assumed that the cavity was cylindrical in
shape. However in view of the experimental evidence showing a cubic polynomial to best represent
the functional form of the kerf geometry, a modification of the proposed model needs to be done.
To apply the analysis discussed so far, one needs to consider an equivalent cylindrical cavity of radius
R that has the same volume and the same depth h as the ”cubic” cavity obtained from experiments.
Using the functional form of the kerf as given in equation (30), one can obtain the volume of the
cavity from calculus ( see for eg., Piskunov, 1974 ) as:

V = 2aR'% (32)
Now upon equating the two volumes, one obtains the following equation relat-
ing R’ and R:
R = \/iR' (33)
5
This value of R may be used in equation (28) for predicting the penetration depth
h.

As was suggested in section 3.01, experiments were also performed to obtain
the penetration depth at various times. The simulation of equation (28) was done so as to best fit
the experimentally obtained data for the penetration depth. An initial value of .005 was assumed
for the value of Cp as suggested by Wallis (1969), and an initial value of 1 X 10-11 was tried for
&, and then subsequent corrections were made until the model best fitted all the experimental data.
Two abrasive sizes were experimented upon, and different values of Cp and § were obtained for
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the different abrasive sizes. These are given below:

1l

for 50# Gamet &= 25X 107! Cp = .00032
for 80# Gamnet & = 50X 10™H Cp = .00051

4.0 Simulation Results

As discussed above, the values of the empirical constants € and Cp were ob-
tained from experimental data. The values presented above are the values that best it the experimen-
tal data. Drilling tests were performed on 20 specimens, for various process conditions. Two abra-
sive sizes of garnet ( #80 and #50 ) were used to penetrate polycarbonate targets. The model
proposed above matched the experimental data a very reasonable degree.

Figures 5a, 5b, and 5c show the model predictions alongside with the exper-
imental data for experiments using #50 garnet at various pressures. For the low pressure case of 117
MPa ( Figure 5a ), the model overpredicts at large times. However for the cases of supply pressures
193 and 240 MPa, the model predicts very well the experimentally observed data. Figures 6a, 6b,
and 6¢ show the model predictions versus the experimental data using a different set of values for
the empirical constants, for the #80 garnet abrasive. In the cases of a supply pressure of 117 MPa
and 193 MPa, the model overpredicts during initial times, however, at late times, predicts very well
the observed data. The comparison is very good in the case of 158 MPa. Resuits for both abrasive
sizes, prove that the penetration into the cavity is not constant in time, but varies nonlinearly, and
the penetration rate decreases in time. |

These results demonstrate the accuracy of the model for predicting the penetra-
tion depth and the penetration rate during abrasive waterjet drilling.

5.0 Conclusions

This study presents a semi-empirical model for the prediction of the transient
penetration depth of the jet during abrasive waterjet drilling. The model is based on an energetic
principle, and utilizes the principle of conservation of momentum, to obtain an approximate mean
velocity distribution within the cavity. A quasi-static penetration process was assumed for the pur-
poses of simplifying the equations that govern the process. It was proven that a model based on a
cylindrical cavity could be adapted for the actual »cubic” cavity with ease, by making appropriate
transformations. Experimental determination of the two empirical constants involved in the study,
suggested that they were more or less constant over aseries of experiments under a variety of process
conditions. The obtained experimental constants, when utilized in the model, predicted very well
the experimentally obtained results for most cases. '
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Nomenclature

a constant of equation (16)

Ag area affected by drag

Cp drag coefficient

E, abrasive kinetic energy

Fg, F4 drag force

h maximum depth of the cavity

kq constant of equation (12)

ko constant of equation (19)

ks constant of equation (28)

m, abrasive mass flow rate

my, water mass flow rate

r radius of the jet

R radius of the cavity

R radius of the “cubic” cavity

U mean jet exit velocity of the abrasive slurry from the nozzle

v any general velocity

v volume of the cavity

Va abrasive velocity

Ve mean velocity of the outgoing slurry at the mouth of the cavity
Ve mean velocity of the outgoing slurry at any point inside the cavity
V; mean velocity of the incoming slurry at any point inside the cavity
X,y radial and axial coordinates of the cavity

13 empirical constant of equation (27)

Qs density of the slurry
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ABSTRACT

The prediction of the results of Hydro Abrasive Jet Machining (HAJM) in terms of productivity
and quality as cutting feed rate, maximum depth of cut, kerf width and surface roughness by
means of a model of the process is the fundamental step towards the prediction, control and
optimization of the process, which are the basis for a full exploitation of this machining process.
The paper presents, analyses and validates a mathematical model of HAJM, suitable to predict the
maximum penetration depth of the jet inside the workpiece. The energetic hypothesis at the basis
of this model and the semi empirical approach followed lead to a simplified equation with a
reduced number of empirical coefficients. This energetic model has been validated through a set
of systematical cutting experiments which have demonstrated, by means of a statistical analysis of
the results, its suitability for homogeneous and non-homogeneous materials, with different
behaviours as ductile and brittle, as aluminium alloy, glass and fibre reinforced polymer. A good
correlation between the model predicted results of the process and the actual ones has been
demonstrated by the obtained correlation coefficients. The identified and proposed model, due to
its simplicity and completeness, is suitable and can be easily implemented both in off-line
programming, planning, optimization and CAD/CAM integration and in on-line control for the
Adaptive Control of HAJM process.
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1. INTRODUCTION

The prediction of the productivity and quality of Hydro Abrasive Jet Machining (HAIM) (i.e.
cutting feed rate, kerf width and surface roughness, etc.) by means of a predictive model of the
process, based on a function of process variables and parameters, is the fundamental step towards
the control, automation and optimization of the process, which are the basis for a full and
effective exploitation of this machining process.

The paper presents, analyses and validates a simplified mathematical model for HAJM, suitable
for the prediction of the maximum penetration depth of the jet inside the workpiece for different
machining conditions. The major peculiarity of this model is the energetic hypothesis, on which it
is based, which leads to a simple equation, with a reduced number of empirical coefficients, easy
to be evaluated and implemented. This energetic hypothesis has been verified through a set of
experimental cuts, which have demonstrated, by means of a statistical analysis of the results, its
validity on different materials, homogeneous and non-homogeneous, with different behaviours as
ductile (aluminium alloy), brittle (glass) and composite (Fibre Glass Reinforced Polymer).

Both the simplicity and the completeness of the identified model, that is based at the same time
on a reduced number of empirical statistical parameters and on a high number of process
variables, that influence the predicted results, allow the implementation of this model both in off-
line planning, programming and optimization for CAD/CAM integration of the HAIM process
and in on-line Adaptive Control.

Some considerations about the precision required to the mathematical model of the process and its
operative use are reported in the following section, before the analysis of the approach followed
and the mathematical aspects of model identification.

a. It has been observed that the influence of focuser wear on the machining result is not
negligible because the maximum depth of cut depends on the focuser wear conditions and
decreases as wear increases. This reverse relationship is due to the enlargement of the
impinging area that involves a decrease of the penetration capability of the jet. The
quantitative aspects of this kind of "machining-time depending efficiency" are quite difficult
to evaluate; research efforts are in progress in order to obtain a mathematical relationship
between focuser wear and process efficiency. Any predictive model of the machining process
should take into account the influence of wear when implemented.

b. Some replications of the experiments have been carried out and have demonstrated a quite
wide spectrum of machining results. This is probably due to the lack of control of some
factors that slightly influence the machining result, mostly abrasive grain size and
distribution, pressure fluctuations, relative assembly position of nozzle and focuser, etc..
These random factors induce some natural variance (experimental error) in the results of the
process.

¢. The maximum depth of cut reached by the impinging jet is not constant along the cut. In fact,
even if the focuser moves continuously in the feed direction, at the bottom of the kerf the jet
feed rate is not constant, due to jet intrinsic instability and deflection, and the erosion
capability of the jet seems to follow a periodical modulation which cannot be predicted nor
controlled. As known, the depth of cut is not constant and presents sharp peaks and deep
valleys. Therefore the real maximum thickness that can be cut is the minimum value of the
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peaks of the bottom of the kerf. Thus the entity "maximum penetration depth” is mainly a
statistical variable with mean and, above all, variance.

d. The lower part of the side surface of the kerf is strongly characterized by surface waviness,
which should be avoided in most of the practical HAJM applications, selecting suitable
machining conditions. Therefore, in many cases the operative machining conditions exceed
the critical limit of the through cut/maximum penetration depth for a certain workpiece
thickness.

All these considerations show that there is no need to look for an extreme precision of the model,
because the results of the process are subject to a natural variance which cannot be easily
controlled. On the other side, from the utilization point of view, one of the most interesting
aspects of the model is the possibility to predict the maximum depth of cut for any different
material. Therefore the equation of a useful model should take into account the material response
to HAJM, or a material characteristic parameter, as proposed by Zeng and Kim (1992).

The problem of introducing the material response to HAJM in the model equation has been faced
and analysed in the literature by means of two different approaches, respectively of "physical"
and "empirical" kind, as discussed by the authors (1992) and by Blickwedel et al. (1990).

The first kind of approach, the "physical” approach, leads to a mathematical relationship
accounting for the influence of the different material and abrasive characteristics .on the
machining results. Even if the cognizance of the phenomena involved is fairly accurate, their
complexity involve approximations in the model definition and the dependence of the obtained
equations on some statistical parameters. These parameters must be estimated by a regression
analysis made on the results of some experimental cuts. Therefore the physical models of HAJM
use both "a priori" information about the phenomena involved in the process and "a posteriori"
information obtained by a reduced set of cutting experiments. However, these cost and time
consuming experiments partially make useless the effort made in the identification of the
mathematical relationship between the material characteristics and its behaviour during HAJM.
Moreover, the mathematical functions obtained are often very complex and difficult to use in
operative conditions, and require the knowledge of some material mechanical characteristics
which may not be available.

The second kind of approach, the "empirical" one, is characterized by the definition of a simple
mathematical equation correlating the most relevant process variables to the process results. The
identification of this kind of function does not require any "a priori" information about the
material behaviour when machined by HAIM, but just a general information about the process. In
fact, the empirical function can be identified simply by evaluating the trend of the experimental
data and the regression function that fits best. These equations generally have a simple
mathematical structure but, due to the lack of information about the mechanics of the process,
depend on a large number of empirical parameters. These parameters must be determined by a
regression analysis on a large number of experimental data.

Both these approaches have some limitations and constraints. The best way to identify a
mathematical model is to find a compromise between the two approaches. One can obtain some
basic relationships from general considerations about the physics of the process, but the material
response to HAJM, or HAJM machinability, has to be introduced by identifying a relationship
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between the standard mechanical material characteristics and the statistical parameters of the
model, as discussed by Zeng and Kim (1992).

2. MODEL IDENTIFICATION
2.1 Model Definition

In a previous work (1992) the authors have presented and discussed a semi empirical energetic
model for HAJM, making reference to the fundamental work done, among the athers, by Bitter
(1963), Blickwedel et al. (1990), Geskin et al. (1989), Hashish (1984), Matsui et al. (1991),
Yanaida and Ohashi (1978), Zeng and Kim (1990-1991). In the following section a simplified
model, based on the same semi empirical approach followed for the previous one, is defined and
validated. Beside the definition and the validation procedure, some peculiar aspects of this
simplified model are analysed. :

In order to define a synthetical index of the cutting conditions, as level of pressure, abrasive mass
flow rate and feed rate, which could simplify the model of the process, the maximum penetration
depth h for different materials, as aluminium alloy, glass and fibre reinforced polymer has been
expressed as a function of the energy per unit of length of the impinging jet (see Nomenclature):

h = 5] = e 0

where the energy per unit of length ¢; has been evaluated by the following equation:

_ . ,
dE. dE, gt 1 2 1 m,,
=— o =& _ 1 . oy v )
§ =& “drdx " 20V = m, rha+ri1wv“'

Figures from 1 to 3 show that, even if there is an evident relationship, the experimental data have
a great dispersion around the mean value, i.e. for the same g; level a wide range of experimental
penetration depths can be obtained. Due to this dispersion, €; seems not to be a good synthetical
index of the process conditions. After a brief analysis on the level of the different process
variables that provide the same g; level, the reason of the dispersion was identified in the omitted
primary nozzle efflux efficiency & in the evaluation of the energy of the jet. Therefore, the energy
per unit of length has been calculated using the following equation:

1, (&, )
. 3
%7 2u™ [ma+§-rhw Vw]

where € has been evaluated through a set of experimental measurements of the efflux flow rate of
different primary nozzles. The mean value is & = 0.65. Replacing this value into the former
equation, the penetration depth as a function of the energy per unit of length (figures from 4 to 6)
demonstrates a strong concentration of the data around the mean value, that is they lay on a curve
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that characterises the material behaviour when machined by HAJM. Therefore the €; energy per
unit of length can be used as a synthetical index of the process condition, as it synthetically
accounts for the influence of the most significative process variables (pressure, abrasive flow rate
and feed rate).

The equation of the machinability characteristic curve of the material behaviour can be obtained
by means of an analysis of the relationship between the volume removal rate and the energy of
the abrasive flow. In fact, the primary role in material erosion is played by the abrasive flow,
while water is the accelerating mean of the particles that play a minor role in the erosion process.
The hypothesis of the existence af a relationship between the kinetic energy of a single particle
and the volume of removed material has been verified and accepted by many authors (Bitter
(1963), Blickwedel (1990), Zeng and Kim (1990)); as discussed previously by the authors (1992),
as first order approximation, this relationship is supposed to be linear:

8V, = ke, (4)

where k, is a factor related to material characteristics, abrasive characteristics, and impact
parameters. For limited flow rates the volume eroded by an abrasive flow is the sum of the
volumes eroded by single particles: the finite removed volume SVp can be replaced by the

~elementary removed volume dV and the finite kinetic energy of the particle can be replaced by

the elementary energy of the abrasive flow involved in the erosion:
dV = k+dE, 5)

This equation, dividing both sides by dt, formulates the proportionality between the volume
removal rate and the power of abrasive flow involved in the erosion process:

dv dE,
a = ka | ‘ (6)

The energy involved in the erosion process is somehow related to the energy of the impinging jet,
whose value depends on the process variables:

E, =N(2)-E; | : (7)

where 1(z) is a decreasing function of the kerf depth z. The influence of M(z) can be seen in figures
from 4 to 6: the gradient of the curve diminishes as the energy increase, especially for deep cuts.
The n(2) function accounts for the energy losses inside the kerf which dissipate the jet energy and
for the deflection of the penetrating jet, which causes a decrease in the jet erosion efficiency. The
energy dissipation and the jet erosion efficiency of the penetrating jet are complex phenomena that
have not been completely investigated and understood yet. Therefore a simple 1(z) function cannot
be easily identified by means of a physical analysis of the process; M(z) can be identified by
choosing the empirical equation that fits the experimental data best. Among the many functions
investigated, the best results have been obtained using the following expression:

161



1
n(z) = (1+z)Y (8)

which satisfies the fundamental conditions:

Nn0) =1
%3<0

where ¥ is an empirical parameter that influences the slope of the curve. Substituting equation (7)
and (8) in equation (6) one obtains the following equation:

dv  dxdydz _u dE.(x,y) ©)
d — dt T (d+z)y dt

where x, y and z are the co-ordinates referred to the three orthogonal axes that originate from the
intersection of the jet axis and the workpiece impinging surface. For a generic point P of the
impinging surface, equation (9).can be rewritten in the following form:

de(xyz) _ _p  dExy)
dt = (142)Y dx-dy-dt

(10)

The left term of this equation is the penetration rate of the jet inside the workpiece, the right term is
the kinetic energy delivered to the workpiece per unit of time and area. As discussed by the authors
(1992), this energy is not constant across the jet cross section because of the different speed and
mass flow rates of the particles. Nevertheless, for simplicity's sake, this energy per unit of time and
area can be supposed to be constant over the jet cross section and the Spatial Density of Power
Distribution (SDPD) function can be supposed to be cylindrical instead of "bell shaped", as
illustrated by the authors (1992). The level of the jet power distribution solely depends on the value
of the process variables:

dz(z) _ _pu _dB _p W, _p (1)
dt = (l+z)vdx-dy-dt = (1+z)7dx-dy ~ (1+z)7¥ ™
where
. 2
W _ D (12)
W;: = =
i T dxdy T djz

represents the SDPD. Considering that the nozzle moves at a feed rate u, equation (11) can be
rewritten as:
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. <2
m,-V;

2 ) (13)
dx

1+z)¥dz =
(1+z) 38 udjz

The left side of this equation can be integrated form 0 to the maximum reached depth h, the right
side from O to the maximum x displacement, that is dJ

dj

b 2 Yj (14)
42y dz = | p—Fdx
0 u

obtaining:

L
1+y

-1

. 2
ma'Vj

‘ 15
h = [1+u-(1+'y) Td (15)
) J

This equation (15) can be expressed directly in terms of process variables, where V; and th,, can

be made explicit also in terms of water supply pressure P and primary nozzle diameter or water
jet diameter d:

g L
Ii‘l k Pdw 1+y

h = | 1+p-(1+y) u_da. -1 (16)
J

(th, +k"-P12.d2)?

where k' and k" are constant values, dependent on the efflux and energy transformation
efficiencies of the ejecting system and indipendent on the interaction of the jet with the workpiece
material. Equations (15) and (16) relate the maximum penetration depth of the jet inside the
workpiece to the most relevant process variables and the two empirical parameters i and ¥ to be
evaluated as explained in the following section.

The structure of these equations is fairly simple and can be easily implemented and used in
operative conditions. The equation (15) can be considered as a simplified expression of the
former final equation presented by the authors (1992), which can be used to evaluate the
geometry of the kerf in the h-y plane as a function of the process variables and parameters and the
two integrals of the SDPD on respect to the jet cross section and to the cordal length of the cross
section border at the y distance from the jet axis.

The model proposed is based on a mathematical representation of the real process. Differences
between the modelled situation and the real one can be found in two different aspects:
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a. The hydro-abrasive jet is represented as a deflectionless energetic flow. In the real process
the jet deflects while it penetrates into the machined material. The indefinite integration of
equation (12) cannot be used to predict the shape of the erosion front of the cut.

b. The jet geometry is considered as a constant cylindrical jet. In the real process the jet widens
as the distance covered by the jet increases: the jet diameter d, is not constant but increases as
standoff distance increases. Therefore the model cannot predict changes in the maximum
penetration depth due to variations of standoff distance. This distance has to be held constant
during operation.

2.2 Parameter Analysis

The maximum penetration depth h inside the workpiece, calculated by means of the final equation
of the model, depends not only on the level of the most relevant process variables, respectively
abrasive mass flow rate m,, abrasive flow velocity V;, that depends on the water efflux velocity
and on the ratio of water mass flow rate and the total mass flow rate (see equation (2)), feed rate
u, focuser diameter d;, but also on the value of the two statistical parameters W and Y. These

parameters have to be evaluated by a regression on a set of experimental data.

The first parameter p is related to the proportionality factor between volume removal rate and
energy of the jet per time unit. It depends both on material and on abrasive characteristics and it
can be considered as a "machinability parameter". This result is in accordance with the results
proposed by Zeng and Kim (1992). The sensitivity of the maximum penetration depth to this
parameter is very high: its value deeply influences the precision of the prediction.

The second parameter 7y represents the energy losses and the global efficiency inside the kerf.
Like the first parameter |, it should depend both on material and on abrasive characteristics but,
due to the relatively low sensitivity of the predicted result to it, the value of Y can be estimated
once for all on a wide spectrum of material and abrasives, and can be considered as a constant of
the HAJM process/system, as explained later.

3. EXPERIMENTS DESCRIPTION
3.1 Experimental Set-up and Plan

In order to verify the hypotheses stated and to validate the proposed model, some kerfing
experiments have been carried out on three different materials. The kerfing experiments were
executed by means of a HAJM CNC machining cell developed in co-operation with SOITAAB
s.a.s., Milano (Italy) and of a high pressure intensifier system supplied by UHDE GmbH, Werk
Hagen (Germany) previously presented by one of the author and Comi (1991) and by the authors
(1992).

Kerfing experiments have been carried out on three distinct materials with different mechanical
and physical characteristics: aluminium alloy 6061-T6 as representative of ductile materials, glass
as representative of brittle materials and Fibre Glass Relnforced Polymer - FGRP as
representative of non homogeneous composite materials.
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The cutting conditions where identified in order to cut a "standard" thickness for each material:
maximum penetration depths range from 8 to 65 mm for aluminium alloy, from 2 to 28 mm for
glass and from 2 to 24 mm for FGRP. Pressure level range from 150 to 350 MPa, abrasive flow
rates range from 3.3 to 10 g/s, feed rates range from 1.25 to 33.3 mm/s. All the other process
parameters have been held constant (primary nozzle diameter d,, = 0.25 mm, focuser diameter d;

=1 mm, length 1j = 40 mm).
3.2 Measurements of Process Results

The maximum depth of cut has been measured by means of a comparator. Four measurements
have been made for each cut and the mean of them was taken as the maximum penetration depth.
The four data were also utilized to evaluate the standard deviation of the measurement and,
because of its high level in respect to other random factors, was used as a rough estimation of the
experimental error.

4. RESULTS ANALYSIS AND DISCUSSION

The kerfing data have been used for a non-linear regression analysis in the two parameters | and
v of the model. In order to execute this non-linear regression, the algorithm of Levenberg
Marquardt reported by Press et al. (1988) has been implemented. The aim of the analysis was to
validate the proposed model and to determine if it is possible to reduce the number of the
statistical parameters without decreasing the precision of the prediction. Three analysis have been
carried out on sets of homogeneous data obtained from the three different materials.

Table 1 reports the correlation coefficients and the values of the parameters of the best fits;
figures from 7 to 9 are the comparative charts between predicted and real process results. The
numerical values reported in Table 1 and 2 are calculated using the SI standard measurement
units. Both charts and correlation coefficients show a good correlation between predictions and
actual results of the process for all the materials investigated. Moreover, the covariance matrixes
show a good reliability of the estimate of the parameters. Therefore, the regression analysis,
through the experimental plan and the data collection, has validated the hypotheses stated during
the model definition.

The analysis of the covariance matrixes of the parameters have demonstrated the possibility of
ulteriorly reduce the number of model parameters. In fact, the relatively low sensitivity of the
prediction to the value of y and the restricted range of regression values obtained for this
parameter allow the definition of a constant of the HAJM process/system. The value of 7y can be
determined once for all by a regression on sets of data obtained from kerfing experiments on
materials with very different mechanical and physical characteristics. When this value has been
determined, any new material can be characterized only by the pl-parameter.

The value of the Y constant has been determined simply by calculating the weighted mean of the
singles y obtained from the three regressions. In order to reduce the decrease of the value of the
correlation coefficients p? and of the precision of the model prediction, the inverse of the
diagonals of the covariance matrixes of the parameter estimates have been used as weights.
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Therefore the weights account for the different sensitivity of the prediction to the variation of the
Y value.

The regression analysis has been performed again. The value of Y has been fixed to the mean
value 22.8 and only the value of | was estimated. The three values obtained and the new values
of p? are reported in Table 2. Their values show that it is possible to hold the y-parameter
constant without an appreciable decrease of the precision of the model prediction.

The parameter W characterizes the material behaviour when machined by HAJM. This parameter
can be defined as a machinability parameter and has to be estimated for every unknown material
that has to be machined. The value of the parameter U can be determined in two ways. The first
requites the execution of experimental cuts, the measurement of kerf characteristics, the
organization of data and the regression analysis. The second requires the definition of a
relationship between the value of W and some standard mechanical characteristics of the machined
material i.e. hardness, Young modulus, etc.. The definition of this relationship is still matter of
research.

5. CONCLUSIONS

a. A model based on the energy per unit of length delivered to the workpiece by the abrasive
flow has to account for the primary nozzle efflux efficiency. In fact, the experimental data
obtained on three materials with very different characteristics, when plotted as a function of
the energy per unit of length, show a reduced dispersion around the mean value when this
efficiency is introduced in the energy estimation. In this way the energy per unit of length
delivered to the workpiece can be used as a synthetical index of the process conditions
(pressure level, abrasive flow rate and feed rate).

b. The hypotheses stated in the model definition have been validated experimentally and the

- model proposed in this paper has shown a fairly good correlation between real and predicted
results of the process.

c. The number of statistical parameters of the model can be reduced if the value of yis set to a
mean value and hold constant during the regression analysis. The mean value has to be
determined with regressions on an extensive experimental plan on materials with different
characteristics. In order to maintain a high level of precision, the weighted mean operation
has to be used where weights are the inverse of the diagonals of the covariance matrixes of
the parameter estimate. 7 ,

d. The characterisation of the material behaviour when machined by HAJM depends on the
parameter . This "machinability parameter” is different for each couple machined
material/abrasive used. - '

e. The model accounts for the influence on the machining results of the most relevant process
variables. Therefore, the completeness and the simplicity of the model allow its use in a wide
range of applications, ranging from on-line control and Adaptive Control Constrain (ACC),
where a model of the process is fundamental for on-line identification and for the respect of
the controlled variable set points, to off-line CAD/CAM integration, programming, planning
and optimization of the process, where the predicted depth of cut is one of the constraints that
must be satisfied by the optimum process condition of multi-objective optimization model, as
discussed by one of the authors and Comi (1991).
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NOMENCLATURE

Abrasive flow diameter (focuser diameter)

Water jet diameter (primary nozzle diameter)

Kinetic energy of a particle

Kinetic energy involved in the material removal mechanism
Kinetic energy of the abrasive flow

Maximum penetration depth

Abrasive mass flow rate

Water mass flow rate

Water supply pressure

Feed rate

Removed material volume

Abrasive flow velocity

Water efflux velocity

Feed displacement

Distance from the jet axis in the direction perpendicular to the feed rate
Current kerf depth

Spatial Distribution of Power Density (SDPD)

Power of the abrasive flow

Material removed volume by a single particle

Abrasive flow energy per unit of length

Parameter accounting for the energy loss inside the kerf
Characterizing function of the energy loss inside the kerf
Proportionality parameter between the volume removal rate and the jet energy per time
unit

Efflux efficiency

169



Table 1

Correlation coefficient p2 and estimated parameters for different materials

MACHINED MATERIAL
Aluminium Alloy Glass FGRP
W= 8.609 10-11 3.377 1010 2.874 10-10
y= 22 31.3 36.5
p2 = 0.974 0.974 0.966
Table 2
Correlation coefficient p2 and estimated parameter for different materials
(y constant).
MACHINED MATERIAL
Aluminium Alloy Glass FGRP
W= 8.752 1011 3.115 1010 2.595 1010
y= 22.8 - 22.8 22.8
p? = 0.973 0.972 0.961
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ABSTRACT

Machinability of engineering materials by an abrasive waterjet was previously quantified in
terms of "Machinability Number". Using "Machinability Number" as a material parameter, a
previously derived equation for abrasive waterjet cutting is applied to predict the cutting speed as
well as other process parameters. The predicted cutting speed is then applied in a cost analysis
procedure to make a cost prediction.
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1. INTRODUCTION

The objective of an abrasive waterjet (AWJ) cutting operation is to remove material at a
high rate while maintaining a reasonable accuracy and a quality surface finish. Recent advances in
high pressure intensifier technology have made AWJ a more reliable, versatile and low cost non-
traditional machining tool. With improved cutting accuracy and speed, AWJ cutting has now
emerged as a viable precision machining technology as laser, EDM and other traditional and non-
traditional machining methods. A better understanding of AWJ material removal mechanisms and
its performance has greatly enhanced the application of this erosion based technology. However,
compared to the advance in hardware development, software development lags behind. Boosting
software development in AWJ technology is the primary goal of this paper. Our recent studies
(Zeng and Kim, 1992b; Zeng et al., 1992) have established a link between our previously derived
theoretical models for AWJ material removal and quantitative evaluation of AWJ machinability.
This paper will continue this effort and extend it to a complete parameter prediction and cost
analysis method.

2. CUTTING SPEED PREDICTION

It is generally understood that in abrasive waterjet cutting processes the total depth of cut
can be divided into two distinct zones due to different modes of abrasive/target interaction. In the
upper zone, material is removed by abrasive particles impacting at shallow angles. In the lower
zone, sequential steps are formed which lead to large angle impacts. A modeling study (Hashish,
1984) characterized the upper zone as a cutting wear zone and the lower one a deformation wear
zone. In this study, Finnie's microcutting model (Finnie, 1958) and Bitter's deformation wear
model (Bitter, 1963a and 1963b), respectively, were used to evaluate the material removal in the
cutting wear and deformation wear. A global cutting equation was then derived for AWJ cutting
of ductile materials. More recently, Hashish (1987) improved Finnie's model by incorporating
the effects of particle size and shape which resulted in a change in the particle velocity exponent
from 2 to 2.5. This provides better correlation with experimental results. Hashish (1989) also
obtained a modified version of the kerf cutting equation in terms of non-dimensional process
parameters. A good correlation between the modified equation and cutting experiments with
various metal samples was reported.

A kerf cutting model has been derived for AWJ cutting of brittle materials by the authors
(Zeng and Kim, 1992b). By examining the kerf cutting front with a scanning electron
microscope, it was observed that material removal in the kerf cutting operation is due primarily to
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impacts of abrasive particles at glancing angles. By equating the material removal on the cutting
front to the accumulated volume of microcutting by individual abrasive particles entrained in the
jet, the equation for depth of cut is derived as:

. _ 6@V

Du | ¢y
where u is the traverse speed, D is the focusing nozzle diameter, V represents the volume removal .
by a single abrasive particle, m is the mass of an abrasive parﬁcle, m is the mass abrasive flow
rate, O is the critical jet exit angle, defined as the angle of slope at the bottom of the cutting front
as the maximum depth of cut is reached. The function f(8,) is defined by:

2tan?0,

rln(l + sigec)[wnec + ln(l + sinec)]

f(8,) =

cosf, cosO, cos0, . (2)

Since O is usually less than 50 degrees (Zeng et al., 1991), it has been shown that for 0 < 0. <
50°, f(8¢) is approximately equal to one (with variation less than 2%).

The volume removal V is derived from a modeling study of brittle material removal by a
single particle (Zeng and Kim, 1992a) as:

nCVCY\ZCemPW(fWﬁaquz + &

V=( ,
LHRT oy & 3E o | 3

where 1) is the momentum transfer efficiency, C, the orifice efficiency, Cy the compressibility

coefficient, R the abrasive/water mass flow ratio, C, the coefficient of impact efficiency, Py, the
water pressure, py the water density, a the impact angle, fy, the fraction of effective stress wave
energy, P a function of the Poisson's Ratio of the target material, a the grain size, of the flow
stress, y the fracture energy, and E the elastic modulus of target material. The equation for the

depth of cut can then be expressed as:

h=¢(

TleCy\ZCethwffwl?)aOfaz + 9
1+R’ pyDu = 3yE of @)
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Although Equation (3) is applicable for brittle materials, the validity of Equation (4) can
generally be extended to ductile materials. The reason is that the brittle material removal model
expressed by Equation (3) includes both brittle fracture and plastic flow as the material removal
mechanisms. The component of material removal due to plastic flow, which depends on material
ductility, is evaluated with Finnie's model (Finnie, 1958; Finnie and McFadden, 1978) and
reflected by the second term in Equations (3) and (4). If the fracture toughnessy is very large,
the first term becomes negligible and Equation (4) can be used as a model for ductile materials.

Examination of Equation (4) enables us to define a single parameter which characterizes the
" overall material erosion resistance, called 'Erosion Resistance', Re,

Re = 1
fwBacra®
il atatet b o 2
3vE Ot (5

The value of R, can be estimated using Equation (5) or determined experimentally by conducting
an AWJ kerf cutting test and using the following inverse relation:

NCyvCy, 2CetP,y,
1+R / waUh . (6)

R = (

The inverse of R, represents the machinability of target material in an AWJ cutting process.

Although Equation (4) has a reasonable correlation with experimental results, its accuracy
is not sufficient for parameter prediction. To obtain an applicable model, an empirical equation is
proposed using a parameter structure similar to that of Equation (4). The effect of each parameter
on the depth of cut is represented in exponential given as

h = DoPwym'™
Dnayns @)

where ng, nj, np, n3, N4, ns are determined from regression analysis.

To determine these coefficients, a large number of AWJ kerf cutting tests have been
conducted to generate the data trends of depth of cuts in terms of the five major process
parameters: water pressure (Py,), water flow rate (w), focusing nozzle diameter (D), traverse
speed (u) and abrasive flow rate (1). While the target material evaluated is primarily Aluminum
6061-T6, other materials such as nylon, granite, stainless steel (316L) and alumina ceramics (AD
99.5) are also tested.
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A computer program is written to perform the regression analysis. The following
regression coefficients are obtained: ny = 0.0234, n; = 1.25, n, = 0.687, n3 =0.343, n4 =
0.618, n5 = 0.866. The correlation coefficient is 0.954 and the determination coefficient is
0.911. The correlation between the model and the test data associated with Al 6061-T6 is shown
graphically in Figure 1.

To evaluate the validity of Equation (7) for target materials other than 6061-T6, the data
from the five different workpiece materials are normalized and compared with the normalized
values from Equation (7) in Figures 2 - 6. A similarity among these data trends is generally
observed. Therefore, Equation (7) can be applied to other engineering materials if an appropriate
material characteristic parameter is included. This material characteristic parameter is defined as
'Machinability Number', Ny,, which resembles the coefficient ng or the inverse of the 'Erosion
Resistance' Re. It has a unique value for a given workpiece material. The value of a material's
‘Machinability Number', N, is determined experimentally with a standardized AWJ kerf cutting
test and the following relation:

h - NmP%V.ZSmQV.687mO.343
CDO-618,0.866 ®)

where the constant C is a scale factor chosen to give Ny, values within a preferred range. Since
the 'Machinability Number' Ny, is designated to be dimensionless, the constant C has a nominal
unit to balance the dimension. The values of C are given for the following two unit systems:

Parameter Metric System Inch System

Depth of cut, h mm inch

Nozzle diameter, d; o mm inch

Traverse speed, u mm/s inch/min

Water pressure, Py, mpa kpsi

Water flow rate, iy Ipm(litre/minute) gpm(gallon/minute)
Abrasive flow rate, m g/s 1b/min

C 8800 14071

The establishment of an AWJ cutting database requires that the 'Machinability Numbers'
for all available engineering materials be determined. As a preliminary attempt, a total of 27
materials are selected from the entire spectrum of engineering materials, varying from very soft
to extremely hard materials. Like all of the other material constants (e.g., tensile strength, fracture
toughness, etc.), variation of the 'Machinability Number' within a reasonable range should be
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expected for any engineering material. Calculated from the data of a total of 249 cutting tests on
Al 6061-T6 with variation in water pressure, nozzle size, cutting speed, abrasive flow rate and
water flow rate, the value of the "Machinability Number" for Al 6061-T6 varies within + 10% for
61% of the data and + 20% for 90% of the data. Granted that a standardized set of process
parameters be used, the error will be less than + 10%. Since such a standardization is not yet
available, a practical method is used in this study. Three test cuts with varied parameter settings
were made. The average value of Ny, determined from Equation (8) and the parameter settings
from these three cutting tests are regarded as an estimate of the true value of Ny, They are listed
in Figure 7.

The machinability number can be used in various abrasive waterjet machining applications.
One of the most important applications is in the selection of optional AWJ process parameters for
kerf cutting. When the workpiece material and thickness are known and the preset values of water
pressure, orifice/nozzle size, abrasive flow rate are used, the traverse speed can then be predicted

using the following equation:

Nmp%v.ZSmgv.687mO.343 )1' 15
thDO.618 (9)

u=(

where q is a quality level parameter. The value of q can be chosen between 1 and 5, depending on
the desired quality level. The quality level of q = 1 is referred to a separation cut in which the jet
is just capable to separate the workpiece. Rough striation marks are visible at the lower portion of
the kerf for a separation cut. Examination of the kerf surface of a separation cut revealed that
striation marks are initiated at about 1/3 of the total workpiece thickness (measured from the top).
Therefore, to estimate the traverse speed required for a striation-free cut, 3 times of the workpiece
thickness should be substituted into Equation (9) for the value of h, i.e. ¢ = 3. The values of q
for five different quality levels are defined as follows:

Quality Levels Description

Criteria for separation cuts. Usually, q > 1.2 should be used.
Rough surface finish with striation marks at the lower half surface.

Smooth/rough transition criteria. Slight striation marks may appear.
Striation free for most of engineering materials.

QL 0 0 0 0
I
N H W N =

Very smooth surface finish. -
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It should be noted that selection of a higher quality level results in slower cutting speeds,
thereby increasing operating cost. The quality level parameter introduced in this study is merely a
useful tool for practical AWJ cutting operations.

Using these parameter settings: water pressure 242 mpa (35 kpsi), water flow rate 3.32
1pm (0.877 gpm) (i.e. orifice diameter 0.381 mm(0.015")), nozzle diameter 1.016 mm(0.040")
and abrasive (garnet) flow rate 7.56 g/s(1 Ib/min), the following two test cuts serve as examples
of applying Equation (9): ‘

(1) Cutting a 12 mm thick ceramic (AD 94) plate: As shown in Figure 7, the value of Ny, for -
AD 94 is 17.3. The traverse speed is determined with Equation (9) to be 0.69 mm/s for a
separation cut and 0.19 mm/s for a smooth cut(quality level = 3). The results of the cuts are
shown in Fi gure 8(a). |

(2) Cutting an unidentified steel plate with a thickness of 26.8 mm: The workpiece material is
~ suspected to be some kind of stainless steel. Thus, the appropriate Ny, is estimated to be 82.
Equation (9) yields a 1.63 mm/s traverse speed for a separation cut and 0.46 mm/s for a smooth
cut. These cuts are also very close to estimated quality as shown in Figure 8 (b).

Equation (9) does not include the effects of stand-off distance, abrasive type and abrasive
size. As a general trend, the depth of cut is reduced as the stand-off distance increases. However,
variation of the stand-off within a small distance, say, 3 mm, does not cause any significant
changes in the depth of cut. Similarly, as indicated by Hashish (1986), variation of abrasive size
within the ordinary range (mesh 50 - 150) has little effect on the attainable maximum traverse
speed. _

The abrasive type is an important parameter. Different types of abrasive may result in
substantial difference in depth of cut. The derived model does not incorporate this effect because
the effect of abrasive type on the material removal mechanism is not well understood. Equation
(9) can be modified slightly by multiplying Ny, by an abrasive constant to account for different
kinds of abrasive. The abrasive constant can be determined using the following procedure: (1)
Conduct a few cutting tests with the given abrasive type; (2) Calculate the value of Ny, using
Equation (8); (3) Divide the new value of Ny, by that given in Figure 7, yielding the abrasive
constant for this specific abrasive; (5) Multiply Ny, by the abrasive constant in Equaﬁons (8) and
(9). Since certain types of abrasive behave very differently when cutting different materials (e.g. |
aluminum oxide), this abrasive constant may need to be determined on an individual base for a
particular workpiece material. '
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3. COST PREDICTION

Cost effectiveness of AWIJ cutting operations is always the key factor in determining its
viability. Although some examples of cost analysis have been given by Hashish (1991,
Houston), a more thorough evaluation method is still in need.

Actual cost composition of an abrasive waterjet cutting operation could be fairly
complicated. This study does not attempt to cover every aspect of AWJ cutting cost. Cost factors
such as depreciation, income tax, risk, and many more are not included. The focus of analysis is
placed on the major cost factors. The approach used here is to determine the hourly cost for
operating an abrasive waterjet system. Based on the parameter prediction as discussed in the
previous section, cost for cutting a specific workpiece can be evaluated.

To determine the hourly cost for operating an abrasive waterjet system, the following cost
components are considered:

(1) Machine Hourly Cost (Cp,p)

It is assumed that capital investment in an abrasive waterjet cutting system is C,,, U.S.
dollars ($), the service life of such an system is n years with hy work hours per year, the salvage
value by the end of n years is zero, the rate of return is i (%). Using the uniform annual cost
method (Groover, 1980), the annual machine cost (C my) can be calculated by:

_i(1+9)"Cry ,
w1 +)r-1 ($ per year) (10)

Then the machine hourly cost can be determined by:

o= Sy 11+,
™ hy A+ uhy ($ per hour) . (1D

(2) Labor Hourly Cost (Cyp)
This component of cost analysis includes the wages paid to operate the abrasive waterjet

cutting system, fringe benefits and supervision. Assuming the annual salary of the operator to be
O, ($), the fringe benefit equivalent to be F, ($) and the supervision equivalent is S, (%), the

labor hourly cost can be determined as:
_Oy+F+5y

Cin 0 ‘ _
y ($ per hour) (12)
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(3) Material Hourly Cost (Cy,) ‘

Considering abrasive costs C, ($/kg), an abrasive flow rate of m (g/s) will generate hourly
cost of 3.6mC,, Similarly, water hourly cost is 60MwCw, where C,, is the cost of water ($/litre)
and Mw is the water flow rate of m (Ipm). Assuming that an abrasive waterjet nozzle costs C,, ($)
and its service life is L, (hr), the hourly cost of nozzle is C /L. Similarly, the hourly cost of the
waterjet orifice is C/L,, where C, stands for the cost of an orifice ($) and L, stands for its
service life (hr). Considering a downtime rate of T4 (%), the hourly cost of materials is calculated
by:

Cip = (3.6M0C, + 60y Coy + =L + E—O)(l -To
0

Ly ($ per hour) ' (13)
(4) Power Hoﬁrly Cost (Cyp)
If the electric power costs C, ($/kwh), an abrasive waterjet system of P (kw) will cost PC,
per hour. Considering the downtime rate, the hourly cost of power is:
Cph = PCK(1 - Ta) ($ per hour) (14
(5) Hourly Cost of Maintenance and Disposal (Cgp,) ,
It is assumed that the maintenance costs Cy, dollars for every hy, machine hours and

disposal work costs Cgj, dollars for every hqp machine hours. Therefore, the hourly cost of
maintenance and disposal is calculated by:

by hap ($ per hour) (15)
By combining all of these cost components, the total hourly cost (C;) for operating an
abrasive waterjet cutting system is:

Ch=Cmh+ Cih+ Cn + Con + Can ($ per hour) (16)

The cost for cutting unit length of workpiece (C)) can be determined by:

Ch

Ch CqhpO618 \1.15
m

7
Nmp%v' 25m9v. 6871, 0343

Ci= 5= Cu(

($ per unit length) 17
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Here is an example:

A turnkey two- or three-axis NC-controlled AWJ shapecutting system with a 60 hp
intensifier pump is estimated to cost $ 200,000. Its service life is assumed to be 5 years with
2088 work hours per year (one shift). If a rate-of-return of 15% is applied, the machine hourly
cost can be calculated with Equation (10) to be $ 28.57. It is assumed that the annual salary of the
operator is $ 25,000, the fringe benefit is 20% and the supervision is 30% of the salary.
Therefore, the labor hourly cost is calculated to be $ 17.96. The costs for abrasive and water are
assumed to be $ 0.66 per kg and $ 0.005 per litre, respectively. The abrasive and water flow
rates are assumed to be 7.56 g/s and 3.32 Ipm, respectively. A composite WC nozzle costs $ 200
and lasts approximately 50 hours. A sapphire orifice costs $ 25 and lasts about 100 hours.
Considering a downtime rate of 10%, the total hourly cost for materials is $ 20.89. Assuming
that power costs $ 0.09 per kwh, a 60 hp (44.7 kwh) system yields an hourly cost of $ 3.62. It is
assumed that maintenance costs $1/h and disposal $ .5/h. Therefore, the total hourly cost
obtained is $ 72.54. |

For a workpiece of 25.4 mm (1") thick stainless steel plate (N, = 82) and the parameter
settings of water pressure 242 mpa (35 kpsi), water flow rate 3.32 Ipm (0.877 gpm) (i.e. orifice
diameter 0.381 mm(0.015")), nozzle diameter 1.016 mm(0.040") and abrasive (garnet) flow rate
7.56 g/s(1 Ib/min), and a quality level of 3 is expected, the cutting speed is predicted to be 0.474
mm/s(1.12 inch/min). The estimated cost for cutting this workpiece will be $ 0.43 per cm ($ 1.08
per inch).

4. CONCLUSIONS
A method for AWJ kerf cutting parameter prediction was described. The use of this method

makes the cutting speed prediction more realistic. Application of the predicted cutting speed in the
cost analysis formulation leads to cost prediction.
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NOMENCLATURE
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total hourly cost for operating an
abrasive waterjet cutting system
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workpiece

labor hourly cost
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waterjet cutting system

machine hourly cost
maintenance cost for every hp
machine hours
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abrasive waterjet nozzle cost
orifice cost

electric power cost

power hourly cost
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186

Bt

28BS

W

services

machine hours between maintenance
services

work hour per year

rate of return (%)

nozzle service life

orifice service life

mass of an abrasive particle

mass abrasive flow rate

water flow rate

service life (the number of years) of an
abrasive waterjet cutting system

ng, ny, Np, N3, Ny, N5 regression

Pw
Of

coefficients

'Machinability Number'

annual salary of operator

power of machine

water pressure

quality level parameter
abrasive/water mass flow ratio
'Erosion Resistance'

supervision cost

machine downtime rate (%)
traverse speed

volume removal by a single abrasive
particle

impact angle

a function of Poisson's Ratio of the
target material

fracture energy

momentum transfer efficiency
critical jet exit angle

water density

flow stress of workpiece material



60

exp

0 h 60

Figure 1  Correlation between the predicted depth of cut from the empirical model and the
measured values from experiments.
(hexp --- measured depth of cut; hipe --- predicted depth of cut)
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Figure 7 Machinability numbers of various engineering materials.
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ABSTRACT

The paper enumerates several types of costs involved in the operation of a waterjet system. Since many
operation parameters are involved in waterjet cutting, selection of an optimum set of parameters offers
opportunity for significant cost savings. The paper relates costs to operation parameters and shows that
seemingly complex optimization problem can be simplified to a single parameter function through local
optimization. Through an example, it is shown cost optimization can save anywhere from 10 to 30% in
total operating costs. The paper also presents a cost computation model that can be applied to any waterjet
system and virtually any material to be cut. ’
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1. INTRODUCTION

As waterjet cutting has progressed from a novel, enabling technology to an
established, practical process, its future depends on its economics relative to other
traditional and non-traditional cutting processes. Unfortunately, good economic
analysis of the process has been lacking since such analysis is neither simple nor
straight forward. In some applications, the economics of waterjet cutting is so superior
as not to even merit a detailed analysis. An example of such application is abrasive
waterjet cutting of titanium parts for the aircraft industry. However, waterjet has
already been employed in many of such clearly superior applications. For the growth
of waterjet cutting to continue, the equipment sellers will have to demonstrate the
process's economic superiority over competing processes. Fortunately, waterjet cutting
does offer economic advantages in many cases and a clear economic analysis can be
beneficial to both the buyers and sellers of the equipment.

Three factors make economic analysis of the waterjet cutting process somewhat
difficult: a) same cutting results can be achieved by many different combinations of
cutting parameters; b)-the process's flexibility, its ability to cut different profiles
without hardware changes, is hard to value in most cases; c) different customers have
different objectives and they may value various attributes differently. Thus, a good
economic analysis model should account for these three factors.

A simple cost analysis that computes various costs of system operation is relatively
straight forward and has been outlined by Zeng and Kim (1993), among others. This
kind of analysis avoids the issue of optimization except on an ad-hoc basis. The
optimization, whether reflected in the demand for cost minimization or maximum
throughput, presents a potential for significant savings over the cutting system's life. It
also helps determine the system configuration, operation parameters, and mode of
operation. However, several requirements as follows must be met for meaningful
optimization:

» Optimization objective must be defined clearly. A typical objective may be to cut a
well-defined production load with a defined quality of cut. The quality is usually
defined by maximum roughness of the cut surface and by limits on dimensional
tolerance. For fibrous materials, another criterion may be the absence of fiber
separation.

o Limiting conditions must be defined. Such conditions may include a limit on
number of work shifts, a limit on initial investment and a limit on the range of
materials to be cut.

» Since the system may not be able to meet the demand either due to a breakdown or
for several other reasons, an opportunity cost for such failures must be defined. In
many cases, the opportunity cost may become the dominant criterion in selection or
definition of the system.
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» Costs are defined in various ways by various businesses. Engineers, for example,
want to focus on operating costs; accountants want to address burdened costs; and
business managers want to know after-tax costs that can be translated into net cash
flow for making business decisions. Without a proper definition of cost, cost
optimization would be meaningless.

This paper addresses all of the above issues and presents a blueprint for conducting
economic analysis for individual transactions. Based on typical component and
investment costs, the paper, through case studies, provides relative magnitude of
various costs and shows how these computations can be used to optimize investment
decisions. While the concepts presented here can be applied both to water and abraswe
waterjet cutting, we will focus on the latter. -

2. COST ANALYSIS - TWO PERSPECTIVES

Cost analysis and cost optimization are often interpreted - differently by various
organizations and sometimes differently by individuals in the same organization. This is
why different companies may claim their products as offering the best cost performance
for the same application although their operating costs and equipment prices may be
quite different.

We here take two perspectives of cost analysis: first, an accounting perspective,
according to which costs are defined by standard cost accounting policies and often
known as burdened costs; second, a business economics perspective, in which the focus
is on return on investment. The two views, although not mutually exclusive, play
differently in practice. Particularly, the business perspective accounts for alternative
investments, tax policies, opportunity costs and in its most refined versions for
flexibility. While flexibility is the hardest to evaluate in hard numbers, it is also
sometimes the most important benefit of investment in flexible automation equipment
like waterjet. Other potentially large benefits of waterjet system are material savings,
reduced secondary processing and improved environment.

3. COST COMPUTATION AND OPTIMIZATION: ACCOUNTING
PERSPECTIVE

Here, costs can be divided in three main components:

o Operating costs

o Labor costs including burden

» Capital costs reflected by depreciation or amortlzatlon

Each of these costs can be controlled through efficient operation and investment,

although we would assume that the labor cost rate is a reflection of the local labor
market conditions and is unaffected by the investment decisions. The costs are
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computed for a complete waterjet system that includes three main components:
intensifier, cutting nozzle system including abrasive delivery system if applicable, and
motion control system.

Several benchmarks can be used to compare costs across various investment decisions.
Examples include total cost per hour of operation, total annual cost of operation and
cost per unit of production. The most meaningful cost benchmark for waterjet cutting is
cost per centimeter of cut (CPCC), since it incorporates cutting characteristics of the
waterjet system. The cutting speed depends on the type of material to be cut and
several system parameters. For example, the cutting speed can be enhanced by using
larger diameter nozzle and the use of more abrasive. However, with the increase in
cutting speed, operating costs and even investment costs are likely to increase, often
disproportionately.

3.1 Operating Costs

Operating costs can be classified as:

Cost of power: Cp
Cost of cutting water:  Cy
Cost of cooling water: Cew
Cost of abrasive: Ca
Cost of focusing tube: Cr
Cost of nozzle assembly: Cp
Cost of maintenance: Cm

These costs, based on per hour of operation, can be related to system parameters such
as system pressure (P) and nozzle diameter (dy). In particular:

Q =1.479 d,2 P0.5 . (1

KW = 0.0455 dp2 P1.5 v | )

where Q is cutting water flow rate in I/m and KW is intensifier power input in
kilowatts. The units of P and dj are MPa and mm respectively. Equations (1) and (2)
include estimates for hydraulic and motor efficiencies.

The selection of nozzle size plays a key role in the selection of other parameters. First,
it has an influence on the intensifier specifications that must satisfy equations (1) and
(2). Second, abrasive flow rate, focusing tube size and maintenance costs are greatly

influenced by the nozzle diameter.

We can compute various operating costs as follows.
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Cp =cp KW 3)

Cw = 60 cw (Q + Qew); Qew = Kew KW; Kew = 0.19 10 0.30 )
Ca =60cy my 5 mg =K3Q; Ky =0.13t00.20 )
Cg=cf/Lf ; Lf = Lf ref / Ka023; L ref = 80 - 120 hours ©6)
Ch =cn/Ly ; Ln = 40 to 100 hours for sapphire nozzle, )

500 to 1000 hours for diamond nozzle

Cm,i= iECm,i /' Lm,jis Lm,i = Lm,iref Qref/Q &)

In the above equations, Cp> Cw: Ca, Cf; Cp, Cm,j are cost of power ($/kwh), cost of
water including disposal costs ($/liter), cost of abrasive including disposal costs ($/kg),
cost of focusing tube ($), cost of nozzle ($) and cost of maintenance including labor
costs for the ith item, i standing for a counter for the various replacement parts and
maintenance services ($), respectively. ma is abrasive flow rate in kg/min. L, Ly,
Lm,j are lives in operating hours of focusing tube, nozzle and ith maintenance item,
respectively. The subscript ref in Equation 8 stands for a reference value for which the
maintenance costs Cm,i are specified. Equations (3) to (8) express relationships among
unit costs and cost per hour of operation. The specified range of coefficients K,, Kew,
Lf ref and Ln is based on experience. In the absence of prior experience, an average of
the range limits can be used for economic assessment.

3.2 Labor Costs

This may seem to be the easiest cost to quantify but the wages and benefits are only
one component of the burdened labor cost. Traditional cost accounting has lumped all
manufacturing costs except materials in one pool and then distributed these costs in
proportion to the total labor hours as a so-called burden. This practice may have had
relevance in pre-automation era when the labor costs constituted a significant portion of
the total costs. However, now, in most large-scale manufacturing processes, labor costs
constitute less than 10% of the total costs. Cost accountants recommend using the new
activity-based accounting for automated processes in which the costs for a particular
process account for only the activities necessary for that process. Despite some shift to
this new approach, cost burdening still remains the most popular form of cost
accounting in the manufacturing industry.

C1 = c1 (1+kp (1+b) ©)
where Cj is cost of labor per hour of operation, cj is cost of wages per hour of labor

for all employees working on the system, bj is the fractional burden rate and kj is the
amount of average idle system time per hour of operation for any reason. Such reasons
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may include maintenance, start up, material loading and unloading and recreational
time breaks. We recommend that burden costs, by, include the costs of those activities
directly attributable to the waterjet system. Burden costs should not include capital
investment costs in the form of depreciation or lease costs.

3.3 Capital Investment Costs

Capital investment cost includes waterjet system cost, installation cost, cost of tooling
and recommended on-hand spare parts, and start-up costs. The capital cost should be
amortized over the expected life of the equipment or the related project at the current
finance rate (not expected rate of return on investment). The project life should be used
for amortization when no other use of the equipment can be seen at this time. In all
cases, the salvage value of the equipment at the end of amortized life, R, should be
used. If the equipment is leased, lease costs should be used. Since the capital costs
should be amortized continuously, it is preferable to use monthly amortization. In the
following equation, n is the number of months and i is the monthly interest rate (annual
rate/12). .

ce = (Ps - R/ (k-1 i /(k0 - 1)); k = 1+i (10)
Ce=cC/Le; Le=Neke

where ce, Cg are the amortized cost per month and the capitalized cost of equipment
per hour of operation, respectively,Le is the average number of hours the equipment is
in operation per month, N is the number of hours the equipment is available and ke is
the fraction of the available time the equipment is in operation.

3.4 Total Cost
The above costs can be added to give cost per hour of operation, as follows:

While these costs may provide an estimate of operating costs before the system
purchase or provide accounting costs after the purchase for cost monitoring or job
pricing, the key cost function, as mentioned earlier, is the cost of material cut per unit
cm (CCPC). To determine CCPC, one.must know the cutting speed which is -hard to
determine without experiments. Fortunately, after years of research and
experimentation, several researchers have come up with theoretical or regression-based
relationships that can be used to give reasonable estimates of cutting speeds for various
materials and operating conditions. A caveat: these relationships should be carefully
used within the recommended parameter range, and do not expect average accuracy of
less than 20%. However, that is much improvement over other alternatives of
extrapolation and guesstimates. Most manufacturers have built large data bases of
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materials and cutting speeds but the data still covers discrete points in a
multidimensional parameter space whose complete coverage is economically unfeasible.
The best solution is to make sure that the mathematical relationship is consistent with
test data within a certain accuracy range.

4. CUTTING SPEED COMPUTATION

Several researchers, among them Hashish (1989), Matsui et al (1991), Bickwedel
(1990), have presented models for the cut depth or cutting speed prediction. We follow
the model of Zeng and Kim (1993) which is based on the modeling of cutting process
to formulate a dimensional relationship and the use of test data regression to determine
power constants in the relationship.

(N P1.25 Q0.687 1,,0.343)1.15
4= , ’ (12)
(K q H d{0-618)1.15

where u = cutting speed (mm/sec)
dr = focusing tube diameter (mm)
H = workpiece thickness (mm)
q = Quality level
N = Machinability number of workpiece material
K = 3352

The quality level is an empirical index, defined as follows: ¢ = 1 for separation cut
(material separates but the surface is very rough), q = 2 for rough surface finish
(maximum surface roughness > 350 microinch; typically, striations over more than half
the thickness), q = 3 for striation-free surface; q = 5 for best-possible finish. Surface
finish in waterjet cutting depends on several factors and can vary widely (see Singh et
al (1991)). Machinability number, N, is another empirical index derived by Zeng and
Kim (1993) from extensive testing. The machinability number reflects the material's
resistance to separation and is a function of material properties such as hardness and -
fracture resistance. Values of N for some common materials are as follows:

M2 Tool Steel: 72
SS 304 HRAP: 86

Ti-6Al1-4V: - 98

C10100 CR Cu: 110
Al 6061-T6: 218
Glass: 339
Carnico Marble: 413
Plexiglass: 486
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Some of these machinability numbers have been updated since Zeng and Kim's study
and are based on latest data. For materials not listed here, a user can determine the
machinability number from Equation (12) by running at least three tests and averaging
the computed values. Estimated standard error over the whole spectrum of materials is
12%. For relative comparisons, the error is significantly lower.

Equation (12) is valid in a wide range of parameters as long as the value of these
parameters stays within the realm of normally acceptable operation. For example,
cutting speed always increases with the abrasive flow rate in (12); however, in practice,
beyond a certain flow rate, the abrasive-jet mixture begins to get over saturated,
resulting in reduced cutting speed. One would not want to operate the system in this
over saturated range anyhow. The recommended range of validity for (12) is as
follows: Pressure: 240 to 375 MPa; d = 0.18 to 0.45 mm; dg/dy = 2.5 to 4.5; my/p
Q = 0.12 to 0.25, where p is water density in kg/1.

The true measure of system efficiency, cost per cm of cut, is given by:
CCPC = 10 Cy / (60 u k¢f)

where kcf is the contour factor which accounts for the necessary slow down of the
system during turns. kcf is defined as the ratio of time to make a contoured cut to the
time required to make a cut of the same length as the circumference of the contoured
cut. Since virtually all of the waterjet cuts are contoured cuts, kcf is an important factor
in cost evaluation.

5. SYSTEM OPTIMIZATION

We consider optimization here as a problem of cost minimization for a specified
production run, with a specified cut quality. Two issues arise here: production capacity
and operating costs. While these two issues may seem unrelated, they are, in fact,
closely intertwined. The cutting speed at which the cost is minimized may not be fast
enough to make the production. On the other hand, the best way to minimize the cost
may ‘not be to increase the cutting speed but to increase system availability through
overtime or another shift, or through adding another cutting head to the system, or
through purchasing another system. These are not idle academic questions, since the
cost of inefficient decisions can run into hundreds of thousands of dollars. In this
section, we will attempt to provide some guidelines on the optimization of system
operation and system capacity. We will do it through an example, using typical costs
for various cost components.

The key parameter that controls cutting speed is nozzle diameter or indirectly the
cutting water flow rate. The other two parameters that greatly influence the speed are
system pressure and abrasive flow rate (for abrasive jet cutting). However, optimum
values of these parameters are not totally independent. Optimum system pressure is a
function of the material to be cut. Most metals are best cut in the 300 - 360 Mpa
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pressure range and most brittle materials are cut in the 275 - 310 MPa range. Optimum
abrasive flow rate can be related to cutting water flow rate, as indicated earlier. Even
the maintenance and capital equipment costs can be related to nozzle diameter. With a
larger nozzle, the flow rate increases and the intensifier cycles faster to meet the
demand. The life of major maintenance items in the intensifier such as seals, check
valves and filters is or should be measured in number of cycles, not hours. Also, with
a larger nozzle, the intensifier HP increases as a square of the nozzle diameter.

Local suboptimization of various variables, as indicated above, then simplifies the
global optimization problem by reducing the number of true variables to only one,
nozzle diameter. When considering a total system, a few other variables such as the
number of nozzles on one cutting head or the number of independent heads in one
system also need to be considered. However, these variables mainly affect the
production capacity constraints and can be easily handled within the problem's scope.

In our cost minimization example, we will treat nozzle diameter as a discrete variable,
select recommended values of other parameters based on the nozzle diameter, and use
representative cost values to develop a cost model for cutting one inch thick stainless
steel. This model will then be used to make some general observatlons on the system
operation. The selected values are as follows:

dp = 0.254, 0.279, 0.305, 0.330, 0.356 mm

df = 0.76 mm if d, = 0.254
= 1.09 mm if d; > 0.254; these values are based on commercially available sizes.

. = 0.34 Kg ifd, < 0.254
= 0.34 (d,/0.254)2 Kg ifdy > 0254

cp = 0.08 $/kwh; cy = 0.004 $/1; c, = 0.77 $/Kg
cf=2358%; Lf =100 hr; Cf=cf/Lg

cn =550 $ifdy < 0.254; L, =500 hr; Cp = 1.1 $/hr
=800 $ifd, > 0.254; Ly =500hr; Cp=1.6$/Mhr

Cmp = 1.1 (dp/0.254)2 $/hr
ce = 135,000 $ifdy, <= 0.279

170,000 $ if d > 0.279; the additional cost reflects the cost of another
intensifier.

R =0.2ce; 1=0.0833;n =60
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The above costs are typical or national average costs and reflect current market
conditions. The focus here is on optimization relative to system operation parameters.
The optimization is not signifacantly influenced by small variations in absolute costs.
The maintenance costs are composed of intensifier and system maintenance, including
labor costs incurred during maintenance.

We apply the above cost model to two case studies: a) cutting of 25.4 mm thick Ti-
6Al1-4Vd with a striation-free cut surface (q=3) and minor contouring (kcf=0.9). This
might be an application for cutting large titanium parts for aircraft industry. b) cutting
of 12.7 mm thick glass with slightly rough finish (q=2) and signifacant comntouring

(kef=0.7).- -
6. RESULTS AND DISCUSSION

Table 1 shows total operating costs per hour and cost per cm of cut for five nozzle
diameters varying from 0.254 to 0.356 mm. In addition, for each material, two cases,
one with one cutting nozzle and the other with two cutting nozzles, are considered. The
number of cutting nozzle assemblies mounted on a single head is a significant
parameter since it allows double the production capacity without any increase in labor
and capital amortization costs, with some limitations. The main limitation is that both
assemblies must be cutting identical parts which is not a significant limitation in
production environment where multiple parts need to be cut. Furthermore, when only
one part needs to be cut, one or more of the assemblies can be turned off and the rest
of the assemblies can be fitted with larger nozzles appropriate to thé optimum
configuration. The other limitation is the flow capacity of the intensifier. However,
within the capacity of a given intensifier, several options are possible. For example,
with an intensifier rated at 37.5 kw, one can use two 0.254 mm diameter nozzles, one
0.356 mm diameter nozzle, or any other combination such that the sum of the square of
the nozzle diameters is less than 0.13 mm?2. It is also possible to use independently
controlled multiple heads but the choice adds significantly to complexity and cost of
such systems, and the benefits are negated to much extent by the additional cost.
Within the constraints of intensifier capacity and system design and stability, there is
no limit to the number of nozzles that can be mounted on one head.

Figure 1 shows the cost of cut per cm for cutting 25.4 mm thick titanium as a function
of diameter nozzle. The cost goes down with the diameter except for 0.279 mm
diameter nozzle. This anomaly is caused by our violation of suboptimization condition
and a reflection of commercial reality. The long life focusing tube is available in
discrete sizes and we have used the appropriate next available size. Ignoring this one
data point, larger nozzles produce higher cutting speed. While the operating costs go
up in near proportion to the flow, the labor costs and capital amortization costs per
hour remain virtually fixed. In the present example, we have assumed the burdened
labor costs, including idle time costs, to be $36/hour. Combined with $20-25/hour
capital amortization cost, the operating costs are only about 30% of the total costs.
Thus, it is more economical to use larger nozzle when using only one cutting nozzle
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assembly. The use of larger nozzle does require additional initial capital investment.
Significantly, the cost difference between the best selection and the worst selection is
over 25%.

Looking at Table 1, the optimum choice, with the intensifier power rating limited to 37
kw, is to use two smaller nozzles and achieve 10% further cost reduction when both
nozzles can we effectively used. The capital investment costs are about the same in
both cases. In this analysis, we have accounted for additional cost of wear components,
maintenance and material loading time with the use of multiple nozzles. Multiple
cutting nozzles of smaller diameter offer a better choice in cutting efficiency, cost
effectiveness and flexibility. For metals, our experience is that smaller nozzles produce
better quality cut surface. This improvement needs to be quantified and is an area of
future research.

Figure 2 shows the relationship between cutting speed and nozzle diameter for cutting
12.7 mm thick glass, using one cutting nozzle. Cutting of glass and the associated cost
structure follow exactly the same pattern as discussed above for titanium. Table 1
provides details of various costs and cutting speeds for one and two nozzle cases. It is
significant that the cost per cm of contour cutting 12.7 mm thick glass can be as little
as 2 cents.

While we have shown results of only one and two nozzle systems, same trend will be
observed with the use of even more nozzles. ‘

7. CONCLUSIONS

Significant cost savings are available to the waterjet system users through optimization
of system configuration and operation parameters. In particular: '

o At first sight, cost optimization problem seems hopelessly complex, since the
number of parameters affecting cost structure is extremely large. However, by
using local suboptimization, the problem can be greatly simplified. It is shown that
optimization can be conducted with only one parameter, nozzle diameter.

o Smaller nozzles are more efficient in cutting, i.e., the length of material cut per unit
of input power is higher with smaller nozzles. However, larger nozzles are more
cost efficient since their use produces higher throughput which reduces labor,
capital and total costs.

o Multiple head systems offer flexibility and lower overall operating costs, since by
using smaller nozzles they combine the higher cutting efficiency of smaller nozzles
with higher throughput of multiple heads. When cutting one-of-a-kind piece, larger
nozzle on a single head can be used to maintain cost advantage. The flexibility in
the use of single or multiple heads according to production demand almost always

201



lowers the total operating costs relative to single-head systems. The additional
_capital and operating costs with multiple heads are not significant.

» Waterjet cutting can be extremely cost competitive for cutting certain materials. For
example, the cost of contour cutting of 12.7 mm thick glass is about 2 cents per
cm.

e Careful cost analysis.and cost optimization can save 10 to 30% of total cost of the
waterjet system operation.
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TABLE 1

Mat. |depth| No. of |[Nozzle diaj Opr. | Total cst|Contour | cut speed | cost of [Capital |input pwr
mm |nozzles mm Cost (3$) %) Factor | cm/min | cut/cm |Inv.(K$) kw

Ti |[25.4 1 0.254 23.7 86.1 0.9 4.01 0.398 135 16.9
0.279 284 918 | 0.9 3.89 0.437 135 20.5

0.305 33.1 102.4 0.9 4.78 0.396 170 24 .4

0.330 38.2 108.5 0.9 5.78 0.347 170 28.6

0.356 43.6 114.9 0.9 6.89 0.309 170 33.2

Ti | 254 2 0.254 476 110.4 0.9 8.02 0.255 175 33.8

0.279 57.1 120.4 0.9 7.79 0.286 175 41

0.305 66.4 135.3 0.9 9.57 0.262 | 210 48.8

0.330 76.6 146 0.9 11.56 0234 | 210 57.2

0.356 87.6 157.4 0.9 13.78 0.211 210 66.4

Glass| 12.7 1 0.254 23.7 86.1 0.7 59.13 [0.0347 | 135 16.9
0.279 28.4 91.8 0.7 57.38 ]0.0381| 135 |- 20.5

0.305 33.1 102.4 0.7 70.51 ]0.0346 | 170 24.4

0.330 38.2 108.5 0.7 85.22 |0.0303| 170 28.6

0.356 43.6 114.9 0.7 101.60 0.0269 | 170 33.2

Glass | 12.7 2 0.254 476 110.4 0.7 118.26 | 0.0222 | 175 33.8

0.279 571 120.4 0.7 114.76 | 0.0250 | 175 41

0.305 66.4 135.3 0.7 141.02 |0.0228 [ 210 48.8

0.330 76.6 146 0.7 170.43 | 0.0204 | 210 57.2

0.356 87.6 1574 0.7 203.20 | 0.0184 210 66.4
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Figure 1: Cost of cutting 25.4 mm titanium as a function of nozzle diameter and
number of cutting nozzles. Note that the power input with two cutting nozzles is double
that for one cutting nozzle.

0.050
12.7 mm Glass
0.040 +
& No. of cutting nozzles = 1
5
E’ 0.030 +
=§ S No. of cutting nozzles = 2
s 0020 § —c—
?
Q
&)
0.010 4
0.000 . ; .
0.254 0.279 0.305 0.330 0.356

Nozzle Diameter (mm)

Figure 2: Cost of cutting 12.7 mm glass as a function of nozzle diameter and number
of cutting nozzles.

204



7th American Water Jet Conference
August 28-31, 1993: Seattle, Washington
Paper 13

PREDICTION MODELS FOR AWJ MACHINING OPERATIONS

Mohamed Hashish
QUEST Integrated, Inc.
Kent, Washington, U.S.A.

ABSTRACT

This paper presents physical models for cutting rate, surface waviness, milling, drilling, lathe slotting, and
turning with abrasive-waterjets (AWJs). The similarities and differences among the different machining
processes are illustrated using these prediction models. All the models are based on simple erosion
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improvement are recommended.
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INTRODUCTION

The kinematic interaction of the abrasive-waterjet (AWJ) as a cutting beam with the workpiece material
can result in several machining effects. Obvious examples include cutting, turning, milling, and drilling.
Figure 1 shows a sequence of operations for the machining of a complex three-dimensional part by
controlling the beam/workpiece manipulation parameters relative to each other. Table 1 shows more
details on relevant process parameters for several machining operations. In all of these operations, whether
the machined part is simple or complex, the dynamics of the material removal process is essentially the
same. Dynamic control of the process parameters also adds flexibility to allow the production of even more
complex geometries. For example, hole geometry can be altered significantly by dynamic manipulation of
the jet pressure during piercing. Again, the dynamics of the process is still essentially the same.

The various machining operations result in different materials removal rates. These differences, which are
largely used to classify the processes, could be caused by several factors. The most obvious such factor is
the relative speed of the AWJ with respect to the workpiece. The effect of the return flow during piercing
is another factor that quantitatively affects the dynamics of the process.

In this paper, we present several equations for cutting, milling, and turning that are based on a simple
model developed by Finnie (1958) and Bitter (1963) and adapted by Hashish (1984) for AWJ cutting. The
derivation of the models is not presented here, but references are provided. The goal of this paper is to
provide the reader with a simple set of equations that can be used for quick analyses. Prior to presenting
the machining equations, a general set of jet flow equations is presented.

GENERAL

In AWJs, an exchange of momentum occurs between the high-velocity waterjet mass flow rate (m,,) and the
abrasive flow rate (m,). The abrasive particle velocity (V) can be related to the waterjet velocity () as

follows:
v, = p—rd W
=115 (my )

where 77 is a momentum transfer efficiency that was found to be around 80%.

The waterjet velocity and water flow rate can each be related to the pressure (P) by the simple Bernoulli
equation:

v, =C2P/p,)" @
m, =Cy 5 d3(2P/p, )" ©

where p,, is the water density and C, and C,, are, respectively, the velocity and discharge coefficients of the
waterjet orifice, whose diameter is d,. These coefficients are typically 0.98 and 0.7, respectively.

LINEAR CUTTING

To observe the interaction between the AWJ and the workpiece, high-speed movies were made of the
jet/material interface during cutting in transparent material (Hashish, 1988). It was observed that a steady-
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state interface exists at the top of the kerf to a depth /.. Below %, a step(s) forms in the material and ap-
pears to move under the impact of the jet until it reaches the final depth (%). This step progression process
is illustrated in Figure 2, which is a series of pictures of the jet/material interface. The kerf curvature at
depth 4, changes suddenly, marking a transition from cutting wear mode to deformation wear mode
(Hashish, 1988).

Figure 3 shows a schematic illustrating the different cutting zones. The zone up to depth %, is referred to
as the cutting wear zone, as termed by Bitter (1963) for shallow angle impact. In this zone, material re-
moval occurs primarily by particle impacts at shallow angles. The step formation zone below 4, is termed
the deformation wear zone, where impacts at large angles cause material removal. Another marked dif-
ference between these two zones of cutting is that cutting wear is a steady-state process in which the
material removal rate equals the jet material displacement rate by traversal. When this condition terminates
at depth 4, the jet penetrates the material by removing a step at a decreasing rate as the depth increases.

Proceeding with simple mathematical derivation and based on Hashish's (1987) particle erosion model,
Hashish (1989) expressed 4, as

2.5 ‘

cd;| 14m 14 :

hc.;_f ___20_ M3 C))
25\ nudip, ) V;

where ¢ represents the portion of the abrasives used for cutting. Inclusion of a threshold velocity below
which all deformations are elastic, as in Bitter (1963), can be incorporated by replacing ¥V, with (V-V)
where V, is the critical velocity. The intrinsic velocity (¥;) combines both particle and material charac-
teristics and may be used as an erosion condition for erosion characterization. It is expressed as

30 R 12
v=| L1 , ®
Pa

where Ryis a particle roundness factor defined by
d
R-=2¢c - (6)
f .
dp
The equation for deformation wear depth (%) was also derived by Hashish (1989) based on Bitter's (1963)

equation for erosion by solid particle impact at large angles. This equation is

1
+__—__
z(l"c)ma(Va "Vc) dj Vo=V

hy = O]

Then, the total depth of cut (%) is the sum of 4, and 4.

It should be noted that at high traverse rates no steady zone (%) will be established. In this case, all the
cutting action will belong to the deformation wear zone, and its attributes will cover the entire cut surface.
The critical rate at which this transition occurs is related to the critical angle (a,) of erosion by particle
impact. This angle can be considered a material characteristic whose dependence on other material pro-
perties is rather complex and is beyond the scope of discussion in this paper.
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The critical traverse rate can be determined from

14m, (o,
U = 2 (®)
”padj I/;

SURFACE WAVINESS

The hypothesis of the waviness model is that the jet/material interface is not steady. A step of material
moves under the jet until it reaches the bottom of the sample at time ¢. During this time the jet traverses a
distance x, as shown in Figure 4 where the AWJ moves from centerpoint A to B. The ridge C is observed
as a striation (waviness mark) of depth R, The illustration in Figure 4 shows the geometry at the bottom
of the cut; part of ridge C is removed due to the jet trailback and side deflections, which distort this ideal
geometry. From Figure 4, we can write

d;

)
2R, _ 1-[1-(x/dj) ] ©)
If we assume that all the material in the zone beyond 4, is removed through deformation wear at 90° impact
angles, then we can use Bitter's (1963) equation to express the volume removal rate v , which can also be
expressed as

T
v=Lg2Z 10
I (10)

where d; is the local AWJ diameter or cutting width at depth 4, which will be assumed constant. The dis-
tance was derived based on the above as follows:

oo Fed(h=hu Can

2m,Vy

Using this value for x in Equation (9), the following equation is obtained:

12

%:1- 1——(7:/4)2[

2
d,(h —hc)u} a2)

0.5m V2 /s

This equation needs to be further developed to include kerf width variations as a function of depth of cut.
Further discussion can be found in Hashish (1992).

MILLING

The milling process generally involves traversing the jet many times over the area to be milled. During a
single "sweep" over an area, due to the width of the swath of the jet and the overlap at the edge of each
swath, the jet may cut over some zones more than once. -Because of the high traverse rates used in milling,
no cutting wear mode will be encountered, and the depth of milling per pass can be determined from
Equation (7). The depth of milling will vary along the direction of the cross feed due to this difference in
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exposure time (or number of passes) resulting in "lay" on the surface. For a general case with a non-
dimensional overlap number (O,) the number of sweeps can be expressed mathematically as

N,=INT(O,) +1 (13)

Assuming that the standoff distance does not affect the depth of milling per pass, the average depth of
milling per sweep is derived as

INT(0,) +1
ﬂdj O'fu Cf Va

7t
2ma(V:z—Vc) _ dj Va_Vc

hav = ,(14)

The above equation can further be simplified by neglecting V,, <<V, for soft materials and setting C;= 0, as
the depth of milling per pass is very small. The resulting simpliﬁed] equation is

(15)
The cross-feed rate is implicitly expressed in the lateral feed increment in the above equation. .

LATHE SLOTTING

The simplest case of turning is when no motion is imparted to the AWJ nozzle. Such interaction results in
the formation of a circumferential groove around the workpiece periphery. This is termed a "lathe slotting"
operation.

As the workpiece rotates under the cutting jet, the penetration results in a change in the radius (7) and the
angle of impact (@). At any time, the impact angle is given by (see Figure 5)

a= cos"l[(r;- - '(5)/r] 16)

Thus, the slotting operation is an unsteady process with an éngle of impact that is greatest at the time =0
‘and decreases gradually until at some other time 7 it becomes zero, at which time 7 is also equal to the
difference between the initial radius (r;) and the turning depth of cut (J)..

The rate of radius change is

a .

ar 27z7‘a’j

17

where ¢ is the time and the slot width is assumed to be equal to the AWJ diameter (d)). For large angles of
impact, v is given by Finnie as

2
5o Cos @ maVa2

18
oy (18)
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From these equations, the following expression for the turned radius (#) versus time (£) can be derived:

V( 5)2 1/4
o P LN S r<(5 - o) (19)
' 30, wd? :
PR

TURNING
In a recent study of turning with AWJs, Ansari and Hashish (1992) found the following:

o The material removal for the range of traverse speeds and depths commonly encountered in AWJ
turning takes place at the "face", rather than the circumference, of the workpiece (the face refers to the
plane transverse to the rotational axis of the workpiece).

¢ No significant deflection of the AWJ occurs in the radial direction at the material removal site.
o The axial deflection of the AWJ changes cyclically.

The problem of turning is to determine the final diameter (d as a function of AWJ and turning parameters.
As the AWJ nozzle traverses in the axial direction at a speed u, a step starts to form beyond a steady-state
zone at the location where the material removal rate is zero. However, during the same time the workpiece
undergoes angular displacement. On the next time step, a step is formed in the workpiece, and the AWJ
impacts the step at an angle of 90°, thereby removing it (Figure 6). The maximum step width is equal to
the axial distance traversed during one workpiece revolution. Determination of the final workpiece
diameter (d)) is based on the above hypothesis for the formation of steps in AWJ turning,

The relationship between the penetration depth and workpiece radius can be expressed (Ansari and
Hashish, 1992) as

1/2
dr h- (2’?‘ 5-& ) 20
an [, R : =
#-2m(2n6-8) =h

The volume removal rate can also be written as

av =2 wrudr : 1)
From the above equations we get

dv=—2m[h—(2r,-5—a“)l’2]dh 2)

Using a simplified form of Finnie's (1958) theory of erosion, the following expression results for h, where
« becomes zero at the end of the shallow angle impact zone:

2

Ve
B2 -2(25,6- &) 2, + —L_[sin(20,)] =0 23)
mwucy ykK

This equation is quadratic in 4, and can be solved numerically. The angle a;, which is the deflection angle
at the top of the cut, was derived as
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2 nu(Z;; 5-8 )1/2 oy yKd;
vim, [sin(2a, )]

= (24)

Similar to linear cutting, a critical traverse rate (#,) should exist beyond which no steady-state turning can
be achieved. This can be determined from the above equation by substituting ¢, instead of a,; a, is an
angle related to the material characteristics. '

For the case of deformation wear, whereby the steps are cut, the volume removal rate is

_ ar '
v=—(u/N)2ar = (25)

Using Equations (25) and (20), the volume removal rate can be written in terms of the penetration depth
(h), which upon simplification becomes

._2mu|, _ o\2dh '
V= ~ |:h (2};-5 (52) ]dt (26)

- For abrasive particles impacting the step in the kerf at angles of 90°, Bitter's (1963) model under normal

impact is expressed as

my(V, ~7.) .
v=—J % , 27N
20'f

The above two equations can be used to yield the depth for deformation wear turning (4,) as

V2 N madj(Vj —Vc)2 _

2
(hd—hc) —2(hd_hc)(2’;'§_52) 4ﬂ20'f’§'“

(28)

To determine the final radius (or diameter) of the specimen, the following equation is used:

r={(’}- - o)’ +[(2r,-5—52)1/2 —hﬂm 29

DRILLING

In piercing with AWIJs (see Figure 7), an abrasive particle is subjected to hydrodynamic drag that becomes
significant due to the return flow. The momentum balance for an abrasive particle is

my, dv, |dh=-05C.p,4,V, V) (30)

where m_ is the mass of the abrasive particle and 4 is the cross-sectional area of the abrasive particle.
The velocity of the particle (V,) as a function of the depth of cut (#) can be determined from this equation
after expressing the return velocity (¥,,) using the continuity equation. The coefficient of drag (Cj) can be
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determined experimentally to account for the three-phase condition. The density of the return fluid ,)
may also be determined by considering it as a mixture of water and air.

The penetration rate can be determined from erosion theories. Hashish (1987) developed the following
equation for erosion at shallow angles:

0257,25

v=o.564( ;f;s 5’75 ]sm 2a/sin @ (31)

This equation can be used to determine the effect of the return flow while piercing and the effect of jets
after piercing. No further work has been done on the modeling of the hole drilling process.

CONCLUSIONS

This paper presented several physical models to predict AWJ machining results. Significant efforts are still
needed to model the different attributes of AWJ machining, such as surface characteristics, kerf geometry,
kerf width, and hole shape. Quantitative volume removal rate models based on erosion theories, however,
are reasonably well developed and can be adapted to develop further models.

ACKNOWLEDGMENTS

The work presented in this paper has been extracted from several different projects supported by the
National Science Foundation and the Department of the Army under the Small Business Innovation
Research (SBIR) program. The support of Flow International Corporation in preparing this paper is most
appreciated.

REFERENCES

Ansari, A. I, and Hashish, M., "On the Modeling of Abrasive Waterjet Turning," Jet Cutting Technology,
11th Internatxonal Conference BHR Group, St. Andrews, Scotland, September 8-10, 1992,

Bitter, J. G. A., "A Study of Erosion Phenomena: Part L" Wear, Vol. 6, pp. 5-21, 1963.

Finnie, 1., "The Mechanism of Erosion of Ductile Metals " Proceedings of the 3rd National Congress on
Applzed Mechanics, ASME, 1958.

Hashish, M., "Abrasive-Waterjet Cutting Studies," Proceedings of the 11th Conference on Production
Research and Technology, National Science Foundation, Camegie-Mellon Umversxty, Plttsburgh
Pennsylvania, pp. 101-111, May 21-23, 1984. ’

Hashish, M., "An Improved Model of Erosxon by Solid Particle Impact," Proceedings of the 7th Inter-
natzonal Conference on Eroszon by Liquid and Solid Impact (ELSI), Cambndge UK pp. 66:1to
66-9, 1987

Hashish, M., "Visualization of the Abrasive-Waterjet Cutting Process," Experimental Mechanics, Tune,
pp. 159-169 1988.

Hashish, M., "A Model of Abrasive-Waterjet Machining," ASME Transactions, Journal of Engineering
Materzals and Technology, Vol. 111, pp. 154-162, 1989.

Hashish, M., "On the Modeling of Surface Waviness Produced by Abrasive-Waterjets," Intemat10nal
Sympos1um on Waterjet Cutting, 1992.

212



NOMENCLATURE

A cross-sectional area of particle
C; discharge coefficient
Cr coefficient of drag

C, velocity coefficient

c portion of abrasives used for cutting
d, effective particle tip diameter

de  final turned diameter

d;  AWJ diameter

d,  diameter of mixing tube

d, waterjet orifice diameter

d, average diameter of abrasive particle
h depth

h,, average depth of milling per sweep
h,  steady-state or cutting wear zone depth
h;  deformation wear zone depth

K  constant

I, length of mixing tube

m, abrasive mass flow rate

m,  mass of abrasive particle

m,, mass flow rate of waterjet

N rotational speed

N, number of passes

O,  overlap number

P pressure

Ry particle roundness factor
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ABSTRACT

One of the most critical parts that influences the technical and economical performance of an
abrasive waterjet ( AWJ ) cutting system is the AWJ nozzle. Sensing AWJ nozzle wear is a key
aspect in producing high-quality parts on a fully autcmated AWJ system. In this paper, an
approach for on-line sensing nozzle wear is proposed, based on monitoring the acoustic signals
generated by the abrasive waterjet. The sound produced by the flow of the waterjet and
abrasive waterjet is measured for various AWJ nozzle diameters and nozzle lengths during
cutting through material and without cutting. It was shown that the amplitude of the spectrum

~ has a high sensitivity to a small variation of the nozzle exit geometry for each analyzed case. A

time-series analysis technique is used to model the acoustic signals. The results show that there
is a strong correlation between the nozzle wear and the ARMA model coefficients.

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

The AWIJ nozzle acts mainly to focus the spreading jet and accelerate the abrasive particles
which do not penetrate the jet stream. The increased wear of the AWJ nozzle makes the
clearance between waterjet and AWJ nozzle larger. Obviously, the larger the diameter of the
AWI nozzle's outlet, the lower the transverse particle velocity. The result of this is incomplete
mixing of the abrasive particles with the waterjet, which will cause a reduction in cutting ability
and tend to produce unacceptable manufacturing quality. It is evident that the outlet of the
AWTJ nozzle determines the final shape of the abrasive waterjet and its cutting performances.
The change rate of the inside diameter at the nozzle outlet is used to quantify the nozzle wear.

Computer control makes AWJ cutting a prime candidate for application in flexible
manufacturing systems. Automated equipment must have the ability to detect nozzle wear early
before final results exceed acceptable limits. However, currently there is no reliable wear
sensing system available. A number of approaches have been investigated. Generally
speaking, the methods that could be used to detect AWJ nozzle wear can be categorized as
either direct or indirect. Direct methods make an assessment of nozzle wear by either measuring
the inside diameter ( ID ) of the nozzle at its tip, or measuring the material loss of the nozzle by
radiometric techniques. Two direct sensing units have been proposed to measure the AWJ
nozzle inside diameter ( Kovacevic, 1988 and 1991 ). One of proposed direct sensing units is
based on a conductive loop which is embedded in the tip of the nozzle where it is exposed to
effects of erosion and abrasive wear. The predetermined threshold of the AWJ nozzle inside
diameter will be detected by this sensor. The other direct sensing system consists of wear
sensor probes and a digital logic unit connected to the PC. The wearable probes are placed on
the ceramic plate and are divided into four quadrants with a hole in the center having a diameter
equal to the inside diameter of the new AWIJ nozzle. Unfortunately, these approaches cannot be
successfully used for on-line monitoring the increase in the AWJ nozzle inside diameter( ID ).
The indirect methods are promising approaches for on-line sensing of nozzle wear and
compensation for the increase in the nozzle ID. Indirect methods are based on the measurement
of some parameters that are correlated to the AWJ nozzle wear such as the change of the stream
diameter at the nozzle exit, or the change of the workpiece normal force generated by the
impacting jet, vibration, sound, etc.

The abrasive waterjet diameter can be directly monitored and measured by a solid-state
CCD matrix or linear-array camera, and the actual diameter of the AWJ nozzle can be linked to
the abrasive waterjet diameter. The proposed abrasive waterjet diameter monitoring system (
Kovacevic, 1991 ) based on the machine-vision system consists of three main components: a
CCD matrix-array camera, a frame grabber, and a PC. The measurement of the abrasive
waterjet diameter is performed periodically.

Recently, a number of experiments ( Kovacevic et al.,1989,1990,1991) have proven that the
workpiece normal force generated by an abrasive waterjet can be used as an indicator of nozzle
wear. With an increase of the nozzle inside diameter, the workpiece normal force will increase,
keeping all other cutting variables constant, and thus wear can be monitored from an early
stage. Besides the change of the workpiece normal force level, its signal characteristics are also
expected to change with an increase in the nozzle wear. It was shown that nozzle wear in the
cutting through and milling operation with abrasive waterjet can be detected and monitored by
analyzing the dynamic portion, i.e., the A.C. component, of the workpiece normal force signal
generated by the impacting abrasive waterjet. For the in-process sensing of the diameter, the
model parameters can be updated adaptive.

Mechanical vibration and acoustic analysis have found extensive use in fault detection

lately. The sensors that are used for measuring acoustic signals are not expensive and can easily
be mounted at a desired location. Pattern-recognition analysis of sound radiation was
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developed as a basis for monitoring the metal-cutting process ( Traeisi and Kannatey-Asibu,
1991). Using the resubstitution method, signals coming from sharp and worn tools were easily
distinguished. In order to monitor tool flank wear, an experimental program ( Sadat and
Raman, 1987 ) was designed using low frequency noise spectra resulting from the rubbing
action of the tool and workpiece. In addition to mechanical acoustics, some papers deal with the
fluid acoustics. In fact, measurement and theory of the high-speed jet noise have been
investigated in aerodynamics for many years. The predictions of the theory are in good
agreement with experimental work ( Lush, 1971 ). In order to control the process of laser
grooving, acoustic sensing was used ( Chryssolouris et al., 1991 ). The acoustic signal is
emitted from the impinging gas jet on the erosion front. Correlations between resonant
frequency and hole, kerf or groove geometry were found. An automatic remote detection of
nozzle wear in plasma cutting torches has been investigated ( Braeuel et al., 1987 ). It was
found that the amplitude and spectral structure of the resonant tone are extremely sensitive to
any changes in the orifice geometry. The acoustic technique also has been proposed to analyze
the state of the AWJ cutting in inaccessible environments like the deep-sea ( Louis and Meier,
1991).

The idea of using an acoustic sensing method to detect nozzle wear is based on the
hypothesis that a change in the AWJ nozzle inside diameter affects the flow of the waterjet and
thus influences the level of noise.

2. EXPERIMENTAL SETUP

A commercial abrasive water-jet cutting system is used to conduct the experiments. The
principle of this system can be illustrated by Fig. 1. In this system, an intensifier pump is
connected to the abrasive waterjet cutting head which consists of a sapphire orifice, an abrasive
waterjet nozzle, and a mixing chamber. The position of the cutting head is controlled by a CNC
controlled positioning table.

X-Y-Z Positioning _Z

Water  System o
Boaster Pump Alr gg:m Air Control
& Filter Line -
ON/OFF
Vaive Purge Alr
v Air Line \ Y
\ ——3
Intensifier C;:
Pump  {Tigh Pressure Hopper
Water inlet
Sapphire Orifice
Miing Chamber Assambly

Workpieca — - \ -
Abrasiva  Abrasiva Metering
Catcher Feed Line Vaive

Fig 1. Schematic of abrasive waterjet cutting system
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In order to investigate the correlation between the nozzle diameter and the generated level
of noise, a number of diameters for two different nozzle lengths are considered ( see Table 1)
while other parameters, are kept constant throughout this study ( see Table 2 ). A 6.35 mm
condenser microphone ( B & K 4135 ) is employed to measure the acoustic signal. The
microphone is aimed at the nozzle's output from a distance of 10 cm away. During the cutting
operation the microphone travels with the cutting head in order to maintain a fixed distance
from the nozzle exit. In addition the atmospheric pressure is measured at regular intervals
during testing and frequent checks are made on the microphone calibration using a B & K
pistonphone ( type 4220 ). The block diagram of this experimental setup is shown in Fig. 2.

Table 1. Parameters for Test Nozzles

no. 1 2 3 4 5 6
(mm) )

AWJ nozzie length 76.20 76.20 | 88.90 | 88.90 | 88.90 | 76.20

nozzle inside diameter | 1.02 1.14 1.27 1.40 1.52 1.80

Table 2. Constant Process Parameters for AWJ Cutting

waterjet pressure ( P ) - 275 MPa

waterjet orifice size ( d, ) - 0.254 mm

stand-off distance (SOD ) - 6.00 mm

abrasive type _ - gadrnet

abrasive size ( d, ) < 80 mesh ( 0.180 mm )
traverse speed (u ) - 0.85 mm/s

jetangle ( & ) - 90°

abrasive flow rate ( M, ) - 6.05¢/s

A 386 Compar/PC data acquisition system ( Wavepak ver 2.42 software with the hardware
board from Computational System Inc. ) is used to collect and process the data. Wavepak
consists of two IBM PC compatible expansion boards and a custom software package that is
designed to allow an IBM PC to act as a dual-channel FFT signal analyzer which controls data
analysis and displays graphics.

In order to minimize the measure error caused by the reflection noise, an acoustic foam is
utilized to cover the stand and supporting structure. The signal is preamplified before it is sent
to the PC. The amplified signal is fed into a single channel spectrum analyzer, which a