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PREFACE

"A learned man is like a branch of a fruit bearing tree; the more fruit it bears, the more it bows".

Ancient Scripts

Since the FIRST INTERNATIONAL SYMPOSIUM on JET CUTTING TECHNOLOGY in 1972, the uses of water jets have
spread, aimost worldwide, from simple cleaning to decommissioning of nuclear installations and promising novel medical
applications. This is largely due to the hard work of dedicated workers who have disseminated and continue to disseminate
their new and unusual findings in SYMPOSIA and CONFERENCES on Water Jet Technology, inspiring others to follow. Each
successive conference or symposium since 1972 has seen not only weil-known faces in the field, but increasing number of
novices eager to learn and widen the spectrum of applications. It is sincerely hoped that the same spirit which pervaded the
5th American Water Jet Conference, held on this occasion in Canada, will continue to encourage international collaboration
which is so important for peace and progress, achievable through sharing of knowledge.

The Canadian Organising Committee sincerely thanks the U.S. Water Jet Technology Association for the privilege of holding
the 5th Conference in Canada, and the Division of Mechanical Engineering of the National Research Council of Canada
(NRC) for readily agreeing to co-sponsor the Conference.

On a more personal note, | am very thankful to all the members of the Organising Committees, particularly to Dr. G.A.
Savanick for valuable discussions on the phone, to Prof. T. Labus for organising the Water Jet Course, and to Mr. A.D. Hink
for arranging the technical tours. Encouragement to hold the Conference in Canada came from the SUPPORTERS and this is
gratefully acknowledged. Special thanks go to the prestigious international advisors for giving wide publicity to the- Conference
in their countries, and to the reviewers for painstakingly reviewing the abstracts submitted to the Conference. My sincere
thanks to the authors, who complied with all the instructions and submitted the papers in time for printing, and to the session
chairmen for the smooth running of the sessions. The firms which took part in the exhibitions and technical demonstrations of
their equipment enhanced the value of the Conference. This is gratefully acknowledged.

It would be very difficult to state in a few words the immense help received from the staff of the Conference Services at NRC. |
am particularly indebted to Mr. K. Charbonneau, Mrs. H. Lacoste and Mrs. R. King for assisting me in all aspects of the
Conference. Thanks are also due to Mr. D. Hewitt-White and his staff of the Duplication Services, Mr. D. Getz & Mr. M. Acres
of the Photography Section who have made impressive contributions to the art-work and printing of all the materials pertaining
to the Conference, and to Mr. N. Paguette for assisting in the audio-visual aids.

It is with great pleasure that | acknowledge Mr. E. Dudgeon, Vice-President Engineering, Mr. J. Ploeg, Director, Division of
Mechanical Engineering, and Dr. R.G. Williamson, Head, Gas Dynamics Laboratory for their moral support and
encouragement, and Mr. G. McGregor, General Manager, Manufacturing Technology Centre, NRC, for producing, with water
jets, the beautiful souvenirs, a replica of which appears on the front cover of this proceedings.

| thank, on behalf of the Organising Committees, Staff of the Four Seasons' Inn on the Park for all the arrangements, Ace
International Entertainment Agency for the exciting entertainment at the banquet, Office of the Premier of Ontario for co-
sponsoring the reception, and the Office of the Mayor, City of Toronto, for opening the Conference.

This PREFACE would be incomplete without expressing my gratitude to my wife, Dr. Hari Vijay, from whom | have learnt the

art of listening in the pursuit of new knowledge and to my daughters, Sangeeta & Sheela, who have aiways volunteered to
help, with smifing faces, whenever | needed it. : ‘

M.M VIJAY
Editor & Conference Co-Chairperson
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PREFACE

"A learned man is like a branch of a fruit bearing tree; the more fruit it bears, the more it bows".
Ecritures anciennes

Depuis le PREMIER COLLOQUE INTERNATIONAL sur LA TECHNOLOGIE DES JETS D'EAU, tenu en 1972, I'utilisation des
jets d'eau s'est répandue, presque a I'échelle du globe, ses applications passant du simple nettoyage jusqu'au déclassement
d'installations nucléaires et a des applications nouvelles et pleines de promesses en médecine. Cela est attribuable en grande
partie aux efforts ardus de travailleurs motivés qui ont diffusé et qui continuent de diffuser les résultats nouveaux et
exceptionnels de leurs recherches dans le cadre de COLLOQUES et de CONFERENCES sur la technologie des jets d'eau,
inspirant d'autres & suivre leurs traces. Chaque conférence ou colloque successif tenu depuis 1972 a vu non seulement des
visages bien connus dans le domaine, mais aussi un nombre croissant de débutants désireux d'apprendre et d'élargir le
spectre des applications des jets d'eau, Nous espérons sincérement retrouver ce méme esprit & I'occasion de la 5¢
Conférence américaine sur les jets d'eau, tenue cette fois au Canada afin d'encourager la collaboration internationale,
laquelle est si importante pour la paix et le progrés que le partage des connaissances permet de réaliser.

Le Comité organisateur canadien désire remercier chaleureusement la U.S. Water Jet Technology Association de Iui avoir
concedeé le privilége de tenir la 5¢ conférence au Canada, ainsi que la Division de génie mécanique du Conseil national de
recherches du Canada (CNRC) d'avoir accepté avec empressement de coparrainer la conférence.

Sur une note plus personnelle, je désire exprimer ma reconnaissance envers tous les membres des Comités organisateurs,
spécialement le Dr. G.A. Savanick pour de précieuses discussions au téléphone, le professeur T. Labus, qui a organisé le
Cours abrégé sur la technologie des jets d'eau, ainsi que M. A.D. Hink, qui s'ést chargé des excursions techniques. C'est
grace a l'appui et a I'encouragement des COMMANDITAIRES que la conférence a eu lieu au Canada, et nous le
reconnaissons avec gratitude. J'offre mes sincéres remerciements aux conseillers internationaux éminents qui ont fait
beaucoup de publicité pour la conférence dans leurs pays, et aux examinateurs qui ont examiné assidiment les résumés
soumis pour la conférence. Mes vifs remerciements aux auteurs, qui ont observé toutes les instructions données et qui ont
soumis leurs communications & temps pour la publication, de méme qu'aux présidents de séances qui ont assuré le bon
fonctionnement des séances. Les sociétés qui ont participé & I'exposition et aux démonstrations techniques de leur
équipement ont rehaussé la valeur de la conférence. Je tiens donc & leur témoigner ma reconnaissance.

Il serait trés difficile de décrire en quelques mots I'aide immense que nous avons recue du personnel des Services de
conférence du CNRC. Je suis particulierement redevable a M. K. Charbonneau, & Mmes H. Lacoste et R. King de leur
assistance relativement a tous les aspects de la conférence. Je présente également mes sincéres remerciements & M. D.
Hewitt-White et son personnel au sein du Service de reprographie et également & MM. D. Getz et M. Acres de Ia Section de
photographie pour leurs excellentes contributions aux travaux d'arts graphiques et de publication de tous les documents se
rapportant & la conférence, de méme qu'a M. N. Paquette pour son aide en matiére d'audiovisuel.

C'est avec grand plaisir que j'offre mes remerciements a M. E. Dudgeon, vice-président, Génie, & M. J. Ploeg, directeur de la
Division de génie mécanique, et au Dr. R.G. Williamson, chef du Laboratoire de la dynamique des gaz, pour leur appui moral
et leur encouragement. i ne faut pas oublier M. G. McGregor, directeur général du Centre de technologie en production
industrielle, CNRC, qui a produit, & l'aide de jets d'eau, de superbes souvenirs de la conférence. La couverture du présent
compte rendu est une copie exacte de I'oeuvre de M. McGregor.

Au nom des Comités organisateurs, je tiens a remercier le personnel du Four Seasons' Inn de tous les arrangements faits,
I'Ace International Entertainment Agency du spectacle saisissant présenté au banquet, le Bureauy du Premier ministre de
I'Ontario d'avoir coparrainé la réception et le Bureau du maire de la ville de Toronto d'avoir inauguré la conférence.

Cette PREFACE ne serait pas compléte si je n'exprimais pas ma gratitude envers mon épouse, le Dr Hari Vijay, de qui j'ai
appris l'art de bien écouter dans ma quéte de connaissances nouvelles, de méme qu'envers mes filles, Sangeeta et Sheela,
qui m'ont toujours aidé de bon coeur, le sourire aux lévres, lorsque j'ai eu besoin d'elles.

Le codirecteur du compte rendu
et coprésident de la conférence

M.M. VIJAY



FOREWORD

it is with pride and pleasure that the U.S. Water Jet Technology Association herewith presents the Proceedings of the Fifth
American Water Jet Conference. The previous conferences, sponsored by the Association, were held in Golden, Colorado, in
1981, Rolla Missouri, in 1983, Pittsburgh, Pennsylvania, in 1985, and Berkeley, California, in 1987. These four were titied
"U.S. Water Jet Conferences." The fifth in the series, chronicled in this volume, is called the "Fifth American Water Jet
Conference” in recognition of the Canadian venue and the major role played by Canadians in the organization and
presentation of the meeting. The U.S. Water Jet Technology Association thanks the National Research Council of Canada for
cosponsoring the conference and the members of the organizing committee, especially Dr. Mohan Vijay, the Canadian
chairman.

Industrial acceptance of water-jet cutting is growing rapidly. Abrasive jet machining and water-jet robots have attracted much
attention. These subjects and much more are included in the following pages. Read on and become informed about the
cutting edge of this exciting new technology.

GEORGE A. SAVANICK

Editor & Conference Co-Chairperson |
and President of the
U.S. Water Jet Technology Association

- AVANT-PROPOS

C'est avec fierté et plaisir que la U.S. Water Jet Association présente le compte rendu de la Cinquiéme conférence américaine
sur les jets d'eau. Les conférences antérieures, parrainées par I'Association, se sont tenues & Golden, au Colorado, en 1981,
a Rolla, au Missouri, en 1983, & Pittsburg, en Pennsylvania, en 1985, et a Berkeley, en Calfornie, en 1987. Ces quatre
conférences s'intitulaient "U.S. Water Jet Conferences”. La cinquiéme de cette série, dont la chronique est faite dans le
présent volume, s'appelle la "Cinquiéme conférence ameéricaine sur les jets d'eau”, en reconnaissance du fait qu'elle s'est
tenue au Canada et du rdle important qu'ont joué les Canadiens dans son organisation et sa tenue. La U.S. Water Jet
Technology Association tient a remercier le Conseil national de recherches du Canada d'avoir coparrainé la conférence, ainsi
que les membres du comité organisateur, et plus particulierement le Dr Mohan Vijay, président canadien.

L'acceptation du découpage au jet d'eau par l'industrie accroit rapidement. L'usinage a l'aide de jets contenant un abrasif et
les robots utilisant des jets d'eau ont attiré beaucoup d'attention a !a conférence. Ces sujets, et bien d'autres encore, sont
abordés dans les pages qui suivent. Poursuivez votre lecture et renseignez-vous sur le cdté tranchant de cette technologie
nouvelle des plus excitantes. ‘

LLe codirecteur du compte rendu,
coprésident de la conférence

et président de la

U.S. Water Jet Technology
Association

GEORGE A. SAVANICK
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EVALUATION OF WATER DELIVERY SYSTEMS
FOR WATER-JET-ASSISTED CUTTING

P.D. Kovscek

. Boeing Services International

C.D. Taylor anp E.D. Thimons
Pittsburgh Research Center, Bureau of Mines
Pittsburgh, Pennsylvania 15236, USA

ABSTRACT: Use of high-pressure solid streams of water, known as water jets, have been proposed as a way to
improve the cutting performance of metal drag bits currently used on longwall shearer mining machines. A specially
designed nozzle is used to direct the water jet so that it strikes the rock surface within 2 mm of the bit tip. To be
effective the fluid energy supplied by the water jets must reach the rock surface. Reducing the water pressure loss
that occurs between the nozzle and rock surface can have a great effect on the amount of fluid energy available for
water-jet-assisted cutting. i

Studies were conducted to evaluate how the flow upstream of the nozzle and the nozzle design affects the water
pressure that is delivered to the rock. Use of straight smooth tubing, placed just upstream of the nozzle, decreased
flow turbulence and increased water pressure up to 35 pct. Stainless steel and tungsten carbide nozzles provided
coherent water jets for the range of operating conditions expected during underground mining.

RESUME : L'utilisation d'écoulements continus d'eau & haute pression, appelés jets d'eau, a été proposée comme
moyen pour améliorer 'efficacité de coupe des taillants de métal dont sont actuellement dotées les ravageuses de
longue taille. Une buse spéciale sert & diriger le jet d'eau de fagon qu'il frappe la surface rocheuse en dega de 2
mm du taillant. Pour étre efficace, 'énergie hydraulique fournie par le jet d'eau doit étre communiquée 4 la surface
rocheuse. La réduction de la perte de charge de I'eau entre la buse et la surface rocheuse peut influer
considérablement sur la quantité d'énergie hydraulique utilisable pour la coupe assistée par jet d'eau.

Des études sont menées pour évaluer comment l'écoulement en amont de la buse et la conception de la buse
influent sur la pression de 'eau exercée sur la roche. L'utilisation de tuyaux droits lisses, placés juste en amont de
la buse, diminue la turbulence de I'écoulement et augmente la pression de 'eau de 35 % dans certains cas. Les
buses en acier inoxydabie et en carbure de tungsténe produisent des jets d'eau cohérents dans la fourchette des
conditions de fonctionnement prévues pendant I'exploitation souterraine.

Organized and Sponsored by the National Research Council of Canada and the U.S. Water Jet Technoiogy Association.



1.0 INTRODUCTION
1.1 Background

Water-jet-assisted cutting is a rock fragmentation method that uses a drag bit and high-pressure
stream of water to cut rock. The combined use of fluid and mechanical energy has the potential to
increase productivity in mines where harder rock must be mined, and cutting with mechanical bits
alone is inefficient. Prior laboratory tests, performed with a single-bit Tinear cutting
apparatus, showed that cutting forces on the bit can be reduced as much as 45 pct when the energy
delivered to the rock surface exceeds a minimum threshold energy (energy per unit length of cut)
(Hood, 1976). The energy delivered per length of rock cut was a function of the water pressure,
water flow rate, and the cutting speed. During the laboratory tests the pressure supplied to the
water jet nozzle was 50 MPa and the cutting speed was .254 m/s.

A longwall shearer was equipped to provide water-jet-assisted cutting at pressures up to 41 MPa
(Kovscek, P. D., 1986). Cutting speed was 3.3 m/s. The high-pressure water was directed through
the cutting drum to water jet nozzles that were mounted in front of each bit block. Each nozzle
was positioned so that the water jet struck the rock within 3 mm of the bit tip (fig. 1). During
initial testing the shearer cut a simulated coal face while using either Tow-pressure conventional
type sprays or high-pressure water jets.

The electrical energy supplied to the shearer cutting and tram motors was continuously monitored
while cutting with low- and high-pressure water. An improvement in cutting efficiency with water
Jet assist would be indicated by a decrease in the electrical energy required to cut an equivalent
quantity of rock with low-pressure water. For the conditions tested there was no significant
change in electrical energy when the water jets were used.

The energy level, per length of cut, was 40 to 60 times greater during the single-bit laboratory
tests than during the shearer tests. Therefore, one explanation for the failure to improve cutting
efficiency during the shearer tests was that the minimum threshold energy was not provided.

It would be difficult to increase the fluid energy provided for water-jet-assisted cutting on
the shearer. High-pressure water was supplied continuously to all 32 nozzles on the cutting drum.
The maximum pressure was limited by the capacity of the pump and the size and strength of the hose
used to carry the water to the shearer. The cutting speed could not be reduced without greatly
modifying the structure of the shearer.

1.2 Objective

There were several locations within the water delivery system on the shearer that were
identified as sites where large pressure losses could occur. These included the rotary coupling,
and piping inside the drum. The objective of this work was to identify where the major losses
occurred, and, if they were large, determine how to reduce them.

2.0 WATER DELIVERY SYSTEM-PRESSURE LOSSES
2.1 Pressure Losses in Cutting Drum

On the shearer, the high-pressure water is directed into the cutting drum (fig. 2). Inside the
drum the water passes through a rotary union. The water is carried through tubing from the union
outlet to the bit blocks, which are located on the surface of the cutting drum. As the water
passes through the drum, pressure losses can occur in the rotary union or tubing.

Operating water pressure at the union inlet and outlet was measured with transducers, and the
pressure drop across the union calculated. Similarly, the operating pressures were measured at the
union outlet and the inlet to the bit block. The calculated total pressure loss within the drum
(union plus tubing) was about 7 pct of the pressure entering the drum. That is, when the supply
pressure to the drum was 41 MPa, the pressure reaching the bit block was 38 MPa. The magnitude of
this loss was not considered to be significant in relation to the supply pressure.

2.2 Pressure Loss Between Nozzle Inlet and Rock Surface

Large pressure losses in the water delivery system, that could be attributed to friction head
losses, were not identified within the cutting drum. Another potential cause of pressure loss was
investigated.

Pressure at the nozzle must be transferred to the rock surface if water-jet-assisted cutting is
to be used effectively. The pressure of the water at the impact location is defined as the
stagnation pressure. Prior research has shown that the stagnation pressure delivered by a high-
pressure jet decreases with distance from the nozzle (Leach, S. J., 1966). This loss is primarily
due to the breakup of the solid water stream into droplets that rapidly lose their velocity as they



travel through the air. The total pressure loss that occurs between the time the water leaves the
nozzle and impacts the rock is difficult to determine because there is no way to directly measure
the water pressure at the rock surface.

A test apparatus that allowed the simuitaneous monitoring of pressure at the nozzle and
stagnation pressure at the impact location was built {fig. 3). To measure the stagnation pressure,
the water jet was directed at a target that consisted of a 0.34-mm tungsten carbide orifice
installed in a flat plate. A strain-gauge pressure transducer, installed beneath the orifice,
monitored the pressure striking the plate. Before making the measurements, each nozzle was
visually aligned with the target hole. The initial alignment of the water stream with the target
hole was performed at a water pressure of .48 MPa. Using a Tower water pressure allowed better
visual alignment of the jet with the target hole.

After the jet was aligned, the water pressure was raised to 41 MPa. The jet stream was
traversed across the target hole in orthogonal directions to obtain a pressure profile (fig. 4).
The fluid stagnation pressure was determined by noting the maximum sustained pressure on the
pressure profile. Periodically duplicate tests were conducted to assure that the results were
reproducible.

Stainless steel nozzles with an internal Leach and Walker configuration were used for all the
tests (Leach, S. J., 1966). Orifice diameter was 0.6 mm. The supply pressure was the pressure
measured at the nozzle. The difference in pressures at the nozzle and target location indicated
how effective the water delivery system and nozzle would be for delivering the fluid energy to the
rock surface. 1In practice the measurement could not be made at the nozzle location because the
transducer's size and shape interfered with the water flow. The transducer was placed at a
location upstream of the nozzle. The difference in pressure between the upstream location and the:
nozzle was measured and found to be negligible.

To simulate water flow conditions on a shearer, a bit block was installed on the tests
apparatus. To provide operating conditions typical of water-jet-assisted cutting on a Tongwall
shearer, supply pressure at the nozzle was set at 41 MPa with a nozzle-to-target distance of 10-cm.
For these operating conditions the stagnation pressure was approximately 20 MPa, or 50 pct of the
supply pressure.

3.0 REDUCING NOZZLE TO TARGET PRESSURE LOSSES
3.1 Factors

The pressure loss that occurs between the nozzle and rock surface is significantly greater than
the combined loss in the rotary coupling and cutting drum, and therefore, has the greatest impact
on the stagnation water pressure delivered during water-jet-assisted cutting. A fluid delivery
system that minimizes the amount of solid stream breakup and maintains a more coherent flow stream
should increase the stagnation pressure. Two of the factors that affect fluid stream coherence are
upstream flow turbulence and nozzle design.

3.2 Flow Turbulence

Wwater flow turbulence is a function of the internal geometry of the flow path. On the shearer,
the water enters the nozzile from a water channel that is drilled in the bit block. One shearer bit
block was milled to expose the water channel (fig. 5). The straight flow channel upstream of the
nozzle is about ll-cm long. However, the channel diameter is not uniform and a close physical
examination indicates that the drilling process and the accumulation of rust caused the inner
surface to be rough. It can be assumed that the flow channels in all bit blocks on the shearer
were similar. .

The rough irregular surface of the flow channel in the bit block increased the flow turbulence.
To reduce turbulence resutting from flow through the bit block would require that the channel
diameters be made more uniform and inner surfaces smoother. Due to the shape of flow channels
inside the solid bit block, modifications could not be made easily.

The effects of a modified flow path were simulated by using a straight piece of tubing in place
of the bit block (fig. 6). The length of the tubing (10 cm) was about the same as the water
channel in the bit block. The inner surface of the tubing was smoath and had a uniform diameter
that was equal to the nozzle inlet diameter (4 mm). Stagnation pressures were measured at nozzle
to target distances between 2.54 and 12.7 cm. Stagnation pressure readings were also made while
using the bit block and the same operating parameters.

Figure 7 compares the average stagnation pressures measured while using the 10 cm long tubing
and the bit block. For both configurations the stagnation pressure decreased with standoff
distance. However, at each standoff distance, the stagnation pressure was less when the nozzle was
used in the bit block. The average stagnation pressure, for all standoff distances, was 35 pct
greater when the nozzle was used with the straight tubing.



3.3 Nozzle Design

Several different nozzle types are available for water-jet-assisted cutting. Nozzle
performance, for water-jet-assisted cutting, was determined by comparing the stagnation water
pressures delivered using three nozzle types. Each nozzle was designed to deliver a solid stream
of high-pressure water. A1l nozzles tested were suitable for use on a longwall shearer. Eleven
sapphire, nine tungsten carbide, and ten stainless steel nozzles were used during the testing
program. The sapphire and tungsten carbide orifices were installed in stainiess steel bodies.

Stainless steel-

The stainless steel nozzles had a solid one-piece construction and were similar to the nozzles
used during the shearer tests described above (fig. 8A). Orifice and inlet cone was machined
directly into the nozzle body.

Tungsten carbide -
Tungsten carbide nozzles were purchased with integral lead-in cones, similar to the Leach and
Walker design, and installed in stainless steel bodies (fig. 8B).

Sapphire -

Sapphire nozzles, as purchased, were mounted in a threaded fitting (fig. 8C). Stainless steel
bodies were drilled and tapped and the sapphire orifice fitting inserted. Because of the fitting
design the orifice could be installed only with the tapered cone directed out. Therefore the water
entered through the sharp-edged side of the orifice. Nozzles with sapphire orifices are typically
used with ultra high pressure applications where precise and fine cutting is required and nozzle
wear can occur more rapidly. They can also be used with moderately high-pressure water-jet
cutting.

To simulate operation on a longwall shearer, the nozzle test supply pressure was maintained at
41 MPa and standoff distances varied from 2.5 to 12.7 cm. Each test was conducted with a 10-cm
long piece of tubing placed upstream of the nozzle. The effect of straight flow length on
stagnation pressure was similar for each of the three nozzle types tested.

Flow rate must also be considered when comparing nozzle performance. For a constant supply
pressure, flow rate varies with area of the nozzle orifice. Because the fluid energy delivered to
the rock surface is a function of pressure and flow rate, stagnation pressures should be compared
for nozzles having the same supply pressure and flow rates.

Three different size orifices were selected for each nozzle type. The range of orifice sizes
provided a range of flow rates that would be acceptable on a longwall shearer. However, orifice
size alone is not a good indicator of relative flow rate. Internal nozzle design, which was
different for each of the nozzle types tested, also affects flow rate.

To categorize nozzles according to flow rate, the flow through each nozzle, at a pressure of 41
MPa, was measured using a graduated cylinder. Nozzles having similar flow rates were placed in one
of the four categories shown in Table 1. Nozzle performance was compared with other nozzles in the
same category.

. Each nozzle in a category provided approximately the same flow rate at equal supply pressures.
The stagnation water pressure measured at the target Tocation was an indicator of how effectively
the nozzle would deliver high pressure water to the rock surface.

The results showing stagnation pressure versus standoff distance are given in figures 9 to 12.
In each of the four categories the stagnation pressure delivered by the three nozzle types
decreased as the standoff distance increased. The amount of this decrease does not vary
significantly between the nozzles in category l. However the stagnation pressure loss was greater
for the sapphire nozzles in categories 2, 3, and 4. Comparing the performance of the same nozzles
in different categories, the tungsten carbide orifices in category 1 had greater stagnation
pressure losses than the tungsten carbide orifices in categories 3 and 4. Tungsten carbide and
stainless steel nozzles supplied stagnation pressures greater than 50 pct of the pump pressure at
10-cm nozzle-to-target distance.

For flow rates of 75 to 215 m1/s (categories 2, 3 and 4), the tungsten carbide and stainless
stee] nozzles delivered approximately the same stagnation pressure at equal standoff distances,
while the stagnation pressure delivered by the sapphire nozzles was much less.

4.0 DISCUSSION
4.1 Effect of tubing length -
A straight piece of smooth tubing placed upstream of each of the nozzle types tested reduced

flow turbulence and increased stagnation pressure. A test was conducted to determine what effect
changing the tubing length would have on stagnation pressure. To study the relative effects of the



tube length on stagnation pressure, 5-, 10-, and 15.2-cm long pieces of straight tubing were used
with a stainless steel nozzle. At a nozzle supply pressure of 41 MPa and a standoff distance of 10
cm, the average stagnation pressure increased with increasing tube length, although the pressure
increase above 10 cm was small (fig. 13). For the type nozzles used in this study, a 10-cm long
straight flow length was adequate to reduce flow turbulence.

4.2 Effect of nozzle wear

For this study, testing periods were short and the amount of nozzle wear was too little to
affect nozzle performance. The amount of wear will increase with time and will occur more rapidly
at higher pressures. Although one advantage of stainless steel nozzle construction is ease of
manufacturing, nozzles with tungsten carbide or sapphire orifices are more durable and less subject
to wear.

A wear test was conducted to determine what effects prolonged use would have on the performance
of a stainless steel nozzle. One stainless steel nozzle with a 0.6 mm nozzle was operated at 4l
MPa for a total of 280 hours. Periodically during the tests, the stagnation pressure was measured
and plotted vs. the number of hours of operation. Figure 14 shows that stagnation pressure, at a
10-cm standoff distance, remained relatively constant for the entire test period.

4.3 Effect of nozzle profile

If a larger orifice size is used while keeping the pressure constant, flow rate and the amount
of fluid energy will increase. Increasing the orifice size also increases the diameter of the flow
stream. The stagnation pressure profiles for two tungsten carbide nozzles having two different
size orifices (.8 and 1.0 mm) are shown in figure 15. The stagnation pressure delivered by the two
nozzles was approximately the same. The major difference between the two nozzle profiles was the
profile width. The advantages of a wider profile, for water-jet-assisted cutting are not known,
but, when maintaining the same supply pressure, the wider profile indicates a higher flow rate. It
is reasonable to assume that for some cutting conditions a wider pattern will remove more material
from around the bit tip. The larger orifice nozzle does not provide a higher stagnation pressure,
but higher pressures are delivered a greater distance from the nozzle centerline.

5.0 CONCLUSIONS

The test apparatus used simulated flow conditions on a longwall shearer equipped for water-jet-
assisted cutting. The results show that the stagnation water pressure can be increased without
increasing the supply pressure or moving the nozzle closer to the bit tip. The greatest loss in
pressure occurred between the nozzle and the rock surface. Reducing the flow turbulence at the
nozzle inlet increased the stagnation pressure 35 percent.
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TABLE 1. Nozzles Used for Testing

Category Range of No. of Nozzies Average Orifice
Flow rates, Tested* Diameter, mm
mi/s
1 50 to 63 18A, 37TC 0.5
2 75 to 88 4 SA, 4SS 0.6
3 110 to 145 3S8A, 5TC, 38§ 0.7
4 185 to 215 3 S5A, 1TC, 35S 0.9

* SA : Sapphire, TC : Tungsten Carbide, SS : Stainless Steel
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WATER-JET-ASSIST OIL SHALE BOOM-MINER DEVELOPMENT
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ABSTRACT: The U.S. Department of Energy's Grand Junction Projects Cffice (DOE) is participating in a $1.5 million Cooperative Agreement
with Alpine Equipment Corporation/Astro internationat Corporation (Alpine) of State College, Pennsyivania, to evaluate the water-jet-assisted
(WJA) mechanical cutting of oil shale under actual mining conditions. The cost of the 24-month, three-phase Technology Development Project,
started in February 1988, is shared equally between Alpine and the Department of Energy. Alpine has designed, is assembling, and will test two
WJA mining machines. A 20-ton WJA roadheader will commence WJA oil shale cutting tests in the spring of 1989. Based on the results of these
tests a novel WJA cutting system will be designed for a commercial-sized boom-type mining machine.

Field testing of the machine will be conducted at the Exxon Company, USA, Colony Pilot Oil Shale Mine located in the Piceance Basin of
western Colorado. Additional support will be provided by the U.S. Bureau of Mines (USBM) Pittsburgh Research Center and oil shale
companies. through the Colorado Mining Association (CMA).

The physical characteristics of cil shale (a dolomitic limestone containing kerogen) make conventional mechanized production mining methods
impractical by causing excessive machine vibration, high bit-wear rates, and excessive dust generation. Current mechanical excavation
methods for oil shale are less efficient and more costly than the traditional drill-and-blast methods. However, conventional drill-and-biast
methods have limitations imposed by excessive rock damage and regulatory considerations. By improving mechanical excavation technologies,
oil shale could be more competitive with other energy sources. The WJA cutting technology currently being developed is expected to be
appiicable to oil shale deposits to ore and coal mining and for tunnel drivage at civil engineering projects.

An evaluation under actual mining conditions will provide field data that can be utiized by the private sector to develop and commercialize WJA
mechanized equipment to mine oil shale. The successful appiication of high-pressure water-jet technology in conjunction with mechanical mining
couid favorably impact the mining of oil shale by reducing capital and operating costs, improving safety, and increasing the extraction ratio of ail
shale mined. The WJA roadheader field tests on coal have shown that high-pressure water-jets increase cutter life and reduce ventilation costs
by cooling the cutting head, removing already mined rock from the cutting surface, and reducing dust production.

RESUME : Le Grand Junction Projects Office du U.S. Department of Energy (DOE) participe & un accord de collaboration de 1,5 million $ avec
Alpine Equipment Corporation/Astro International Corporation (Alpine) du State College de la Pennsylvanie sur I'évaluation de la coupe
mécanique assistée par jet d'eau (AJE) de schistes bitumineux dans des conditions réelles d'exploitation miniére. Le codt du Projet de
développement de la technologie en trois phases qui a duré 24 mois & compter de février 1988 est partagé également entre Alpine et le DOE.
Alpine a congu, assemble et mettra & I'essai deux machines miniéres AJE. Une abatteuse de front de taille AJE de 20 tonnes sera utilisée dans
les premiers essais de coupe AJE de schistes bitumineux au printemps de 1989. Selon les résultats de ces essais, un nouveau systéme de
coupe AJE sera congu pour une machine miniére & fiche de taille commerciale.

Les essais sur le terrain de la machine seront menées a la mine pilote de schistes bitumineux Colony de la société Exxon USA, dans le bassin
Piceance dans l'ouest du Colorado. Une aide additionnelle sera fournie par le Centre de recherches de Pittsburgh du US Bureau of Mines
(USBM) et des sociétés de schistes bitumineux par I'entremise de la Colorado Mining Association (CMA).

Les caractéristiques physiques des schistes bitumineux (calcaire dolomitique contenant du kérogéne) rendent les méthodes mécanisées
classiques de production miniéres inutilisables a cause des vibrations excessives des machines, de la vitesse d'usure élevée des outils et de la
production excessive de poussiére. Les méthodes actuelles d'excavation mécanique des schistes bitumineux sont moins efficaces et plus
codteuses que les méthodes classiques d'abattage & 'explosif. Ces derniéres ont toutefois des limites qui tiennent a 'endommagement excessif
par la roche et aux exigences de la réglementation. En améliorant les technigues d'excavation mécanique, on pourrait rendre les schistes
bitumineux plus concurrentiels par rapport a d'autres sources d'énergie. La technologie de la coupe AJE qui est en voie de développement
devrait étre applicable & 'exploitation des gisements de schistes bitumineux, des minerais et des charbons, et au creusement de tunnels dans
des projets de génie civil.

Une évaluation dans des conditions d'exploitation miniére réelles fournira des données de terrain qui pourront servir au secteur privé & mettre au
point et & commercialiser du matériel mécanisé AJE pour I'exploitation des schistes bitumineux. L'application avec succés de Ia technologie des
jets d'eau a haute pression & I'exploitation mécanique pourrait améliorer I'exploitation des schistes bitumineux en diminuant les frais
d'immobilisation et d'exploitation, en améliorant la sécurité et en augmentant le taux d'extraction. Les essais effectués sur le charbon &
I'abatteuse de front de taille AJE ont montré que les jets d'eau & haute pression augmentent la durée des taillants et diminuent les colts de
ventilation en refroidissant l'outil de coupe, en dégageant la roche déja abattue du front de taille et en diminuant la production de poussiére.

Organized and Sponsored by the National Research Council of Canada and the U.S. Water Jet Tei:hnology Association.
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1.0 INTRODUCTION
1.1  Background

The U.S. Department of Energy (DOE) Oil Shale Program is directed to the development of
advanced technologies for extracting shale oil from the large U.S. oil shale resources. The
overall goal of the DOE 0Oil Shale Program is to foster development of an economically competitive
and environmentally acceptable oil shale industry whose products can compete in the marketplace.
The program has two primary objectives:

1. To produce an engineering and scientific information base for industry use in
designing and developing oil shale processes with reduced costs and enhanced
environmental acceptability and to foster the development of novel oil shale
processes.

2. To develop a comprehensive data base on pollutant generation and the steps required
to mitigate the impacts in a cost-effective manmer.

In the pursuit of these cbjectives, the DOE has expanded its rock fragmentation research to
encompass the study of advanced extraction (mining) methods. The Idaho National Engineering
Laboratory (INEL), through the DOE Idaho Operations Office (DOE/ID), was included in the 0il
Shale Program by the U.S. Congress in 1987 and was funded to conduct extraction research. The
DOE/ID three-part mining research program comprises: assessment of state-of-the art oil shale
mining, research of advanced mining concepts, and demonstration of continuous mining techniques.

The DOE/ID WJA Project, managed by the DOE/ID Grand Junction, Colorado, Projects Office
(GJPO), is a U.S. $1.5 million Cooperative Agreement to evaluate WJA mechanical cutting of oil
shale under actual mining conditions and to address the potential for applying this technology
to the extraction of both eastern and western 0il shale resources (Virgona et al., 1988). The
project's objectives are:

1. To provide a technological basis, through evaluation of water~jet-assist enhancing
0il shale extraction on a sufficient scale and in an actual underground mine
environment, that will enable realistic testing to identify environmental and
economic constraints to commercialization.

2. To obtain the data sets requisite to development of a production machine specifically
designed for operation in oil shale mining operations for dissemination to the
private sector.

Some advantages of a WJA machine to achieve cost-effective oil shale extraction include
improving safety and health conditions in underground mines with enhanced ground-control
conditions.

) Most 0il shale mining operations have been planned with blasting as the primary rock
removal mechanism, but this method presents potential problems. The load-carrying capacity of
the oil shale pillars remaining after conventional blasting is much less than the capacity
obtained when using mechanical mining. Blasting also produces major instantaneous releases of
blasting gases and dust, with possible large releases of methane in gassy formations.
Mechanical mining can achieve a significant increase in resource recovery and continual savings
in operating costs due to the reductions in required pillar size and/or increases in span
dimensions.

Mechanical excavation of oil shale offers major safety, health, and productivity
advantages as compared with blasting. However, the physical characteristics of oil shale make
it somewhat difficult to cut mechanically. During tests with a conventional roadheader in a
western Colorado oil shale mine, bit wear was relatively high and dust generation was a problem.

Although mechanized excavation might be feasible for development mining of oil shale due
to the smaller volumes of rock that are cut, it is not currently practical for production
mining of oil shale. The addition of water-jet-assist to mechanical cutting machines used for
_production purposes in oil shale mines could make the operation more cost effective because
machine productivity and cutter life are expected to improve.

The WJA cutting uses a mechanical cutting tool in combination with a high-pressure
(> 138 bar, 2,000 psi) stream of water directed just in front of the tool. Recent laboratory
and underground studies of WJA cutting in coal indicate that the addition of the water-jet-
assist to the cutting tool significantly reduces respirable dust and cutting-tool wear,
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decreases the probability of frictional sparking, increases product size, and improves cutting
in harder materials.

All these potential benefits could be used to an adventage in the mining of oil shale, but
research is needed to ascertain the extent of applicability to oil shale and of associated
problems.

1.2 Water-Jet-Assisted Cutting In Coal

Significant laboratory and underground research has been conducted on the application of
water-jet-assist to roadheaders and longwall shearers for coal mining applications. A cooperative
research effort of the USBM and British Coal showed that there were benefits in using WJA cutting
on roadheaders operating in coal mines, especially when cutting rock as part of the coal
extraction process. WJA cutting at pressures above about 138 bar (2,000 psi) resulted in dust
reductions of at least 50 percent when compared with conventional-pressure water sprays for dust
control. Marked reductions in frictional sparking and bit-wear rates were also noted with the
water-jet-assist. In some cases where hard rock was being cut, bit life was extended by as much
as 200 percent. Using water-jet-assist did not result in any meaningful reduction in roadheader
power consumption when coal was being cut. However, there were improvements in cutting when
harder rock was encountered, probably due to reduction in bit wear.

The first WJA roadheader, supplied by Alpine, was tested in 1975 in the BOM Safety Research
Coal Mine at Bruceton, Pemnsylvania. A light-weight (10 ton) roadheader with a transverse
(ripper) cutter head (33 kW, 44 hp cutter motor) was augmented with high-pressure water at a
rate of 80 1/min (21 gal/min). The nonrotating, nonphased water-jets were aimed ahead of conical
poirt-attack bits of the transverse cutter head (see Figure 1). This early WJA cutting system
doubled the roadheader's rate of coal production and achieved a 70 percent reduction in
respirable dust levels (McNary et al., 1976).

Figure 1. World's first WJA miner: Alpine
roadheader at Bruceton,
Pennsylvania Coal Mine of the
U.S. Bureau of Mines. L 5

High Pressure

Full scale laboratory and underground
testing of WJA longwall shearers produced
results similar to those obtained with the
roacheaders. The USBM used a WJA shearer Monitor
to cut a simulated coal -block consisting of e
coal, fly ash, and cement. The coal block ¥
had a compressive strength similar to coal.

In 1984, the USBM funded a contract
for the design and in-mine testing of a
high-pressure (up to 700 bar, 10,000 psi)
WJA longwall shearer (USBEM Contract, 1984).
Two of the authors of this report (W.J.
Kogelmann and E.D. Thimons) had key roles
in this pioneering WJA cutting project.
Under that contract, the world's first WJA
shearer (Eickhoff EW-200/170-L) with a
high-pressure water-phasing system (see
Figure 2) was in-mine tested at the
Auguste Victoria Cocal Mine in Marl, West
Germany for a sustained period. The WJA
shearer ran at a peripheral bit-tip speed
of 2.14 m/s (423 ft/min). Formerly,
practically all WJA cutting tests were
conducted in laboratories at unrealistic
mining machine cutting speeds (less than
0.5 m/s, 100 ft/min) that were not applicable
to actual minig machines.

24.38m
(80"‘0“ )

Alpine is using the findings of the USBM WJA shearer project for the development of
the WJA oil shale miner. Both the laboratory and underground test programs shows that use of
hich-pressure water did little to reduce the shearer motor energy required to maintain a given
cutting rate. However, several other major benefits were achieved with the use of WJA cutting
(Kogelmann et al., 1986).
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Figure 2. Water-jet-assisted longwall
shearer cutting in coal.

Water pressures of between 138 to 207 bar
(2,000 to 3,000 psi) reduced respirable
dust in the air by about 80 percent, as
compared with the use of conventional water
sprays operating at pressures below 20.7
bar (300 psi). Increasing the WJA pressure
above about 207 bar (3,000 psi) resulted

in no additional dust reduction.

The use of water-jet-assist on a
longwall shearer also contributed to a
reduction in coal product fines. A
pressure of 138 bar (2,000 psi) decreased
product fines approximately 10 percent,
with major cost savings to the coal industry
due to reduced cleaning plant costs and increased product recovery.

No controlled measurement of bit wear was possible in the laboratory tests due to the
limited amount of cutting and the absence of rock in the simulated coal block. Bit wear as a
function of water-jet pressure could not be ascertained in the underground testing because of
the constantly changing conditions on the longwall face. If the entire test program is
considered, with varying water-jet pressures of 138 to 690 bar (2,000 to 10,000 psi), the use
of water-jet-assist doubled the average bit life.

Similar results have been reported in tests of WJA roadheaders and longwall shearers in a
nurber of other coal mining countries. More than 60 WJA roadheaders have been purchased world-
wide by the coal mining industry and several WJA shearers are operating in England and West
Germany. The first WJA longwall shearer designed and manufactured under USBM Contract No.
J0145039, equipped with a phased water-jetting system (Kogelmant et al., 1986) will be installed
in Kerr-McGee Corporation's Galatia coal mine in Illinois in the spring of 1989.

2.0 PROGRAM PLAN

The 24-month Technology Development Project is divided into three phases.
Phase I (4 months): conceptual engineering
Phase IT (10 months): detail engineering and construction of prototype machine
Phase III (10 months): in-mine testing of WJA machine

During the 10-month Phase ITI actual cutting tests will be conducted at the Colony Pilot
0il Shale Mine (see Table 1 for mine details). The cutting tests will include a series of short-
term tests to evaluate machine performance under various water pressures, flow rates, and other
critical parameters. Once the optimal cutting parameters (water pressure and flow rate) are
ascertained from the short-term tests, a continuous extended test will be conducted at these
optimum conditions.

Throughout the extended testing period, water pressure and flow rates will be varied to
evaluate their effect upon rotational torque, revolutions per minute, thrust, and total machine
pover consumption. Data on machine power consumption, cutter wear, average and range of
product size, noise, vibration, and respirable dust data will be collected throughout the test
program as a function of both pressure and flow. This data will allow a cost comparison between
conventional mechanical cutting and WJA cutting of oil shale.

TABLE 1. Exxon's Colony Pilot 0il Shale Mine

Parameter Data
Mining Method Room-and-pillar (Panel-and-main)
Mineral Dolomitic limestone containing varying amounts

of kerogen comparable to the Mehogany Zone of
the Green River Formation

Grade 125 to 158 1/metric ton (30 to 38 gal/ton)

Density (in situ) 2.03 to 2.15‘g/cm3 (127 to 134 1b/ft3)

Uniaxial (unconfined) 85.52 to 109.66 MPa (12,400 to 15,900 psi)
Compressive Strength Average 89.66 MPa (13,000 psi)

Tensile Strength Average 11.03 MPa (1,600 psi)
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2.1 Phase I Conceptual Design

The experience gained by Alpine from earlier
and shearers, both in the laboratory and in the field, w
of this system. A basic standard Alpine 330 Roadheader

research for the USEM on WJA roadheaders
as thoroughly utilized for the development
(Figure 3) will be modified to accept the

WJA system (Figure 4). A summary of the design -and reasons for the design selections follow.

Figure 3. Alpine Equipment Corporation Roadheader to be equipped with water-jet-assisted

cutting systen.
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Figure 4. Alpine Equipment Corporation's conceptual design of the water-jet-assisted

0il shale miner with transverse (ripper) cutter head.

2.1.1 Cutter Boom Design And Stiffness

Stiff cutter booms are required for energy-efficient cutting at a low bit cost, especially
when cutting hard rock with heavy-duty roadheaders (Morris et al., 1983). All new roadheader
models introduced in the 1980's (such as the AM65 Alpine Miner, Dosco LH1300, Eickhoff ET-100,
Eimco TM100, Salzgitter STM 300, and Westfalia WAV130) utilize stiff box-type cutter booms
supported by forward-mounted cylinders. Long-cantilever soft-rock booms, with the cutter motor

‘as a load-carrying member of the boom, are no longer used on modern roadheaders. Figure 5 shows
a comparison of cutter boom designs.

Alpine designed a hard-rock boom (HRB) to cut the oil shale with a minimum of vibration
and bounce. Cutter-boom vibration causes the bits to "chatter" on the rock and shatter the
tungsten-carbide inserts, resulting in excessive tool consumption (Schenck, 1982).

Soft rock boom (SRB) vibrates when cutting hard rock causing higher Hard rock boom (HRB) design for Increased bit (pick) Ufe and less
bit (pick) consumption and Increased maintenance maintenance becauss of vibration free cutting

Rack and pinion rotary actuator
for boom arcing (slewing)—

high stress because of
single tooth loading
causes gear failure

Swing (arcing) cylinders

Instead of obsolete

rack and pinlon

Narrow base rotary actuator

Box-type boom
permits installation
of fan-cooled motor

Well protected cutter motor Is
not structural, load carrying
member of boom

Bolted flanges are high
stress areas (bolts break)

High stress Cutter motor is structural, :J‘?{'e'r'm“ﬁm’::‘?:‘
{bearing load) load carrying boom member tweldment)
on boom socket (hinge) g
and pivot pin Heavy duty antl-{riction
turntable bearing (slew ring}
fForward mounted shear (lIft}
e, 8 cylinders stabllize boom
ey O o during cutting
o) Oy,
r/,q
o
Figure 5. Comparison of cutter boom designs. A "stiff" HRB boom was selected for the WJA

oil shale miner.
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2.1.2 Cutter Head Styles

The cutter head's design and tooling are extremely important and can directly determine
this project's success. The twe primary types of cutter heads are in-line (milling) and
transverse (ripper). For equivalent cutter motor capacity (i.e., rock production), ripper-type
machines can be significantly lighter weight than milling-type machines (Frenyo, 1974). Field
experience and actual findings of independent experts (Mertens, 1985) and roadheader owners
{(Morris, et al., 1983) follow.

Roadheaders with transverse heads are more suitable for varying rock conditions and operate
better in difficult-to-cut rock because boom-slewing (arcing) speed and, thus, bit spacing are
variable. Machines with in-line heads achieve high production rates in easy-to-cut rock.

Figure 6. Various bit (pick) types will T :
be tested on transverse KERFS / S J/s/ %*g:gf,; / 4{/ e
(ripper) cutter head. "’;'1'35";5/7/4/ / /r"‘/ I/ / N e Sy T s
A L
. . . : HARD ROCK SOFT ROCK
Slncg bit penetration and spacing LOW SLEWING (ARCING) SPEED HIGH SLEWING (ARCING) SPEED
are determined by rock strength, only one OF CUTTER BOOM HAS EFFECT  OF CUTTER 800M HAS EFFECT
rock strength Value can be cut by an in_ OF NARROW BIT ( PICK) SPACING. OF WIDE BIT (PICK) SPACING.
line (milling) cutter head under optimum CUTTER HEAD SPEED (Rew) AND BIT (PICK)
conditions. However, a transverse (ripper) DRAG CUTTER BOOM'S SLEWING (ARCING) SPEED

P iS VARIABLE .
BIT r.—s——-*

S._..CRITICAL BIT SPACING {OPTIMUM SPACING
FOR INDIVIDUAL ROCK STRENGTH).

D._-CRITICAL DEPTH OF CUT (OPTIMUM BIT
PENETRATION FOR INDIVIDUAL ROCX
STRENGTH).

head can be optimally matched to any rock
strength by simply varying the boom's
slewing speed (see Figure 6). This
project will "reverse" the aforementioned
process because the oil shale is of fairly

constant strength throughout the test ‘ S R uTTen
horizon with an average 89.7 MPa (13,000 | |[OPTIMUM-.S=2D 1030 | |aRp AND SOFT ROCK. .

psi) uniaxial compressive strength (see
Table 1), and the cutting head parameters
will be varied. The optimum bit style and lacing will be determined by varying the parameters
of cutting speed, torque, normal force, and bit geometry.

Contrary to an in-line (milling) head, all bits on a transverse (ripper) head operate at
approximately same peripheral bit tip speed and cutting force (see Figure 7). This permits
exact measurement of operating conditions resulting in an optimum bit design and cutter head
lacing. This characteristic of the "ripper" head is of great importance in the development of
novel PDC “"diamond" cutter bits for which no prior testing in oil shale has been done.

TRANSVERSE "RIPPER" IN-LINE "MILLING"
CUTTER HEAD CUTTER HEAD
ALL BITS (PICKS) HAVE - CONICAL - SHAPED HEAD CAUSES DIFFERENT BIT TIP SPEEDS
SAME BIT TIP RADIUS... R AND FORCES

ON LARGE BIT TIP RADIUS... Rmes

SAME BIT TIP SPEED ... S HIGH BIT TIP SPEED (Smax) AT

SAME CUTTING FORCE...F, Lo CUTTING FORGE(FS)

ON SMALL 8IT TIP RADIUS... Rmin
LOW BIT TIP SPEED (Smin) AT
HIGH CUTTING FORCE (Fingy)

BIT (PICK) CUTTING F;')(RRCES and SPEEDS
TRANSVERSE (RIPPER) and IN-LINE (MILLING) CUTTER HEADS

Figure 7. Tests will be made with transverse (ripper) cutter head because it provides for
all bits (picks) to have approximately same bit tip speed and cutting force.
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2.1.3 Roadheader Stabilization

Roacdheaders with in-line (milling) heads must be braced (stelled) against the tunnel's rib
(walls). If an in-line (milling) roadheader is not braced (stelled) against the rib, it slews
away from the cutting action even in relatively soft rock (Wilcox et al., 1988). This bracing
requirement makes a "milling" roadheader impractical for work in an oil shale mine where drifts
are up to 18.30 m (60 ft.) wide.

At comparable weights "ripper" type roadheaders are more stable because their main cutting
forces are directed perpendicular to the floor and, therefore, no bracing (stelling) of the
machine is required (Pearse, 1988). The superior machine stability was one of the main reasons
for Alpine selecting a transverse (ripper) head for WJA oil shale cutting tests with novel bits.

2.2 Cutting Tools

A roadheader is only as good as the bits used to cut the rock. Cutter bits are the most
costly consumable machine components, especially when cutting hard and tough oil shale.
Therefore, Alpine's main effort will be to increase tool life, which will have the greatest
impact on lowering the cost of mechanized oil shale extraction. The two basic types of cutting
tools evaluated for this project were roller disc cutters and drag bits.

2.2.1 Roller Disc Cutter

Roller disc cutters initially attack the rock by crushing (i.e., the disc has to overcome
the uniaxial compressive strength of the oil shale). Alpine chose not to use roller discs
because the uniaxial compressive strength of rock at the Colony mine is eight times higher than
its tensile strength (see Table 1 and Figure 8). Additionally, roller discs are energy
inefficient and have a high tool cost when used on a slewing (traversing) cutter boom rather than
on a conventional boring head (Farmer, 1986).

Figure 8. Drag bits (picks) will be used F‘:::J?:::;ﬂ
for oil shale test mining oo
because they are more energy STRENGTH ROLLER DISC CUTTER
efficient and require lower RN (KERFING THos . arracmag
KING ITS HIGH
thrust than disc cutters. PsI ENCROY NEEEIGIENT nook | MPa

EXCAVATION. DISC CUTTER NEAD
REQUIRES MIGH THRUST AND

15,000 LOW TORGUE

2.2.2 Drag Bits

Cutter heads tooled with drag bits 3980 4 L
require low thrust and high torque because LOW ROLLING
drag bits shear rock (kerfing) by attacking FORGE (TORQUE)
its low tensile strength. Alpine selected
drag bits for the WJA oil shale mining 10,000 <
machine because drag bits are the most . ) o DRAG BIT {PICK)
energy-efficient tool for the excavation of STRENGTH SHEARS AOCK (KERFING) THUS
oil shale (Crookston et al., 1983). tues) STRENGTY rop o L

. MOST ENERGY EFFICIENT ROCK

Rcadheaders can use both rotating and non- EXCAVATION CUTTER HEAD TOOLES
rotating drag bits. The in-mine tests Low THRUST ang
will include rotating conical "point-attack" ] Jonave.
bits and radial, polycrystalline diamond 5.000
composite (PDC) bits. ] FORCE (THRUST) FORCE (TORGUE)

Alpine plans to test a new conical,
rotating bit with a demonstrated lifetime e 1 Jae
that is 10-times longer than a standard TENSILE
bit, according to data from numerous rock o STRENGTH ,

heading operations of a major European ‘
mining company. OlL SHALE EXCAVATION WITH DRAG BITS (PICKS)
AND ROLLER DISC CUTTERS

During Alpine's initial investigations
it was learned that some mining companies
achieved high rates of penetration (ROP) at excellent bit life when drilling oil shale with
rotary PDC "diamond” bits.

At Unocal's Energy Mining Division near Parachute, Colorado, a 89 mm (3.5 in.) diameter PDC
bit drilled 27,614 m (90,600 ft.) and is still in use (ESMJ, 1989). 1In comparison, conventional
rotary tungsten-carbide tipped drill bits lasted only some 60 m (200 £t.) in the same oil shale
formation. The PDC tool had more than 450 times lohger lifetime than the conventional carbide
bit.
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Cutting tests by the U.S. Bureau of Mines showed a potential for 10 to 20 times longer life for
PDC bits over conventional carbide drag bits (Plis et al., 1988).

Based on the aforementioned- tests both in 1aboratories and under actual underground mining
conditions, it was decided that water-jet-assisted PDC drag bits have a great potential for
cost-effective, high-production mining of oil shale. It was, -therefore, decided to compare
modern rotating "point-attack" bits (Sandvik System 35) with newly developed radial PDC bits on
a WJA roadheader.

3.0 WATER-JET-ASSISTED PDC "DIAMOND" DRAG BITS

The introduction of polycrystalline diamond composites (also called "compounds"), commonly
abbreviated PDC, has opened up new possibilities for cost-effective mechanized excavation of
nard and abrasive rocks and minerals which could not have been cut economically with conventional
carbide tools.

Figure 9. PIC blark and tungsten LONG SUBSTRATE COMPONENTS
carbide stud. .
3.1 Cutting Mode
STRATAPAX
Ideally, PDC cutters should shear the BLANK E
rock thus attacking its low tensile strength. #2530-NC

For example, at Exxon's Colony mine the
uniaxial compressive strength of the oil
shale is avg. 89.7 MPa (13,000 psi); nearly
8 times higher than its tensile strength
(11 MPa; 1,600 psi).

3.2 Thermal Stability Biﬁfgﬁ

The thin PDC "diamond" layer which
is only 0.3 to 1 mm (0.0l to 0.04 in.)
thick is very sensitive to high temperatures
(Clark, 1988).

The high thermal sensitivity of the

> : TUNGST
PDC blanks might be one of the main reasons ‘tjﬁ%é@:,
why PDC bits have mainly been used in drill CYLINDER

and slurry-wall cutting applications where

the tools are always submerged and cooled

in water or in bentonite slurry. Alpine
expects that water-jet-assist will dramatically
increase the lifetime of PDC cutter bits.

3.3 Comparison Of Conventional ) ‘ t:y
Carbide Tools With PDC "Diamond" ,

Cutter Bits (Picks) =

The relationship of PDC and conventional tungsten-carbide tools with an "ideal" cutter
bit are shown in Figure 10. An "ideal" bit is a theoretical tool which can cut rock of any
strength at high production rates and unlimited lifetime. This "ideal"” bit is used to compare
the characteristics of various bit types.

A water—jet-assisted PDC cutter bit has the potential to approach the performance of the
"ideal" bit.

Alpine's WJA cutting tests on both artificial face and in the Colony oil shale mine will
show how close modern PDC cutting technology will get to this ambitious goal.

Drag bits using PDC inserts are designed to cut rock by a shearing action. Although some
crushing of the rock will inevitably be involved as the bit advances through the rock, shearing
is the primary mode of rock removal. This can be an extremely fast and efficient process,
particularly with PDC, as it remains sharp. Thus, the shearing action can continue efficiently
throughout virtually the entire life of the tool and results in the high rates of production
associated with PDC cutter bits. o

Tungsten-carbide drag bits are also designed to shear the rock but they become blunt, which

severely reduces their efficiency. "Worn-in", heavy-duty conventional radial and tangential
carbide bits require much higher cutting and normal forces than small and sharp carbide bits.
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Alpine will investigate how much lower these forces will be for PDc bits, in both "dry" and WJA
cutting modes.

PRODUCTION RATE

A" IDEAL { THEORETICAL) BIT (PICK)

“D" SMALL , SHARP, RADIAL BIT

“8"PDC DIAMOND BIT

*E" SMALL DIAMETER, ROTATING
“POINT ATTACK" BIT
(PENCIL BIT) ;
*C" LARGE DIAMETER,
ROTATING CONICAL, -
1“POINT ATTACK" BIT

STRENGTH of ROCK
or MINERAL

RELATIONSHIP BETWEEN ROCK STRENGTH,
PRODUCTION RA}'E, AND BIT LIFE
or

VARIOUS DRAG BIT TYPES

Figure 10.

Fig. 11. Radial drag bit with "diamond" cutter blank
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"Lppe" LIFETIME OF PDC DIAMOND-TIPPED TOOL
1S 10 TO 100 TIMES LONGER THAN "Lyc"

SHARP PDC

wiaRe pOC
CUTTING EDST IHARP POC UTTING LDGE
CUTTING EDIE

/

PRODUCTION. CONSTANT PERFORMANCE OF
RﬁJE “EVER SHARP" POC DIAMOND TOOL (BIT)
yd3/ hr ~
(m/ hr) N - FALLING PERFORMANCE OF
OR ~ TUNGSTEN-CARBIDE (TC)
tons/he ~ YIPPED TOOL {BIT)

(1/hr)

~
~
~ ~ REPLACE WORN
TC-TIPPED BIT
\I\\/
1
? 1 TOOL. (BIT; PICK)
SHARP *TC” BIT %wu “TC" T WORN LIFETIME
"Tet eIt

*Lyc" LIFETIME OF
TUNGSTEN- CARBIDE (TC) TIPPED TOOL

COMPARISON OF LIFETIME AND PERFORMANCE OF TUNGSTEN-CARBIDE
AND PDC DIAMOND CUTTER BITS(PICKS)

Figure 12.

4.0 FACTORY CUTTING TESTS

Investigations in Phase I of the project indicated that water-jet-assisted PDC "diamond"
bits have a large potential for success. Because practically no information on design and

operating parameters were available on WJA ndiamond" drag bits, it was decided to conduct oil
shale cutting tests on a smaller size roadheader at Alpine's plant.

4.1 Test Stand And Artificial Face
Eighteen metric tons (20 short tons) of oil shale koulders were shipped from Exxon's

Colony mine to Alpine's plant. These boulders were cast into lean concrete. The artificial face
and the WJA roadheader are depicted in Figure 13.

Figure 13. WJA roadheader at
artificial oil
shale face.

4.2 WJA Roadheader

For Factory
Cutting Tests

A standard size Alpine
roadheader was modified to serve
as a test bed and tool carrier
for WJA cutting tests. The
test roadheader was especially
designed for changing of all
parameters required for design
of a new, high-production WJA
cutting system.

4.2.1 Hydraulic Cutter
Head Drive

The cutter head is driven
via a speed reducer by a hydraulic motor. The hydraulic motor is powered by an axial-piston
pump with variable flow volume and pressure. With this design cutter head, rotation (i.e.
peripheral bit tip speed) and cutting force can be varied over a large range.
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4,2.2 Cutter Boom

The telescoping "sumping" cutter boom is hydraulically actuated in order to vary the WJA
cutter head's penetration force and speed. Furthermore, the slewing (arcing) and shearing speed
and force of the boom can be changed via a variable-volume, pressure-adjusted hydraulic pump.

Figure 14. WIA bit (pick) cutting oil shale. Figure 15. Cutter bit (pick)
with water-jet.

4,3 High Pressure Water (HPW) System
The HPW system consists of the following components:
4.3.1 Pump

A triplex plunger pump will supply the WJA test miner. The pump has a flow volume of 227
1/min. (60 GPM) at a pressure of 414 bar (6,000 psi). By equipping the pump with smaller
(4 19 mm; 3/4") diameter pistons, its pressure can be raised to 1379 bar (20,000 psi) at a flow
rate of 37.85 1/min. (10 GPM).

4.3.2 Nezzles

Alpine will use nozzles with different diameters suitable for water pressures ranging from
207 to 1,380 bar (3,000 to 20,000 psi). Depending on the water pressure the nozzles will consist
of tungsten-carbide and artificial sapphire. Their diameters will range from 0.4 mm (0.0158") to
1.0 rm (0.0394").

4.3.3 Water Phasing System

The WJA roadheader for cutting tests on the artificial oil shale face has a non-phased
rotary union. The second roadheader for in-mine testing at the Colony shale oil project will be
equipped with a water-phasing-system to reduce fluid energy consumption and provide a safe
working area. Only the tools that are actually in contact with the rock will be augmented with
a high-pressure-water jet.

5.0 WATER-JET-ASSISTED (WJA) CUTTING versus HYDRO-DEMOLITION (WATER JETTING)

Fragmentation of rock, minerals, and concrete with water jetting (hydro-demolition) is (1)
energy inefficient and (2) expensive ($/m3) when compared to mechanical cutting. For example, a
European-made, high-pressure (1,000 bar; 14,500 psi) hydro-demolition machine (Woma, 1989) has a
concrete removal rate of up to 1m3/h (1.3 yd3/h).

A transverse "ripper" roadheader-type cutter boom (Parr, 1985), powered by a 123 kW
(165 hp) motor, excavated concrete of avg. 38 MPa (5,500 psi) uniaxial compressive strength (UCS)
at an average rate of 9.62 m3/h (12.5 yd3/h) and a specific energy consumption of 12.8 kW.h/m3
(13.2 np.h/yd3). The following data are from 26 hydro-demolition projects (Aquajet, 1989).
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A hydro-demolisher pcwered by a much larger 325 kiW (450 hp) engine averaged 0.62 m3/h _
(0.81 yd3/h) of concrete removal at a specific energy consumption of 540 kW.h/m3 (557 hp.h/yd3).

This comparison shows that mechanical cutting is about 42 times as energy efficient as
water jetting. This is the reason why water jetting (hydro-demolition) is not used for high
production applications such as mining and road milling (planing). Water jetting is only
employed for "dental work" such as removal of deteriorated concrete underneath rebar as found on
many bridge deck rehabilitation projects.

6.0 FUTURE PLANS

Based on the findings of the factory cutting tests, Alpine will design and manufacture the
optimum WJA cutting system for in-mine tests in Phase IIT of the project.

Data from the underground WJA cutting tests in Phase ITI will be recorded and evaluated.
This field data will be used for development and commercialization of the WJA machines for mining
and construction applications.

We envision the following progressions and applications for this new WJA cutting system.

* Development of innovative cutting tools, most likely water-jet-assisted PDC bits, of
the radial (flat) style, for the most energy-efficient cutting at minimum dust levels
with the lowest possible water flow and pressure.

*  Optimization of rock size for retorting purposes.
* Testing of novel WJA tools, that are not presently available, for mining of harder rock.

*  Development and in-mine testing of a WJA cutting boom for future incorporation in a
gantry-type mining machine for single-pass or twin-pass excavation of large cross—
sectional 18.3 m x 7.6 m (60 f£t. x 25 ft.) entries in oil shale.

* Using the miner's HPW system to augment a WJA drill bolter.

* Using the test data for design of a fully automated, microprocessor-controlled WJA
machine for concurrent cutting and rock bolting (see Figure 16). Computer systems
for roadheader control are already available from several manufacturers (Weber et al.,
1985). sSuch controls for selective excavation are already employed in potash mines
and in longwall installations in coal mines (Kogelmann et al., 1986).

*  The potential exists to equip a surface miner or a road milling machine with a WJA
cutting system.

This project’'s goal is to decrease the cost of oil shale mining and lower the overall cost
of synthetic fuel derived from oil shale. The potential exists for synthetic fuel costs to be
competitive with petroleum-based products by using WJA mining machines to decrease the cost of
extraction, in combination with lower retorting and refining cost.
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DEVELOPMENT OF WATER JETTING EQUIPMENT FOR EXCAVATING
LARGE-DIAMETER BOREHOLES IN GRANITE

R.J. Puchala anp B.M. Hawrylewicz
Indescor Hydrodynamics Inc., Concord, Ontario, Canada

B.H. Kjartanson ano M.N. Gray
Atomic Energy of Canada Limited, Pinawa, Manitoba, Canada

ABSTRACT: Experiments pertinent to the Canadian nuclear fuel waste disposal concept are to be carried out in situ
in granitic rock at Atomic Energy of Canada Limited's Underground Research Laboratory (URL). Two of these
experiments require 1240-mm-diameter, 5-m-deep boreholes to be excavated in the floors of rooms in the URL.. For
this purpose, a coring tehcnique using high-pressure rotary water jet rock slotting was developed.

The coring rig incorporates a rotary, double water jet nozzle to cut a vertical, circular slot, the outside diameter of
which equals the required borehole diameter. The nozzle, which operates at a water pressure of 135 MPa and a
water flow rate of 50 L/min, is mounted on coring sections rotating in the vertical slot.

The stages of development of the coring rig have invoived nozzle testing and optimization, shop tests in large
granite blocks and field trials at the URL. This work has shown that coring production rates vary significantly from
190 to 250 mm/h for granite blocks and surface outcrops to 30 to 58 mm/h for boreholes drilled in the floor of an
underground room. The major factor influencing rates is believed to be the in situ stresses and confinement of the
granite; mineralogy and fabric are thought to play a secondary role. The development of drilling procedures to
excavate a large-diameter borehole to a depth of 5 m inciudes the use of an overlapping 96-mm-diameter sump
hole to collect and remove the cuttings and the staged removal of core as the hole is advanced. The present

development of the technology should allow completion of a borehole at depth in the URL in about twenty to thirty
12-h shifts. :

RESUME : Des expériences sur la méthode canadienne d'élimination des résidus de combustible nucléaire seront
menées sur place dans la roche granitique au Laboratoire de recherche souterrain (LRS) de I'Energie atomique du
Canada Limitée. Deux de ces expériences nécessitent I'excavation de trous de sonde de 1 240 mm de diamétre et
de 5 m de profondeur dans les planchers des salles du LRS. A cette fin, une technique de carottage reposant sur le
découpage de la roche au moyen de jets d'eau rotatifs a haute pression a été mise au point.

L'installation de carottage comprend une buse rotative a deux jets d'eau pour faire des coupes circulaires a la
verticale de diamétre extérieur égal au diamétre requis du trou de sonde. La buse qui admet des pressions d'eau
de 135 MPa et des débits d'eau de 50 L/min est montée sur des sections de carottage tournant dans le trait
vertical.

Les étapes de mise au point de l'installation de carottage sont au nombre de trois : essai et optimisation de la buse,
essais en atelier sur de gros blocs de granit et essais sur le terrain au LRS. Ce travail a révélé gque les taux de
production par carottage varient considérablement entre 190 4 250 mm/h dans les blocs de granit et les
affleurements et 30 4 58 mm/h dans les trous de sonde forés dans le plancher d'une salle souterraine. Le facteur
déterminant pour les taux serait 'ensemble des contraintes sur place et le confinement du granit; la minéralogie et
la fabrique joueraient un réle secondaire. L'élaboration de méthodes de forage pour excaver un trou de sonde de
grand diamétre a une profondeur de 5 m comprennent I'aménagement d'un trou & boue coincidant de 96 mm de
diamétre pour recueillir et évacuer les déblais, et I'eniévement par étapes de la carotte & mesure que le trou
s'approfondit. L'état actuel de la technologie devrait permettre la réalisation d'un trou de sonde en profondeur dans
le LRS aprés vingt & trente quarts de 12 h environ.

Organized and Sponsored by the National Research Council of Canada and the U.S. Water Jet Technology Association.
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1.0 INTRODUCTION

The Canadian concept for nuclear fuel waste disposal proposes that the waste be emplaced
in a vault located at a depth of 500 to 1000 m in stable plutonic rock of the Canadian Shield.
The general configuration of the reference vault is illustrated in Figure 1. The expected
radionuclide release mechanism is for groundwater to penetrate the waste containers, leach out
the radionuclides and slowly transport them back to the surface. The potential groundvater
flow paths from the containers to the biosphere include the excavations (rooms, tunnels and
shafts), or, when these are satisfactorily backfilled and sealed, excavation-disturbed zones
surrounding the excavations. Therefore, excavation methods that limit damage to the rock are
preferred.

Two experiments related to the Canadian nuclear fuel waste disposal concept require full
scale emplacement boreholes (1240-mm-diameter by 5-m-deep) to be excavated in the floors of
rooms in Atomic Energy of Canada Limited’s Underground Research Laboratory (URL) (Kjartanson,
B.H. and Gray, M.N., 1987). Besides being able to blind drill relatively large diameter
boreholes, the drilling equipment had to conform to the URL operating conditions, particularly
in terms of size and mass limitations.

After a review of potential shaft drilling, drilling/reaming and coring techniques, a
coring technique that is an extension of high-pressure rotary water jet rock slotting
(Havrylewicz, B.M. et al., 1988) was selected for development. Apparent advantages of the
vater jet technique over the other methods include: the vater jet cutting nozzles are longer
lived and much less expensive to replace than conventional cutting tools and bits, the
equipment is relatively light and readily transportable, and high thrust forces are not
required for the vater jet cutting nozzles. Moreover, the transient high-pressure water forces
should cause less disturbance to the surrounding rock than blasting, and perhaps even less
disturbance than the vibrations and abrasive forces of conventional drilling machines. Also
important vas the potential longer-term benefit of developing a new rock cutting technology
vith possible applications to other URL experiments.

Deep slotting in Stanstead granite has been successfully carried out on a semi-industrial
scale using a double vater jet rotary nozzle (Hawrylewicz, B.M. et. al., 1988). 1In this case,
the prototype rock cutter was able to cut a straight, 5-m-long, 3.4-m-deep and about 44-mm-vwide
slot, with an effective exposure rate of 1.13 m2/h at 135 MPa vater pressure and 55 L/min water
flow. These results indicated that a rotary double vater jet nozzle could cut the vertical,
circular slot needed for drilling the large-diameter emplacement boreholes in Lac du Bonnet
granite. Incorporation of a horizontal notching or undercutting jet would facilitate core
breakage. The properties of the Lac du Bonnet granite are shown in Table 1.

A coring rig using high-pressure vater jets has been designed and built. Laboratory,
surface and underground tests have been carried out in the course of the technology
development. The laboratory and surface drilling trials are described by Kjartanson, B.H. et
al. (1989).

This paper describes the development of the nozzles and the coring rig hardware. The
results of underground drilling trials are presented, and compared with those from surface and
laboratory tests.

2.0 NOZZLE DEVELOPMENT

The nozzle development program involved laboratory slotting tests on small samples of Lac
du Bonnet granite.

The tests allowed
1. Selection of the nozzle designs;

2. Selection of the range of cutting parameters that yield the required slot width and the
undercut depth; and

3. Estimation of coring and undercutting productivity.
The slotting tests were carried out with an experimental rock cutter described by
Hawrylewicz et al. (1988). The cutter operated at a water pressure of 125 to 135 MPa and a

wvater flow rate up to 43 L/min. The rock cutter allowed traversing along a straight line,
downward incrementing and rotating motions of the tested nozzle.

28



The following types of nozzles were tested:

1. Slotting nozzles: abrasive rotary double jet (AD6) and water rotary double jet (WD7 and
WD8) (see Figure 2a).

2. Undercutting nozzles: abrasive (Al, A2) and water single jet (W3) (see Figure 2b).

The jet equivalent diameter for the tested nozzles is given in Tables 2 and 3, while the
positions of the tungsten carbide jet orifices relative to the axis of the nozzle are shown in
Figure 2. The abrasive jet nozzles were constructed with wvater jet orifices located in the
steel nozzle body and secondary carbide orifices positioned so that the water jet is mixed with
abrasives, focussed in the secondary orifices and ejected at the angles shown in Figure 2.

The undercutting, non-rotary nozzles were traversed along a rock sample at a constant
stand-off distance of about 5 mm. Single and multiple passes were performed. The rotary
slotting nozzles were traversed along the rock samples and incremented down at about 5 to 7 mm
after each pass. Multiple passes were performed in a vertical plane.

The Lac du Bonnet granite test samples comprised blocks (B) from the surface or cores (C)
from different underground locations. Block samples Bl and B2 were positioned on the concrete
floor and cut by the jets either from the top or from the side. Core samples Cl, C4 and C5
were cast into a concrete block. Three cores in one concrete block were cut at a time.
Results of the tests with the corresponding nozzle and sample data specifications are shown in
Table 2 (undercutting tests) and Table 3 (slotting tests).

The undercutting tests showed that the abrasive jet can cut a slot 100 to 120 mm deep
without the nozzle being inserted into the slot. The shape of the slot is, however, irregular
along the cutting plane. The cross-section of the slot tapers. The required depth of the
undercut, 100~ 120 mm, was achieved by traversing the nozzle with the speed of 700 mm/min
approximately 12 to 16 times. The water jet vwas not able to cut a slot deeper than 90 mm.

Thus the undercutting abrasive jet, with superior performance in these tests, was the preferred
choice for cutting undercut slots in the core.

Both the abrasive and the water rotary double jet nozzles could cut slots in the Lac du
Bonnet granite to the required 40- to 50-mm width. Under the same test conditions water jet
nozzles WD7 and WD8 produced similar newly opened surface area and slot width. The water
rotary jets were able to slot the Lac du Bonnet granite four to five times faster than the
abrasive rotary jet. Several deficiencies in the abrasive delivery systems, which influenced
the cutting rate were noticed. It was concluded that the abrasive rotary slotting technique
was not sufficiently well developed and therefore preference was given to the rotary water jets
for use in the coring operation.

The fabric and mineralogy of the test samples affected the rotary water jet slotting rate
and slot geometry. For example, the width and depth of slots cut in core sample Cl, which
contained quartz inclusions, were smaller than slots cut in samples C4 and C5 using essentially
the same cutting parameters. The presence of pegmatite veins in the block samples did not
significantly influence the width and depth of the cut, but the cuttings were coarser grained.

Three types of nozzles, rotary double water jet coring, rotary double abrasive jet coring
and abrasive undercutting wvere designed for use and further evaluation on the coring rig. The
tests with nozzles WD7 and WD8 showed no influence of orifice angle on the cutting rate.
Moreover, there was no apparent advantage in having the orifices asymmetrical, which makes
nozzle fabrication more difficult and tends to unbalance the nozzle. Thus nozzle WC10 (Figure
3) was designed with symmetrical vater jet orifices at an angle of 25° from the nozzle axis.

This nozzle was supplemented by a similar type nozzle VWCll (Figure 3) with wider angled
orifices. The shape and operational design of the abrasive slotting and undercutting nozzles
have been guided by geometric considerations and the cutting parameters required to be used on
the coring rig. Nozzles AC5 and AU3 (Figure 3) have thus evolved from the test nozzles AD6 and
Al, respectively. The angle of the abrasive undercutting nozzle orifice has no influence on
cutting rate but rather is selected to give a dipping slot to facilitate the emplacement of

expanding cement grout. The rotary abrasive jet coring nozzle AC5 was to serve as a backup and
vas only to be used if considered necessary.
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3.0 CORING RIG DEVELOPMENT

The design of the drilling system required the selection or development of a high-pressure
pump unit, coring rig, hydraulic power pack and core removal equipment.

The high-pressure pump unit selected consisted of a triplex plunger pump powered by a 250-
HP electric motor, low-pressure water filters, a hydraulic water accumulator and electrical
controls. The pump is capable of delivering up to 56 L/min of water at a maximum pressure of
140 MPa.

The coring rig, shown schematically in Figure 4, consists of a three-piece static frame, a
carriage with a rotating drum and coring sections. The frame can be anchored to rock or a
concrete floor. Attached to each coring section are two rotary slotting lances, two non-
rotating undercutting lances and a suction pipe for cuttings removal. The rotary slotting
lances consist of a high-pressure rotary coupling rotated by a pneumatic motor, high-pressure
vater pipe sections coupled together, and a double water jet, or double abrasive jet nozzle.
The undercutting lance ends in a single non-rotary abrasive jet nozzle. The rotary and
undercutting lances are connected to the high-pressure rotary joint with high-pressure flexible
hoses. The supply of water to the lances is controlled by manual on-off valves. Only one
slotting nozzle or tvo undercutting nozzles can work at one time. The suction pipe is joined
to a pneumatic diaphragm suction pump mounted on the drum. Abrasives are stored in the hopper
installed inside the drum. The abrasives can be delivered to any of the abrasive jet nozzles
through hoses and on-off valves.

The coring sections are bolted to the drum and are successively bolted together (to a
maximum of four) as the borehole is advanced, so that the rotary motion of the drum is
transfered directly to the coring sections. The drum is rotated in relation to the carriage by
a hydraulic motor and chain drive. The carriage can be moved vertically by power screws driven
by a directly coupled hydraulic motor. During the coring mode, the step-down motion is
executed by power screws driven through the gear drive by the second hydraulic motor. Both
pover screws are connected by a chain drive at the top of the frame. The carriage is guided by
four lineal bearings mounted to the side frames. All high-pressure pipes and the suction pipe
run through the coring sections to the nozzles fixed at the bottom end. The vertical carriage
motion and drum rotation can be adjusted by the hydraulic controls installed on the coring rig;
the configuration is shown on the hydraulic schematic (see Figure 5).

The rotation rate of the rotary lances, and the suction pump speed can be regulated by
pneumatic controls installed inside the drum. The supply of abrasives to the nozzles is
induced by a vacuum created in an abrasive nozzle. A pneumatic vibrator installed on the
hopper stimulates the smooth flow of abrasives to the nozzles.

4.0 EQUIPMENT TESTING
The following stages of equipment testing have been carried out:
- Laboratory coring and undercutting tests on large granite blocks,
~ Surface trials at the URL, and

- Underground trials at the URL.

4.1 Laboratory Tests and Surface Trials

The laboratory tests were carried out on two samples of medium- to coarse-grained, pink
porphyritic Lac du Bonnet granite containing pegmatite veins. Both samples were 1.5 m wide, 2
m long, and 0.6 m high. With the coring rig anchored to each sample, water and abrasive jet
rotary nozzles were tested by coring through the samples. Two abrasive undercutting nozzles
vere used to cut a slot in each core.

The surface trials were carried out on an outcrop at the URL site. The rock was generally
a pink, coarse-grained porphyritic granite, with discontinuous granitic pegmatite zones, 0.2 to
0.4 m thick. Sporadic quartz veins, generally less than 15 mm thick, were associated with
these pegmatites. Coring vas performed using the same water jet rotary nozzle used in the
laboratory tests. These laboratory tests and surface trials are described in more detail by

Kjartanson, B.H. et al. (1989).
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The laboratory tests and surface trials indicated that 1240-mm-diameter boreholes can be
cored at a rate of about 190 to 250 mm/h (see Table 4). This rate was achieved using double
rotary water jets operating at 135 MPa water pressure and 30 L/min vater flow. Because of
field operational delays and difficulties with cuttings removal and occasional jamming of the
coring sections in the slot, the actual advance rates of the boreholes were much slower than
the coring rates would indicate. In 8 days the first hole was advanced to a depth of 1.74 m
whereas the second hole was drilled to a depth of 2.57 m. The increase in the rate of
advancement of the second hole reflects the effects of increasing experience with the drilling
equipment and modifications, particularly in terms of cuttings removal, to improve the rate of
borehole advance.

To overcome the difficulty of removing gravel-sized cuttings, which the original system
could not handle, a revised cuttings removal system was developed to core the second borehole.
The rig was positioned so that the slot would overlap a 6-m-deep, 96-mm-diameter pilot hole
used to define the rock lithology, hydrogeology and fractures in the large-diameter borehole
location. The cuttings removal system comprised a 50-mm-diameter, 5.35-m-long pipe down the
pilot (sump) hole, which was connected to a sand and gravel trap, in turn connected to a
50-mm suction diaphragm pump. This system performed well.

Experience from the surface trials indicated that it was preferable to remove the core in
stages as the hole is advanced rather than to attempt to slot the entire 5 m before removing
the core. This option not only allows access to the base of the slot as the hole is
proceeding, even at depth, but also minimizes potential problems with cuttings removal and
jamming of the coring sections. The preferred drilling sequence is illustrated in Figure 6.

The laboratory and surface trials also indicated that an 80- to 100-mm deep undercut slot
can be cut in the core in about 35 min by two abrasive jets at 135 MPa water pressure and
50 L/min water flow with a garnet abrasive feed rate of about 3 kg/min. Moreover,
an 80-mm-deep and 8-mm-wide undercut slot, when filled with expanding cement grout, will permit .
core breakage.

4.2 Underground Trials

The last stage of development of the emplacement borehole drilling equipment was performed
at the URL in a test room located 240 m underground. Between 0.3 and 0.5 m of concrete was
placed on the uneven rock floor to provide a level working base. The equipment configuration
and locations of the boreholes in the test room are shown in Figure 7.

Two 96-mm-diameter, 6-m-deep holes were previously drilled in the floor of the test room
to define rock lithology, hydrogeology and fractures in the large-diameter borehole locations.
The rock type encountered in both holes was generally homogeneous, medium-grained, slightly
pink porphyroblastic granite. Pegmatitic leucocratic zones were encountered below 3.4 m in
EPH1 (closest to the end of the room) and 4.0 m in EPH2. The top 0.2 to 0.5 m of rock was
blast-fractured. As on the surface, each 96-mm-diameter hole was used as a sump for the
removal of cuttings.

The underground trials involved drilling one large-diameter borehole to a depth of 5.1 m
and another to a depth of 2.4 m. The drilling technique and sequence for UGl, closest to the
end of the room, largely followed experience gained in the surface trials. After setting up,
levelling and anchoring the coring rig to the concrete floor so that the slot would overlap the
96-mm- diameter sump hole, the cuttings removal system was installed and the concrete floor was
cored. After removal of the concrete plug, coring to a depth of 1.33 m below the floor surface
was carried out. To break out the granite core, an undercut slot was cut at the base of the
core stub and expanding cement grout emplaced. When this technique failed to break the core, a
revised technique involving the placement of expanding é¢ement grout into an array of 32-mm-
diameter holes drilled vertically into the core stub was used. This technique successfully
broke the core into small and manageable pieces overnight (within 18 hours). The core pieces
wvere then lifted from the hole using an air-powered winch and a block mounted in the roof of
the room directly above the hole. This technique allowed the coring rig to remain in place
while removing the core. Removal of the core and preparation for further slotting usually took
about 4 hours. The borehole was advanced to a depth of 5.1 m, with the core being removed
about every one metre. Undercut slots were not required to break the core when using the
vertical array of holes. The second hole, UG2, was drilled to a depth of 2.4 m using
techniques developed in the first hole. During the underground test, only rotary water jets
were used for coring.

Unlike the surface test, underground coring could not be carried out continuously. For

UGl, the slot had to be reamed every 30 to 40 mm, even at a very slow coring rate. Both the
width of the slot and the stand-off distance between the nozzle and the bottom of the slot were
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reduced, thus inhibiting downward advancement of the coring lance. For UG2, even though the
coring rate could not be increased above that used for UGl, much less reaming was required,
with unimpeded coring runs of 100 to 170 mm being common. The cutting parameters used and
coring rates achieved for the underground trials are compiled in Table 4.

The first hole was drilled to a depth of 5.1 m in 53 days, while the second hole was
advanced to a depth of 2.4 m in 14 days. The relatively long duration to drill the first hole
included underground operational delays, equipment debugging and the development of coring and
core removal techologies. The rate of advancement of the second hole is more reflective of the
expected production rate of the system as developed to date. Moreover, as noted above, much
more slot reaming was required for the first hole than the second. This is further discussed
in the next section.

The average life of the water jet slotting nozzles was about 25 to 35 h. The use of
tungsten carbide inserts in these nozzles has increased the nozzle life by about five to six
times.

During the underground trials, only one undercut slot was cut in the granite core, as the
revised core breaking procedure with vertically drilled holes did not require undercut slots.
An average undercut slot depth of about 120 mm and width of about 8 mm was achieved after 16
passes of two abrasive jets around the core. About 1 m/min traverse velocity of the jets and
about 3 kg/min of garnet abrasives were used for cutting this slot.

5.0 DISCUSSION

WVhilst the effects of mineralogy and fabric of the granite may partly account for the
faster coring rate achieved in the surface trials than underground, a major effect is believed
to be the influence of rock stresses and confinement of the underground granite. The in situ
stresses vary with depth and location within the batholith and the position of the holes in the
underground test room. The coring rate for the underground trials was four to eight times
slower than the rate for the surface trials. Moreover, the coring rate at the different
borehole locations in the underground room was probably affected by different stress
distributions in the floor close to the end of the room (UG1) and avay from end effects (UG2).
In addition, the increased rate of penetration in the second hole could be attributed to the
higher jet power and differences in the geometry of nozzles WC10 and WCI1.

Further indication of the influence of in situ stresses and confinement was found in
cutting trials conducted on granite core samples taken from the large-diameter boreholes (Onagi
et al., 1989). The samples were set up beneath the coring rig and cut with the rotary double
water jet nozzle. Cutting rates five to six times higher were achieved in the same rock in an
unconfined state than in place.

Based on the results of these trials, a mechanism through which water jets cut crystalline
rocks, such as granite, may be hypothesized. Near the ground surface and in unconfined blocks,
the grain structure may be more open than in the confined, stressed state. Moreover, and
probably more importantly, the destressed rock would contain microcracks. It appears necessary
for a water jet to be able to penetrate microcracks or the grain structure to effectively cut
slots in granite. In confined granite, particularly in areas of high stress concentrations,
the cutting action might be a much more surficial, localized process, without significant
penetration into the grain structure. Thus, slower productivity could be expected in areas
vhere in situ stresses and stress concentration effects are more severe.

The vater jet nozzles, bottom part of the high-pressure rotating pipe and the bottom pipe
support vere exposed to the abrasive action of the rock cuttings and vater during coring.
Deterioration of the tungsten carbide orifices also occurred because of impurities in the high-
pressure water supply. This abrasion and wear required replacement of the rotary nozzle and
bushing in the bottom pipe support every 25 to 35 h of cutting; three to four nozzles were
-needed to finish one 5-m-deep borehole.

The coring sections were originally designed to cut a 5-m-deep slot without removing the
core. The underground trials have shown that removing the core in stages as the borehole is
advanced is preferred. This allows for the coring sections to be redesigned, which helps
eliminate jamming during coring and also reduces the need to ream the slot. A possible
redesign would involve a simplified lance support structure, about one metre long, connected to
the end of a segmented hollow structural member. The segmented structural member would, in
turn, connect to the drum. The lance could be stabilized along the length of the hollow
structural member with cantilevered horizontal supports with bushings.
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6.0 CONCLUSIONS

The underground trials proved that 1240-mm-diameter boreholes can be blind drilled in

granite using vater jet coring technology. The following conclusions can be made at the
current stage of development:

1.

Jater jets can be used to core 1240-mm-diameter, 5-m-deep holes underground in the URL at
an average coring rate of 30 to 38 mm/h when using double rotary water jets operating at
a water pressure of 135 MPa and a flow rate of up to 56 L/min. This productivity rate
should allow completion of a borehole at depth in the URL in about twenty to thlrty, i2-h
shifts.

The preferred drilling sequence is to remove the core in stages as the borehole is
advanced. Core can be broken every 1 to 1.3 m by emplacing expanding cement grout into a
pattern of 32-mm-diameter holes drilled vertically into the core.

Coring productivity could be enhanced by redesigning the coring sections to limit jamming
and reduce the need for reaming the slot. With the exception of further optimizing the
angle between the orifices, the rotary double water jet nozzle has been pushed to its
limit of productivity with the existing water pressures and flows. In view of the
difficulties in cutting stressed rock with water jets, there may be merit in pursuing the
development of abrasive jets.

The coring rig and associated equipment selection allows for fast and easy adjustment of
coring parameters, such as nozzle speed and advance rate, and a fast nozzle replacement
procedure. The rotary nozzle configuration should be reviewed to assess if abrasive wear
of the nozzle body, orifices and the pipe supports and bushings can be reduced.

The penetration rate of rotary double vater jets appears to be sensitive to in situ rock
stresses and confinement of the granite. Higher cutting rates were achieved in granite
at the ground surface and in unconfined blocks of granite than in confined, stressed

granite at depth. Mineralogy and fabric also appear to influence the cutting rate, but
to a lesser extent.
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Table 1. Mineralogy and Mechanical Properties of Lac du Bonnet Granite (after Ratsube and Hume, 1987)

Average

Mineralogy

quartz - 31X & 4X
plagioclase - 38% + 6%
microline ~ 27% + 7%
muscovite - 0.5% = 0.3%
biotite - - 3.5% &+ 1.5%
others - 0.5% & 0.5%

Bulk Density (Mg/m3) 2.63 + 0.05

Compressive Strength* (MPa)

Pink (to ~ 260-m depth)
range 134-248
mean 200

Grey (below ~ 260-n depth)

range 147-198
mean 167

* Values representative of Underground Research Laboratory site

Table 2. Undercutting Test Results
Avg.
¥ Nozzle | Jet Vater Vater Jet [Abrasive | Traverse No. Depth | Average | Newly |Removal|Specific
Type |Equiv| Pressure}{ Flow Power | Nozzle Velocity of Per Vidth Open Rate | Energy

bia. Diameter Passes | Pass Surface

nm MPa L/min k¥ nm em/min om om m?/h cm?/uin | kJ/cm?
B1/1.1 A2 1.07 | 125.000 | 23.48 | 49.01 3.00 71.12 4.00 }14.75 6.00 0.63 63.07 | 46.62
B1/1.2 A2 1.07 | 138.000 | 24.67 | 54.11 3.00 71.12 8.00 {11.25 6.00 0.48 48.10 | 67.49
B1/1.3 a2 1.07 | 125.000 | 23.48 | 49.01 3.00 71.12 12.00 8.75 6.00 0.37 37.41 | 78.60
BL/1.4 A2 1.07 | 120.000 | 23.00 | 47.05 3.00 71.12 16.00 7.19 6.00 0.31 30.73 | 91.86
B1/2.1 a2 1.07 | 115.000 | 22.52 | 45.09 3.10 71.12 16.00 5.63 6.00 0.24 24,05 {112.48
B1/3.1 A2 1.07 | 137.500 | 24.62 | 53.91 3.10 137.00 10.00 5.50 5.00 0.45 37.75 | 85.68
B1/3.2 A2 1.07 { 137.500 | 24.62 | 53.91 3.10 137.00 20.00 4.00 5.00 0.33 27.45 |117.82
B1/3.3 42 1.07 | 137.500 | 24.62 | 53.91 3.10 137.00 30.00 2.83 5.00 0.23 19.45 |166.33
Bl/4.1 Al 1.10 | 120.000 | 24.31 | 47.05 3.20 71.00 2.00 5.00 12.00 0.21 42.69 | 66.13
B1/5.1 Al 1.10 | 120.000 | 24.31 ( 47.05 3.20 71.00 4.00 2.50 14.00 0.11 24.90 [113.37
B1/6.0 V3 1.05 { 137.500 | 23.71 | 54.05 35.50 6.00 [14.67 12.50 0.31 65.21 | 50.09
B1/7.1 V3 1.05 | 137.500 | 23.71 | 54.45 71.12 10.00 4.80 18.00 0.20 61.57 | 53.06
B1/7.2 V3 1.05 | 137.500 | 23.71 | 54.45 71.12 20.00 4.25 18.00 0.18 54.52 | 59.92
B1/7.3 w3 1.05 | 137.500 | 23.71 | 54.45 71.12 30.00 3.00 18.00 0.13 38.48 | 84.89
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Table 3. Slotting Test Results
Avg.
# Nozzle| Jet Vater Jet |aAbrasive |Rotational|{Traverse No. Depth |Average | Newly | Removal Specific
Type | Equiv | Flow Pover | Nozzle Velocity {Velocity of Per Vidth Open Rate Energy
Dia Diameter Passes| Pass Surface
nm L/min k¥ om rom cm/min o min ni/h emd/min | kJ/cm?
Ccl/1.1 wD7 | 1.36 39.42 | 88.86 355.00 305.00 19.00 5.16 45.00 | 0.94 709.34 7.52
Cl/2.1 VD7 | 1.36 39.42 | 88.86 355.00 457.00 26.00 5.15 40.00 1.41 944.01 5.65
cs5/1.1 wD7 | 1.36 39.42 | 88.86 355.00 305.00 19.00 6.26 70.00 1.18 1339.86 3.98
c5/2.1 wD7 | 1.36 39.42 | 88.86 355.00 457.00 26.00 6.00 59.00 1.65 1621.02 3.29
c4/1.1 w7 | 1.36 39.42 | 88.86 355.00 305.00 19.00 6.11 55.00 1.12 1026.21 5.20
Cc4/2.1 wD7 | 1.36 39.42 | 88.86 355.00 457.00 26.00 5.65 48.00 1.55 1242.71 4.29
c1/3.1 VD8 | 1.36 39.42 | 88.86 355.00 457.00 26.00 5.04 39.50 1.38 911.34 5.85
Cl/4.1 vD8 | 1.36 39.42 | 88.86 355.00 610.00 26.00 4.88 39.00 1.79 1164.37 4.58
c5/3.1 wD8 | 1.36 39.42 | 88.86 355.00 457.00 26.00 6.00 68.50 1.65 1882.03 2.83
CS/4.1 wD8 | 1.36 39.42 | 88.86 355.00 610.00 26.00 5.81 60.00 2.13 2129.87 2.50
C4/3.1 VD8 | 1.36 39.42 | 88.86 355.00 457.00 26.00 5.62 53.00 1.54 1362.82 3.91
C4/4.1 wp8 | 1.36 39.42 | 88.86 355.00 610.00 26.00 5.27 50.00 1.93 1610.33 3.31
c1/5.1 AD6 | 1.41 42.37 | 95.52 | 2 x 3.0 42.00 71.00 2.00 5.00 50.00 0.21 177.86 32.22
Cl.5.2 AD6 | 1.41 42.37 | 95.52 | 2 x 3.0 100.00 71.00 6.00 5.00 48.00 6.21 170.74 33.57
Ccl/5.3 AD6 | 1.41 42.37 | 95.52 } 2 x 3.0 150.00 71.00 20.00 3.75 40.00 0.16 106.71 53.71
C1/5.4 AD6 | 1.41 42,37 | 95.52 | 2 x 3.0 150.00 71.00 36.00. 4.72 40.00 0.20 134.38 42.65
c5/5.1 AD6 | 1.41 42,37 | 95.52 | 2 x 3.0 42.00 71.00 2.00 | 10.00 50.00 0.43 355.71 16.11
c5/5.2 AD6 | 1.41 42.37 | 95.52 | 2 x 3.0 100.00 71.00 6.00 9.17 50.00 0.39 326.07 17.58
€5/5.3 AD6 | 1.41 42,37 | 95.52 | 2 x 3.0 150.00 71.00 20.00 5.25 75.00 0.22 280.12 20.46
C5/5.4 AD6 | 1.41 42.37 | 95.52 | 2 x 3.0 150.00 71.00 36.00 5.83 75.00 0.25 311.25 18.41
C4/5.1 AD6 | 1.41 42.37 | 95.52 | 2 x 3.0 42.00 71.00 2.00 | 10.00 50.00 0.43 355.71 16.11
C4/5.2 AD6 | 1.41 42.37 | 95.52 | 2 x 3.0 100.00 71.00 6.00 7.50 53.00 0.32 282.79 20.27
C4/5.3 AD6 | 1.41 42,37 | 95.52 | 2 x 3.0 150.00 71.00 20.00 5.25 60.00 0.22 224.10 25.57
C4/5.4 AD6 | 1.41 42.37 | 95.52 | 2 x 3.0 150.00 71.00 36.00 5.83 75.00 0.25 311.25 18.41
B2/6.1 AD6 | 1.41 42.37 | 95.52 | 2 x 3.0 150.00 71.00 11.00 5.00 42.00 0.21 149.40 38.3
B2/7.1 vo8 | 1.36 39.42 | 88.86 150.00 71.00 8.00 6.88 50.00 0.29 244.55 21.80
B2/8.1 ¥D8 | 1.36 39.42 | 88.86 300.00 71.00 8.00 6.25 52.50 0.27 233.43 22.84
B2/9.1 wD8 | 1.36 39.42 | 88.86 300.00 305.00 8.00 5.25 40.00 0.96 641.78 8.31
B2/9.2 wD8 | 1.36 39.42 | 88.86 300.00 305.00 19.00 5.26 39.50 0.96 635.35 8.39%
B2/10 wD8 | 1.36 39.42 | 88.86 200.00 *305.00 27.00 5.74 39.50 1.05 684.23 7.79
B2/11 wD8 | 1.36 39.42 | 88.86 200.00 254.00 30.00 5.67 43.00 0.86 620.15 8.60
B2/12 vD8 | 1.36 39.42 | 88.86 200.00 254.00 30.00 7.00 40.00 1.07 712.62 7.48
Table 4. Comparative Laboratory, Surface and Underground Test Results
Test AYerage Nozzle Type Nozzle Traverse Avg. Avg. Avg.
o Slze-of — Depth Vidth Coring
# Description Cuttings Avg. Flow Rotation Velocity Per Pass Per Pass Rate
at 135 MPa :
mm L/min rpm m/min mm mm mm/h
1 Laboratory Test 2.23 7.7
- 232 to 274
Sample #1 3 to 10 wD1/50 177 2.55 5.7 47
2 Laboratory Test
Sample # 2 3 to 10 WD1/50 210 2.50 6.3 45 252
3 Surface Test
Hole #1 2 to 10 VD1/40 200 2.43 5.6 to 6.4 45 220 to 250
4 Surface Test
Hole # 2 2 to 10 WD1/40 200 2.43 4.9 to 6.4 45 190 to 250
5 Underground Test 2.05 to 2.43*%| 1.5 to 2.0% 25%
- 30 to 46
Hole #1 1t3 WD1/40 190 2.43%% 2.0 to 4.0%% 43%%
6 Underground Test . .
Hole % 2 2 to 4 WD2/55 190 2.43 1.0 to 1.5 43 40 to 38

* initial slot cutting
** glot reaming
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LINEAR CUTTING APPARATUS FOR EVALUATING MINING
APPLICATIONS OF WATER-JET-ASSISTED CUTTING

P.D. Kovscek
Boeing Services International

AND

C.D. Taylor anp E.D. Thimons
Pittsburgh Research Center, Bureau of Mines
Pittsburgh, Pennsylvania 15236, USA

ABSTRACT: Studies have been conducted by the Bureau of Mines to evaluate the effect of water-jet-assisted
cutting on shearer cutting efficiency. Two longwall shearers were equipped for water-jet-assisted cutting, and tests
showed that the mechanical energy required for mining was not reduced when the high-pressure water, up to 69
MPa, was used. Although several prior laboratory studies had shown that mechanical bit cutting forces should be
reduced when using water jet-assisted-cutting, none of those studies were conducted using cutting conditions that
simulated mining conditions on a longwall shearer.

To provide a testing tool that simutated shearer cutting conditions, a single bit linear cutting test apparatus was built
at the Bureau of Mines' test facility. During cutting tests, the amount of mechanical cutting energy required was
measured white the fluid energy supplied by the water jet was varied. Using the test apparatus and a range of fluid
energies between 5 and 25 joules/mm, there were no significant reductions in the levels of mechanical cutting
energy. The water-jet was also traversed over the rock surface without the cutting bit. Increasing the fluid energy
increased the depth of the kerf cut in the rock, but there appears to be no significant relationship between the
measured kerf depths and reduced mechanical cutting energies as measured during the cutting tests.

RESUME : Des études ont été menées par le Bureau of Mines pour évaluer comment la coupe assistée par jet
d'eau influe sur l'efficacité de coupe des ravageuses. Deux ravageuses de longue taille ont été équipées pour la
coupe assistée par jet d'eau, et les essais ont montré que I'énergie mécanique requise pour I'abattage n'est pas
réduite lorsque la pression de l'eau est portée jusqu'a 69 MPa. Méme si plusieurs études de laboratoires
antérieures avaient révélé que les forces de coupe des taillants mécaniques devraient étre réduites lorsque la
coupe est assistée par un jet d'eau, aucune de ces études n'a été menée dans des conditions de coupe simulant
des conditions d'abattage a la ravageuse de longue taille.

Pour réaliser un outil d'essai simulant les conditions de coupe & la ravageuse, on a construit un appareil
expérimental de coupe droite & un taillant au centre d'essais du Bureau of Mines. Au cours des essais de coupe, la
quantité d'énergie mécanique de coupe requise a été mesurée et on a fait varier I'énergie hydraulique fournie par le
jet d'eau. Avec l'appareil d'essai et pour des énergies hydrauliques variant entre 5 et 25 joules/mm, les niveaux
d'énergie mécanique de coupe ne diminuent pas sensiblement. Le jet d'eau a aussi été projeté sur la surface
rocheuse sans l'utilisation d'un taillant. Une augmentation de 'énergie hydraulique se traduit par une entaille plus
profonde dans la roche, mais il ne semble y avoir aucune relation importante entre les profondeurs d'entailles
mesurées et les valeurs réduites de !'énergie mécanique de coupe telles que mesurées au cours des essais de
coupe.

Organized and Sponsored by the National Research Council of Canada and the U.S. Water Jet Technology Association.
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1.0 INTRODUCTION
1.1 Background

Water-jet-assisted cutting is a mining technique that uses high-pressure water jets to assist
the mechanical cutting performed by rock bits. The water jet, suppiied at pressures from 20.7 to
69 MPa, is directed to strike the rock just in front and within 3 mm of the bit tip. Broken and
Crushed rock is cleared from around the bit tip by the high-pressure jet. Removing this material
allows the bit tip to directly contact the unbroken rock and should increase cutting efficiency.
A minimum or threshold level of energy must be supplied before water-jets can clear the broken
material. This threshold level can be defined as the fluid energy level required to achieve a
reduction in bit cutting force (Gejer, J. E., 1987).

Several studies were conducted to identify the effects of water-jet-assist on cutting forces
which have shown that bit forces can be reduced when fluid energy is supplied at energy levels
between 20 and 30 joules/mm (Geier, J. E., 1987). Most of these results were obtained with single
bit cutting machines that were operated at a cutting depth less than 1.3 cm and speeds less than 25
cm/s.

The Bureau of Mines equipped two longwall shearers, one underground and the other at a surface
test facility, for water-jet-assisted cutting (Thimons, E. D. 1988). Maximum fluid energy that
could be supplied was limited by the water flow rate and pressure that could be delivered to the
shearer, and the rotational speed of the cuttind drums. The joules of energy delivered per Tength
of rock surface cut increases with water flow rate and pressure, and decreases with bit velocity.
The fluid energy supplied by each water nozzle on the shearer cutting drums varied from 1 to 3
joules/mm. While maintaining the same cutting rate, the electrical energy suppliied to the shearer
cutting and tramming motors for mechanical cutting was measured during operation with and without
water jet-assist. The results indicated that there was no significant reduction in the amount of
mechanical energy used while operating with water-jet-assisted cutting; thus the bit cutting forces
were not reduced.

1.2 Objective

The objective of the current study was to determine what threshold fluid energy level was
required to reduce bit cutting energy during normal mining conditions. A test apparatus was
constructed to simulate the cutting conditions of a bit operating on a longwall shearer drum.

2.0 TEST PROCEDURE
2.1 Test Apparatus

The linear-cutter apparatus built for these tests used a single bit to make linear, constant
depth cuts in a test rock (figure 1). The four basic components of this linear cutter apparatus
are the:

- counterbalance carriage,

- cutter bit carriage,

- rock holding (pedestal) fixture and,
- high-pressure pump.

Counterbalance and cutter bit carriages

The cutting bit is fixed to the bit carriage. The counterbalancé and bit carriages move
vertically on adjacent tracks, and are connected by steel cables. The bit carriage is lifted to
the desired height by a winch. A clamp holds the winch to the carriage cable until it is released,
by remote control, and the carriage drops. The bit velocity, when it strikes the rock, is
determined by gravity and the amount of weight placed on the counterbalance carriage. After the
bit contacts the rock, the carriage speed decreases depending on the resistance of the rock to bit
movement.

A Kistler piezoelectric triaxial force dynamometer was mounted on the bit carriagé to monitor
bit forces. The dynamometer measured forces in the three component orthogonal directions. Only
the cutting force measurements are discussed in this paper.

Bit cutting speed and vertical location were monitored with a velocity position transducer
(0-254 cm displacement, 0-380 cm/s velocity) that was actuated by a cable that rotated a
potentiometer and tachometer generator. One end of the cable was attached to the bit carriage and
the other end to the transducer, which was mounted on the base of the test fixture.
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Rock holding fixture

The rock holding fixture held a 46-cm high by 6l-cm wide piece of rock. The maximum length of
cut was 46 cm. A hydraulic ram on the fixture moved the rock toward the bit to obtain a cutting
depth of either 1.3 or 2.5 cm. After setting the rock for the desired depth, the sampie was
clamped in place. :

To move the rock horizontally to a new cutting track, an hydraulically-powered screw mechanism
was used. The distance between cutting tracks was 2.54 cm and as many as 22 cuts could be made for
each complete pass across a rock face. For each pass across the rock face, the depth of cut was
maintained constant. The horizontal distance between cuts was set manually by measuring the
distance between adjacent bit positions. The distance between cuts was also measured with a
position transducer. The bit position, recorded with the other test data, was used to identify
specific test runs.

High-pressure pump

A triplex 3-piston positive-displacement pump (capacity of 42 1pm at 69 MPa) was used to supply
the high-pressure water. The water pressure was monitored with a 0 - 69 MPa pressure transducer
installed in the high pressure supply line at the pump outlet. Nine meters of 1.3 cm ID high
pressure flexible hose connected the pump to the bit carriage. The nozzle was mounted beneath the
cutting bit in the end of a 10-cm straight piece of stainless steel tubing. The stainless steel
tubing reduced water flow turbulence and increased the stagnation pressure delivered by the nozzle
{Kovscek, P. D., 1988).

A tungsten carbide nozzle with a 1.0-mm diameter orifice (Coefficient of discharge = .88) was
used for all tests. Located below the bit, the nozzle was positioned so that the water jet stream
passed in front of the cutter bit, less than 1 mm from the cutting edge. The standoff distance
between the nozzle and the bit tip was 5 cm. The water pressure was maintained at 62 MPa, with a
flow rate of 14 1pm, for all water-jet tests. B

2.2 Rock types

Berea sandstone and Indiana 1imestone were selected for lab testing because both have well
documented cutting properties and can be obtained in homogeneous samples that are dimensionally
stable. Both rocks are typical of the types of rock that would be cut during continuous mining
operations. The following properties are given for each rock (Krech, W. W., 1974): .

Berea sandstone:
Density: 2.11 g/cc
Unconfined compressive strength: 46 MN/m2
Tensile strength: 1.07 MN/m
Porosity: 19.1 pct

Indiana Timestone:
Density: 2.34 g/cc 2
Unconfined compressive streEgth: 44 MN/m
Tensile strength: 5.23MN/m
Porosity: 12.5 pct

2.3 Cutting tests

A Kennametal K-107 radial attack bit was used for all cutting tests.- The shank of the bit was
modified to fit in the dynamometer. Before the first cut was made, the rock was mounted in the
test fixture and the rock face was "squared" by taking 1.3 cm deep cuts, 2.54 cm apart. For each
cut, during the same pass, the cutting depth was maintained constant at either 1.3 or 2.5 cm. The
bit force, in the cutting direction was continuously monitored. Water pressure was maintained at
62 MPa for the water jet tests, or 0.5 MPa or less for the non-water jet tests. The cutting rate

for the tests was varied from 12.7 to 267 cm/s to achieve fluid energy levels between 5 and 25
joules/mm. :

Signal conditioning for the pressure, position, and velocity transducers was accomplished with
Honeywell 218 Accudata bridge amplifiers. Power and signal conditioning for the force dynamometer
was provided by a Kistler type 5004 dual mode amplifier.

A1l signals were scaled to an analogous O- 10 volt DC signal. The signals were digitized and
recorded on a Honeywell HTM 3000 computer and data acquisition system. The data was recorded at a
sample rate of 1,000 sampies/s and stored on a hard disk for subsequent data processing.

Data acquisition was triggered prior to cutter contact with the rock, thereby capturing the data
poth before bit entry and after the bit exited the rock. However, the initial contact of the bit
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with the rock produced higher than normal bit forces, while during the breakout from the rock,
rorces were lower than normal. The data was only analyzed from 2.54 cm below the top of the rock
to 2.54 cm above the bottom of the rock. Thus, data from each cutting test was analyzed for the
middle 41 cm of. each pass across the rock. The cutter velocity, water pressure and cutter bit
force data were averaged from the time wave form. The average values from each cut were used to
compare and contrast the bit forces.

3.0 RESULTS AND DISCUSSION
3.1 Cutting tests

Knowing the cutting speed, the mechanical energy supplied per length of cut (joules/mm) was
calcutated. This calculated energy per length of cut is subsequently referred to in this paper as
the “mechanical cutting energy." Mechanical cutting energy versus cutting speed with and without
water jet assist is plotted for both rock types in figures 2 and 3. Reductions or changes in
mechanical cutting energy while using water-jet assist can be compared at the 1.3 and 2.5 cm depths
of cut for the range of cutting speeds. The amount of mechanical cutting energy required for
cutting in the limestone was higher than for cutting in the sandstone. The average percent
reduction in mechanical cutting energy resulting from use of water-jet assist is given in Table 1.

The data plotted in figures and 2 and 3 indicates that the depth of cut has a much greater
effect on cutting forces than the use of water-jet-assisted cutting. With the limestone rock,
cutting speed also appears to have some effect on mechanical cutting energy, but speed had little
if any effect on mechanical cutting energy in sandstone. To evaluate the combined effect of water
pressure, depth of cut, and cutting speed on mechanical cutting energy, multiple regression
techniques were used. For each rock type a multiple regression was performed using water pressure,
depth of cut, and cutting speed, to predict mechanical cutting energy. The regression equation for
each rock type is given below:

Multiple Regression Equations for:

Berea sandstone:
Y = 1.06*X3 - 0.0001*X> - 0.003*X3 + 0.54

Indiana limestone:
Y = 2,01*X] + 0.009*Xp - .007*X3 - 1.11

Where:
X1 - Depth of cut, cm
X2 - Traverse speed, cm/s
X3 - Water pressure, MPa
Y - Mechanical cutting energy in joules/mm

The lines of best fit are shown in figures 4 and 5. Except for cutting speed in Berea
sandstone, all three variables had a significant effect (90 percent confidence level) on the lines
of best fit. The coefficients in the regression equations indicate that the relative contribution
of the depth of cut to the bit cutting forces is much greater than the contribution due to water
pressure or cutting speed.

Fluid energy per length of cut by the water jet was calculated in joules/mm. This energy
quantity is subsequently referred to as "fluid energy." In figures 6 and 7, fluid energy supplied
by the water jet and mechanical cutting energy supplied by the bit has been plotted versus cutting
speed. At a cutting speed of approximately 50 cm/s, the fluid energy is about 12 times greater
than the mechanical cutting energy. At cutting speeds approaching 270 cm/s, the fluid energy is
about twice as great as the mechanical cutting energy. Also in figures 6 and 7 it can be seen
that, for the range of cutting speeds tested, there are only minimal reductions in mechanical
cutting energy due to changes in fluid energy supplied by the water jet. Therefore, at fluid
energy ltevels from 2 to 12 times higher than the mechanical cutting energies being suppliied, only
minor mechanical cutting energy reductions are achieved.

3.2 Kerfing tests

The bit carriage, without the bit installed, but with the water jet operating, was dropped past
the test rock. The impact of the water jet on the rock surface created a linear kerf or slot
(figure 8). The same water pressure (62 MPa), standoff distance (5 cm), and traverse speeds (12.7
to 280 cm/s), were used during the cutting and kerfing tests. The depth of the kerf produced by
the traversing jet was measured with a vernier caliper, and the average depth recorded for each
pass.
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The traverse speed the jet passed over the rock surface is plotted versus kerf depth in
figure 9. The results indicate that rock type and speed are important factors affecting kerf
depth. Increasing the fluid energy per length of cut by reducing the cutting speed increased the
kerf depth for both rock types within the range of variables tested. Although the level of fluid
energy supplied had & direct effect on kerf depth, there appears to be no significant relationship
between these increased kerf depths and the reductions in mechanical cutting energies seen in the
cutting tests.

4.0 CONCLUSIONS

A Bureau study evaluated the effect water-jet-assisted cutting has on mechanical cutting
energy. The range of fluid energy levels was 5 to 25 joules/mm. To reduce the mechanical cutting
energy an average of 3 to 1l percent, the water jet fluid energy level had to be 2 to 12 times
higher than the mechanical cutting energy. As the fluid energy was increased there was little
significant change in the cutting forces. Therefore the fluid energy threshold level could not be
identified for the range of test conditions in these experiments.

Earlier test results with longwall shearers equipped for water-jet- assisted cutting had not
shown any reductions in shearer mechanical cutting energy when high-pressure water was used.
During those tests the maximum fluid energy that could be supplied by each nozzle was 3 joules/mm.
Based on the current test results, the fluid energy level would have to be almost doubled in order
to achieve small reductions in mechanical cutting energy. Considering the size of the anticipated
reductions (2 to 11 percent) in mechanical cutting energy it does not appear that the additional
expenditure of fluid energy is warranted.

Even if larger reductions in mechanical cutting energy were possible with water-jet-assisted
cutting, it does not appear practical to supply the needed water pressures and/or flow rates with
current mining technology. However, Bureau of Mines research has shown that there are other
benefits that may be realized by using water jet assisted cutting at moderately high-pressure. At
water pressures between 14 and 21 MPa, use of water jets reduced dust, product fines and bit wear
(Kovscek, P. D., 1986).
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Table 1. Average Percent Reduction in Cutting Energy

Depth Berea | Indiana
of Cut Sandstone f Limestone
|
1.3 cm 13 | 10
|
2.5 cm 3 | 9
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FIG. 1 TEST APPARATUS SHOWING BIT CARRIAGE AND ROCK HOLDING FIXTURE
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ABSTRACT: After a comprehensive outline of the results hitherto obtained in cutting granite with different methods,
the paper deals with the experience so far gained using waterjets. The attention is focussed on the operational
problems related to the technique, which can be applied either as the integral quarrying method or in suitable
combination with other availabie techniques like explosive splitting, diamond wire sawing and wedge shearing,
depending on the results of technical performance.

Surface smoothness is also taken into consideration as the prospects of successful application of waterjet

technique lie in its ability to make precision cuts, resuiting a considerably higher pay volume than less expensive
but ruder techniques.

RESUME : Aprés une description détaillée des résultats obtenus jusqu'ici avec différentes coupes du granite, la
communication traite de Pexpérience acquise jusqu'a maintenant sur les jets d'eau. L'attention est portée sur les
problémes opérationnels que présente la technique, laquelle peut étre appliquée comme méthode d'exploitation
intégrale ou en combinaison judicieuse avec d'autres techniques disponibles comme le fendage & l'explosif, le
sciage du diamant au fil hélicoidal et le cisaillement en cains, selon les résultats de performance technique.
L'uniformité de 1a surface est aussi prise en compte car le succes d'une technique par jet d'eau réside dans sa
capacité de réaliser des coupes précises, produisant ainsi un volume utile beaucoup plus grand gu'avec des
techniques moins colteuses, mais plus grossiéres.
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1.0 FOREWORD

Today dimensional stone for ornamental uses and for construction engineering is quarried using
different techniques. The most common of these, at least as far as experience in Europe is
concerned, are, in order of decreasing popularity (Bortolussi et al., 1978):

- Dynamic splitting. Rock is sheared by blasting with detonating fuse or decoupled linear charges
of slower explosives loaded into closely spaced holes. Satisfactory productivity can be achieved
with flexible bench design, easily adaptable to different quarry configurations. Capital costs
are moderate provided that simple machinery is employed, but grow rapidly for mechanized
operations. Despite heavy drill-steel wear, running costs are relatively low especially for
primary cuts of larger area.

However the technique is somewhat destructive in that a certain amount of rock is wasted or nos
paid, because of unwanted bank fracturation, block face irregularities and some induced damage,
either real or simply inferred, at a depth of few centimetres from the cut surface (commercial
allowance).The overall loss may be of the order of 10 to 20 % of the expected block volume,
according to the extent of the block face area obtained with the explosive technique; suct
incidence becomes progressively higher for smaller blocks. (Fig. 1)

FIG. 1. Primary explosive splitting cut in a FIG. 2. Bench opening cut with flame torching
granite quarry (Sardinia)

-~ Flame torching. Bench opening free faces, up to 6-8 m deep and several m long can be obtained by
firing the rock with a high temperature flame directed toward the slot bottom by means of a hand-
driven thermal lance. Operating costs are dependent upon the ever-rising price of fuel oil whose
incidence is over 60 % including the production of the burning-supporter compressed air. The
technique was initially favoured by its ability to pierce the rock in any direction, without the
need for preliminary operations. However the interest in flame torching is inevitably declining
due to excessive noise, heat and dangerous dust which cause a severe impact on the environment
even at some km away from the site. Moreover a considerable proportion of pay volume is lost due
to material damage and face roughness, amounting to even 40 % for 10 m° blocks, should all the
faces be cut with the flame.

- Diamond wire sawing. After the outstanding improvements obtained during a decade of industrial
application in marble quarrying, this technique has recently been proposed also for cutting
granite and akin rocks using a wear-resistant modified tool. Modern equipment, powered with
either a directly-coupled electric motor or a Diesel engine, is automatically controlled for
optimum performance under ever—-changing working conditions (shape and length of the cut profile).

Despite the efforts to improve tool life, wear accounts for at least 70 % of sawing cost for
granite, including hole drilling for wire loop encompassing around the perimeter of the face to
be cut. The great advantage stands in the surface smoothness and in the absence of any material
damage, resulting in a considerable increase of stone recovery, especially in the case of whole-
diamond quarrying operation. An important technological restriction is related to the cut area
which is suggested should not exceed 100 m? (owing to cooling and optimum control problems) or
be smaller than 10 m2 (to avoid fatigue stress and excessive bead load due to pronounced
curvature). For block shaping purposes the wire can be driven by large diameter pulleys mounted
on suitable headframes.

On the basis of the industrial results so far obtained, diamond wire is being increasingly
applied for sawing granite in the range of 30 - 100 m? cut area, thus covering the requirements
of narrow bench quarrying.

- Continuous drilling. Rock can be split by drilling a row of adjacent holes and subsequently
destroying the thin ribs between them. Hole parallelism and complanarity must be strictly ensured
by resorting to suitable drilling equipment. Moreover, since the hole length should be limited
for alignment control, a low-bench design becomes preferable which however is not the best
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FIG. 3. Bench opening cuts with diamond wire FIG. 4. Wedge shearing for block shaping
solution in cases where selective quarrying is required.

- Wedge shearing. The presence of roughly orthogonal planes of easier splittability makes the
granite amenable to shearing by hammering wedges or feather-plug devices into closely spaced
holes or by using hydraulic splitting tools. The technique is generally applied for block
squaring and shaping. The material is not damaged but the face roughness is not negligible, being

of the order of some centimetres, leading to considerable

volume penalization given the size of the blocks

(generally between S and 12 n®) and the amount of surface

area split with this technique.

Waterjet has some prominent advantages such as cut
precision, face smoothness, relatively low impact on the
environment, safer and less harmful working conditions
(noise, dust, vibrations).

However it is still rather expensive and not yet
fully reliable; it also appears to be more sensitive than
diamond wire and the drilling-based methods to localized
variations of the rock features like for instance
crossing quartz veins. Further research is therefore
needed in order to overcome these drawbacks. Abrasive
waterjet can be foreseen as the winning solution for the

future, especially as far as block working operations are
concerned.

Besides kerfing, waterjet can be used for drilling
parallel holes for explosive or wedge splitting
exploiting the advantage of a more precise drilling
direction, it being less sensitive than percussion
methods to changes in rock features. To this end further

FIG. 5. Rotating twin-jet equipment improvements should be expected after the development of
used for the cutting tests on reliable abrasive jets systems which look particularly
Sardinian granites. promising for long small-diameter holes (Vijay, 1982).

2.0 LABORATORY INVESTIGATION

A great deal of research has been carried out universally on the fundamentals of high velocity
jets of different kinds and features and their action on a variety of materials from soft to hard,
including rocks. Most results have been reported in the technical literature and are well known to
most waterjet experts {(Summers, 1985; Hilaris, 1980). For the sake of conciseness only the results
of the Italian experience are briefly described here (Ciccu, 1986 and references cited therein).

The pumping unit used in the experiments recently carried out by the research team of the
University of Cagliari consisted of a booster stage followed by three intensifiers powered by a 87
kW Diesel engine. The lance, connected via a swivel and flexible piping, was fitted with a head

with two diverging 0.584 mm corundum orifices angled at 45 degrees. The experimental set up is
illustrated in Figure 5.

The maximum operating pressure was 280 MPa at the.pump outlet and 250 MPa the head due to
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E friction losses. The lance penetration movement was
8 - assured by a hydraulically driven feed chain; the
N o w/ﬂ raverse displacement by a distinct hydraulic motor
o 154 “~‘~ xa” | acting through a rack-pinion coupling on the lance
o S~ o supporting beam.
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o 107 o-—.___};a ~e T Sardinia, with the aim of studying the effect of the
é% *t::::::::::u operating variables with particular consideration to
pressure, lance spinning and traverse velocity. For each
° test at a given setting of control variables kerf depth
5 per pass was measured every 3 cm along the cutting
direction and averaged. Stand-off distance was
= g maintained around 1 cm (Bortolussi, 1985).
S
€ 6+ 1 Cutting rates for the different experimental
ot conditions are reported in the graphs of figure 6 and the
g best results resumed in table 1.
5+ 4
g Generally no peak values were observed, suggesting
- 44 that better performance could be obtained
s T at higher traverse velocities than 1.8 m/min allowed by
O the system at hand. Maybe a further increase in pressure
3+ + and water rate should also have proven beneficial in
reducing the specific energy on account of the relatively
2 coarse grain size of the tested materials.
S 8 'J 14 7 2 The minimum experimental specific energy was then
Traverse Speed m/min assumed for conservative extrapolations to higher cutting
: rates achievable by increasing the hydraulic power of the
FIG. 6. Experimental results of system and in particular the water flow (Labus, 1976 and
waterjet cutting of '"Ghiandone L." 1984).
granite.

Table 1 - Experimental Cutting Rates for Various Italian Granite Samples

Type of granite Compr. str. Freez. test Impact Str. Grain size Cutting rate

MPa MPa cm m2/h
— Ghiandone L. 190 1384 58 Coarse 0.69
- Rosa G. 192 190 61 Medium 0.69
- Grigio S. - - - Medium 0.86
- Bianco M. 234 224 70 Fine 1.19

3.0 FIELD EXPERIENCE

Four meaningful examples of waterjet granite kerfing in the field are so far available, all
in North America.

In Colorado (USA) a fine grained red granite is quarried by employing the oscillating waterjet
system powered with about 30 kW. The operating pressure at the pump outlet is above 310 MPa with
a water rate of 5 1/min flowing through a 0.36 mm single nozzle. Despite the very limited power
involved, a net cutting rate of 0.6 m2/h is claimed as the result of a translation velocity of 4.2
m/min and a penetration step of 5 mm per cycle. The unit is able to cut along both the horizontal
and vertical directions (Fig. 7) (Bortolussi, 1987).

In Georgia (USA) experiments have been made at an Elberton granite quarry, using the
rotating jet solution. Cutting at a pressure of approximately 100 MPa with a flow rate of 60
1/min across two nozzles, the excavation rate varied between 1.2 and 2.5 m2/h. The lance was moved
at a traverse velocity of 3 m/min and penetrated 6 to 14 mm per pass. The slot was 6 m long and 1 m
deep. The tests allowed to study the optimum jet angle (around 45 degrees) producing a slot wide
enough for lance penetration.
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A similar system was tested also in a South Dakota granite quarry (USA) where production plan
required primary kerfs 20 m long and 4 m deep. The pumping system with a total installed power of
115 kW supplied an overall water rate of 41 1/min through a twin-nozzle head (1.19 mm orifice
diameter) under a pressure of 100 MPa. The rock, characterized by a compressive strength of 175
MPa, was cut at a rate of 1.5 m2/h as the result of a translation speed of 3 m/min and an increase
in depth of 8 mm per pass; spinning speed was around 360 rpm (Reather, 1983). )

The last instance is that in course at &’
Quebec quarry (Canada) using a Diesel powered
pumping unit supplying 76 1/min of water under a
pressure of 138 MPa. The overall results indicate
that the rock can be cut ‘at an exposure rate of
1.7 m2/h (pure cutting time) with an effective
performance of 1.15 m2/h (taking into account also
the idle time). The typical cut is 5 m long and
3.4 m deep (Hawrylewicz, 1988).

In France waterjet is being currently applied
as the integral method in a sandstone quarry. The
equipment consists of the high pressure pumping
unit, the connecting pipes and the lance fitted
with the unique multi-nozzle head, swinging inside

: a sector-shaped steel encasement. The rock is
¥iG. /. Waterjet quarrying in Colorado excavated by the sweeping action of the jets as
with the oscillating lance equipment. the lance is traversed along the ‘'slot. Although ' not

proven with long-run industrial application, the system, powered with 230 - 330 kW (45 - 80 1/min
of water under a -pressure of 120 - 190 MPa) is alleged to cut granite at an exposure rate up to 6
m2/h according to the kind of rock. : .

4.0 INDUSTRIAL PROSPECTS

The results of laboratory investigation and field trials lead to conclude that waterjet
kerfing is viable and safe compared with flame torching, at least for cuts shallower than 3 - 4 m,
with additional advantages in terms of automation and impact on the working environment. It is also
claimed that waterjet is still superior to explosive splitting due to higher stone saving. Actually
this may be true for smaller volumes like those worked in low bench operations or in the block
shaping phases. It is not so for primary cuts of larger area for blasting huge volumes, greater -

than 1,000 - 2,000 m2, now customary in the Italian operations, for which the relative amount of
stone lost is much less significant.

In particular, the feasibility of waterjet technology in granite quarrying implies its
technical and economic competitiveness with the other alternative methods available for the various

operations, i.e., for a typical quarry organized according to a high-bench design with three’
subdivision stages:

- lateral bench opening cuts (suitable techniques: flame, diamond wire and sometimes explosive);

- vertical primary cuts (suitable techniques: explosive and diamond wire, to a much lesser extent:
flame and wedge shearing); .

~ horizontal primary cuts (suitable technique: explosive in simultaneous blasting with the
corresponding vertical cut, exceptionally: flame)

- bench slicing secondary cuts (suitable techniques: explosive, diamond wire and wedge shearing);

- block squaring (suitable technique: wedge shearing).

In the near future, waterjet and diamond wire will probably be the winning choice sharing the
common feature of precision and smooth cutting.

Due to its technical features waterjet technology could be theoretically applied for all the

above operations. Actually there are some technical restrictions which waterjet systems developed
so far have not yet overcome.

The first is related to the bench geometry and in particular to the height of the face. When
the occurrence of defects of different kinds (flaws, veins, staining minarals, fractures, grain
heterogeneity, and so on) is relatively important, the rock must be quarried by adopting subsequent
division procedures in order to maximize overall recovery; this condition is met by resorting to a
high-bench design allowing a sufficiently large slice area to be available for optimizing the
selective block extraction devoid of objectionable defects. For this purpose, faces higher than 8 m
may - be necessary. Cuts of such a depth can be easily done with drillhole-based metods or with
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diamond wire, much less so with waterjet for which kerf depth is limited due to the difficulty of
controlling the lance vibration and the wear against the slot walls.

The second drawback is related to the sensitiveness of plain jets to the rock features (grain

size, mineral composition, textural and structural properties) and in particular to the presence of
difficult-to-cut crossing quartz veins . The consequences are a slowing down or even stoppage of
the cutting action with corresponding cost increase and considerable surface roughness with
possible nozzle-holder jamming. Although the use of carbide tipped lance heads could be somewhat
helpful (Vijay, 1982), the problems still remain, thus steering the choice towards ruder but
simpler and more reliable solutions.

Better chances for waterjet application as the integral quarrying method can be reasonably

predicted in the case of homogeneous rocks characterized by very low defect frequency and thus
giving higher stone recovery dispensing with the need for adopting block selection procedures. In
fact under these favourable conditions the low-bench option becomes advisable offering better
opportunities for mechanization, easier production scheduling and improved safety. In this case
shallow kerfs are required, thus minimizing the problems encountered at depth. (Summers, 1985)

5.0 ECONOMIC EVALUATION

The problem of the optimum choice among different quarrying methods based on either single

technologies or suitable combinations can be thereof solved by resorting to suitable computer
algorithms that evidence the influence of the various technical, economic, geometrical and
operating variables.

A computer program of general application has been set up on the basis of available data of

equipment performance and tool productivity for the various instances. Given the quarry situation
(rock features, site conditions, fracture spacing, defect frequency and thence quarry recovery and
block size distribution) together with the set of external conditions (price and efficiency of
productive factors, stone value, restrictions on block face quality) the optimum solution allowing
maximum margin of contribution can be devised (kind and size of the equipment, bench geometry). As
modern quarrying is organized on a modular basis with little incidence of overhead expenses and
fixed burdens, the economic results referred to the product unit are little sensitive to production
level and to the size of the operation, provided that manpower, machinery and facilities are
exploited at satisfactory efficiency levels. (Berry, 1989)

As regards the application of waterjet technology two different hypotheses are examined here:

1.

Integral waterjet quarrying of a granite rock exploitable with a low-bench design (Fig. 8 B)
compared with the alternatives consisting of either explosive splitting and wedge shearing
(flame for opening cuts only) (Fig. 8 A) or of a combination of explosive splitting (for primary
cuts) and diamond wire (for opening and secondary cuts), again resorting to wedging for final
block shaping.

Combination of diamond wire and waterjet for a high-bench granite quarrying operation (Fig. 7 C)
compared with the same methods of point 1.

As shown by figure 8 B, the bench to be worked out with waterjet is first undercut for a
suitable length; the main vertical slot, parallel to the face, is then completed and
individual blocks are subsequently isolated in ordered sequence by means of orthogonal cuts. All
the block faces are cut with a rotating jet lance connected by flexible pipings to separate
pumping units.

For the case of high-bench quarrying, the method involving advanced techniques is sketched in
Fig. 8 C. First the two concealed vertical faces of the bench are cut with diamond wire, in
sequence or simultaneously; then the under-hand slot is opened with waterjet at the base of
each slice which is subsequently isolated with the wire and toppled to the floor; the slice is
finally inspected for defects, traced out and divided into blocks again with waterjet. The
Jet lance driving device can be mounted on the articulated arm of a back-hoe excavator for fast
installation and ready availability.

The computer simulation results look quite interesting demonstrating that waterjet, alone or
in combination with diamond wire, can be competitive on condition that stone worth or quarry
recovery or both are sufficiently high.

5.1 Low-bench, whole waterjet quarrying

As regards the first case of integral waterjet quarrying, the new technique can be competitive
with explosive splitting provided that a suitable cutting rate is obtained with a sufficiently

powerful system.
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A B C

Fig. 8 - Schematic diagram of the quarry operations for the technical options:

A - Base solution (flame for side opening, explosive splitting for primary and secondary cuts,
wedge shearing for block squaring and shaping). ' b

B - Integral waterjet quarrying according to low-bench design.

C - Combined innovative technologies (diamond wire for all vertical primary and secondary cuts,
waterjet for base slot and all block working cuts). - Lo . : :

As shown by the curves of Fig. 9, the economic feasibility of the waterjet solution depends
mainly on the cutting rate which in turn is a function of the hydraulic power. Assuming a stone
worth 535 US$/m3, the break-even point. is obtained with a 260 kW unit for a stone recovery around
65 %, whereas less power is required in the case of increasing recovery (220 kW at 80 %). With the
operating pressure of 250 MPa the jet power of 185/220 kW allows a cutting rate of 2.0/2.5 m2/h to
be obtained, water flow being about 45/53 1/min, across two 1.0/1.1 mm nozzles. These parameters
have been calculated starting from the experimental data of 8.3 GJ/m3 for the specific energy.

Waterjet appears preferable, although at higher quarry recoveries, also to the improved
solution where secondary cuts are made with diamond wire.

Of. course, for a given equipment break-even points shift towards lower/higher recovery levels
for more/less valuable materials. If stone worth falls below 350 US$/m3, the traditional quarrying
method remains unrivalled over the full recovery range, since stone losses (real or due to
commercial allowznce) are offset by the lower production cost per unit block volume.

5.2. High-bench quarrying with combined innovative techniques

For the case of high bench quarrying involving advanced techniques, the computer simulation
results are reported in figure 10 where the economic profit is plotted against the quarry recovery
at different stone worth levels.

For diamond wire a cutting rate of 4.2 m2/h and a wire productivity of 6 m2/m have been

assumed as the input data , while the waterjet exposure rate was taken around 2.5 m2/h, attainable
with a hydraulic jet power of about 220 kW.

The camparison between the available options results as follows:

— At 535 US$/m3 stone worth, the (WJ + DW) alternative is better than the (FT + ES + WS) basic

solution, starting from 35 % quarry recovery, whereas the (ES + DW + WS). intermediate option is
left behind from 70 % recovery onwards.

- At 350 US$/m3, the break-even point of the fully innovative (DW + WJ) alternative against' the
traditional (FT + ES + WS) solution is found at 65 % recovery whereas the other option is
dominated over the full recovery range.

The effect of face smoothness and cut precision is clearly highlighted by the curves. In
fact as either stone worth or quarry recovery or both increase, so too does the advantage of using
waterjet to the extent that it overtakes the traditional methods which are less expensive but
produce more waste and lower pay volume.

It seems interesting to point out that for block cutting operations abrasive waterjet may be a
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220 kW (@) or 260 kW (M) units;

even better solution, being faster than plain jet and consequently less expensive; the problems
faced for large area cuts are here less important also because of the presence of lateral .free
faces providing easy escape for the pulp, thus avoiding any clogging problem.

All the above calculations have been made at the quarrying stage since blocks are sold at the
site, loaded onto trucks. However there are additional advantages on the customer's side, deserving
some consideration according to.the particular instances. They .are related to the fact that of the
overall block volume only part is recovered in the form of finished slabs or other shaped manufacts
at the processing plant, whereas the remaining is rejected at the sawing and trimming stages. The
incidence of the lost material increases as long as block shape differ from the ideal
parallelepiped with smooth faces. Production costs also rise accordingly.

Firstly freight charges are proportionally affected, the more for farther destinations (stone
is marketed all-over-the-world). Secondly sawing cost per unit slab area may considerably increase
due to a productivity deterioration related to the unexploited gangsaw room, as well as on account
of the larger area to be sawn exceeding the limits of the inscribed rectangle (Actually the overall
cost of sawing a given gangsaw load substantially depends on the "whole-rock! block heigth,
practically irrespective of the overall slab area to be sawn). Finally higher polishing costs are
incurred, for this operation is done before the final trimming.

All this can be avoided should blocks conform to the ideal shape which can be approached by
using accurate quarrying techniques like waterjet.
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6.0 CONCLUSIONS

The possibility of kerfing hard rocks with high velocity waterjets has been demonstrated both
in the laboratory and in the field although its economic competitiveness has not yet been
sufficiently proven with continuous industrial application.

In fact whereas the use of plain jets requires the supply of relatively high hydraulic power
for adequate cutting rates to be achieved, thus involving considerable capital expenditure for the
pump and the equipment, the development of a reliable system based on the use of abrasive jets is
still slow to get off the ground. Moreover deep kerfing is still a particularly difficult task due
to the presence of increasing lance vibration and the possibility of nozzle-holder jamming due to
the slot asperities.

However, for more valuable materials and in the case of high enough quarry yield, waterjet
becomes competitive, alone or in combination with diamond wire, compared with explosive splitting
and wedging for block squaring due to increasing stone savings which offset the higher cutting
cost, thus confirming the principle that ruder techniques are more convenient for cheaper materials
recovered from low-yield quarries only, whereas advanced and more sophisticated techniques,
although more expensive, are to be recommended for the most favourable situations. For this purpose
diamond wire should be used for larger cuts and waterjet for smaller and shallower cuts where it
performs with higher reliability and economic competitiveness.
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WATER JET NOZZLE GEOMETRY AND ITS EFFECT
ON EROSION PROCESS OF METALLIC MATERIAL
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ABSTRACT: The present paper is concerned with experimental studies of nozzle geometry of conically contracting
type and orifice type in relation to the water jet structure and the damage process of metallic material caused by
impinging of water jet in air. The experiment was made under the condition of 50MPa in injection pressure and a
nozzle inner diameter of d = Tmm. Aluminum alloy was used as test metallic material. The contraction angle ¢, the
cylindrical length ¢ and the exit diverging angle 8 were independently varied. The results showed that there was little
difference between the mass loss of aluminum specimen by using the contraction nozzle and that by the orifice
nozzle, while the standoff distance where the maximum mass loss could be taken was remarkably shorter for the
orifice nozzle than that for the contraction nozzle. Suitable conditions of the nozzle configuration were
recommended to be o = 13° and ¢ = 4d for the contraction nozzle and ¢ z 2d for the orifice nozzie. The exit
diverging angle 9 larger than 30° did not influence to formation of the water jet.

RESUME : La présente communication traite d'études expérimentales sur la géométrie de buses & contraction
conique et & orifice et son effet sur la structure du jet d'eau et les dommages causés a un métal par le jet d'eau
dans I'air. L'expérience a été réalisée & une pression d'injection de 50 MPa avec une buse de diametre intérieur
d = 1 mm. Un aliage d’aluminium a été utilisé comme métal d'essai. L'angle de contraction o, la longueur
cylindrique ¢ et I'angle divergent de sortie 8 ont été modifiés tour & tour. Les résultats ont montré qu'il y a peu de
différence entre la perte de masse de I'éprouvette d'aluminium avec la buse a contraction et celle avec la buse &
orifice, tandis que la distance de projection a laquelle la perte de masse est maximale est beaucoup plus courte
pour la buse & orifice que pour la buse & contraction. Les géométrie suivantes ont été recommandées pour les
buses: o= 13" et ¢ =4 d pour la buse & contraction, et ¢ 2 2d pour la buse a orifice. Les angles divergents de sortie
9 supérieurs a 30° n'influent pas sur la forme du jet d'eau.
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1.0 INTRODUCTION

The water jet nozzle plays an important role in the water jet technology. Several ideas
were previously presented for constructions of the nozzle with use of center body or wvanes.
Yanaida (Ref.1) compared the characteristics of water jet issuing from some typical nozzles.
Nozzles with different conical contraction angles and straight cylindrical lengthes were also
tested (Refs.2 and 3). Shavlovsky (Ref.2) gave attention to a continuous core length of water
Jet in air in relation to the nozzle configuration. Louis et al.(Ref.3) tried to find suitable
conditions of the conical nozzle configuration by using aluminium specimens in submerged water
Jet accompaning cavitation. The present paper describes experimental studies of the nozzle
configuration of conical and orifice types in relation to the water jet structure and the
damage process of metallic material which was caused by impinging of water jet in air, and
discusses suitable conditions of the nozzle configuration for the water jet technology.

2.0 EXPERIMENTAL APPARATUS AND PROCEDURE

Figure 1 shows a schematic diagram of the experimental apparatus. Tap water, as working
fluid, was pressurized in the range of 30MPa to 90MPa by a three-throw plunger pump and
injected horizontally from a test nozzle into still air. The injection pressure was measured by
a pressure transducer at the inlet of the nozzle. The test specimen adopted in +the present
investigation was aluminium alloy of 50mm square and 10mm thickness. Relative position of the
test specimen +to the nozzle exit could be set up optionally by use of a three-dimensional
traverse apparatus. The mass loss ¥ of each specimen due to damage was measured using a
chemical balance.

Figure 2 shows a schematic geometry of the water jet nozzle tested. The contraction angle
®, the cylindrical length £ and the exit diverging angle § were independently varied. Table 1
gives main dimensions of eight contraction nozzles and six orifice nozzles (@ = 180°). The
ratio of the cylindrical length % to the nozzle exit diameter d was varied from O to 8. The
contraction angle @ was varied between 10° and 20° for the contraction nozzle, while the exit
diverging angle § was between 30° and 180° for the orifice nozzle. The test nozzles were made
of carben steel (S45C) and the nozzle exit was d = 1mn in diameter. The inner surface was
finished smoothly by reaming. The structure of the water jet was observed by a method of shadow
photography using a stroboscope with a flashing time of 0.8yps.

3.0 RESULTS AND DISCUSSIONS
3.1 Mass Loss

Figure 3 shows the mass loss curves representing the relation between the mass loss M
caused by impinging of the water jet and the standoff distance X from the nozzle exit +to the
test specimen for the exposure time t = 60s and the injection pressure P = 50MPa. As the
previous paper (Ref.4) made clear, there exist two peaks on the mass loss curve. We call them
the first peak ( near the nozzle ) and the second peak ( far from the nozzle ). It was
confirmed that the other nozzles tested had also +two peaks on their mass loss curves. It can
be seen in Fig.3 that the location of the peak for the orifice nozzle ( 0418 ) is different
from that for the contraction nozzle ( C418 ).. It shows that the location of the peaks on
the mass loss curve is strongly affected by the geometry of the nozzle.

Figure 4 gives effect of the cylindrical length %/d on the mass loss M at the first and
the second peak locations for both the cases of the contraction nozzle ( o = 13° ) and the
orifice nozzle. The magnitudes of the mass loss at both the peak locations increase with
decreasing the cylindrical length &/d for the contraction nozzle , while, for the orifice
nozzle, there is no effect of £/d on the mass loss at the second peak location.

Figure 5 1is the standoff distances x/d corresponding to Fig.4. It can be clearly seen
that the standoff distance x/d for the second peak of the contraction nozzle ( o = 13° )
increases from about 400 to 800 as the cylindrecal length 2&/d increases from O to 8. The
second peak location ( x/d = 400 ) for the orifice nozzle and the first peak locations ( x/d =
30 and 100 ) for the nozzles of both types do not change for variations of the cylindrical
length &/d. Therefore, for the contraction nozzle the cylindrical length &/d = 4 is
recommendable, and a larger length ( £/d 2 4 ) brings no desirable contribution. It should be
also remarked in field applications that the location of the first and the second peaks is
quite different between the contraction nozzle and the orifice nozzle.
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Figures 6 and 7 represent effects of the contraction angle 0 on the mass loss and the
standoff distance at the two peak locations. There exists an optimum angle « = 13° for the
maximum mass loss. The present results are well coincide with a previous result by
Shavlovsky (Ref.2), who gave the optimum condition of & = 10° to 14° and %/d = 4, though
his optimum condition was defined as the maximum length of  "constant velocity core in
continuous water jet". It can be, therefore, concluded that the combination of @ = 13° and
9/d = 4 is the most suitable as the geometry of the contraction nozzle.

Figures 8 and 9 show effects of the exit diverging angle § for the orifice nozzle ( 2/d =
L ) on the mass loss M and the standoff distance x/d at the first and the second peak
locations, respectively. It is seen that erosion performance of the orifice nozzle is
improved little by adding the exit diverging cone.

3.2 Damage Pattern of Specimen

Figure 10 represents damaged surfaces of aluminium for the three nozzles ( €013, C413 and
0218 ) at various standoff distances x/d under the conditlons of the injection pressure P =
50MPa  and the exposure time t = 60s. The damaged surfaces could be classified into three
patterns. The first is a petal-like pattern which is seen in a region from the nozzle exit to
the first peak location on the mass loss curve shown in Fig.3. The second is a circular
pattern which has rather small damaged area and can be seen in a range near to the first peak.
The third is a cone-shape pattern which appears in a region near to the second peak.

Figure 11 shows structures of the water jets over a range from the nozzle exit to the
breakup region for three nozzles of Fig.10. The structure of tha water jets could be roughly
divided into the following three parts (Ref.5). The first is a region near the nozzle, where
the water jet is continuous and cylindrical and there are small droplets around the jet. The
damage pattern corresponding to this region makes the petal-like pattern as shown in Fig.10.
In the second part, there exist large deformations of the water jet and the deformations are
grown up downstream. This part corresponds to a range from the first peak location to the
second peak location on the mass loss curve. In the third part, the deformation reaches the
jet center, where the water jet breaks up into water lumps and droplets. This part
corresponds to a range near to the second peak location on the mass loss curve and also
corresponds to the third region where the damage surface shows the cone-shape pattern.
Consequently, It is clear from the experiment mentioned above that the erosion patterns and the
magnitude of the mass loss of the material have a close correlation with the structure of the
water jet.

It was confirmed by a detailed observation that the air-water interface of the water jet
just downstream from the nozzle exit was smoother for the orifice nozzle ( 0218 ) than that for
the other two contraction nozzles. The breakup length is, however, shorter for the orifice
nozzle, where the breakup length represents a length from the nozzle exit to a location of the
water jet breakup. Therefore, it is considered that the magnitude of the initial surface
disturbance has not a direct effect on the breakup length and thus the second peak location on
the mass loss curve.

3.3 Sharpness of Damage

Figure 12 shows the ratio H/D of a damage depth H to an equivalent diameter D of the
damage zone. The ratio H/D is considered to be one of the important parameters related to
the precision of the cutting processing. It is seen from Fig.12 that the ratio H/D  takes
peak values of about 0.6 at x/d = 150 and 400 for the contraction nozzle and at x/d = 50
for the orifice nozzle. It is clear from the compariscn between Figs.5 and 12 that these
locations are just downstream of the first peak on the mass loss curve for both cases. Figure
12 also indicates that the value of H/D is smaller for the orifice nozzle than that for the
contraction nozzle in a region far from the nozzle. It can be, therefore, suggested that a
short standoff distance near the first peak will be suitable for the purpose of precision
processing.

It was found that the peak value of H/D receives little effect of the cylindrecal length

2/d and the contraction angle @ for the contraction nozzle and also no effect of 2/d and the
exit diverging angle § for the orifice nozzle.
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CONCLUSION

The present results are summarized as follows :
There was little difference between the mass loss of aluminium specimen by using the
contraction nozzle and that by the orifice nozzle. However, the standoff distance,
where the maximum mass loss can be taken, is remarkably shorter for the orifice nozzle

than that for the contraction nozzle.

It can be recommended as suitable conditions of the nozzle configuration that the

contraction nozzle is of the converging angle & = 13° and the cylindrical length 2/d = 4,
while the orifice nozzle of £/d 2 2. The exit diverging angle @ larger than 30° gives no
influence on the formation of the water jet.

The ratio H/D of the depth to the effective diameter of the damage area becomes the
maximum value just downstream of the first peak location. The maximum mass loss can be
obtained at the second peak location.
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TABLE 1. MAIN DIMENSIONS OF WATER JET NOZZLES TESTED

1.CONTRACTION NOZZLE (6-=180°, d=lmm) 2.0RIFICE NOZZLE(«=180°d =lgm)

o Vd 0 2 4 6 8 g Vd 2 4 8
10° C810 30° 0403

13° Cor3| C213| C413] Cs13} C813 60° 0406

16° C316 120° 0412

20° C820 180° 0218 0O418] 0818
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FIG. 11 STRUCTURE OF WATER JET ( P=50MPa )
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INVESTIGATION OF FORCES EXERTED BY AN
ABRASIVE WATER JET ON A WORKPIECE

H.Y. Li, E.S. Geskin anp W.L. Chen
New Jersey Institute of Technology

Newark, NJ 07102, USA

ABSTRACT: This study is concerned with the development of a practical procedure for the measurement of forces
exerted on a workpiece in the impingment zone. Two piezoelectric transducers of Kistler Co. measuring three
components of the force were used to construct an experimental setup. The output of the transducers through an
amplifier is connected to readout devices. This set up enables us to investigate the dynamics of the force
development. in order to validate the designed procedure, the forces are measured simultaneously by the
transducer and strain gauge. The difference between two measurements does not exceed 5 %. Monitoring forces
developed by a water jet containing and not containing abrasive particles reveal some peculiarities of jet behavior.

RESUME: Cette étude porte sur la mise au point d'une méthode pratique de mesure des forces exercées sur une
éprouvette dans la zone d'impact. Deux transducteurs piézoélectriques de Kistler Co. mesurant les trois
composantes de force ont été utilisés pour construire un montage expérimental. La sortie des transducteurs a été
amplifiée et reliée & des dispositifs d'affichage. Pour valider la méthode, on mesure les forces simuitanément au
moyen des transducteurs et d'un extensométre. La difference entre les deux mesures ne dépasse pas 5 %. La
surveillance des forces exercées par un jet d'eau exempts d'abrasif révéie quelques particularités du comportement
des jets.

Organized and Sponsored by the National Research Council of Canada and the U.S. Water Jet Technology Association.
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1.0 INTRODUCTION

The forces developed in the impingment zone provide substantial information about the process of water jet cutting. For examples, the
effects of operational conditions on these forces enable us to estimate the optimal range of process variables. The information about the forces
developed in the course of the jet- work piece interaction can be used for the design of cutting facilities and the control of water jet cutting.
The study of the forces generated in water jet cutting was carried by Kim[1978), Hashish{1982] and Kesavan[1985]. However, those studies
do not contain the details of the relationship between operational variables and forces. The determination of such a relationship is the objective
of the presented paper. This paper is concerned with the development and verification of a new measurement procedure as well as estimating
the effect of the process variables on the forces.

2.0 EXPERIMENTAL APPARATUS

The measuring system used in this study(Fig. 1) includes two piezoelectric force transducers, a charge amplifier and read-out devices. The
jet emanating from the sapphire nozzle or carbide tube exerted force on the work-piece. Proper setting of each component of this measurement
system can assure a sufficient measuring range and the accurate magnitude of the forces.

A steel plate with six holes, which are used to attach this steel plate and an insulating wood plate to the transducers, constitutes a work-piece.
The diameter of the hole is 0.0375 inch. The selected design minimizes heating and vibration of the transducer.

Two Kistler three-component force measurement platforms (model 9257A) are used in this study{1971]. The interaction between the jel
and workpiece results in the generation of electric current by transducers. This current is transmitted to the charge amplifier, where the signal
is converted to voltage, proportional to the force acting on the workpiece. The voltage is measured by read-out devices.

A digital multi-meter(Fluck model 8010A) and a multi-channel pen recorder are used as read-out devices. A Nicolet digital oscilloscope
connected to computer will be used as read-out devices in the future.

This experiment was carried out in the Ingersoll Rand robotic workcell. The jet was generated by the use of Ingersoll rand nozzle for
the abrasive water jet.

3.0 EXPERIMENT PROCEDURE

The first stage of this experiment involved validation of the measurement procedures. The force was measured in different locations on
the work-piece, The results of this measurement(Fig. 2 and 3) show that the position of the impingment did not affect reading. The validity
of the presented technique was also estimated by comparing the results of the force measurements produced by the developed system(Fig. 1)
and Lebow strain gauge (model 3168). This result(Fig. 4) validated the developed measurement technique. The calibration of the measuring
system was carried out by loading a transducer of known weight.

In the course of the experiment, the value of forces was measured at different magnitudes of process variables.(Table 1 and 2) The coaxiality
of the carbide tube and sapphire nozzle was checked to assure the consistency of experiment conditions. The effect of the destruction of the
work-piece in the impingment zone was eliminated by changing the impinging position on the work-piece. This assured the stability of the
stand-off distance.

4.0 RESULTS AND DISCUSSION

4.1 Pure water jet

In this study, we determined the effects of the different stand-off distances, sapphire nozzles, and carbide tube exit areas on the forces
developed at the impingment zone. The experiment results are given in Fig. 5 and 10.

The effect of the sapphire exit area is shown in Fig. 5. As followed from the depicted charts, this area is the principal variable in
determining the jet force which is directly proportional to the exit area. The effect of other process variables is much smaller than the effect
of the sapphire diameter.

In Fig 6 the relationship between the force and stand-off distance at different carbide exit areas is given. These graphs show that the force
always has the maximum value at the stand-off distance ranging from 12.7 mm to 25.4 mm. At a comparatively small distance between the
nozzle and the workpiece ,closed contact between the reflected and direct flow causes an extensive energy dissipation in the jet. Increasing this
distance reduces and then totally eliminates losses due to the flow reflection from the workpiece surface but increases the energy dissipation
in the direct jet. The total change of the jet force due to the change in the stand-off distance does not exceed 10-15 %. This demonstrates
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that the jet preserves a strong penetrative ability along the distance of the 100 diameter of the carbide tube. As demonswrated by Fig. 6,
increasing the carbide tube diameter increases the force due to reduction of the friction losses in the tube, but the overall effect of this variable
is not significant in practical operation.

4.2 Abrasive water jet

The effect of the sapphire diameter on the jet force are shown in Fig. 7. As followed from the constructed graph, the sapphire diameter
is also the principal variable determining the valie of the force.

A curve representing the effect of the stand-off distance on the force has a maximum at the distance of 10-25 mm shown in Fig. 8. Force
extremity for the abrasive water jet, as well as pure water jet, probably is due to the excessive energy dissipation at the impingment zone at a
small stand-off distance and energy dissipation in the water flow at a large stand-off distance..

The abrasive flow rate has a comparatively complex effect on the jet forces.(Fig. 9) At a small diameter of sapphire(0.004, 0.005, 0.007
inch diameter), the increase in the flow rate reduces the force in the impingement zone, while at the large sapphire diameter(Fig. 10) the increase
in the flow rate elevates the force. The effect of carbide tube exit area on the jet momentum is similar to that of a pure water jet.

5.0 CONCLUSIONS

This performed experiment enables us to determine some important phenomena occurring in the course of water jet cutting. It was found
that at a constant stagnation pressure the momentum of the jet and the forces developed in the impingment zone are practically determined by
the water flow rate. The relationship between the forces and stand-off distance has a maximum, However, the variation of the change of the
forces caused by different stand-off distance, not exceeding 10-15 %, is not significant.

The carbide tube diameter, flow rate and size of the abrasive have a secondary effect on the flow momentum. However, at some conditions,
these variables can substantially change the flow development.
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THE RANGE OF PROCESS VARIABLES IN THE COURSE OF EXPER-

IMENT
VARIABLES NOTATION VALUE UNIT
STAND-OFF Z 2.54, 12.7, 25.4, mm
DISTANCE 50.8, 76.2
SAPPHIRE N 4,5,7,10, 14 0.001 inch
NOZZLE
DIAMETER
CARBIDE C 30, 43, 63 0.001 inch
TUBE
DIAMETER
ABRASIVE S 50, 80, 120, 220 MESH
SIZE
ABRASIVE m 0,5, 10 SET POINT ON
FLOW RATE ' THE
CONTROLLER

ABRASIVE FLOW RATE 0 IS PURE WATER JET.

ABRASIVE FLOW RATE IN g/min FOR DIFFERENT ABRASIVE SIZE
ARE GIVEN IN TABLE 2.

TABLE 1.
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ABRASIVE FEED CALIBRATION(g/min)

ABRASIVE 50 MESH 80 MESH 120 MESH 220 MESH
SIZE/SET
POINT
0 0 0 0 0
5 150 109 118.5 64
10 540.75 447 498.5 318.5
TABLE 2.

Fig. 1: Experimental setup.

g s g

(2)Work piece and transducer.
(b)Amplifier and read out devices.
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FORCE (N)

FORCE (N)

22

2C

FORCE vs. TEST COORDINATE

SLPPHIRE 10, CARBIDE 3C

43.8 44.2 44.6 45 45.4 45.8 48.2 . 486.8

X COORDINATE OF IMPINGING POSITION(in)

Fig. 2: Effect of the position (X dxrectlon) of the impingment zone
on the force of a pure water jet.
Notice the zero correlation between the jet position and the force.

FORCE vs. TEST COORDINATE

SAPPHIRE 10, CARBIDE 30

47

22

2c

12

10

18 2G¢ . 22 24 28

Y COORDINATE OF IMPINGING POSITION(in)

Fig. 3: Effect of the position (Y dlrectlon) of the impingment zone
on the force of a pure water jet.
Notice the zero correlation between the jet position and the force.
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FORGE (N)

FORCE(N)

MEASUREMENT BY LOAD CELL AND TRANSDUCER

PURE JET FORCE, SAPPHIRE 7, GARBIDE 30

11 e M—M““\
‘E\E,__._‘—.«E\\N

gt ] e
e ]

[¢] 2C 40 6C

STAND—OFF DIST.(mm)

Fig. 4: Measurement of the force by the Kistler transducer and the
Lebow load cell.
Notice the strong correlation between the results of the measurement

by two devices.

FORCE OF WIJ vs. SAPPHIRE EXIT AREA

CARBIDE 20
40
j P /
10 ) / /
=
25 Lz
20

\

1C

y &

° Vel

[¢] c.02 G.C4 C.C6 a.c8 a.1

SAPPHIRE AREA(MmM™2)
2.54 + 12.7 < 254 A 58 X 782
STAND~OFF DISTANCE (mm)
Fig. 5: Effect of the sapphire exit area on the force for a pure water jet.
Notice the proportionality between the area and the force and compara
tively low effect of other factors.
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FORGE(N)

FORCE. (N)

FORCE OF WJ vs. STAND-OFF DISTANCE

SAPPHIRE 1C
225
23 T \
2.5 /
22 7 ///\
25 T \\ 7
21
20.5 B
. B S—— -
20 <
18.5 \\E
18 '
G 20 : 40 BC 80
STAND—OFF DISTANGE(mm)
a G.456 + G.837 < 2.011
CARBIDE TUBE EXIT AREA (amm?)
Fig. 6: Effect of the stand-off distance and carbide tube exit area
on the force for the abrasive water jet. )
Notice the existence of the extremum at this relationship.
FORCE OF AW]J vs. SAPPHIRE EXIT AREA
CARBIDE:30, DIST.12.7 mm, SIZE: 8C
40
: Z
36
34

32 / 7
fuled

28 //

26 ///

24 ,0//

22 'Jg/

20 //

18

14 a,///

12 -

10

c.c2 c.c4 c.c8 c.c8

SAPPHIRE AREA (mm~2)
=] ¢} + 109.25 < 445
ABRASIVE FLOW RATE (g/min)
Fig. 7: Effect of the the sapphire exit area on the force of the
abrasive water jet.
Notice the proportionality between the exit area and the force and
comparatively loe effect of other variables.
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FORCE(N)

FORCE (N)

12.4
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12
11.8
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¢ T SRR

11.2
1.1

11
10.9
10.8

32
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FORCE OF AWJ vs. STAND-OFF DISTANCE

SAPPHIRE 10, ABRASIVE RATE 5, SIZE 220

o ]
e anstill —
— ] M— B—
Rl / = \S
E/
o /
) 20 40 &0 8o

STAND—OFF DISTANCE (mm)
O 0.456 +  0.837 ¢ 201

CARBIDE TUBE EXIT AREA (mm*)

Fig. 8: Effect of the stand-off distance and carbide tube exit area

on the force for the abrasive water jet.
Notice the existence of the extremum in the correlation chart and the
effect of the diameter of the carbide tube on the force.

FORCE OF AWJ vs. ABRASIVE FLOW RATE

SAPPHIRE 7, CARBIDE 30

12.6 o
12.5 -\\ e
AN
N\
AN
NN
\ ]
\ |
\ ~
\\
N —1
\
o} 200 460 600
ABRASIVE FLOW RATE(g/min)
o 50 + 80 . e 120 A 220

ABRASIVE SIZE (HP)

Fig. 9: Effect of the abrasive flow rate and abrasive particle size
on the force for the abrasive water jet.
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FORCE(N)
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FORCE OF AWJ vs. ABRASIVE FLOW RATE

SaPPHIRE 14, CARBIDE 30

/

7
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ABRASIVE FLOW RATE(g/min)
a 50 + 80 < 120 220

Fig. 10: Effect of the abrasive flow rate and abrasive particle size

ABRASIVE SIZE (HP)

on the force for the abrasive water jet.
Notice the difference with Fig. 9.
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THEORETICAL ANALYSIS AND PRELIMINARY EXPERIMENTAL
RESULTS FOR AN ABRASIVE WATER JET CUTTING HEAD

M. ABUDAKA anp P.S.J. CROFTON
Mechanical Engineering Dept., Imperial College
London SW7, UK

SUMMARY: Introducing abrasive materiais to a high speed water jet has the potential of becoming the uitimate tool
for cutting composites and laminated materials as well as tough metals such as armour plate. Mixing abrasive with
the fast moving water jet is a troublesome operation, since the penetration of low energy abrasive particles into the
high kinetic energy, water jet is not easily accomplished in the mixing chamber. For an efficient cutting process the
transfer of energy from the water to the abrasive particles must be optimised. Factors which affect the mixing

process such as the shape of the mixing chamber and the length and bore of the focusing tube are discussed
analytically and preliminary experimental results are presented.

RESUME : Les jets d'eau & haute vitesse contenant des abrasifs pourraient devenir I'outil ultime pour la coupe des
matériaux composites et laminés ainsi que des métaux durs comme les pilaques de blindage. L'admixtion de
I'abrasif dans le jet d'eau rapide est une opération délicate car il est difficile de faire pénétrer des particules
abrasives de faible énergie dans le jet d'eau qui posséde beaucoup d'énergie cinétique, dans la chambre de
mélange. Pour que la coupe soit efficace, il faut optimiser le transfert d'énergie entre I'eau et les particules
abrasives. Les facteurs influant sur le mélange comme la forme de la chambre de mélange et la longueur et
I'alésage du tube de mise au point sont analysés, et les résultats expérimentaux préliminaires sont présentés.

Organized and Sponsored by the National Research Council of Canada and the U.S. Water Jet Technology Association.
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Nomenclature

Fy, Drag force

A Projected area of particle
Cq Drag coefficient

s Distance along the flow
Pw Density of the water jet
u Speed of jet

v Speed of particle

vi Initial speed of particle
n Any positive real number
K Constant

m, Mass of particle

z =u-v

1- Introduction

Effective cutting by abrasion of material requires a high speed particles to strike the cut surface at
a certain angle of attack. Particles are accelerated by fast water jet (usually about 3 times the speed
of sound in air). Ideally, the acceleration of the particles is uniform and the particles are only
subjected to the fluid (water) flow drag law (as illustrated later). Due to the high speed of the
water and surface tension the particles tend to bounce on the jet surface and particle penetration of
the jet is not achieved. The internal shape of the mixing chamber is found to be critical to the flow
of abrasive and to the mixing process.

However, the spread of the water jet due to air friction and entrainment is an important factor in
designing the cutting head. Air entrainment contributes to undesirabie jet spread which makes the
jet less focused and increases wear in the focusing tube. Conversely, a coherent jet renders the
penetration of the water jet by the abrasive particles still more difficult to achieve.

Tests show that the speed of cut and the quality of the cut are largely influénced by the the cutting
head design. It is also found that the design of the cutting head influences the wear of the focusing
tube.

2-Cutting head mixing chamber.

* The incorporation of a mixing chamber in the cutting head is found to be essential since a partial
vacuum is generated in the chamber as a result of the venturi effect. This low pressure area draws
abrasive particles from the abrasive tank, which are then directed into the centre of the water jet.
The abrasive particles are mixed with air to ease the flow of abrasive in the pipes leading to the
mixing chamber (Figure 1). The speed of abrasive input is increased as the pressure difference
between the inside of the chamber and atmospheric pressure is increased. Also particle speed is
increased when the air flow rate is increased since increasing the air flow rate eases abrasive flow
and reduces the internal friction inside the feed pipe.

However air flow with abrasive contributes to the jet spread, tests show that a substantial increase
in jet diameter occurs at the outlet of focusing tube when unrestricted air is allowed to enter the
mixing chamber (Photo. 1, 2).

Increasing the speed of the abrasive particles is beneficial, since high speed particles result in
improved mixing of abrasive with the jet. Experiments show feeding abrasive at right angle to the
jetnot only it makes it easy to fabricate the cutting head but also improves the mixing process in
two ways. Firstly, it results in a shorter length mixing chamber which results in less jet spread.
Secondly, particles impacting the water jet normally results in deeper penetration of the jet.
However, theoretical analysis shows that the larger the difference between the speed of jet and
the particles the larger is the drag on the particles ( section 3.1).

Internal shape of the chamber has no effect on the pressure generated in the chamber, but the
pressure is found to be a function of water mass flow rate (or sapphire orifice diameter) ( 1), and
the speed of the jet which is a function of pump pressure and the focusing tube bore (Figure 2).
Conical shaped chambers result in improved mixing, while square section chambers produce poor
mixing and cause frequent abrasive feed pipe blockages.
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3- Focusing tube

Experiments show that the speed of the abrasive particles increases inside the focusing tube with
the increase peaking at a critical tube length. It is also observed that the increase in particies speed
is a function of the bore of the focusing tube. Generally, large bore focusing tubes create a less
focused jet of water and abrasive which results in a wide cut in the material and produce a kerfed
cut surface.

The focusing tube restricts the jet spread and more importantly, unmixed abrasive is accelerated in
the tube. These unmixed abrasive particles are mainly found on the periphery of the expanding jet.
Since few particles are considered to be able to penetrate the jet, the length of focusing tube is
critical. Using small tube lengths of < 20 mm results in a relatively slow cutting time and at very
small lengths (<10 mm) abrasive particles are clearly observed falling freely around the periphery
of the jet at the cut material surface. Tube lengths of about 30 mm are observed to give the
maximum cutting speed.

The following theoretical analysis was developed to predict the length of tube required to achieve
particle speed approaching the water jet speed.

3.1- Approximate analytical solution for the velocity of a single solid abrasive
particle injected in a water jet.

If the effect of gravity forces on the motion of the water jet and on the injected abrasive particle are
considered negligible, and if the flow parameters (including the velocity) are constant across any
cross-section of the flow then the force on any abrasive particle in the jet is given by

1 n
F,=5 A.C8) . p, () ( u(s) - v(s) ) ———————————— (1)

Where Cy, p,,, uand v are functions of s the distance along the flow of water. Assuming C4and
p,, are constants along the jet.
Tﬁis reduces to

F,=K(u-v)" where K is a constant,
hence,
2
ma.fis—=K(u-v)n —————————————————————— (2)
2
at

In general, u is a function of time or, alternatively, of distance from the point of injection, since
the jet slows down due to air friction and air entrainment. Thus to solve for the velocity of an
abrasive particle another relationship is needed to describe the variations of u with time of distance
s. If, however, u can be assumed roughly constant (i.e. the same average values are used) then
such an additional relationship becomes unnecessary and the abrasive velocity can be found by
solving the equation

2 n
D it (3)
dt m, t
(assuming u is constant)

This non-linear ordinary differential equation has no general analytic solution for any n.
However, by making the substitution v=ds/dt, the equation can be rewritten as.

d dv ds dv X n
E(V)::E;.E:v..d_.s-:i( u-v)

from which it is possible to find (in implicit form) an analytical solution for v for any value of n.

This can be conveniently done by introducing the substitution ( u-v ) = z from which -dv/ds =
dz/ds.

Equation (4 ) becomes
dz n
'(u'Z)a;—--—:.Z ———————————— (5)
hence
z-u dz K
el (6)
z a
Integrating ( 6 ) yields
J’zl_n.dzv-u'le'n.dz‘=-II:—.s+C ———————————— (7

a
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The integration is standard butn =2 and n = 1 are special cases :
ln=1; Equation ( 7 ) yields

z-ulnz=-IS-.s +C
ma
but when s =0, ie. at the point of injection of the abrasive
(u-v{)-uln(u-v;)=C

hence
In X 1
zZ-u z=Fa.s+(u-vi)-u nu-v,) —————=--- (8)
2 n=2: Equation ( 7 ) yields
nz+— = E- .s +C
z m
when s=0
u
In(u-v) + ?u—_-‘-’l—)- =C
hence
u K
mz+;=E.s+ln(u-vi)+-(-]1—:v—i) ———————— (9)
3n>2 This include any real value of n > 2, e.g. 2.1,2.8 and soon..
Equation ( 7 ) yields;
z2—n . zl-n B K c
em VT T m T
or
1-n
z [ z@1n)-u2mn)] K .
(2-n)(1-n) m,
when s=0
@-v)"" [@-v)an-u@w] @-v'" (v, ¢n-u) )
(2-n)(1-n) - (2-n)(1-n) -
hence
- 1-
A [z0m-ve-n] k@ (-v,@n-u) (10)
PENED) “m st (L)

a

For each of the above three cases equations ( 8 ), (9 ) and ( 10 ) the value of v at any distance
(tube length) s may be found, or more appropriate 's' can be found at which the particle achieves
the same speed as the jet medium. The variations of 's’ against the v are shown (Figures 3, 4 ).
For the above analysis to be valid for a stream of particles in the jet, kinetic energy must be
conserved i.e. energy loss due to impact and friction between particles in the jet is ignored.
However, as the speed of the water jet increases and the jet spreads the water density p,, is
decreased and also the drag coefficient C, is decreased, At large Re (turbulent flow) the
coefficient C4 becomes very small (Cy4= 0.01 at Re= 107 ) and with a random variation in
magnitude (2).

For the flow conditions described above the relationship between drag and speed difference is
non-linear and it is assumed that n = 2. The analysis show for such conditions that the length of
the tube is insignificant for the acceleration of the particles, assuming good mixing has occurred
and that the particle has penetrated the jet stream. In consequence, the tube acts mainly to focus
the spreading jet and accelerate the abrasive particles which do not penetrate the jet stream.
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3.2-Wear of the focusing tube

It is found that the wear of the internal surface of the tube is dependent on the mechanical
properties of the hard materials used to make the tube. Both tungsten carbide and hard ceramic
tubes exhibit the same wear rate (3) but the wear of the tungsten is linearly distributed along the
internal surface (Figure 5 a) of the tube, whereas ceramic tubes hardly show any wear at the inlet
of the tube and relatively large wear at the outlet (figure 5 b). The cross sectional of the internal
surface of a used ceramic tube is distinctly curved. .

Wear at the inside of the focusing tube differs according to the material used to make the tube,
since brittle ceramic materials are more resistant to sliding wear than impact wcur (4). The increase
in wear at the outlet of ceramic focusing tubes indicates that abrasive particle sirike the tube more
at the outlet than at the inlet. ‘ ‘ i

Generally, shorter mixing chambers result in lower wear rate of focusing tube due to the fact that
the jet spread is less and hence the friction between the mixed jet and the inside surface of the

focusing tube is minimum, Reducing the air flow for the same flow of abrasive particles to the
mixing chamber also results in less tube wear.Further tests are required to produce quantitative
results for the optimum cutting head design (3).

4-Conclusion _
From the tests described above it may be concluded that:

—  The design of the mixing chamber plays an important part in mixing abrasive particles with
the high speed water jet.

—  Air flow into the mixing chamber also influences the mixing process and the jet spread

— An optimum length of focusing tube is required and any increase over this length is
UNNECESSary expense.

— The main functions of the focusing tube are; to restrict the jet spread and to accelerate the
unmixed abrasive particles on the periphery of the jet.

— Focusing tube wear is largely confined to the outlet of the tube.
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Photo.1, Free flow of air into the abrasive mixing chmﬁber

Photo.2, No air flow into the abrasive chamber

85



Particle speed (v), metre/sec.

Particle speed (v), metre/sec.

800

0+ T T T T T
0 1 2 3 4
Distance (s), metre
Figure 3, Particle speed along the jet when n=1
800
600
400
200
0 { T
0.00 0.01 0.02

Distance (s), metre
Figure 4, Particle speed along turbulent jet

86



Figure 5 b, A worn out ceramic tube

Figure 5 a, A worn out tungsten carbide tube
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ABSTRACT: The general aspect of the structure of water jet and its variation with increasing the distance from the
nozzle exit, its mechanism and their relations to the erosion of materials were presented. The new advantages for
the processing technology by water jet were also discussed.

RESUME : La communication traite des grandes lignes de la structure et du mécanisme des jets d'eau, de leurs
variations en fonction de la distance & la sortie de la buse et de leurs roles dans ['érosion des matériaux. Les
nouveaux avantages que présente la technologie des jets d'eau dans le traitement sont aussi analysés.
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1.INTRODUCTION

As for the researches concerning the structure of high speed water jet and its relations to
the shock pressure, the state and mechanism of erosion of solid materials, and the correlation
between the two matters, though being scarce compared with the researches on applications of a
water jet technology to various fields, the following researches can be found as far as the
authors are aware. M.Yokota and N.Yamakado investigated the structure of jet through
observations of the state of the eroded surface of metals and rock [1]. K.Yanaida and A.Ohashi
measured the distribution of the dynamic pressure in the jet by using a Pitot tube [2].
A.J.Watson et.al. investigated the relation between the structure of the single-loaded water jet
and shock pressure [3]. Recently R.Kobayashi et.al. presented the research on the relations
between the structure of jet and the process of erosion of metallic materials. However, the
structure of water jet has not been made clear yet, and its relation to the process of erosion
of materials leaves some problems unknown either.

The present research has attemted to make the structure and velocity of water jet visible and
measurable, and correlate the structure, dimension and velocity as well as their variations with
the distance from the nozzle exit with the process of erosion and the dimensions of the eroded
pits as well as their variations with the stand off distance to contribute for the processing
technology by water jet to exhibit more efficiency and accuracy.

NOMENCLATURE
c:velocity of sound in water, m/s D:nozzle diameter, mm
d;:diameter of eroded pit at entrance, mm d=:diameter of eroded pit at bottom, mm
1:depth of eroded pit, mm N15:nozzle of nominal diameter 0.15 mm
N50:nozzle of nominal diameter 0.5 mm p:spouting pressure, kgf/cm®
T:exposure time, sec UT:ultimate strain energy, kgf-m/m3
v:jet velocity, m/s w:weight loss, mg

p :density of specimen material, kg/mm®

2.Experimental Apparatus and Method

Fig.l1 shows the experimental setup. The two nozzles were presented with diameters of 0.51 mm
(nominal diameter 0.5 mm, N50) and 0.18 mm (nominal diameter 0.15 mm, N15), and the different
sectional forms as are shown in Fig.2. Tap water was used as a working liquid.

The spouting pressure upstream the nozzle inlet was set up at 1000 and 1500 kgf/cm® for the

Pump
!

Pressure Transducer
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| Ll #0/8 # a5t
Nozzle 1* _r\-

L Test Peace \\
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: ] N15 N50
Fig.1 Experimental Setup " Fig.2 Nozzles
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nozzle N50, and 500,1000,1500 and 2000 kgf/cm® for the nozzle N15 as the time-averaged value,
which was measured by using a pressure transducer of strain gage type.

The test piece was made of Aluminium alloy, and was hexagonally shaped with an opposite
height of breadth of 23 mm and 13 mm. It was equipped on a load cell of strain gage type for
measuring the strength of impact force on it by a water jet. The impact force measuring system
was equipped on the table movable horizontally in two perpendicular directions, and the nozzle
was equipped on the axis movable vertically. '

An erosion intensity was estimated by an amount of weight loss measured by a dial scale of
1/10 mg, and an average maximum diameter and a maximum depth of an eroded pit were measured. An
eroded surface was observed by using a scanning electron microscope.

In order to investigate the structure of a jet, a shadowgraph was taken with an exposure time
of about 30ns, by using a giant pulse ruby laser. Drops from a jet was recorded on a high speed
photograph of streak mode with 1.2 mm/4s by using a high speed movie camera Cordin 330A.

3.EXPERIMENTAL RESULTS AND DISCUSSION
3.1 Variation of Weight Loss with Stand Off Distance

Dependence on the exposure time, T sec, of the variations of weight loss, w mg, with the
variations of stand off distance, x mm, at a spouting pressure, p= 1500 kgf/cm® for example, and
dependence on p of the same variations for the two nozzles are shown in Figs.3 and 4,
respectively. All curves in these Figures have two maximums, first and second peaks in order of
x, and one minimum, respectively, similarly to those in reference [1,4]. But the maximum values
at the first peaks are larger than those at the second peaks for the nozzle N15, and the formers
are comparable with, though smaller than, the latters for the nozzle N50, which tendencies
differ from the tendency in references [1,4]. x at the first peak decreases just slightly, while
that at the second peak increases gradually with the increase of T and p. x's at the first peaks
for N50 and N15, being about 18 and 27 at T= 15 respectively, have a large difference between
the two nozzles.

120 5 .
1002 ’ / \ N — p=150!0
— p=1500 A
10——"---- p=1000 7 ) ---- p=1000
0
i / 300 sec ’/<‘\
7 ; )
& 7 o l“\ \\/
= \ = 1)
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Lol \v };’/——“ 2 ! Y
. 45;/} ‘q\ r“i"‘~‘
e < -
z beo | et
N ey | NN
0 ‘;‘ ka PI"\\ - o/>15
2 <leg o=t T~
w_é, / oL A/>1N\ ' Tlea—e— -
T e - o ~e 4
o= 0
0 100 20 0 400 0 2 1w 2
X mm X mm
Fig.3 Weight Loss of Aluminium, N50 Fig.4 Weight Loss of Aluminium, N15

In order to investigate the causes of the variations of w with x and the difference of the
aspects of variations between the two nozzles, a cross sections of an eroded pit was observed
and the diameters at the specimen surface, d;, and the bottom, d=, and the depth, 1, of it were
measured. Damaged surfaces were observed also, by using a scanning electron micrometer as
occasion calls. The result may be useful also for applications of a water jet technology to
the drilling, slotting or cutting. The result of the measurements and examples of photographs of
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cross sections are shown in Fig.5 through 8, corresponding to Figs.3 and 4. These Figures,
together with Figs.3 and 4, indicate that w around the first peak (Region I) is caused by a
different mechanism from one at x larger than one at the minimum weight loss (Region II), as was
pointed out already [1,4].

3.2 Structure of Jet and Its Variation with Travelling Distance,Velocity in Jet
In order to investigate the structure of jet and its variation with the travelling distance,

X, shadowgraphs of jet with the 3#10™® second exposure time were taken, considering the jet
velocity. Examples are shown in Fig.9 and 10 for N50 and N15, respectively.
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3.3 Generation Mechanism and Aspect of First Peak

The small lumps and drops in the surface layer of jet can be considered to erode materials
through the water hammer effect and cut into the specimen surface. The comprehensive diameter of
the jet from N30 was about 1.6, 1.9 and 2.4 mm at x= 17, 20 and 28 mm, respectively.

The cross sectional forms and the inside surface of the eroded pit at T= 15 and p= 1500 for
NS0 shown in Figs.5 and 7 indicate that in the Region I at the proper x(20) the core of jet
penetrated into the specimen as deep as to make the stagnation pressure in the pit high enough
to fracture the circumference and bottom of the pit for making cracks or small caves, while at
an X smaller than that, say 17, the jet core could not penetrate so deep and splashed with as
large momentum as to tear off the circumference of the pit near the specimen surface to make d.
larger, although small cracks could be found also in the pit. Similar breaking or crushing
actions in concrete and rock were reported [5] d,'s at x= 17, 20 and 26 were, as can be seen in
Fig.7, about 3.3, 2.7 and 2.3 mm, respectively, and fairly larger than the respective
comprehensive jet diameter except at x= 26. The reason was written above, but the diameters of
eroded pits at the throats were about the same with the jet diameters in both cases of x= 17 and
20. At a larger x beyond 20, the jet could not penetrate so deep nor splash so strongly to make
smaller I and d, owing to the decay of velocity by the disruption of jet, and dy, corresponded
roughly with the comprehensive jet diameter at x= 20.

With the increase of T, the jet core became to penetrate into the specimen deeper and the
stagnation pressure in the eroded pit became more effective to fracture the circumference and
bottom of the hole, and 1 became the deeper, the smaller x was until a proper value of it
corresponding to T (Fig.7), because the stagnation pressure was the larger, the smaller x was
and the ability of cutting into the specimen surface of the jet surface was considered to grow
with increasing x until the disruption of the jet core stated before became striking.

In the case of p= 1000, as compared with the case of p= 1500, the first peak w appeared at x=
17, though indications were found when T was smaller than 60. Contrary to that 1 had the same
tendency with w at the first peak, d, had the peak even when T= 15. And the inner surface of the
deeply eroded pits around the first peak at T= 300 were very similar to those in the case of p=
1500. From the facts also, it can be deduced that appearance of the first peak is deeply
connected to the penetration of the jet core into the specimen and the fracture of the
circumference and bottom of the eroded pit by the stagnation pressure of the jet core.

In the case of N15, the first peak appeared at x= 27 which was lager than x= 18 at the first
peak in the case of N50, and the maximum value of w at the first peak was larger than that at
the second peak which was contrary to their relation in the case of N50. The former fact can be
explained by that the jet surface from N15 needed larger x compared with that from N50 for
entraining surrounding air and developing the mixed phase flow layer containing small lumps or
drops of water to enough degree for giving w of the first peak (Fig.10), because the radii of
curvatures up- and downstreams the nozzle throats were almost the same for the two nozzle
(Fig.2), whereas what controlled the flow pattern through the nozzle was their ratios to the
respective diameter. The comprehensive diameter of the jet at x= 27 was 0.22 mm, while the
diameter of the eroded pit at its throat was 0.24 mm, which corresponded well to the jet
diameter.

The cause of the fact that w at p= 1500 per unit area of the nozzle throat at the first peak
for N15 is almost the same with that for N50, as can be seen in Fig.12, and 1/d for N15 is much
larger than that for N50, can be considered as follows: The thickness of the mixed phase flow
layer on the jet surface, which plays an important part in cutting into the specimen surface, is
similar to each other for the two nozzles, and the part of the area of the layer in the cross
sectional area of jet, which is closely related to the intensity of penetration into the
specimen of the jet, is the larger, the smaller the jet dlameter is.

The eroded pits in the $S41 specimen behaved similarly in general trend to the Aluminium
specimens although 1 and d's were smaller (as can be sew in the photographs shown bellows).

N50
p= 1500
T= 300

x= 18.5, 35, 300
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Figs.9 and 10, Fig.9 more clearly, show that at the distance from the nozzle exit, x, near
the first peak, the longitudinal street of vortex formed on the surface of jet had entrained
surrounding air to generate tiny drops and/or lumps of water and form the shear layer of mixed
phase flow around the jet surface, and made the surface of the core of jet wavy longitudinally.
With increasing x, the mixed phase flow layer grew and became to generate black longitudinal
strips (Fig.9 x= 40 ~ 50), which were short at first and then grew to be longer cylindrical bars
extending obliquely backwards and outwards. The cylindrical bars seemed to be vortices generated
in the shear layer, and they promoted the further radial diffusion of jet and the irregularity
of the jet core.

With further increasing x, the vortices grew further in intensity and number to make the
radial disruption of the jet core become striking and to make the thickness irregularity develop
to be the longitudinal segmentation of the jet core, other than making the radial diffusion of
the jet develop further. Especially in the jet from N15, which had the smaller diameter, the
thickness irregularity approached to the central part of core, and the longitudinal segmentation
became striking at so small x that the radial disruption of the jet core and the radial
diffusion of jet had not yet progressed enough.

Fig.11l shows an example of streak mode shadowgraphs of jet. Oblique lines were loci of water
drops or small lumps diffused from the jet core. The jet ran perpendicularly to the film, and
the velocity of drops could be calculated by using the slopes of loci in the film, and shown in
Table 1. The corresponding water hammer pressure are also shown in the Table. Two or three
values of velocity at the same x indicates the spread depending on the radial position, which
could not be measured in this experiment. The difference between 480 of N50 at x= 50 and 510 of
N15 at x= 75 is considered to be caused by an error of measurement, because if the difference is
caused by the difference of growth of the surface shear layer, the value v= 480 of N50 at x= 250
must be too large, although some difference due to the difference of the nozzle geometry may be
able to exist. The decay of velocity in N15 during x increases from 105 to 135 was much larger
than the velocity decay in N50 during x decreases from 250 to 300, which must be caused by the
difference of the structure of jet between the two nozzles stated above. Accordingly, the values
of water hammer pressure exceeded the tensile strength of the specimen of Aluminium alloy 40.9
kgf/mm®, until x= 300 for N50, but was almost equal or inferior to it at x= 135 for N15, which
corresponded the variations of w and d, with increasing x as would be written bellow.

Fig.11 Streak Mode Shadowgraphs of Jet
N15, p= 1500, x= 135

Table 1. Velocity of Drop in Jet

Nozzle N15 N50

X (mm) 75 105 135 50 250 300

v (n/sec) | 512 497 523 140 239 300 484 476 418 441

pev (Kg/mm2) { 77.3 ]| 75.2| 79.0 | 21.1 ] 36.1}f 45.3 | 73.1 ] 72.0 | 63.1 | 66.6
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3.4 Generation Mechanism and Aspect of Second Peak

The difference of the manner of break down of the jet core between N50 and N15 written before
brought the differences of the radial diffusion of jet, the velocity decay (Table 1), and the
variations of erosion pattern and w with increasing x, as were shown in Fig.3 through 8.

The variations of d= and ‘1 show some indication about the scale and the velocity of the
central part of jet. By the N50 jet, d= remained almost comstant, though reduced slightly, in
the Region II until a certain x depending on T, beyond which diminished very soon. While by the
N15 jet, d= had diminished at the beginning of the region II. 1 reduced very slightly while d=
remained almost constant with increasing x, but began reducing with the higher rate at x where
dz diminished by the N50 jet, and from the beginning of the Region II by the N15 nozzle, at
almost the same rate with each other.

d; can be estimated as the radial distance where a small lump or a drop of water can reach
with the velocity which can erode the specimen surface. d; increased with increasing x with a
constant rate common to the two nozzles at the initial stage of the Region II, but the rate
began reducing with the further increase of x to make the maximums of d. with x.

As a result of above mentioned processes the variations of w with increasing x at given p and
T were brought and the second peaks appeared. That the second peaks were lower than the first
peaks for N15 are considered to have been caused by the variation of the structure of jet as
written above.

It had been shown that the w/D®p verus x curves for different pressures coincide with each

other during rising towards right in the Region II [6], however, that did not realized in the
present experiment.

Table 2. Impact Force to Specimen

Nozzle N15 N50
X (mm) 22.5 75.0 135.0 17.58 35.0 300
1.F. (Xg) 0.57 0.63 0.45 5.8 5.4 4.8
x 1077
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15 sec
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Table 2 shows the load measured at the bottom of specimen by using a load cell of strain gage
type. The table shows that the mean load exceeded the total pressure at the nozzle multiplied by
the nozzle area, and reduced with increasing x.

Fig.12 shows the variations of the ratio of the work done to the input work versus x. The
ultimate strain energies were obtained by the tension test of the materials presented for the
experiment, the aluminium alloy and the steel SS41 and were 22.836 x 10“ and 64.651 x 10¢
kgf-m/m®, respectively. In the Figure the results for the SS41 specimens are plotted to show the
poor coincidence with the Aluminium alloy.

4.CONCLUDING REMARKS
From the results obtained in the present research, it can be concluded as follows:

1. The general aspects of the structure and velocity of water jet and their variations with
increasing the distance from the nozzle exit and its mechanism and their relations to the
erosion of materials were presented and discussed. The difference of the variation of the jet
structure with the travelling distance due to the nozzle diameter was also discussed.

2. The relations between the structure and velocity of jet and their variation with the travel-
ling distance, and the processes of erosion and their variation with the stand off distance
were discussed.

3. The first peak of weight loss is generated through fracture of the circumference and/or the
bottom of the penetrated pit by the stagnation pressure of the jet core.

4. The weight loss at the first peak can be larger than that at the second peak, when a nozzle
diameter is so small that the jet core breaks down by longitudinal segmentation before the jet
has diffused radially enough.

5. There is a possibility of drilling or slotting deeper, or cutting a thicker plate by
choosing a stand off distance at the first peak rather than the second peak, provided cracks or
pits on the circumference and/or at the bottom of the penetrated pit or on the section are of
no hindrance.

6. There is the same possibility as the above with a smaller diameter or less loss of
breadth and Wwithout cracks or pits by choosing a stand off distance far smaller than the
second peak.
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ABSTRACT: By hydrodemolition we mean a process of selective removal of concrete by means of one or more
high-speed water jets.

This new technique was developed in ltaly towards the end of the 1970's, when it was realized that the problem of
removing large areas of deteriorated concrete was becoming increasingly urgent. This paper describes the
theoretical basis of this method as well as its practical applications. It also traces its evolution since the first positive
results and points out new possibilities of expansion to other fields.

RESUME : L'hydrodémolition s'entend d'un procédé d'enlévement sélectif du béton au moyen d'un ou plusieurs
jets d'eau a haute vitesse.

Cette nouvelle technique a été mise au point en Italie vers la fin des années 1970, lorsqu'il est apparu de pius en
plus urgent de résoudre le probiéme de i'eniévement de grandes surfaces de béton détérioré. Cette communication
décrit Ia base théorique de cette méthode ainsi que ses appiications pratiques. Elle trace aussi son évolution
depuis les premiers résultats positifs et souligne de nouvelies possibilités d'expansion dans d'autres domaines.
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1.0 INTRODUCTION

Hydrodemolition is a new word that, borrowing two terms from ancient Greek and Latin, has been
created to describe a process as old as the earth itself: the destruction of rock and materials
harder than concrete by the relentless force of falling and surging water.

The wearing force of water is well known. Over aeons of geological time the Colorado River
carved the Grand Canyon, and the Niagara River, the famous falls.

In practice, the hydraulic power of a waterfall of about 10,000 meters, 150 to 300 litres/min,
has been harnessed to produce equipment to remove concrete.

Hydrodemolition technology, in essence, compresses time from centuries to seconds by speeding
water flow to realtime cutting force, to demolish the bonds uniting concrete aggregate.

But let us pause here, to give a history on the discovery and develcpment of hydrodemolition.

In the later 1970s it was realized that the problem of removing large areas of deteriorated
concrete (for example, bridge decks) was becoming increasingly urgent.

Apart from the specific repair techniques to be adopted, any restoration work first involves
removal of deteriorated concrete. This delicate and often difficult task requires:

a) total removal of all traces of deteriorated concrete;
b) avoidance of any damage to sound concrete and reinforcing steel;
c) good bonding, e.g., a good support surface between existing concrete and restoration materials.

Traditional methods, based essentially on the use of pneumatic hammers, did not guarantee
satisfactory results.

In particular, the greatest problem was operator difficulty in differentiating between
poor-quality and good-quality concrete, which led to either incomplete removal of poor concrete or
excess removal of good concrete.

Serious research on possible alternative methods revealed that several studies had been carried
out on this subject thus confirming its importance. However, no practical results had been
achieved, although we may quote, for the sake of curiosity, heat treatment methods (all based on
producing rapid heating of the damaged area, e.g., by using flamethrowers, plasma beams, or even
lasers); abrasive processes (based on the use of rotating discs coated with industrial diamonds in
a metal matrix or carbonium bound with bakelite); electrical and chemical processes (only
applicable in special situations) and - the most curious new method in the group - the use of
microwaves.

Research revealed that, although pressurized water could demolish concrete, no successful
attempt had been made. In spite of this, we believed that water jets represented the most
promising path and, in spring 1979, we decided to start a research program aiming at producing
equipment for removing concrete by means of high-speed water jets. ‘

The most important discovery made during this research was the following:

"Removing a layer of concrete is a process which differs radically from boring and cutting". To
use a familiar example, it is like the difference between sawing and planing a piece of wood: the
tools are different, and so are the ways of using them.

The failure of attempts all over the world was due essentially to having used techniques which
were more suitable for boring or cutting.

Strong in this knowledge, we needed a few months to prepare a prototype which was successfully
used on the Viadotto del Lago in November 1979 in conjuction with the Italian Road Authorities.
The first commercial equipment was ready by spring 1980.

After*a series of improvements to perfect the system, hydrodemolition technology was introduced
into othe\ countries.

The first was Sweden where, in the summer of 1984, the equipment was used on many bridges and was
tested by the Swedish Road Authorities (Vigverket), with very flattering results.

In spring 1984 it was presented at the World of Concrete in Washington D.C. In the autumn of the
same year it began working in Toronto in the Manulife Parking Garage. In 1985 hydrodemolition
equipment was successfully used in the U.S.A. on the Memorial Bridge Rehabilitation Project.

Today hydrodemolition is unanimously accepted as the best process for concrete removal. It has
become popular in many countries and the new rehabilitation projects specify this technique at
least as an alternative to the traditional methods.

2.0 HYDRODEMOLITION

By "hydrodemolition" we mean the process of selective removal of concrete by means of one or
more high-speed water jets.

Although the term "demolition" may recall its synonym, "destruction", it should be clarified at
once that our technique deals with the selective removal of deteriorated parts, aiming at static
restoration of the structure and not at its total destruction.
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2.1 Hydrodemolition Mechanism

Concrete is an unhomogeneous material made up of aggregates (sand and gravel) and bond1ng agent
(cement), with gaseous inclusions which make up the so-called porosity. Porosity is generally
undesirable, since it alone is an effective weakening agent, through which degradation takes
place.

The water jet accomplishes its destructive action by means of three separate mechanisms, i.e.:
- direct impact, pressurization of cracks and cavitation.

These three processes reach their maximum efficiency when the water jet strikes the bonding
agent. The nozzle is thus played rapidly and continually over the area to be removed and excess
water allowed to drain away. However, jet efficiency is maximum when the jet jtself is stable, and
stability is influenced by shape and configuration of feeding pipe and nozzle, exit speed of
water, distance from point of impact, etc.

The conclusion is that an efficient and therefore economic removal process by hydrodemolition
may be obtained by carefully combining fluido-dynamic, geometric and kinetic parameters, as a
function of existing situation (strength of concrete, presence of reinforcing steel, cracks, etc)
and the type of work required.

Obviously, satisfactory work requires highly qualified and experienced personnel, capable of
optimizing the equipment and skills necessary for each single case.

The equipment must be sufficiently powerful, but sophisticated movements and electronic control

systems are also necessary, since without them one of the most important advantages of
hydrodemolition is lost - i.e., selective removal.

‘2.2 Selective Removal

Clearly, operative conditions being equa] removal involves a greater depth of degraded or
generally weaker concrete than it does in the case of sound and resistant concrete, but th1s is
not selective removal.

Referr1ng to hydrodemolition equipment, selective removal is def1ned as the capacity to remove
completely all and only the deteriorated concrete, independently of the depth to which the damage
has penetrated.

Deterioration in bridge decks or parking areas may involve thicknesses which vary from point to
point - in practice, from zero to the whole thickness (Fig. 1).

However, selective removal may also be defined as the capacity to remove only concrete with
strength of less than a certain pre-established value, avoiding removal of concrete which has been
considered as acceptable by the engineer.

As we shall see later, the term "strength" (commonly understood as compression cubic strength) is
incorrect in identifying the type of concrete to be removed.

_In order to understand the phenomenon of selective removal, we must - albeit briefly - go back to

theory.
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If gradually increasing force, e.g. compression, is exerted on a material, the latter is deformed
according to a curve called stress-strain characteristic, up to breaking-point (Fig. 2).

€
By using specific units, we have: E = j Hyde
o]

where Ey is specific breaking energy (KJ/m3), and & is breaking strain.

O(N/mm?)

404

20+

101

FIG. 2

o 1 3 4 € (%)

Obviously, if breaking stress is not reached or if the material receives energy less than breaking

energy, it will remain intact.

Clearly, materials at higher strength require greater energy, so that there 1is a law of

proportionality between the two parameters. We may thus conclude that:

- all materials have a threshold energy value at breaking-point;

- there is a law of proportionality between the above threshold energy value and the strength of
the same material.

Therefore, if we plot the trend of the strength of concrete as a function of depth, as shown for

example in section A-A in Fig. 1, the same diagram may also represent the energy required to break

the specimen, on a suitable scale (Fig. 3). ’

E(kd/m) | @ (N/mm?)

1004
50

804 Section AA

40159

20110

FIG. 3

$ (mm)

102



E (kJ/md)
1004

80+ Section BB

G604

FIG. 4

|

|

!

|

!

i

I

!

|

|

i

|

;
00

° ! 200 8 (mem)

If we want to represent the trend of the strength (or breaking energy) in a section in which
deterioration extends to a greater depth, as in section B-B, the trend is that shown in Fig. 4.
The power of a water jet of flow rate g (m3/sec) and velocity v (m/sec) is given by the

equation: 2
9 w=L,qv" Wan

wherep is the specific weight of water.
The energy developed by time interval t is:

E = W-t(Joule)

Let us now presume that the operational parameters of the hydrodemolition equipment {pressure
or water velocity, flow rate, and the other geometric and kinetic parameters) have been fixed.

We have thus established the amount of energy which may be distributed over one surface unit.
Let us now define the trend of energy available in the jet per unit of volume of concrete in
increasingly deeper sections (Fig. 5). ’

J E (k.l/m’)
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It should be noted that the power of the jet decreases with distance from the nozzle, not only due
to dissipation in the concrete and water, but also and above all due to the instability of the jet
itself, since it produces small drops which rapidly lose their energy even in the air.

If we superimpose the two curves (energy necessary to break the concrete and energy available
in the water jet), we see that their cross point defines the thickness of concrete which will be
removed (Fig. 6).
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If deterioration in another part of the deck had reached a deeper level (for example section B-B
of Fig. 1), deeper removal would automatically be obtained (Fig. 7).
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Naturally, with sound concrete, a constant thickness may be removed by using a sufficiently
powerful jet (Fig. 8).

lE {kJ/m?)

FIG. 8

Y 100 200 (mm)

As already explained, in order to change the curve of available energy at the jet, various
parameters may be changed: E = W= %pqvt

However, the simplest method is that of varying time t by changing kinematic and geometric
parameters of the movement. According to the above, it seems that selective removal 1is an
intrinsic characteristic of hydrodemolition, and it may be achjeved with any equipment capable of
controlling a water jet. This is not entirely accurate. In effect, selectivity may be achieved
only with equipment supplied with a nozzle-moving system and electronic control for guaranteed
constancy of selected parameters in time; moreover the water jets must be highly stable and
powerful.

The trend of an instable jet versus position is shown in Fig. 9.
| E (kJ/m?)

FIG. 9
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By overlapping Figs 3, 4 and 9, we see that about the same thickness is removed in each case
and that this thickness does not even change to any great extent if the area in question has sound
concrete (Fig. 10).

E (kJ/m*)

FIG. 10

200 s(mm)

The experimental evidence of the capacity for selective removal of cur equipment was shown by
two series of tests carried out by the Swedish Road Administration (Vigverket) in collaboration
with the Royal Concrete Institute of Stockholm.

Concrete slabs with indentations of regular geometry (squares and rectangles) and varying
depths were prepared (Fig. 11). After emplacement of re-bars, concrete of lesser strength was
pouered over the slabs, in order to simulate deteriorated concrete.

Hydrodemoiition was carried out after curing. It was noted that only the "deteriorated" concrete
was removed, leaving the sound concrete practically intact, both in original geometry and depth of
the indentations (Fig. 12).
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FIG. 12.- Results of selective removal tests.

2.3 Modes of operation

The above shows that hydrodemolition with selective removal does not require detailed testing of
the bridge deck in order to identify deteriorated areas and their depth - operations which are
expensive and far from precise with existing methods - but it is sufficient to calibrate the
equipment carefully and proceed to removal.

Within this apparent simplicity, there are various modes of operation suiting many different
situations.

Two of the main ones are described below.

The first case deals with quite wide-spread deterioration in terms of surface area, with depths
varying from zero to the whole thickness and with potential involvement of re-bars.

Once the minimum thickness to which the repair material can be applied (e.g. 50 mm) has been
established, a few square meters of sound concrete are identified. As a first step the strength of
the concrete is determined on samples or, more simply, in situ using non-destructive methods or
pullout tests. Working parameters are then fixed with the help of diagrams and tables, obtained
from previous tests carried out on slab of predetermined strength.

An 1initial attempt is made on about 1 square meter and, if necessary, the parameters are
redefined. )

The equipment is then moved to the area of worst deterioration (the ideal situation would be an
area where deterioration involves the entire thickness of the deck).
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Testing is considered successful if, with the same parameters as before, all the deteriorated
concrete is removed.

[f there is reason to suppose that the concrete is not homogeneous over the entire deck, the
minimum thickness of removed concrete should be checked periodically.

Sometimes all the re-bars must be exposed and all the deteriorated concrete removed at the same
time.

The mode of operation is in any case the same.

The second case often encountered is that of decks of relatively good condition but with
insufficient cover, leading to delamination.

In this case hydroscarification (5 to 10 mm) of the entire surface is recommended.

In this way the upper part, possibly contaminated, is removed and, at the same time, excellent
roughness is ensured for good bonding of repair materials.

Hydroscarification also shows up possible areas which have undergone some degree of deterioration,
but where delamination has not yet occurred.

The bound areas of the deteriorated areas are marked with regular geometrical shapes, if possible
grouping several adjacent zones into a single patch. Deep removal is then carried out.

It should be noted, however, that patching is never recommended. It is done, for reasons, of
economy, only if the deteriorated areas do not exceed 15-20% of the whole deck.

3.0 ADVANTAGES OF HYDRODEMOLITION

Understood as a new process in the field of removing concrete, hydrodemoiition generally offers

many advantages over traditional methods.

0f course, additional advantages also derive from the kind of equipment used, its power,

manoeuvrability, control system, etc., which all influence removal speed (or productivity) and

quality of work - in other words, the economic result.

From the technical viewpoint, the advantages of hydrodemolition are the following:

- constant, repeatable results, once operating characteristics have been established;

- guaranteed total removal of deteriorated concrete (see paragraph on selective removal);

- no damage caused to sound parts of concrete;

- possibility of working even in presence of re-bars, which are not damaged: on the contrary, they
are given a thorough cleaning and any trace of corrosion is removed from even their lower parts,
usually not reached by other processes such as sand blasting;

- creation of a very rough surface ensuring excellent bonding to repair materials, much higher
than the case of jacking or chipping hammers;

- no impacts of vibrations, thus on one hand avoiding damage to reinforcement and on the other
ensuring that noise is kept to an acceptable Tevel.

Moreover, some simultaneous and otherwise impossible operations, such as casting in immediately
adjacent areas, may be carried out.

- No dust of fumes (until now an inevitable accompaniment to concrete removal works).

It should also be noted that work may be done even in poor weather conditions and sub-freezing
temperatures.

4.0 THE EQUIPMENT

As already noted, historically hydrodemolition came into being to solve the problems of bridge
deck restoration.

However, it has also been extended to other similar applications, such as repair work on parking
garages, airport runways, concrete roads, etc.

A1l these applications refer to horizontal or almost horizontal surfaces

For even vertical surfaces and soffitts, a new demolition unit has been designed and manufactured,
using very complex mechanical and oleodynamic systems requiring computerized control.

Fig. 13 shows a real robot with a demolition head on the end of an articulated arm supported by a
360° swivelling tower. It may be remote-controlled for work even in 1naccess1b1e areas (e.g. "hot"
areas of nuclear power plants dur1ng decomissioning).

For removal of concrete cladding in tunnels, a special truck-mounted p1ece of equipment has been
designed (Fig 14.)

Many accessories have been developed to fulfill special requirements.

For areas where access is very difficult, special manual equipment has been designed - the
“Bazooka".

This is a kind of thrust-compensated gun allowing removal of concrete underneath bridge decks and
girders (Fig. 15).
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FIG. 15.-

5.0 CONCLUSIONS

Experience world wide has shown that hydrodemolition reperesents a revolutionary, but mature
technique in concrete removal.

It is not only a great improvement over conventional systems, but operations which were once
impossible may easily be carried out. Structures may be restored even in cases of advanced
deterioration.

It is firm belief that to date only a few applications have been explored. Therefore new R&D is to
be carried out, aimed at improving reliability and efficiency of existing machinery as well as at
designing new equipment.
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RECENT DEVELOPMENTS AND APPLICATIONS USING WATER JETTING
FOR TIEBACK ANCHORS AND HILLSIDE DEWATERING

R.D. Mahony anp C.A. Carville
Soil Engineering Construction, Inc.

San Diego, California, USA

ABSTRACT: Two new major areas for the use of water jet technology have recently been introduced in California.
The success of the recently developed water jet tools for application to civil and foundation engineering problems
has brought about an entirely new area of exploration and development for the water jet. Many applications of the
water jet have been developed, tested, and successfully implemented in the geotechnical construction activities of
Soit Engineering Construction, Inc. Two of the most important areas are the application of water jetting to tieback
anchors and hillside dewatering.

RESUME : Deux nouveaux domaines importants d'utilisation de ia technologie des jets d'eau ont été récemment
découverts en Californie. Le succés des récents outils mis au point pour résoudre des problémes de génie civil et
de construction de fondations a ouvert un tout nouveau champ d'exploration et de développement en matiére de
jets d'eau. Un grand nombre d'applications des jets d'eau ont été mises au point, vérifiées et utilisées avec succes
dans des travaux géotechniques de construction de la Soil Engineering Construction, Inc. Deux des pius importants
domaines sont 'application des jets d'eau aux ancres de tirants et a 'asséchement des flancs de colline.

Organized and Sponsored by the National Research Council of Canada and the U.S. Water Jet Technology Association.
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1.0 INTRODUCTION

Developers and builders in California are very quickly using up flat, stable, and easily accessible land.
They have been and will continue to invade the foothills, terraces, steep hillsides, and mountainous terrain
that surround and flank the large valleys, basins, and plains of the towns and cities throughout the state.
As this development of steeper or questionable terrain has taken place, marginal or failing hillsides, cliffs,
and slopes have been encroached upon and unstable geotechnical situations have arisen.

Landslides have occurred or are eminent; collapsing or endangering one or hundreds of homes.
Mud flows have stripped hillsides bare and encroached upon or collapsed homes and businesses.
Buildings have settled differentially due to cut-fill development on slopes.

Homes have moved laterally or separated due to fill or colluvial soil creep on competent material.

Ocean front property has slid into or is left overhanging steep bluffs due to beach erosion and cliff
instability.

Stream front homes are washed away or are left severely damaged due to flooding caused by new
developments upstream.

When these situations occur, conventional restoration and rehabilitation techniques may not be enough to
rebuild or save the property. Soil Engineering Construction, Inc. was founded nearly 20 years ago to deal
with these foundation and geotechnical specialization problems both from engineering design as well as
construction. When these foundation specialty situations arise we design or assist in the design and
construct the solution.

Many remedies are available to solve the problem, i.e. soldier beam and retaining walls, caisson and pipe
pile underpinning, compaction and injection grouting, sea walls and gabions, and gunite or shotcrete
surfaces. To design and install one or more of these remedies, different tools and approaches are available,
both conventional and contemporary.

The subject of this paper is two unique techniques, used successfully by Soil Engineering Construction,
Inc. in the past several years, which involves water jet technology. The first application will be water
jetted holes in hillsides and cliffs for installation of high tension tiebacks to withstand lateral earth pres-
sures imposed on gunite or shotcrete faces and on soldier beam, caisson or conventional retaining walls.
The water jet in the second application has most recently been used to install overhead hydraugers from
within a tunnel to drain water from an active landslide.

2.0 TIEBACKS

The application of water jet drilling for high tension tiebacks
or soil nailing was initiated several years ago. Conventional
drilling equipment could not be used economically on the
steep cliffs and slopes where gunite blanketing was required
to stabilize the homes and land above. Water jet drilling
proved to be not only economical but much faster than
conventional auger or percussion drilling in the extremely
difficult locations.

The first water jet drill used was hand held and weighed ak.)out
30 pounds. It required a man to be suspended from the cliff
face in mountain climbing gear which proved successful in
most instances. It was limited in depth (five to ZO'feet [1:5

to 6 meters]) and hardness of material since the drill's weight
and torque had to be resisted by one man.

FIG1 MULTI-MILLION DOLLAR HOME ON
FAILING CLIFF FACE OVERLOOKING THE

PACIFIC OCEAN BEFORE SLOPE STABILIZATION
USING WATER JET TECHNOLOGY
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FIG 2 HAND HELD WATER JET DRILL

Another application of the hand held water jet drill has been in extremely narrow passage ways. By using
drill stems two to three feet (60cm to 90cm) long; holes up to 40 feet (12 meters) deep and four inches
(10cm) in diameter have been drilled in a hallway 36 inches (91cm) wide for caisson tiebacks. The material
was sandstone and the spoils were contained at the mouth of the hole and pumped to a nearby storm
drain. The water jet drilled holes were cleaned with compressed air, and a one inch (2.5¢m) high strength
steel Dywidag bar grouted in the 40 foot (12 meters) deep horizontal hole. The grouted bar was post
tensioned to 85 kips and anchored to the concrete caisson with a steel beam.

The second version of the water jet drill was a light weight track, eight foot (2.4 meters) long with five
foot (1.5 meters) sections and drill stem, anchored to the hillside with pins and cables.

FIG 3A WATER JET DRILLING ON CLIFF FACE FIG 3B WATER JET DRILL TRACK SUSPENDED

FROM CLIFF FACE
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The air powered rotation motor on the drill track was
advanced with a hand crank by a man suspended
from ropes. The method proved extremely successful
for three to four inch (7.5 to 10cm) diameter holes up
to 60 foot (18 meters) depths in sandstone, siltstone
and clay stones. Cobbles or loose sand proved difficult
but using casing and/or starter augers helped in some
installations.

In addition to suspending a man and the drill rack over
a cliff with ropes, tt e water jet drill has been

anchored in crane suspended platforms and litted up
the slope from below in man lifts. On a man litt
platform the eight foot (2.4 meters) drill rack is
clamped to the platform’s top railing and the
articulation of the man lift allows the drill to be
positioned in a horizontal or tilted position at any
height along the cliff face.

FIG 3C WATER JET DRILL ON CLIFF
OVERHANGING AMERICAN RIVER

FIG 4 WATER JET DRILL MOUNTED ON MAN LIFT PLATFORM

The man lift also is used for the insertion and grouting
of the steel tieback bars, installing of the steel rebar
mesh between drill holes and for shooting of the gunite

on the slope face. The results of cliff stabilization using
water jetted tiebacks are permanent and aesthetic.

FIG5 MAN LIFT PLATFORM WITH WATER JET
DRILL ON FACE
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FIG7 COMPLETED CLIFF STABILIZATION USING WATER

JET DRILLING TECHNIQUES SEVERAL YEARS AFTER
COMPLETION

s et

FIG 6 GUNITE BEING APPLIED OVER ] .
TIEBACKS FOR CLIFF STABILITY The latest version of the water jet drillis a

drill rack 25 feet (7.5 meters) long using 10
foot (3 meters) and 20 foot (6 meters) drill
rods for holes up to 6 inches (15c¢m) in
diameter at horizontal or inclined positions.
The drill is completely automated and
operated from a control panel at a close up
or remote location.

The water jet drill rotation (forward and
reverse) is operated by a variable air motor.
A second air motor powers the drill up and
down the drill rack at variable speeds and

torques depending on the hardness of the
material being drilled.

FIG 8 CONTROL PANEL FOR WATER JET DRILL This new drill rack can be suspended from the
g — : side of a cliff with ropes, a crane line, lifted by
man lift, or simply pinned into a hillside slope
at a prescribed angle and the drill stem

advanced. The water jet drill is normally
powered by a 10,000 p.s.i. hydro blaster pump.

The three to six inch (7.5 to 15 cm) drill bit
normally has three water jet holes for water
jetting and steel carbide blades for reaming
the hole clean. The cuttings are removed from
the hole with the normal water jet volume of
water which ranges from five to 20 gallons per
minute depending on nozzle diameter and
output of the pump. Final cleaning of the

hole is performed with a compressed air tube
down the hole before installation of the tieback
bar and grout.

FIG9 AIR OPERATED MOTOR TO CONTROL ROTATION AND
ADVANCE OF WATER JET SWIVEL
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FIG 10 10,000 PSI HYDRO BLASTER PUMP

Belling drill bits are also used to increase the diameter of the hole up to two feet (.6 meters) for increased
tieback capacity.
Some disadvantages exist in the water jet drilling system such as disposal of the soil and water. In most

cases a stream or storm drain is nearby or separators can be used to remove the soil particles from the
water. Not all loose or cobbly soils or extremely hard rock can be drilled using the water jet but our

success rate has been well over 90 per cent.

FIG i1 DRILL CUTTING AND WATER BEING REMOVED FROM
TIEBACK HOLE WITH COMPRESSED AIR

3.0 HYDRAUGERS
The most recent success in water jetting has come in the installation of hydraugers.

Traditionally, hydraugers are horizontally drilled holes two to six inches (5 to 15cm) in diameter, cased
with PVC or steel pipe and left open to drain water from a hillside or slope by gravity. The removal of
ground water increases the stability of the slope or soil and rock mass and in many instances deactivates
or slows down the progress of an occurring or eminent landslide or slope failure. Hydraugers are drilled at
the face of the slope or hillside and have been installed up to 1100 feet (330 meters) into formational soils
at horizontal and slightly inclined angles of one to five degrees.

Within the past year a landslide situation in Oceanside, California has arisen where hydraugers, a tunnel,
and water jet technology have been combined in an attempt to stop a landslide and save over 200 homes
on the slope above.

The landslide began moving in the early to mid 1970’s and 11 homes were destroyed. Geotechnical inves-
tigations have resulted in several design solutions to stabilize the hillside and the remaining homes. The
solutions have ranged from a huge buttress fill whereby dozens of homes would have to be temporarily
relocated to move several 100,000 yards of soil to dozens of seven foot diameter concrete and steel shear
pin caissons to depths approaching 100 feet (30 meters) in depth. The solution selected however was one
where disturbances to the home and life styles of the homeowners would be minimal, yet effective to
increase the factor of safety at the landslide.
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Dames & Moore, Los Angeles, CA, the selected geotechnical engineer designed a seven foot (2.1 meters)
tunnel 1,100 feet (330 meters) long, under and into the landslide to provide access to install hydraugers
into the entire length and width of the landslide rather than only at the face of the slide. The tunnel was
successfully excavated by hand digging using a hydraulic advanced shield and lining the excavation with
steel liner plates. Access holes were left in the crown of the lined tunnel for drilling the hydraugers. The
engineers required overhead PVC cased holes to drain the water from above in the slide mass into the
tunnel and by gravity out of the tunnel to a flood control channel nearby.

Drilling the overhead hydraugers in the seven foot (2.1 meters) diameter enclosure using conventional
auger or percussion drilling equipment was considered to be extremely time consuming and costly, there-
fore Soil Engineering Construction, Inc. selected the water jet drill to perform the work. The 25 foot (7.5 -
meters) water jet tieback drill rock was modified into a 100 foot (30 meters) long drill track mounted on
wheels to travel on the tunnel invert in a horizontal position. . i N
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FIG 12 SCHEMATIC DIAGRAM OF WATER jET DRILL IN TUNNEL

A 20 foot (6 meters) long “sweep” was attached to the front of the drill track at a 45 degree angle to the
horizontal to propel the water jet drill rod into the landslide foundation above. The drill string travels

down the drill track using an air operated motor controlled at a panel mounted on the sweep pipe.

FI1G 13 SEVEN FOOT (2.1 meters) DIAMETER TUNNEL LINED WITH
STEEL LINER PLATE
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DRILL STRING

FIG 14 WATER JET

FIG 16 CONTROLS FOR WATER JET DRILL

Rotation of the drill string is achieved using a second air motor. Both motors are variable and reversible.
High pressure water (4,000 to 10,000 p.s.i.) is introduced through a swivel attached between motors and
the drill string and controlled by a foot pedal.

&

FIG 17 WATER JET FOOT CONTROL
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FIG 18 WATER JET DRILL BIT EXITING ON
GROUND SURFACE FROM TUNNEL 60 FEET BELOW

Water jetting of the formational soils above is achieved using a specially designed eccentrically rotating
drill bit with three jets in the tip.

The tip holes’ diameters can be varied using inserts depending on the hardness of material being drilled,
the volume of water desired for removing the drill cuttings in the holes and the operating pressure of the
hydroblaster.

The holes can be drilled uncased and slotted PVC pipe inserted at the completion of drilling or PVC casing
can be advanced with the drill bit and string to prevent caving or squeezing of the hole. The drill string
and bit can be advanced in the formations above or into the sides of the tunnel at any angle from the
horizontal to the 45 degree position by repositioning of the sweep.

The drill rack can also be used in a conventional manner outside of a tunnel on the face of the slope by
shortening the drill rack and/or mounting or suspending it from man lifts, cranes, or even backhoes for
added mobility in moving from hole to hole.

40 SUMMARY

An ever expanding frontier is before the geotechnical and foundation engineer and contractor in using
water jet technology provided research and development is continued. Many other solutions to unique or
extremely difficult foundation problems are under consideration due to the light weight, economy and
mobility of the water jet drills. Conventional auger, rotary, or percussion drills will never be replaced by
the water jet drill but in the near future the water jet drill will take its place along side the conventional
tools as a reliable and economical means to construct holes and cavities into soil and rocks.
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CONCRETE CUTTING USING ROTARY WATER JETS

H. Yoshida, K. Nishi ano T. Isobe
Kajima Institute of Construction Technology
2-19-1, Tobitakyu, Chofu City, Tokyo 182, Japan

ABSTRACT: Recently, the abrasive water jet has been drawing attention as a concrete cutting technolegy with
which low noise and low vibration cutting is possible. However, due to its expense, the problem of slurry disposal,
and a decline in cutting efficiency when making deep cuts, the application of this method has not become common.
As a new concrete cutting technology which can replace the abrasive jet system, we have developed a device
using rotary jets. For the development of the device, a high-pressure nozzle was designed making use of
appropriate materials. Aiming at reducing size and weight, a new high-pressure swivel was developed. Based on -
the results of cutting tests, the cutting capability was examined in terms of the effects of a variety of factors and also
energy efficiency. As a result, it was found that the higher the nozzle traverse rate is, the better the cutting capability
becomes and that the rate of nozzle rotation is not especially influential. Also determined was that with a conical
entry nozzle roughly doubled cutting capability is attained compared with that attained with a straight entry nozzle,
that cutting deeply with a constant capability is possible if the nozzle is inserted, that the cutting capability is in
proportion to the jet energy when the pressure is set at 147 Mpa or above, and that the rotary water jet method

assures a higher cutting capability than that obtained by the abrasive water jet method for cutting at depths deeper
than a particular level.

RESUME : Le jet d'eau abrasif a récemment attiré |'attention comme technique pour réaliser dans le béton des
coupes avec peu de bruit et de vibrations. Cependant, a cause de son co(t, du probléme de I'élimination des boues
et du rendement décroissant en fonction de Ia profondeur des coupes, 'application de cette méthode n'est pas
devenue répandue. Comme nouveau moyen de coupe du béton qui peut remplacer les jets abrasifs, nous avons
mis au point un dispositif & jets rotatifs. Pour construire le dispositif, nous avons congu une buse & haute pression a
partir de matériaux appropriés. Dans le but de réduire les dimensions et le poids du dispositif, nous avons mis au
point un nouveau pivot & haute pression. A partir des résultats des essais de coupe, nous avons examiné la
capacité de coupe en termes des effets d'une variété de facteurs et aussi du rendement énergétique. Nous avons
constaté que plus la vitesse de déplacement de la buse est élevée, plus la capacité de coupe augmente et que la
vitesse de rotation de la buse n'a aucun effet particulier. Nous avons aussi trouvé que la capacité de coupe d'une
buse & entrée conique est environ le double de celle d'une buse a entrée droite, que les coupes profondes sont
possibles avec une capacité constante si la buse est insérée, que la capacité de coupe est proportionnelle &
I'énergie du jet lorsque la pression est régiée & 147 MPa ou plus, et que le jet rotatif a une capacité de coupe

'supérieure a celle du jet abrasif pour les coupes d'une profondeur dépassant une valeur donnée.

Organized and Sponsored by the National Research Council of Canada and the U.S. Water Jet Technology Association.
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1.0 INTRODUCTION

Recently, the use of the abrasive water jet has spread rapidly in the construction
industry, being a new cutting technology for working with reinforced concrete structures. The
abrasive water jet system has many merits such as low noise, low vibration, and low amounts of
dust, and is suitable for a remote control operation. The abrasive water jet may be promising
basic technology when the application of automatic, low noise and low-polluting systems for the
dismantlement of existing structures is required. However, factors limiting its popularity
include its higher cost than other cutting methods and its decline in cutting capability when
applied to deep cuts. Its application is limited to particular situations including the
remodeling of residential structurses and the dismantling of biological shield of nuclear reactor
buildings.

The rotary water jet is proposed as a technology which can improve on the factors of cost
and cutting capability. This cutting technology has been studied mainly in regards to the
drilling and cutting of hard rocks.1/s2 This method is characterized by nozzle rotation,
which can widen the width of the cut, and the insertion of the nozzle into the kerf as the
cutting proceeds. A merit of this system is that it can maintain a given cutting capability
even for deep cuts.

We expected this merit is applicable for concrete cutting and we have conducted basic
research to clarify the rotary water jet's cutting and drilling capabilities for concrete.
As regards concrete dismantlement, it is expected that high pressures and high flow rates are
required in order to crush aggregate. Therefore, a new system was developed so that swivels and
nozzles can withstand such high pressures and high flow rates. This report outlines the
development of a high-pressure swivel and presents the results of cutting tests using this
system on concrete.

2.0 DEVELOPMENT OF HIGH-PRESSURE SWIVEL
2.1 Outline of High-Pressure Swivel

As shown in Fig. 1, there are two sealing methods--one employing a packing seal and another
making use of a mechanical seal -- which are used for rotary water jet systems. Both types
encounter problems concerning the durability of the actual sealing surfaces and the size of the
whole system including a power unit for rotation. Friction on seal surfaces results in heat
generation, wear, and resistance to rotation when used under pressures of 100 Mpa or larger and
at high speeds for long periods of time.

Therefore, a new type of swivel was developed, which is shown in Fig. 2. This swivel's
seal is generally called a non-contact seal. In this system there is a gap at the seal surfaces
from which a particular volume of fluid is leaked. This system has advantages in terms of
greater durability and lower rotation resistance. Such seals have been applied previously in
low-pressure equipment and hydraulic equipment. During the design of the seal, the clearance
between the two cylinders and the seal length L are determined so as to maintain the volume of
water leak below a given amount. In addition, it is important to select appropriate materials
taking into consideration potential deformation under high pressure. The deformation is
estimated using the axial- symmetry, two-dimensional finite-element method.

2.2 Performance Tests

Table 1 compares the performance of the swivel using a non-contact seal, which was
obtained from the verification test, with that of a swivel using a conventional mechanical
seal. As the table definitely shows, the rotation resistance load with the non-contact system
is far smaller (about 1/20 at 196 Mpa) than that with the taper type, and also the leakage flow
rate is less than 0.1Z of the maximum flow rate of 50 1/min tested. As regards durability, the
rate of wear is extremely low because the surfaces are not in contact. Measurements after 50-
hours of use revealed that the clearance change due to wear was 0.1 um or less. No problems have
occurred over more than 200 hours' operation.
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3.0 CONCRETE CUTTING TEST
3.1 Test Apparatus and Specimens

Table 2 shows the main specifications of the test apparatus. The concrete specimens
produced for testing had an unconfined compressive strength of 34.3 Mpa and a maximum aggregate
size of 20 mm. Photo 1 shows the rotary nozzle unit and a test specimen. Three types of nozzle
bodies, which are shown in Fig. 3, were used in the tests. A difference of (e¢) from both (a)
and (b) is the presence of a conical taper of the nozzle's inside wall. Unit (a) was designed
as a shape for which a diamond nozzle is applicable. Such a nozzle was used for the abrasive
water jet and pure water jet studies. Units (b) and (c) were newly designed so that the
insertion of the nozzle into the kerf was made possible. The selection of nozzle materials
for high-pressure water jets (100 Mpa or more) is problematic, considering the eroding effect
of high-speed fluids. Therefore, unit (b) was designed so that a sapphire nozzle can be used
adopting a nozzle mount which had actually been used as high-pressure nozzle. As for (c),
since there is no product with a conical inlet on the market, a specimen was manufactured using
particular ceramics which were selected according to material test results.

3.2 Test Methods

For cutting using a rotary water jet, conditions of nozzle placement (nozzle angles, and
the distance from the central axis) are important test factors because they greatly affect the
cutting capability and the shape of the kerf. In addition, the shape of the nozzle also affects
the cutting capability, as reported by Dr. VlJay Therefore, this factor has to be evaluated
as well. Also, water jet parameters such as pressure P, water nozzle diameter d, and operation
parameters such as nozzle traverse rate T, rotational speed of the nozzle R, and the method of
inserting the nozzle influence cutting characteristics. ’

Concerning these factors, tests were conducted for five different cases as shown in Table
3, and the cutting depth, the cut volume and the cutting width were measured for each case.
Cutting depth for a 300 mm distance (the length of cutting being 400 mm) was measured at
intervals of 10 mm using a measuring rod with a diameter of 3 mm. The measured values were then
averaged. The cutting volume was measured according to the volume of fine sand (grain diameter
of 0.5 mm) required to £ill the kerf for a 300 mm length. The cutting width was measured at
intervals of 50 mm along the cutting length at depth intervals of 30 mm using an inside
caliper. The average width was then calculated.

Pressure was measured by a strain type pressure gauge which was fixed on the joint block of
the nozzle unit. The flow rate was measured by a positive displacement flowmeter which was
fixed on the water supply side of the pump.

3.3 Test Results

In this study, nozzle body design was evaluated through tests and the test results were
evaluated according to the effects of various factors using the cutting depth as the .
characteristic value.

(1) Design of Nozzle Body

It can be expected that the surface width of the kerf depends on the rotation radius at the
specimen surface as shown in Fig. 4, and the shape of the kerf depends on the degree of
dispersion of the water jet, quantified as the angle 8. (See Fig. 4.) Figs. 5 and 6 show the
shapes of the kerfs and the specific energies as related to the nozzle angle for cases where T
is almost unchanged. :

The cutting width is standardized with r in Fig. 5. The specific energy shown in Fig. 6 is
presented as. an indicator which shows cutting capability, details of which are given in section
3.3 (5). Fig. 5 suggests that the surface width of the kerf is proportional to r (approximately
2.5 r). In addition, the width of kerf becomes narrower at at great depths when § ig 0. When
9=4° or 8.5°, the kerf width is larger than the surface width at least up to cutting depth H =
8 cm.
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As regards cutting capability, a slightly better result was obtained at § = 4°. However,
there is no considerable difference from the viewpoint of practical application. Thus these
results show that there are no considerable differences in the cutting width and cutting
capability for cases where § is between 4° and 8.5°,

On the other hand, nozzle placement is determined based on the following reasons in
addition to the findings from the results presented above. As regards concrete cutting, it is
nore effective to free the coarse aggregate from the matrix rather than crush it. For that
purpose, the cutting width should at least be larger than the maximum coarse aggregate size (20
nm), Thus the cutting width was determined to be 40 mm, two times the maximum aggregate size.
When the outside diameter of the nozzle to be inserted is 27 mm, =8.5 mm and §=8.5° are the
maximum design values, and clearance between the cutting kerf and the nozzle body becomes 6.5 mm
on one side, To assure the cutting width of 40 mm, r should be 15 wm or above (see Fig. 5).
The standoff distance S.D.is 147 mm for 8=4° and 57 mm for 6=8.5°.

Generally, the larger the S.D. is, the smaller the cutting capability of the water jet
becomes, so a better angle for a nozzle body to be inserted would be 8 = 8.5°. For these

reasons, e = 8.5 nm and § = 8,5° were chosen for nozzle body insertion.

(2) Comparison of Nozzle Shapes

According the the inside shape of the water nozzle, the structure of the water jet varies,
affecting the cutting capability. In order to confirm this effect, cutting capabilities were
compared using nozzles (b) and (¢) which are shown in Fig. 3. The results are shown in Fig. 7.
It was proved that the cutting depth can be about doubled by using a conical water nozzle.

(3) Effects of Nozzle Insertion .
Fig. 8 shows the relationship between the number of passes N and and the cutting depth H

for the case in which the nozzle is not inserted (S.D. = 10 mm). Fig. 9 shows the relationship
between N, H, and S.D., when the nozzle is inserted, for each N/T = 0.125 sec/mm.

According to Fig. 8, the deeper the cutting depth is, the smaller the incremental increase
of the cutting depth when the S.D., is fixed.

On the other hand, as shown in Fig. 9, the cutting depth increased at almost the same rate
as the rate of increase of N when the nozzle is inserted.

In order to examine the change in the increase of kerf depth AH, as related to the relative
distance R.D. between the nozzle and the cutting surface (See Fig. 4), the relationship between
R.D and AH (N/T=0.125) is given in Fig. 10. According to Fig. 10, it was found that AH
decreases linearly with an increase of R.D. Accordingly, with the method in which the nozzles
is inserted, the best efficiency is attained if the distance between the nozzle and cutting
surface is minimized (at the distance required to maintain r). Also, the cutting capability does
not decrease even when the cut becomes deeper.

(4) Effects of Jet Parameters and Operational Parameters

Fig. 11 relates the nozzle rotation speed and the cutting depth, with the traverse rate T
and the nozzle diameter d as variable parameters. This figure suggests that the nozzle rotation
speed does not really affect the cutting depth.

Figs. 12, 13 and 14 show the relationship of the cutting depth to the traverse rate, nozzle
diameter, and pressure, respectively.

The relationship between the traverse rate and the cutting depth for the water jet can be
approximated by the use of an exponent. Therefore, the results which were approximated by the
least squares method are given in Fig. 12. The exponent for the approximation equations vary
slightly according to the nozzle diameter, within the range between -0.3 and -0.4.

In the case of the abrasive water jet, the value of the exponent is —0.59.3) The
difference in the values suggest that the effect of the traverse rate is smaller for the rotary
water jet as compared to the abrasive water jet. The relationships of the cutting depth to
nozzle diameter and jet pressure are almost linear.
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(5) Relationship between Input Energy and Cutting Depth

When discussing the effects of various factors on the performance of the rotating water
jet, if the energy required for cutting to a particular depth is quantified, this value can
serve as a useful guide to estimating cutting capability, as well as being basic data for
engineering purposes. Therefore the results presented in parts (2) and (4) have been revised to
show the relationship between the cutting depth and the specific energy. The specific energy Sy
is defined by the following egquation.

Sg = 166.8 x (P*Q°N)/(T°H) (Joule/ex®) (1)

The units for the variables on the right are different: Mpa for P, liter/min for Q, pass for
N, mm/sec for T and cm for H. These are justified with the constant on the right side. As the
above equation clearly shows, Sp is the input energy quantity related to the area cut (length x
depth) per unit time. If this is related to the depth at which cutting takes place, it can
serve as an indicator to evaluate the energy efficiency (the ratio of the energy expended to
the work done) for a particular depth of cut.

Pig. 15 shows the results of such an evaluation on the effect of the traverse rate for
different nozzle diameters. According to the figure, the energy required for a particular depth
of cut becomes smaller with an increase of the traverse rate (almost the same at T=4 mn/sec and
8 mm/sec), and there are almost no effects resulting from variation of the nozzle diameter.

Fig. 16 shows the results of an evaluation of jet pressure. This figure suggests that
efficiency is extremely low at P=98 Mpa, while there is no considerable difference in cutting
efficiency among jet pressures of 147 Mpa or above. According to the above results it was
found that if the jet pressure is set at 147 Mpa, the cutting capability is proportional to the
jet energy, i.e. pressure and flow rate.

As has been described above, a merit of the rotating water jet is that cutting at a
consistent efficiency is possible even for a large cutting depth. On the other hand, the
cutting capability falls when cutting deeply by abrasive water jet. Fig. 17 compares both
methods in terms of the relationship between the cutting depth and the specific energy. As
represented by the figure, the cutting capability is higher with the rotating jet than with the
abrasive water jet beyond a given depth, about 20 cm with silica sand abrasive and about 40 cm
with garnet abrasive.

4.0. CONCLUDING REMARKS

The following findings were obtained by the study.

1) Among the operation parameters of the rotating water jet, the effect of the traverse
rate is large, while nozzle rotation speed has almost no effect. The higher the traverse speed

is, the better the cutting capability becomnes.

2) As regards nozzle shapes, roughly doubled cutting capability is attained with a conical
entry nozzle compared with a straight nozzle.

3) By means of inserting the nozzle, a constant cutting capability is obtained for deep
cutting.

L) When the pressure-is set 147 Mpa or over, the cutting capability is in proportion to
the jet energy regardless of variations of pressure and nozzle diameter.

5) When compared with the abrasive water jet method, cutting deeper than a particular
depth, i.e. 20 cm for silica sand abrasive and 40 cm for garnet abrasive, a higher cutting
capability is attained by the rotary water jet method.

Tt is considered that the rotary water jet method possesses great potential as a new

concrete cutting technology which could replace the abrasive water jet method. Therefore we
are planning to develop new engineering methods using this technology.
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Table 1 Comparison between a Mechanical Seal and Non-Contact Seal

Mechanical seal Non-Contact seal
Pressure Resistance| Leakage flow | Resistance| Leakage flow
torque rate torque rate
(¥pa) (kg*cm) (cc/min) (kg*cm) (ce/min)
0 68.25 1.62 0
98 94, 33, measurement 2.67 6.70
impossible

147 119.25 3.87 19.55

196 122.30 5.80 51.40
Table 2 Specification of Test Equipments

High pressure triplex plnger pump Pressure gauge

Operation pressure: 200 Mpa
imum flow rate : 64 litter/min
Maximum power : 250 kw

Maximum measurable: 196 Mpa

pressure
Non-linearity : 0.2%F.8

Nozzle support and traverse equipment Flowmeter

Speed range : 0.5 - 120 mm/sec 2horigonta1) Measurable range : 10 - 100 litter/min
1 -5 m/sec (vertical)
Table 3 List of Testing Factors and Conditions
Test number 1 2 3 4 5
Water pressure P[Mpa] 196 137 196 196 98, 147, 196
Nozzle diameter d[mm] 1.6, 1.0, 0.7 1.6 1.6, 1.0, 0.7 | 0.8x2 [0.7x2 1.0x2 0. 7x2
Nozzle shape Straight entry [Straight entry [Straight entry |Straight| Conical Conical entry
Rotation speed R[r.p.m] 300, 150, 75 300 300, 150, 75 150 300, 150, 75
Traverse rate T(mn/sec] | 2 | 4 | 8 |16 4 2148118 8, 16 8 16
Number of pass(maximum) N | 4 | 8 |16 {32 8 4] 8 |16 (32 up to H=20cm. 8 16
Nozzle angle 6 {degree] 0 0, 4 4 8.5 8.5
2zi-glgagpcgtml axis e[mm] 10 10,>15 10 8.5 8.5
Remark S.D.= 10 mm S.D.=10m S.0.= 10 me Insertion Insertion
Initial 8.D.=50 am |Initial S.D,=50 mm
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5th American Water Jet Conference Paper/ -
August 29 - 31, 1989: Toronto, Canada Communication 13

‘ASBESTOS REMOVAL WITH SELF-RESONATING WATER JETS

A.F. Conn
Conn Consulting, Inc.
Baltimore, Maryland 21209, USA

ABSTRACT: A new, safe, and economical method for removing asbestos from existing buildings has been
developed. In fieid trials, self-resonating, impuisive water jets rapidly removed the tightly adhered, sprayed-on
asbestos fire-retardant layer from steel and concrete surfaces.Cleaning rates of 250 to 300 sq. ft (23 to 28 sq. m)
per man-hour are now being achieved with a single water jet tool, on surfaces that were previously cleaned at only
3to 4 sq. ft (0.3 to 0.4 sq. m) per man-hour, using hand-held metal scrapers and small brushes. The SERVOJET
self-resonating impulsive water jet tool that was developed for this application delivered about 2 gpm (7.6 I/m) at

10,000 psi (69 MPa). This new procedure should greatly reduce the time required to remove this hazardous and
ubiquitous material.

RESUME : Une nouvelle méthode sire et économique pour 'enlévement de 'amiante dans les batiments existants
a été mise au point. Dans des essais sur le terrain, on a réussi a enlever, au moyen de jets d'eau pulsés auto-
résonants, la couche d'amiante ignifuge pulvérisée qui adhera:t solidement & des surfaces d'acier et de béton. On
atteint maintenant des vitesses de décapage de 23 a 28 m< par heure-personne avec un outil & un seul jet d'eau
sur des surfaces qui étaient préalablement décapées a la main a raison de seulement 0,3 & 0,4 m2 par heure-
personne au moyen de grattoirs de métal et de petites brosses. Le SERVOJET a jets d'eau pulsés auto-résonants
qui a été mis au point & cette fin a débité environ 7,6 L/min & 69 MPa. Cette nouvelle méthode devrait diminuer
grandement le temps nécessaire pour enlever cette matiére dangereuse trés répandue.

Organized and Sponsored by the National Research Council of Canada and the U.S. Water Jet Technology Association.
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1.0 INTRODUCTION
1.1 Background

Since ancient times asbestos has been used for insulating and fire-proofing. This natural, mineral-derived fiber is also
an effective material for sound-deadening applications. Unfortunately, the same properties of this complex fiber which allowed
its usefulness, have now been discovered to be capable of irritating the lung wall, and initiating cancer in many people. Thus, a
new industry has been spawned, to either remove or encapsulate this hazardous material, in order to keep it from entering the
lungs of homeowners, students, and workers. In the U.S.A., asbestos abatement is already a muiti-billion-dollar-a-year
industry, with only a small percentage of the fibers as yet removed or enclosed in a plastic sealant.

In multi-story office or residential buildings, it was very common to apply asbestos, in a suitable sprayable and adhering
binder, onto the steel decking that supported the floor above, in order to prevent a fire from spreading from one floor to the next.
The standard procedure now used to remove this layer of asbestos from ceilings is to first spray on water containing a wetting
agent, to presoak the fibers, and thus minimize the amount of released, airborne fibers during the removal process. Removal is
then begun with hand-held metal scrapers, to take off the main bulk of the layer, which might be anywhere from less than 1 in.
to as much as 5 to 6 in. thick, or more (25 mm, to 130 to 150 mm). Final cleaning could involve small, hand-held brushes, rags,
or low pressure water sprays. It should be noted that prior to initiating the removal process, the work area must be entirely
enclosed in an air-tight plastic housing, complete with a multi-stage air lock for the egress of personnel and equipment; fans and
filters to insure a negative air-pressure at ali times within the work area so that no asbestos fibers can escape; and a network of
automated air-monitors, inside and outside the work area, and on each person that enters the area (in a full-covering, air-tight
suit, with breathing apparatus), to constantly monitor the possible presence of fibers in the air.

With the present methods, the wet asbestos thus falls onto a plastic-sheeting covered floor, where it is usually picked up
by a wet-vacuum device (located either inside or outside the work area), captured in sealable plastic bags, and collected for
transport to an approved disposal site. Water jet cleaning has been adapted for a variety of new commercial applications over
the past 30 years, but rarely has an industry -- such as the asbestos abatement business -- had an already in-place
infrastructure which is so compatible with the introduction of water jet technology.

This paper will describe the development of equipment for use by the asbestos abatement industry to rapidly remove
the asbestos layers sprayed onto ceiling surfaces that are particularly difficult to fully clean with the existing methods. Using a
self-resonating impulsive water jet nozzle, it has been demonstrated that fully cleaned surfaces can be achieved at rates as
much as 50 to 100 times faster, with no need for pre-wetting or a final wiping off of asbestos fibers.

1.2 The SERVOJET™ Self-Resonating Impulsive Water Jet Nozzle

The controlled break-up of a water jet into a series of "slugs"” (i.e., large drops) of water has long-been known to be
effective in increasing the rate of cleaning for a given pump pressure and flow rate. A variety of mechanical devices have
shown this increased cleaning phenomenon, due primarily to the so-called "water-hammer" impact stress that is developed
when the discrete slug strikes the surface to be cleaned. The magnitude of the water hammer pressure is a function of the
average water jet velocity and the properties of the target surface. For instance, the exit velocity of a 10,000 psi (69 MPa; 690
bars) water jet is about 1,218 ft/s (370 my/s). The maximum pressure that a steady jet can generate, the "stagnation pressure,”
is 10,000 psi (69 MPa) on an infinitely rigid target. If the target is steel, then this pressure from a steady jet will be only about
6,900 psi (48 MPa) (based on the dynamic response properties of steel). An impulsive jet, for the same nozzle pressure drop,
will create an impact pressure of about 54,600 psi (376 MPa), an amplification of aimost eight! In addition, the interaction of the
water slugs with the air tends to flatten and spread the slug (see Fig. 1) thus creating a greatly enlarged "foot-print", in
comparison to the diameter of the exiting jet of water. This results in an enlarged contact area for cleaning -- hence more area
cleaned, per man-hour, for the operator of the water-jet cleaning tool.

The SERVOJET self-resonating nozzle causes the creation of a high frequency series of slugs by means of a passive,
resonance method. As shown schematically in Fig. 2, either tuned resonating chambers, tuned "organ-pipe" segments, or
combinations thereof (Chahine, et al., May 1983; Chahine, et al., September 1983; Conn and Chahine, 1985) have proven
capable of producing high-frequency, small-scale fluctuations in the mean pressure just upstream of the nozzle exit. Typical
frequencies can be in the range of 10 to 30 kHz (dependent on nozzle orifice diameter and jet velocity), and pressure
amplitudes are typically only about 5 to 10 percent of the mean pressure for effective slug generation. Although much larger
fluctuation amplitudes can be produced by this method, it was found that the larger perturbing amplitudes did not produce
effective cleaning jets. The SERVOJET nozzle contains no moving parts, and produces minimal internal pressure losses.
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Other attributes of pulsed jets, which contribute to their ability to clean more efficiently are the cycling of the pressures
applied to the surface, which promotes unloading pressures that help to debond adhering substances, and the enhanced
outflow velocity that can more readily pull away the material that is being removed. The increased cleaning capability of pulsed
water jets has been demonstrated over a wide range of pressures (1,000 psi to 10,000 psi; 6.9 to 63 MPa) and flow rates {1 to
20 gpm; 3.8 to 76 I/m), for a variety of commercial cleaning applications ranging from removing graffiti sprayed on concrete;
cleaning cars, busses, and trucks; to removing rust, paint, and marine growths from steel surfaces. The ability of any water jet
to clean rough and complex suriaces is another important attribute that has contributed to the success of the new asbestos
removing equipment described in this paper. In comparison to the tedious effort required to scrape, and then brush away every
fiber from a typical steel ceiling -- with its numerous pleats, folds, proturberances for fastening pipe hangers, etc. -- the use of a
water jet tool is truly a revolutionary improvement, if the system is designed to be compatible with the requirements of the
asbestos abatement industry.

As in any industrial use of water jets, a prime consideraticn is safety. An inherent facet of the high-frequency fluctuating
water jet s its short range of effectiveness. Within about 12 in. (30 cm) from the surface, the slugs are still reasonably intact,
and can provide a degree of enhanced cieaning. Beyond distances of about 3 ft (about 1 m), however, the slug-air interaction
causes slug disintegration, turning a cleaning device into the producer of a fine spray of relatively harmless very small dropiets.
Therefore, if the operator of the SERVOJET cleaning tool inadvertently misdirects the jet, he is uniikely to harm a fellow worker,
it reasonable distances between personnel are maintained.

2.0 DEVELOPMENT OF THE SYSTEM

The equipment now known as the SWAABS (SERVOJET Waterjet Asbestos Abatement System) was developed at an
actual on-going asbestos abatement site, a multi-story office building with sprayed-on layers covering the ceilings (see Fig. 3) in
thicknesses ranging from about 3/4 to 1.5 in. (19 to 38 mm). The typical cleaning rates at this job site were averaging about 27
sq. ft (2.5 sq. m) per man-day (8-hour shifts), due to the complexity of the metal surface, and the difficulty of reaching into the
gaps between the ceiling surface and the criss- crossing steel I-beams. A portable, diesel-powered pump unit was brought to
the site, hoses deployed, and an existing water jet gun was affixed with a series of sizes of SERVOJET nozzles. Flow rates
were varied from about 1 to 5 gpm (3.8 to 18.9 Ym); pump pressures from 2,000 to 10,000 psi (13.8 to 69 MPa). The
abatement company’s staff was trained in the safe and effective usage of a water jet tool, and a series of timed trials over
measured areas of the ceiling were performed. Both as-sprayed as well as previously partially-scraped surfaces were cleaned.
Although some cleaning was seen at the lower pressures, reasonable cleaning rates were not measured until about 4,000 psi
(27.6 MPa), and efficient cleaning did not begin untii a pump pressure of about 7,000 to 8,000 psi (48.2 to 55.1 MPa) for this
particular surface and asbestos/binder mixture. One of the principal criterion for efficient removal of asbestos by a water jetis .
the ratio of volume of asbestos removed to the volume of water required. The ideal goal is to have virtually ail of the water
soaked up by the asbestos, thus leaving no excess water to be vacuumed up from the flcor. At a pressure of 10,000 psi (69
MPa), with a flow rate of about 2 gpm (7.6 I'm) this goal was essentially achieved: almost no excess water was seen on the
plastic-lined floor. After some experience was gained, the contractor's operators were able to average about 250 sq. ft per hour
(23.2 sq. m), for this 3/4 to 1.5 in. (19 to 38 mm) thick asbestos; hence an asbestos-to-water volume ratio of about 1.5.
Comparable removal rates have subsequently been achieved on much thicker layers of asbestos, up to as much as 5 to 6 in.
(127 to 152 mm); in this case the asbestos to water volume was over seven -- and virtually no extra water remained. When a
quick bulk removal of asbestos (with hand-held metat scrapers) was followed by jetting to remove all of the remaining material,
then rates as high as 800 to 800 sq. ft/man-hour (74 to 84 sq. m/man-hour) were achieved. This rate should, of course, be
modified to account for the time required to do the bulk removal -- unfortunately the times for this were not measured as this
scraping had been done prior to our water-jetting trials. Based on these developmental efforts, the system described in the next
section was designed, built, and delivered to the asbestos abatement contractor.

3.0 DESCRIPTION OF THE SYSTEM

A block diagram of the complete, four gun, electric-motor driven version of the SWAABS is shown in Fig. 4. This
system has been named the Mode! 4E, referring to four SERVOJET water-jet cleaning tools ("guns”), and "E" for the electric
motor drive. Other versions of the SWAABS are powered by a diesel engine, and there are one and two gun modeis. |n this
paper we will describe those features of the Model 4E which are particularly relevant to some of the unique requirements of the
asbestos abatement industry -- an industry that is essentially completely unfamiliar with the use of high pressure water jetting
equipment. An important consideration, therefore, in addition to attempting to design equipment which is as simple to operate
and maintain, is the training which must accompany such a system. It is essential to teach the users of this equipment how to
use it safely and effectively. Although these skilis may not actually be that difficult to learn, it should be understood that the
typical asbestos remover has, until now, been dealing only with metal scrapers and small brushes!
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3.1 The Pump Unit

As shown in Figs. 5 and 6, the 60 hp (44.7 kW) electric motor is belt-coupled to the three-plunger, positive displacement
pump. The motor was placed above the pump, to allow the unit to be as narrow as possible. The 34 in. (0.86 m) width was
selected to allow the unit to be rolled through the 36 in. (0.91 m) doorways frequently found in U.S.A. buildings. This width will
also allow the pump unit to be put into most freight elevators, for effective use in high-rise buildings that were so often
fire-proofed with sprayed-on layers of asbestos during the first half of this century. Included on the pump unit is a
pressurizable, 40 gal (151 1) water tank to which the feed water hose is connected. Ordinary house pressure is enough to
pressurize this tank and provide the desired input pressure to the pump. In this manner it is not necessary to monitor the input
water pressure after it is initially established as adequate during set up of the system. If, during operations, a worker sees that
his gun is not ejecting water, he must then call for shut off of the pump, and a check must be made to see whether the problem
is due to interruption in the input flow water source. Since the pump is oil (and not water) lubricated, it is possible to run the
pump briefly in such a situation without harming the equipment.

. The user of this system may have, as an option, a device for injecting wetting agents, or other chemicals, into the input
flow pipe leading to the pump. This chemical injector works on the venturi-suction principle; in operation, one merely has to
place the end of a plastic hose into the chemical container, and adjust the intake valve to achieve the desired flow rate for the
chemical. This injection of a wetting agent is often required by law in certain local jurisdictions, although our testing has
indicated that, for the objective of suppressing free fibers of asbestos in the air, this injection of a wetting agent is not needed.
During the development of the SWAABS, the personal and room monitor filters were routinely checked, by TEM (transmission
electron microscope), and no fibers of asbestos were found on these filters. During the removal process by the SERVOJET,
either adequate immediate wetting, and/or the misting action described above, are responsible for insuring that any free fibers
will fall rapidly to the plastic floor covering, and will stay there until vacuumed up with the bulk material. Also on the pump unit
are: the motor starter and control box; a pressure relief valve to automatically release the system pressure in case of
inadvertent overpressurization; gauges to indicate the input and output pressures at the pump; and 8 in. (20 cm) industrial
caster whesls, to facilitate rolling the unit into position inside the building being abated. The pump unit weighs about 3,000 Ibs
(1,360 kg), but it can easily be pushed around by one or two people on a level surface. In general, except perhaps for very high
buildings, it will probably be possible to wire the pump into the power source, hook up the input water hose, and leave the pump
at that one position for the duration of that abatement effort. Because of the low flow rates, and the excess system pressure
capacity, long hose runs between the pump unit and the Manifold/Diverter (M/D) unit (see next section) can be tolerated. The
total pump output is 8 gpm (30.3 I/m) at 10,000 psi (69 MPa). If 1/2-in. (12.7 mm) hose is run between the pump and M/D
units, the pressure drop, per 100 feet (30.5 m) of hose, will only be about 50 psi (0.34 MPa). Thus, the pump output can be
carried up many levels in a high rise building before the pressure decreases below the value of about 8,000 psi (55.1 MPa)
which we found to be an effective pressure for removing asbestos -- at a favorable ratio of asbestos-to-water.

3.2 Manifold/Diverter (M/D) Unit

The purpose of this part of the system is, first, to distribute the flow of high pressure water from the pump unit to each of
the four SERVQJET guns. It's second job is to automatically divert the flow from any one (or more) of the guns, when that
operator releases the trigger on his tool. Since these are "dry guns”, that is, no water is dumped from the gun when the trigger
is released, the flow to that gun must be rerouted when the valve is shut off by releasing the gun trigger. The heart of the M/D
unit is, therefore, the nitrogen-gas compensated diverter valve. A small nitrogen bottle is provided with the unit (see this bottle
at the right side of Fig. 7); in this photograph, the diverter vaive is in the center, and the manifold for the high pressure water
flow distribution is at the left.

When the system is being first set up at the work site, the nitrogen gas pressure in the diverter valve is set, to
compensate the full flow of 8 gpm (30.3 I/m) at the desired system operating pressure, e.g., 10,000 psi (69 MPa). Once this
pressure balance has been set initially, the nitrogen bottle is shut off and is no longer needed. The static gas pressure
thereafter automatically compensates for the amount of flow that needs to be diverted, depending on how many of the four .
guns are being used. The valve is automatically opened the requisite amount, to allow anywhere from zero to the full 8 gpm
(30.3 I/m) to pass through, and thus maintain, at all times, the preset system pressure. The M/D unit has been designed to
operate inside the area where asbestos removal is taking place; two men can carry it through the air locks and set it up in the
center of the abatement area. The four lengths of hose are then deployed, fastened to each gun, and the system is ready to go
to work.
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3.3 SERVOJET Asbestos Removal Tools

A photograph of one of the four "guns” is shown in Fig. 8; a close-up of the resonating chamber is in Fig. 9 (compare the
schematics in Fig. 2). Some of the components of this gun, moving from lefi-to-right in Fig. 8, are: the shouider rest, to ease
working on surfaces directly overhead; the quick-disconnect for the high pressure hose; the gun "trigger” (water output control
valve: a manual shut-off safety valve; the SERVOJET resonating chamber; the 3-ft (0.91-m) long lance; and the end-coupling
for the tip nozzle. By varying the size of the orifice of the tip nozzle, any desired percentage of the available full system flow of
8 gpm (30.3 /m) can be put through any one gun; of course, the total exit areas of ali guns in use at any one time cannot
exceed the predetermined value, if the peak system pressure of 10,000 psi (69 MPa) is desired. if each gun is to be operated
at 2 gpm (7.6 V/m} at 10,000 psi (69 MPa), then each of the four tip nozzles must have an orifice diameter of about 0.031 in.
(0.79 mm). The usual hose size between the M/D unit and each gun is 3/8 in. (8.5 mm). With 2 gpm (7.6 I/m) to a gun, the
pressure drop, per 100 ft (30.5 m) of this hose is only about 20 psi (0.14 MPa), a negligible amount. Hence, if required, the
guns may be located a significant distance from the M/D unit if this becomes necessary on a given job site.

4.0 CONCLUDING REMARKS

This paper has described the adaptation of water jet technology for use in a new and growing industry. Although to date
the SWAABS has been used primarily for its criginal design intent -- namely asbestos removal from large ceiling areas, it may
find usage in other aspects of the problem, such as removing asbestos-bearing floor tiles or roof tiles. In its use in removing
layers of sprayed-on ceiling asbestos, the SWAABS has already proven itself to be a significant iabor and cost saving method.
By combining the prewetting, bulk-removal, and final clean-up step into one, and eliminating the tedious, over-the-head scraping
and brushing work, water jet technology should play an important role in reducing the huge cost of the abatement of this
planet’s health hazard due to asbestos.
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Fig. 5 Pump unit, side view

Fig. 7 Manifold/Diverter unit
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HIGH-PRESSURE WATER JET AS A CUTTING TOOL
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ABSTRACT: In this paper results of the inquiry into a small-diameter water jet produced in a prototype device
making it possible to obtain pressures to 200 MPa have been presented. In particuiar, the range of jet action and
the change of its effectiveness with the growing distance from the nozzle outlet have been determined.

The authors have also presented results of the investigation of cutting concrete with water jet. The concrete in
question had varying compressive strength at the use of water pressures from 110 to 200 MPa, at the nozzle
diameters from 0.8 to 1.2 mm and the nozzle outlet velocity in relation to concrete from 0.76 to 2.85 m/sec.

RESUME : Cette communication décrit les résultats de I'étude sur un jet d'eau de petit diametre produit par un
prototype de dispositif permettant d'obtenir des pressions atteignant 200 MPa. On a déterminé en particulier la
gamme des actions du jet et son rendement en fonction de la distance & la sortie de la buse. i
Les auteurs ont aussi présentés les résultats de I'étude sur la coupe du béton avec des jets d'eau. La résistance &
la compression béton en question varie selon la pression de l'eau (110-200 MPa), le diamétre de la buse
(0,8-1,2 mm) et la vitesse de sortie de ia buse par rapport au béton (0,76-2,85 m/s).

Organized and Sponsored by the National Research Council of Canada and the U.S. Water Jet Technology Association.
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1. Introduction.

Already in the years 1950 - 1960 trials were made to use water jets as
rock cutting tools. Hydraulic systems to enable cutting, bhaulage, and
horizontal and vertical transport of winning were constructed in Poland and
abroad. Those systems produced Jets of about 10 mm diameters at the pressure
of water of 10 - 30 MPa. However, the above Jet parameters determined large
discharges of water from the systems. Such masses of water had a harmf'ul
effect on the rock surrounding an underground working and brought about
radical worsening of climatic conditions under which miners had to work.

Since 1974 [2] investigations have been carried out at the Institute of
Mining and Dressing Machines and Automation of the University of Mining and
Metallurgy in Cracow, Poland, to uée water Jjets of 1 mm diameter and the
outlet pressure of 100 - 200 MPa and more for cutting rock.

A new pressure generator [3] was built and subjected to thorough testing [1]
to determine suitable characteristics. This was followed by the examining of
the parameter variability of jets forced out to the atmosphere. A series of
tests was performed on concrete slabs having various compressive strength.
Trials were made to cut and mine hard coal in a real working underground.
Basing on those investigations, dependences of the cutting depths, water
discharges, unit energy of cutting and mining on the hydraulic parameters of
the jet and the way of its positioning and handling in the mine space were

determined.

2. Test stand.

Owing to the lack of very high-pressure pumps, an experimental machine
was constructed. It produces a quasi continuous Jjet on the basis
of multiplication.

The machine, whose simplified diagram is presented in Fig.1, consist of two
units, i.e. a hydraulic supply station I and a monitor II.

The hydraulic supply station includes an asynchronous motor 1 of S0 kW
power driving a main pump 2 and the auxiliary one 3. The pump 2 with stepless
controlled delivery of 0 - 238 dcma/min feeds oil into the monitor. The
pressure of oil is controlled by an overflow valve 4 within the range of 5 -
20 MPa.

A gas high-pressure accumulator 6 is incorporated in a feeding conduit 5.
Analogously, a gas low-pressure accumulator 8 is incorporated in an oil

run-of f outflow conduit 7.
The monitor II consists of a rotary part 9 in which three intensifiers 10

are placed in parallel. They form pressure converters with the ratio 1:10 from
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20 to 200 MPa.

The intensifiers are supplied with oil from the low-pressure side of the
station I. Water is fed through conduits 11 from high-pressure side. Due to
high pressure, water as a cutting agent is forced out through a nozzle 12. The
possition of the nozzle axis can be changed in relation to the axis of the
rotary part 9, and thus during the rotation of the monitor the Jjet cuts
circles with the radii of O - 150 mm.

During operation the rotary part 9 of the monitor rotates around the axis
parallel to the intensifiers axes and positioned in the axis of their
geometric centre. The rotations of part 9 are produced by a hydraulic motor 13
with controlled rotational speed through a chain transmission 14. During one
rotation of the monitor part 9, each of the three intensifiers completes one
work cycle. A rotary distributor 15 is used to control successive inflow and
out flow of oil to each intensifier.

The production of a continuous jet in a prototype system is shown in Fig.Z2.
This figure presents the dependence of rotations meximum water efficiency and
oil absorptivity of the monitor on pressure p for various diameters of the
nozzle do. The above dependences resulted‘ from the investigations were
presented in details in the paper read during the °’Hydromechanisation 4’

conference in the German Democratic Republic [4].

3. Study of the variability of the watér jet dynamic force as the
function of the measuring point distance from the nozzle outlet. v
The objective of this enquiry was to establish the dependence of the jet
dynamic force on presure p, the nozzle diameter do, and the distance of a
measuring point from the nozzle outlet lo.
The following parameters were submitted to changes:
- p - pressure ( 100 - 200 MPa ) measured as the pressure feeding oil to the
intensifiers multiplied by m = 10,
- qd - discharges from oil unit having the values of 57, 118, 174 and 236
dcma/min,
- d° - nozzle diameter ( 0.8; 1.0; 1.2 mm), ]
- 1o ~ distance of the Jjet dynamic force sensor varying from 3 to 700 mm
from the nozzle outlet,
- n - monitor rotations matching the delivery qa, ( see Fig.2 ) adjusted in
such way as to obtain full piston strokes of the hydraulic intensifiers.
To measure pressures in the oil unit, strain gauges ( Fig.3 ) were used.
The gauges had linear characteristics for the whole measuring range.
Similarly, to measure the jet dynamic forces a sensor was employed. It could
be moved along the Jjet axis ( Fig. 4 ).
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The carrier frequency of the recording apparatus equalled 5 kHz * 1% . An
oscilloscope made by Tetranix, furnished with a memory system, was used.

The dependences of the Jet dynamic force Pd on the distance l° of the sensor
from the nozzle outlet are presented in Figs. 5, 6, 7 for the respective
nozzle diameters do.

Fig. 8 presents the results obtained with the Pd/F’d3 ratio introduced on the
Y-axis and the lo/dL ratio on the X-axis.

The dependence obtained is described by the following equation:

o

1

-3 o
" 2,89 "1
[

=92.7-e

"l

d3

The results obtained during the invastigations were processed on Wang 2200
microcomputer. Thanks to the software it was possible to compute the
coefficents for the functions described analytically. Elements of statistical

regression were also determined.

4. Laboratory tests of rock cutting with high-pressure water Jets.

The aim of these-investigations was to determine the influence of the
principal parameters of a water Jjet and its kinematics on the effect of
cutting rock of various strength.

Owing to financial, time and organizational reasons, the investigations were
limited to concrete samples.
During the tests the following parameters were changed:
- pressure p - 110, 150, 200 MPa;
-~ nozzle diameter d° - 0.8, 1.0, 1.2 mm;
- traverse speed - v,
The following parameters were stable:
- radius of the nozzle rotation r = 150 mm;
- stand - off distance 1° = 20 mm;
- velocity of the monitor travel from top to bottom v, = 1.2 m/min.
For each of the three pressures rock samples were cut at three different
velocities using three different nozzle diameters.
The tests were carried out for six rock samples of various strength.
The investigation comprised of 3dD- 3p - Bv;- 6% = 162 experiments.
To evaluate the effects of Jet cutting the following were taken into
consideration:
g - depth of incisions cut;
1s ~ length of incisions cut;
Fs - surface of incisions cut;

q - cutting surface rate ;
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q - water consumption per unit ;

E:e - energy consumption per cutting.
Concrete slabs with the dimensions of 450 x 450 x 120 mm were made of the
composition of sand and cement using various combinations of components to
obtain rock samples of varying strength{ During testing the slabs were fixed
to a stand additionally prepared ( Fig.9 ).
Each mixture submitted to setting to dense plastic consistence was used to
make six slabs and six cylindrical samples of @ 80 mm and height h = 80 mm.
Cylindrical samples were used to determine the compressive strength of each
mixture after it had set.
The mean value calculated from the four results was accepted as the
compressive strength.
The results are shown in Table 1.

Table 1.

Number of rock sample

1 2 3 4 5 B

o 2.3 3.3 8.3 10.5 15.9 32.0

Jet cutting was tested in the following way: the stand with a sample fixed was
placed in front of a nozzle. The required working parameters of the device
were adjusted. After setting in motion the monitor, it was lowered on the
manipulator extension arm in such a way that the nozzle moving with the motion
cosisting of a rotary motion on the radius r = 150 mm and that of
transportation v = 0.05 m/sec. caused the formation of incisions on the slab
surface ( as seen in the photographs in Figs. 10 and 11 ).

On account of the small transportation velocity Vo in relation to the
velocity of the nozzle in the rotary motion, the nozzle velocity towards the

rock sample was calculated from the following equation:

b4
v"— 55-rn ns .

A piece of thin wire ( 0.7 mm ) and a slide caliper were used to measure
the incisions obtained.From each series of the incisions obtained for the
assumed parameters, five incisions were chosen at random and their length and

depth were measured at five points. The surface of the incisions was

calculated from the formula:
- ° 2
Fc g 1s cm .

The cutting surface rate was given by the formula:

!

Q= Ef- et /sec
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and the water consumption per unit by

= zf— c:ms/c:m2
LEF

[~}
where: v~ displacement volume of the high-pressure part of the intensifier

= g.4%
VELS clw

s = 8.3 cm ~ piston stroke
d =2.5cm- piston diameter.

The rate of energy of cutting was formulated as

El 2
ch = F—' MJ/m
[+
where: EJ - energy consumed to force out the water volume v, at the pressure

p-
Using the results obtained, diagrams g(crc) for p = 110, 150, 200 MPa (Fig.12)

were prepared. In those diagrams the values do and vw were neglected. Thus,
each of the points results from the statistical averaging of the values
obtained for different nozzles and at the velocity v, Acting in a similar way

’

dependences g(c ) for d _, d_, d , ( Fig.13 ), and gl ) for v , v , Vv
c 01 02 ’ 03 ¢ wi w2 w3
( Fig.14 ) were obtained. Analogously, dependences ch(o; ), presented by the
diagrams in Figs. 15, 16, 17,were obtained.
The curves in Figs. 12,13,14 are described by the equations in the form:
b &
g = a2e 2 ¢
Table 2.

Coefficients a, b2 for g(p), o ( Fig.12 ).

p(MPa) a, b2 error
(standard)
110 39.3 ~7.88 0.32
150 49.8 -6.95_2 0.18
200 B52.8 ~5.865 0.28
Table 3.

Coefficients a,, b, for g(c{) ), c ( Fig.13 ).

d mm a, b2 error
° (standard)
0.8 29.3 -7.377 0.32
1.0 45.77 -6.27%, 0.31
1.2 65. 12 6.51 0.12
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Table 4.

Coefficients 2, bé for g(z{), a ( Fig.14 ).
v m/s aa b2 error
" (standard)
0.76 63.2 | -7.137 0.30
1.68 43.2 -6.26 0.24
2.85 34.0 -6.086 0.23

The dependences of the rate of energy of cutting concrete sample

EJCkJ/dcm2 on their compresive strength oA MPa are presented by the straight

lines in Figs.

Generally these dependences were described by the equation

Coeficients for individual cases are presented in Tables 5 - 7.

15,

18, 17.

a+bo.
c

Table 5
Coefficients 2., 23 for %c (p), 4 ( Fig.15 ).
p MPa a, ba error
(standard)
110 -4,08 3.22 7.11
150 1.99 2.863 3.40
200 10.87 2.18 6.70
Table 6
Coefficients 2, 23 for %c (g ), 4 ( Fig.18 ).
do mm 2, % error
(standard)
0.8 -1.07 3.54 5.70
1.0 6.25 2.03 6.15
1.2 3.54 2.47 3.87
Table 7
Coefficients a, b3 for ch (\‘/’ ), 4 ( Fig.17 ).
v, (m/s) a, b3 error ,
(standard)
0.76 1.71 4.81 6.30
1.68 3.84 2.12 5.08
2.85 3.39 1.71 3.59
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5. Conclusions.

1. The device made at the Institute of Mining and Dressing Machines and
Automation of the University of Mining and Metallurgy, Cracow, Poland
produces water Jjets of the diameters d°= 0.8; 1.0 and 1.2 mm at the outlet
pressures to 200 MPa, and makes it possible to handle them in the mine
space,

2. A small-diameter, high-pressure water Jjet after leaving the nozzle is
coherent enough to be used for cutting ( mining ) rock, e.g. hard coal.

3. The patented [5] and used in practice method of cutting rock with water jet
presents unquestionable advantages, ensuring, in particular, the obtaining
of high relative jet velocities along the rock.

4. Water Jjets let out to the atmosphere at high presure undergo dispersal. The
Jjet dynamic force initially decreases more intensively, later on its drop
is milder. At the distance of about 800 nozzle diameters the jet is almost
completely dispersed.

5. It was found that the depth of cutting concrete considerably depends on its
compressive strength. The higher the concrete strength the smaller the
cutting depth.

6. From among the independent parameters, the greatest influence on the
cutting effects is exerted by the velocity of jet displacement along the
concrete surface. The effect of the changes of the nozzle displacement
velocity is greater for the higher compressive strength of concrete.

7. To increase the depth of cutting it is advisable to enlarge the jet
diameter do, the more so as the enlargement q} does not intensify the the
rate of cutting energy, and in the case of less compact rock it even brings
about the decrease of ch'

8. The increase of pressure p is advantageous with regard to EJc for
high-strength rock. With smaller-strength rock, the Iintensifying of
pressure results in the growth of the rate of cutting energy.

9. During model testing no crushing of rock between incisions was observed. It
could be caused by the small length of incisions, by the lack of loading
the samples with external forces, and by the structural properties of the
samples ( lack of planes of weakend cohesion ). Since the rock cut did not
crush, it was not possible to determine the dependence of mining through

cutting on the variability of the parameters of cutting.
At a later date, the testing device was installed in 2 mine working

underground where it was used for mining coal. This experiment proved the

applicability and high efficiency of a water Jjet as a cutting tool. Low
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unitary energy of mining was obtained, and large coal grades were found in the

output. No strong scattering of coal and no excess water in the working were
observed.

6. References.
1. Kalukiewicz A. - Study of Mining Coal with Water Jet ( doctoral
dissertation } ( in Polish ) Krakéw, 1884.
2. Xawecki Z., Puchata J., and others - Study of the Technique of Mining Rock
with High-pressure Pulsating Jet ( A report for Mining Mechanization Centre
KOMAG Gliwice 1874. )
3. Kawecki Z., Puchata J., and others - The Method of Mining Rock with
Continuous Water Jet and the Device to Meet This Purpouse ( Polish Patent No
98322/30 1981 )
4. Klich. A, Kalukiewicz A. - Versuchsergebnisse an einer

Hochdruckwasserstrahlanlage fir Stei- und Kohlegewinnung "Hydroméchanisation
4", Karl-Marx-Stadt, DDR 1985.
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Fig. 1. The simpified diagram of the hydraulic system of the testing device.
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9. The stand with a sample fixed.

10. Incisions made in concrete during testing.
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HIGH PRESSURE HYDROMILLING OF CONCRETE SU‘RFACES

R.F. Schmid

Flow International Corporation
Kent (Seattle), Washington 98032, USA

ABSTRACT: Concrete bridges and structures are failing at an alarming rate due to concrete corrosion. it has been
shown that high pressure waterjets are a cost-effective and sometimes preferred repair method for concrete
scarification.

in this Paper the application of high pressure waterjets for the scarification of concrete will be discussed. The
following topics will be introduced: An overview of how concrete is cut, cost advantages of using high pressure
waterjets over percussive tools, and increased concrete bond strength for an overlaid surface. Also covered will be

a presentation of both test data and field data for how production levels are affected for various operating pressures
from 15,000 PSI (1,034 Bars) to 55,000 PSI (3,793 Bars).

RESUME : Les ponts et les ouvrages de béton s'effondrent & un rythme alarmant & cause de la corrosion de ce
matériau. Il a été démontré que les jets d'eau a haute pression constituent une méthode de réparation économique
et parfois de prédilection pour la scarification du béton.

La présente communication porte sur I'application des jets d'eau a haute pression a la scarification du béton. Les
sujets suivants seront abordés : apercu de la maniére dont le béton est coupé, avantages économiques des jets
d'eau & haute pression sur les outils a percussion et adhérence accrue du béton de revétement. Des données
d'essai et des données de terrain seront aussi presentees sur Ia variation des niveaux de productlon en fonction de
la pression d'application de 15 000 b2 (1 034 bars) a 55 000 b2 (3 793 bars).

Organized and Sponsored by the National Research Council of Canada and the U.S. Water Jet Technology Association.
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1.0

2.0

INTRODUCTION

It is estimated there are 250,000 bridges comsidered substandard and in
immediate need of repair in the United States of America alone. They are considered
substandard because the structural integrity of the bridge is degraded by corroded or
deteriorated concrete. Some 100,000 bridges are either closed or have posted weight
limits, Nationwide funding (1989) for bridge "4R" work (resurfacing, rehabilitation,
restoration, and reconditioning) amounts to approximately 4.4 billion dollars. Concrete
gorrc:isié)n_occurs mainly as a result of freeze thaw cycling and placement of chloride

ased de-icers.

Freeze thaw cycling tends to introduce microcracks into the concrete structure.
This increases permeability of the concrete and allows roadwater and/or chloride de-
icing agents to penetrate to the steel reinforcing bar lattice. When these elements
attack and corrode the steel bar, the corrosion introduces very high expansive forces
into the parent concrete material which further cracks the concrete and debonds it from
the rebar lattice. In general, concrete will debond or delaminate in layers parallel to
the lay of the rebar lattice.

Typically, concrete structures are repaired by removing concrete down below the
rebar level that is affected by 3/4 inch (1.90 c¢m) to 1 inch (2.54 cm). The steel
reinforced bar is then inspected and either replace or cleaned of all rust. After that a
new concrete layer is poured. Concrete is removed today by three different methods:
Mechanical grinders, which can only grind to the reinforcing bar level, hand-held
percussing tools, and mechanized high pressure waterjet scarification systems.

SYSTEM COMPONENTS
2.1 Pump

The high pressure water pump is diesel-driven and mounted on a truck or
trailer so it can be mobilized on site easily. Concrete cutting requires pumping
units in excess of 300 BHP (304 HP Metric).

There are two ranges of pumps used in the field today. They are medium
high pressure pumps and ultra-high pressure pumps. Medium high pressure
pumps operate in the range of 13,000 PSI (896 Bars) to 20,000 PSI (1,379 Bars).
These units are usually very high horsepower units in excess of 500 HP (507 HP
Metric) and operate with high flow rates of up to 70 GPM (265 LPM).
Ultrahigh pressure pumps operate in the range of 25,000 PSI (1,701 Bars) to
35,000 PSI (2,381 Bars) and operate at horsepowers as low as 300 HP (304 HP
Metric) and water flow rates as low as 13 GPM (49 LPM).

2.2 Cutting Robot or Tractor

The high pressure cutting head is carried on a mobile rubber-tired vehicle
that drives down the road. The cutting head is reciprocated on a linear traverse
mechanism back and forth perpendicular to the direction of travel of the tractor.
This rate of traverse is adjustable to allow different cutting depths. The cutting
head is composed of a nozzle. The nozzle contains one to three waterjets that
are available in different geometries. As the cutting head reciprocates, the
motion of the nozzle in conjunction with the geometry defined by the nozzle,
cuts a kerf into the concrete. The geometric nozzle allows the waterjet to
"reach” under the rebar to prevent leaving a shadow of uncut concrete under the
reinforcing bar. After a trench is cut to a desired depth, the tractor increments
forward a programmed distance and another trench is cut (see Figure 1). The
proper overlap and blending of these trenches leads to a very uniform bottom
surface. Concrete is normally removed in multiple pass traverse strokes (see
Figure 2).
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2.3 High Pressure Hose

The pum? is coupled to the cutting vehicle by means of a high pressure

flexible high pressure hose increases the mobility of the cutting
vehicle. The hose is shielded with an auxiliary burst/abrasion shield that
protects the operators in the event of a hose bust. For very long delivery
distances or paralleling of more than one high pressure pump, multiple hoses

hose. The use o

can be used.
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3.0 ECONOMICS HYDROMILLING™ VERSUS JACKHAMMERING

3.1

3.2

Productivity

Virtually all States limit jackhammer sizes to 30 pounds (14 kilogram).
Some States specify 15 pound (7 kilogram) chipping hammers. These limitations
are imposed to minimize additional damage to a structure while removing
deteriorated concrete with a percussive impact tool.

Typical jackhammer productivity is 1 to 1.5 cubic feet (0.03 to 0.04 cubic
meter) of concrete removal per hour. Typical HydroMilling™ productivity is 20-
30 cubic feet (0.5-0.8 cubic meter) per hour. Hence, Hydromilling™
productivity equates to approximately 20 jackhammers.

Economics

Equipment, maintenance and fuel for a 30 pound (14 kilogram)
jackhammer amounts to approximately 5 US Dollar per hour. Labor costs
dominate the contractor's costs for jackhammering as shown in Table I. Fixed
and variable costs and contractor's gross margin requirements associated with
HydroMilling™ amount to approximately 12 US Dollar per cubic foot (0.028
cubic meters) of concrete removed.  Consequently, HydroMilling™ can
effectively compete with jackhammering whenever local pay (exclusive fringe
benefits and overhead) exceeds 12 US Dollar per hour. Economics particularly
favor HydroMilling™ for large jobs involving the removal of 5,000 cubic feet
(141 cubic meter) or more of concrete and tight completion schedules in order
to minimize traffic disruptions. Therefore, the rehabilitation of interstate and
major arterial bridge decks in urban areas are prime targets for high productivity
HydroMilling™,

Table 1 Review of Contractor's Costs using the
Jackhammering Method

Wages (USD/Hour) Cost of
(excluding Fringe Jackhammering
and Overhead) USD/Cubic Foot(Cubic Meter)
10 e 17 ( 600)
15 23 ( 812)
20 29 ( 706)
25 e, 35 (1,235)
30 e 41 (1,447)

4.0 BOND STRENGTH OF AN OVERLAID SURFACE FOR A
HYDROMILLED SURFACE VERSUS A JACKHAMMERED SURFACE

4.1

Introduction

It has been proven that a hydromilled surface gives better surface
interface bonding tlgan a jackhammered surface. In an independent test
conducted by Construction Technology Laboratories (C.T.L.) for Flow
International, it was shown that shear strengths were 2.3 times higher and pull-
off strengths were 3.1 times higher for a hydromilled surface versus a
jackhammered one.
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4.2. Testing Procedure and Results

The objective of the test was to evaluate the effects of hydromilled and

jackhammer scarification methods on microcracking in the upper surface of a
scarified base concrete lab, and to evaluate the bond strengths of both by
conducting direct single shear and bond pull-off strengths of overlays applied to
the base concrete lab. The test was conducted as follows:

1.

A concrete slab was cast, using Washington State D.O.T. class AX
concrete.

In one area, the top 2-3 inches (5-8 centimers) of concrete were scarified,
using 34,000 PSI (2,344 Bar) HydroMilling™ Equipment.

In another area of the slab, the top 2-3 inches (5-8 centimeters) of
concrete were removed, using 30 Ibs. (13.6 kg) pneumatic jackhammers.

Latex ‘modified concrete was placed on the scarified surfaces in
accordance with Washington State D.O.T. standards.

The bond strength of the overlayed latex modified concrete to the base
slab was tested, using direct shear and pull-off tests.

Thin polished sections of the upper regions of the scarified surface were

examined petrographically to determine presence and/or absence of
microcracks.

The results of the bond strength tests are shown in Figure 3.

SHEAR STRENGTH TESTS:

PULL-CFF TESTS:

-. Shear Bond

Test - Core Strength Failure Plan Strength Failure
Section No. PSI/Bar PSI/Bar Plan
34,000 PSI 1 355/24.5 Base Concrete 291/20.1 Base Concrete

ditto 2 %%k 000 | eeeeeeecec———- 248/17.1 Base Concrete

ditto 3 222/15.3 Interface 118/ 8.1 Interface

ditto 4 312/21.5 Base Concrete

at Rebar 275/18.9 Base Concrete

Jackhammer 13 *%k | eeccc—c—e—aae- 6/ .4 Base Concrete

ditto 14 188/12.9 Interface 95/ 6.5 Interface

ditto 15 117/ 8.1 Interface 122/ 8.4 Interface

ditto 16 92/ 6.3 Undetermined - ==

*% Peterographic

4.3

Figure 3 Bond Strength Tests

Peterographic Analysis

Peterographic examinations were done using ASTM C 856-83 "Standard
Practice for Peterographic Examination of Hardened Concrete". The
findings of Construction Technology Laboratories is as follows: No
cracks or microcracks were found in the upper regions of the base
concrete in the 34,000 PSI (2,313 Bar) scarified concrete. However,
microcracks wre present in the base material in the jackhammer prepared
surface. The cracks occurred within 3 mm of the bonded overlay, and are
sub-parallel to the overlay/substrate bond line.
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5.0 PRODUCTION TEST DATA

FT 3/HR

VOL REM RATE

c8

24

20

16

12

5.1.

Production rate for a given pressure as a function increasing
horsepower

Tests were conducted in February 1987 by Flow International on the I-5
Dearborn Street Interchange Bridge in Seattle, Washington. This concrete was
20 year old Washington State ax mix with a compressive strength of 6,500 ,Fﬂ
(442 Bar). Tests were conducted, using standard Flow HydroMilling
equipment. This equipment was operated at 25,000 PSI (1,701 Bar) with a flow
rate from 15 GPM(%57 LPM) to 44 GPM (167 LPM). All operating parameters
were kept constant i.e.. traverse velocity, nozzle standoff, nozzle rotary speed,
angle of nozzle, and forward drive increment. The only variable introduced was
changing of the nozzle diameter to increase flow rate hence: increased
horsepower. Figure 4 shows the Graph of the results.

A~ 60 SQ@ FTAHR

M\

5.2

100 200 300 400 500 600
NOZZLE HORSEPOWER

Figure 4 Production Rate vs. Horsepower
For A Given Set Of

Operating Parameters (Non-Optimum)

Production rate for increasing pressure at a given horsepower

These tests were conducted on the same bridge deck as in section 5 with
the same equipment. This time the objective was to cut 3-3.5 inches (8-9
centimeter) deep at optimum operating parameters for different pressures. At
each operating pressure, skilled technicians wre allowed to adjust the equipment
until peak productivity was achieved. This was to accommodate for the fact that
at different pressures maximum productivity is obtained by different operating
gla:ameters, and this test was designed to evaluate bulk production rate as a

nction of operating pressure. Figure 5 shows a graph of the results.
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At 320 N.H.P. At Optimized Conditions
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STATISTICAL CHARACTERIZATION OF SURFACE FINISH
PRODUCED BY A HIGH PRESSURE ABRASIVE WATERJET

C.D. Burnham* anp T.J. Kim,
Waterjet Laboratory
Department of Mechanical Engineering
University of Rhode Island
Kingston, Rl 02881, USA

ABSTRACT: An experimental study was conducted to ascertain the surface finish associated with high pressure
abrasive waterjet process by a statistical approach. Three different types of materials; sintered alumina, stainless
steel, and graphite composites, were used to generate a data base for the analysis. The results of study reveaied
that the surface roughness can be predicted by the statistical manipulation of certain process parameters. It was
also found that the surface roughness can be predicted by the workpiece reactive force.

RESUME : Une étude expérimentale a été menée pour vérifier statistiquement la finition de surfaces obtenue avec
des jets d'eau abrasifs & haute pression. Trois différents types de matériaux (alumine frittée, acier inoxydable et
composés au graphite) ont été utilisés pour produire une base de données d'analyse. Les résultats de I'étude ont
révélé que la rugosité des surfaces peut étre prévue par le traitement statistique de certains paramétres de

processus. On a aussi constaté que la rugosité des surfaces peut étre prévue par la force de réaction des
éprouvettes. )

*Present Address: Flow International Inc., Kent, Washington, USA

Organized and Sponsored by the National Research Council of Canada and the U.S. Water Jet Technology Association.
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1. INTRODUCTION

The surface finish produced by conventional machining methods is
generally uniform. Therefore, the surface finish of the machined surface
can simply be characterized by measuring the surface roughness of any
portion of the machined surface. However, with abrasive waterjet (AWJ)
cutting, the surface finish varies as a function of the cutting depth of
a workpiece. The most pronounced characteristics of the AWJ machined
surface is the development of striation marks which transpire below an area
of relatively smooth surface finish. The striation marks or transione
lines appear when the high pressure stream of water and abrasive loses a
significant amount of energy.

The inconsistency in roughness distribution is a unique characteristic
of an AWJ cut. The surface quality degenerates as the jet strean
approaches the bottom of the cut. Studies by Hashish [1,2] revealed two
stages of material removal modes associated with abrasive waterjet process.
The mechanism of jet cutting process generally depends on the process
parameters but it greatly depends on the workpiece geometry; namely the
thickness. In the first stage of cutting, the abrasive particles strike
the surface at a shallow angle producing a relatively smooth surface. The
material removal phenomenon associated with this process of cutting is
called the cutting wear mechanism. The secondary region, displaying
unsteady cutting with striation marks as shown in Figure 1, is called the
deformation cutting zone. This is the secondary penetration process, which
is primarily responsible for the striation marks at the bottom of the kerf.
The material removal is controlled by erasive wear by particles impacting
at large angles of attack.

Surface finish and tolerance of the AWJ machined components are two
major process parameters which are critical for precision machining
applications. To quantify the surface finish associated with AWJ cutting,
a force sensor system was developed by the Waterjet Laboratory of the
University of Rhode Island [3]. The system was used to characterize and
to control the surface finish produced by the AWJ cutting. The force
sensor technique developed for abrasive waterjet cutting applications
provides a near-real-time output of a measured watejet process variable.
It was successfully used for monitoring and controlling the cutting
efficiency of a workpiece with variable thickness [4,5].

The purpose of this study is to characterize the surface finish
generated by an AWJ process using statistical analysis. The data base
obtained from cutting ‘experiments were used to examine the roughness
pattern and to establish a correlation in terms of the process variables.
A series of emperical equations for roughness value are derived and tested
for a limited range of AWJ process variables.

2. EXPERIMENTAL SETUP AND PROCEDURE

The high pressure system used for this study consists of an 11X-6 series
dual intensifier pump connected to a PASER nozzle assembly; both
manufactured by Flow International Inc. The PASER assembly is manipulated
by a GMF A~-200 robot with a KAREL controller. It has an AC servo drive
system and a repeatability of * 0.0508 mm. The robot can be programmed by

teaching points or by geometrically defining the motions off-line:

A surface profilometer (Model ADR-22) manufactured by Federal Products
was used to measure the average roughness (R) of the AWJ cuts. The
amplifier of the profilometer has a sensitivity and cutoff set at 0.300 and
0.03 inches (7.62 and 0.726 mm). The probe has a 0.0004 inch (0.0l mm)
radius diamond stylus. It is also equipped with a built-in skid which
follows the contour of the surface being measured. The motor-drive moves
the probe over the specimen surface with a specific stroke length, 0.3 inch
(7.62 mm) in this case. As the probe is profiling the contour of the
surface, the digital readout gradually approaches the actual Ra surface
roughness on the specimen. It takes approximately 10 to 20 seconds for the
digital readout to asymptotically reach the approximate value of an AWJ
cut.
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2.1 Materials Selection and Properties

The materials chosen for this study meet the test criteria. The
materials are able to withstand surface roughness measurements without
damage to the surface. If the stylus indents the surface, as is the case
with some aluminum, then the results are not accurate. The materials are
also relatively consistent in composition so that any variability in a cut
surface can be attributed to the cutting process. The workpiece materials
are able to be machined with the AWJ process at reascnable cutting rates
in order to avoid inaccuracy of the manipulator motion speed. The
workpieces used are of different compositions to cover a wide spectrum of
material types. The workpiece materials are aluminum oxide ceramic (AD
85), graphite compcsite, and 304 stainless steel. The graphite epoxy
composite material has a fiber volume percent of approximately 63, and
Poisson's ratio of 0.38. Since the graphite fibers oriented in ocne
direction, the modulus of elasticity and tensile strength properties are
different from directions of 0 to 90 degrees. For this reason, a separate
value is given for 0° and 90° in each of these attribute catagories. The
mechanical properties of the workpiece materials are listed in Table 1.

2.2 Test Procedure

To perform the statistical analyses of the surface roughness produced
by abrasive waterjet machining, a data base was created by cutting the
materials. The significance of roughness variation with respect to
position on the workpiece was specifically investigated. A data base was
created by machining the three materials, each with numerous cutting
speeds, and recording the roughness measurements for each cut. This data
base was then statistically analyzed.

Statistical analyses were conducted, beginning with roughness average
(R) measurements of the machined surfaces. The profilometer measured the
roughness in a grid like fashion. This grid pattern is shown in Figure 2.
The numbers shown on the face are average roughness readings obtained from
the ceramic sample; cutting speed equal to 0.4-0.5 inches per minute. The
roughness variation across and down the cut face was investigated. By
using four levels in the vertical direction, the curve fit may be as high
as third order. Similarly, three levels used in the horizontal direction
allow for a fit of up to second order. Orthogonal polynomial regression

method was used to determine the significant variation in roughness value
due to horizontal or vertical change in grid location at 95% confidence
level. Finally, the multiple regression was used to generate an emperical
equation by a curve-fit method.

To minimize the inter-parametric influence on the statistical
characterization of the surface finish, all waterjet process parameters are
held constant except the nozzle traverse rate, workpiece materials, and
workpiece thickness. For the purpose of generating the database for this
study, the workpiece materials with constant thickness were used.  The
values of the AWJ parameters used for cutting tests are:

A. Hydrodynamic Parameter

1. Water Pressure 35000 psi [241 MPa]

2. Orifice Size 0.018 inch {0.46 mm]

3. Nozzle diameter 0.062 inch [1.57 mm]

4. Nozzle length 2 inch [50.8 mm]
B. Abrasive Parameters

5. Abrasive material type garnet

6. Particle size 80 mesh

7. Mass flow rate 1.0 lb/min [7.56 kg/s]

8. Grain shape angular (random)

C. Mixing Parameters

9. Mixing method suction

10. Abrasive condition (wet,dry) dry

11. Mixing chamber size .4 cu inch [6.5E-5 m’]
12. Abrasive hose diameter (ID) 0.25 inch [6.35 mm ]
13. Abrasive hose length 72 inch (1.83 m b
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D. Cutting Parameters

14. Nozzle traverse rate variable

15. Nozzle/workpiece standoff 0.05 inch [1.27 mm]
16. Number of passes 1

17. Impingement angle 90 degrees

18. Workpiece material variable

19. Workpiece thickness variable

3. SURFACE FINISH CHARACTERIZATION

The data base for measured average roughness for AD8S ceramic, stainless
steel, and graphite composite are used to generate the regression equation
with a relatively high confidence level. The results show that no
statistically justifable variation in roughness (R) is present in the
lateral direction for all workpieces tested. The results alsoc indicate
that for the given range of cuttting speeds for each material, the
variation in surface roughness with depth varies as:

R = 181 - 111.6D + 33.9D® (Ceramic for S=.75 ipm)
R = 106 + 12.6D (Steel for S=2 ipm) (1)
R = 142.8 + 16D (Graphite for S=5 ipm)
where:
R = surface roughness (u-inch)
D = depth of surface (inch)
S = cutting speed (ipm)

Figure 3 exhibits the measurement scatter associated with R sampling for
a ceramic workpiece cut at .75 ipm. The scatter increases as the depth
increases. The similar results were obtained for two other workpiece
materials cut at four different cutting speeds. Figure 4 illustrates the
curve shifting as the cutting speed increases. The method of predicting
R in terms of the depth of cut D requires a separate curve for each cutting
speed.

A 1linear regression model for the ceramic workpiece gives the
correlation coefficient (Cr) of .84. But the second order regression model
for AD 85 expressed by equation (1) increases the correlation coefficient
to .9486 yielding a 90% prediction.

3.1 Multiple Regression Model

The single regression model developed for the depth variable is extended
to include both depth and cutting speed. To accomplish this three computer
programs (MUTIPOL, MULTYINTER, and MULTIALL) [6] for multiple regression
procedures were developed. The first program (MULTIPOL) develops a first
order equation. The average roughness measurements for each specific depth
and cutting speed are entered. The second program, (MULTYINTER), includes
the interaction between depth and speed, and the third program (MULTIALL)
combines both the interaction effect and the squared terms for speed and
depth. Each program yields the characteristic equations, correlation
coefficients and the estimate of the standard error. If the MULTIPOL
program yields a low correlation coefficient, the second program is
employed which includes additional terms. The MULTYINTER program gives a
better fit than MULTIPOL since it incorporates the interaction terms.
Similarly, the MULTIALL program can be used if the degree of fit is still
not acceptable. For example, the AD 85 ceramic yielded only .8274
correlation coefficient for S and D regression model by MULTIPOL program.
This model includes the first order terms only. A better correlation can
be found by expanding the equation including an interaction effect. The
correlation coefficient increases to 0.9351311. That is 87.45% of the data
is represented by the equation. Next, the squared terms of both the depth
and the speed can be included to further increase the value of Cr. By
incorporating the interaction and the square terms into the multiple
regression model, one can obtain the correlation coefficient of 0.97 which

implicates 94.60% of the data representation by the equation expressed as:
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R = 131 - 121.4D - 51.15 + 2241.6D% - 1.58* + 1397.9DS (2)

Figure 5 shows the roughness distribution expressed in terms of the depth
on workpiece for S = 0.75 ipm. The multiple second order regression model
for AD 85 expressed by equation (2) gives very close correlation with the
data.

similarly, the multiple regression model was applied for steel and
graphite composite materials [6]. The stainless steel model developed by
including the interaction effect yields a satisfactory correlation
coefficient of .97. The graphite composite also only requires the
interaction effect yielding a correlation coefficient of 0.9838. The
corresponding linear multiple regression models with D & S interaction
effects for steel and graphite composites are expressed as:

R

123.3 - 88.7D - 7.95 + 108.8 DS (steel)

(3)
R

128.7 - 18.7D + 3.7S + 18.4DS (graphite)
3.2 Accuracy of Multiple Regression Model

To ascertain the accuracy of multiple regression models developed in the
previous experiments, a group of materials with similar composition is cut
with the AWJ and the surface roughness was measured. Since the ceramic
workpiece produced the higher order characteristic equation, it was chosen
as the test material for this experiment. A 0.25 inch thick material with
a range of speed from 0.5 to 1.2 ipm (0.21 to 0.51 mm/s) was tested for
the same values of the processing parameters used in the previous
experiments. The result of this experiment revealed that 85.7% of data are
represented by the derived multiple higher order regression model.

This portion of the study has revealed three valuable informations
concerning the surface finish characterization. (1) A curve fit equation
can be generated which predicts the surface roughness in terms of the depth
and cutting speed. (2) The surface roughness measured at the bottom of the
workpiece always gives the highest value. (3) No significant variation in
roughness is present in the horizontal direction (laterally across the cut
face). The last two characteristics listed above can be used to define a
measurement method of surface roughness for an AWJ cut surface. One point
reading taken at the bottom of the cut at any eight lateral positions will
yield a value corresponding to the roughest portion of the cut face. This
"yorst case" scenario is often adequate for industrial applications. .

4. SURFACE ROUGHNESS AND FORCE CONTROL

Having defined the surface roughness applicable to AWJ cutting process,
the next step is to control the roughness. The surface control is achieved
by use of the material removal kinetics, namely the cutting force.

4.1 Abrasive Waterjet Dynamometer

A beam force transducer developed for measurement of cutting force was
used as a dynamometer for this investigation [3]. The output of the four
active arm Wheatstone Bridge circuit mounted on a beam is expressed in
terms of the applied force P as:

= (P) (4)
2IE

AV £
T
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where G, is the gage factor for four identical strain gages used. The
constants a and ¢ are beam geometry, E is the modulus of elasticity, and
I is the cross section moment of inertia of the beam. Several different
force sensing beam designs were initially attempted. The beam which is
used in this study is versatile, accurate, easy to operate, and tends to

minimize the drift. The drift is largely caused by the expansion or
contraction of the beam due to temperature change. The output from the
beam transducer was measured using an analog recording devices. A BAM

bridge amplifier was wired to the four strain gages. The analog signal
from the BAM was then sent to a process computer through a 200 gain op-
amplifier, filtered to remove frequencies above 15 HZ, and fed into an 2/D
board in an IBM PC. A computer program written in interpretive basic
sampled the force data at a frequency of 50 HZ.

4.2 Surface Roughness Versus Cutting Force

The cutting force detected by the AWJ dynamometer is known to represent
the measure of the cutting efficiency. Since the AWJ cutting efficiency
can generally be controlled by adjusting the waterjet process variables,
the cutting force can be used as a kinetic parameter to control the
efficiency of cut, i.e. the surface roughness:

R=J, F (£f,) (3)

where J, is a modified waterjet process parameter and f, is the level of
force output. In a previous study the inverse of equation (5) was used in
optimization of the AWJ process by a force feedback control [5]. However,
there are several unanswered questions regarding the role of individual AWJ
parameter in f, and R relation, especially the role of material properties
and microstructure. This study clearly reveals the material dependency on
the surface roughness and force relation.

An experiment was conducted to ascertain the role of material parameter
on the establishment of R and f, relations. All three materials (AD 85,
stainless steel, and graphite composites) were used to generate the force-
roughness relation as shown in Figure 6. The cutting test was conducted
using the workpieces with the same thickness (.385 inch) at a wide range
of cutting speeds to attain the force level between 0.5 and 2.1 lbs (2.2
to 3.94N). This eliminates a coupling effect of the geometric parameter
(thickness) on the R and f, relation. It is, however, interesting to note
that the linear regression model derived from this experiment indicates a
separate trend between brittle material (ceramics) and ductile and psudo-
ductile materials (steel and graphite composite). The regression model for
all three materials are:

R = -111.5 + 232.4 £, (Ceramic, Cr =.96)
R= 69.1 + 232.4 £, (Steel, Cr = .95) (6)
R = 109.9 + 91.8 £, (Graphite, Cr =.99)

where the slope of steel and graphite composites are the same and Cr is the
correlation coefficient.

In order to investigate the influence of the microstructure of a family
of materials, the similar cutting test was conducted using a family of
sintered Al,0; ceramics. The three grades of alumina ceramics (Ad 85, AD
94, and AD 99.5) were tested. The mechanical properties of all three
grades of alumina are listed in Table 1. Each of the materials was cut at
a range of speeds to generate the reactive forces ranging between 0.5 and
2.1 1lbs. Figure 7 shows the roughness distribution plotted in terms of the
cutting force for all three sinter alumina ceramics (the same thickness)
at a varying cutting speed. The second order regression model for this
experiment is derived as:

R = 151.5 - 173 £, + 112.4 £} (7)
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with a relatively high correlation coefficient, Cr = 0.93. The result
indicates that the kinetic parameter (£,) can actually be used to establish
an exact functional relation for a group of the same material family with
different microstructure, at least for alumina. Although this result is
not conclusive enough to extend the same functional relation to other
groups of material family, it clearly reveals a possible correlation
between the AWJ generated surface morphology and the mechanical properties
of the workpiece materials.
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TABLE 1 Mechanmical Properties of Workpieces
" ) Specific Modulgs.of Tensile Compressive
aterials Gravity Elasticity Strengthl Strengthy Hardness
(GPA) (MP3) (MPA)

316 STL STEEL 8.03 ! 207 552 20 HRB
AL, Oy (AD 85) 3.42 | : 227 124 1654 75 HR45N
AL, 04 (AD 94) 3.62 287 186 2067 78 HR45N
AL, 04 (AD99.5) 3.84 358 262 2067 81 HR4SN
GRAPHITE COMP. 1.61 414 11
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AN ANALYSIS OF THE MIXING AND CUTTING
PERFORMANCE OF ABRASIVE WATER JETS

E. Nadeau, D.J. Burns, G.D. Stubley
University of Waterloo
Department of Mechanical Engineering
Waterloo, Ontario, Canada

ABSTRACT: The study of abrasive waterjet cutting is complex due to the number of parameters that have to be
accounted for: water pressure at the orifice, orifice diameter, mixing tube diameter, abrasive flow rate, abrasive
material characteristics including size, traverse rate and number of cutting passes, standoff distance and target
material properties.

A numerical mixing mode! has been developed to provide a better understanding of the evolution of the jet prior to
cutting. Shallow kerfing experiments have been used to investigate the relationship between cutting performance
and abrasive impact velocity and density. ’

The proposed paper presents the numerical mixing model, resuits of the aforementioned experiments and
reanalyses some of the data previously published by others.

RESUME : L'étude de la coupe par jet d'eau est complexe a cause des nombreux parametres dont il faut tenir
compte : pression de l'eau a l'orifice, diameétre de I'crifice, diametre du tube de mélange, débit d'abrasif,
caractéristiques du matériau abrasif dont Ia taille. la vitesse de traversée et le nombre de passes de coupe, la
distance de garde et les propriétés du matériau cible.

Un modeéle de mélange numérique a été mis au point pour mieux comprendre ['évolution du jet avant la coupe. Des
expériences sur des traits peu profonds ont permis d'étudier la relation entre le rendement en coupe et la vitesse
d'impact et la densité de I'abrasif.

La présente communication décrit le modéle de mélange numérique, les résuitats des expériences
susmentionnées et refait 'analyse de certaines données publiées antérieurement par d'autres auteurs.

Organized and Sponsored by the National Research Council of Canada and the U.S. Water Jet Technology Association.
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THE DYNAMICS OF MULTI-PHASE FLOW IN COLLIMATED JETS

A.L. Miller, R.W. Kugel anp G.A. Savanick
U.S. Department of the Interior, Bureau of Mines
Minneapolis, Minnesota 55417-3099, USA

ABSTRACT: The dynamics and thermal characteristics of a small-diameter, high-speed waterjet expanding into a
larger diameter open-ended pipe were studied by the Bureau of Mines. The void created as the jet expands into the
larger pipe are filled by vaporization or by entrainment of backflowing air from the pipe exit. The resuiting mixture
exits the larger pipe as a well dispersed multi-phase fluid. Observation of the vaporization/dispersion phencmena
through glass pipes indicated three distinct flow regions: 1) jet breakup, II) collimation, and Ill) backflow. Mass-flow
distribution measurements in region Il suggest a system of well-dispersed droplets. Pressure and temperature
measurements in the first two regions are consistent with vaporization equilibrium values and show little variation. A
computer simulation of evaporation rate was used to verify that vaporization equilibrium is reached in a fraction of
the residence time of the fluid in the pipe. Surface conductivity measurements indicate the absence of a water film
on the inner pipe walls up to region lll, where a significant increase in surface conductivity occurs. The boundary
between regions |l and Il is marked by a considerable discontinuity in pressure and temperature. These

observations will be used to develop a model to determine flow losses and momentum transfer in the muiti-phase
flow.

RESUME : La dynamique et les caractéristiques thermiques d'un petit jet d'eau & haute vitesse qui se détend dans
un tuyau ouvert plus gros ont été étudiées par le Bureau of Mines. Le vide qui s'établit quand le jet grossit dans le
tuyau plus grand est rempli par vaporisation ou par entrainement de ['air de retour aspiré par le tuyau. Le méiange
résultant sort du tuyau sous la forme d'un fluide muitiphasés dispersé. L'observation des phénoménes de
vaporisation et de dispersion dans des tuyau de verre a révélé I'existence de trois régions d'écoulement distinctes:

- 1) décomposition du jet, 1l) collimation et Ill) écoulement de retour. Des mesures de la distribution des écoulements

de masse dans la région il révélent la présence d'un systéme de gouitelettes bien dispersées. Les mesures de
pression et de température dans les deux premiéres régions concordent avec les valeurs d'équilibre de
vaporisation et fluctuent peu. Une simulation sur ordinateur de la vitesse d'évaporation a permis de verifier que
I'équilibre de vaporisation est atteint dans une fraction du temps de séjour du fluide dans le tuyau. Les mesures de
conductivité en surface indiquent qu'il n'y a pas de pellicule d'eau sur les parois intérieures du tuyau jusque dans la
région 1l ol la conductivité superficielle augmente sensiblement. La limite entre les régions Il et iIl est marquée par
une discontinuité importante de pression et de température. Ces observations serviront & mettre au point un
modeéle de calcul des pertes d'écoulement et de transfert de quantité de mouvement dans I'écoulement muitiphasé.

Organized and Sponsored by the Nationai Research Council of Canada and the U.S. Water Jet Technology Association.
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1.0 INTRODUCTION

The Bureau of Mines has patented and licensed for manufacture a new type of hard-rock drill
which uses a "collimated" abrasive jet, i.e., a jet which retains cutting power for distances
of over 3 m by confining (collimating) the abrasive jet in a pipe. Collimated jets undoubtedly
have further applications in mining, but such applications await an improved understanding of
the physics involved.

The cutting apparatus consists of a small-diameter (2 mm) coherent water jet entering a
15.9-mm-diameter "collimating" pipe, into which abrasive material is inducted via a port
immediately downstream of the jet nozzle (fig. 1). Using only 69 MPa (10,000 psi) water
pressure, this configuration has been used to cut hard rock (quartzite with 73,000-psi compres-
sive strength) at distances of over 3 m from the jet nozzle. This is postulated to be a result
of efficient momentum transfer between the jet and the abrasive particles, and Tow flow losses
due to the containment of the jet within the pipe. The aim of present research is to charac-
terize the flow of the three-phase abrasive slurry inside the collimating pipe. This paper
presents results of a study of the dynamic and thermodynamic behavior of the water jet as it
disintegrates into the pipe. Extensive flow visualization studies, using glass collimating
pipes, have identified three regions as shown in figure 2. Region I, the breakup region, is
where the jet is disintegrating and expanding to fill the collimating pipe. Expansion of the
2-mm jet into the much Targer pipe yields the very high void fraction of 0.984. In region II,
the dispersed fluid is a "collimated" mixture flowing in the pipe. Region III is the region in
which air is backflowing from the pipe exit. In order to understand the vaporization behavior
of the water as it flows through these regions, experiments were designed to accurately measure
temperature and pressure profiles in the collimating pipe. These profiles were measured in
various collimating pipe configurations, and were limited to the flow of water and its own
vapor, i.e., without air or abrasive entrainment. In order to verify the degree to which the
Jet disperses in the pipe, the radial distribution of mass-flow was measured in region II of
the flow using a small-diameter probe to collect samples of the collimated fluid at equally
spaced intervals across the pipe diameter. Experimental data indicate that the jet disperses
significantly throughout the pipe diameter and that conditions of vaporization equilibrium
prevail. -

2.0 EXPERIMENTAL
2.1 Flow Visualization

A 2-mm nozzle was directed into a 15.9-mm-1.D. glass pipe without air entrainment. The
pump pressure to the nozzle was increased gradually from 0 to 10,000 psi and the resulting flow
dynamics observed. Liquid dye was injected at various points in the collimating pipe to help
identify flow patterns. A He-Ne laser was used to investigate the light transmitting proper-
ties of the various flow patterns which occurred in the pipe.

A dual contact conductance probe was incorporated in the pipe wall in order to determine if
a liquid film existed at the wall. Two 3-mm aluminum contacts were mounted flush with the wall
and spaced approximately 2 mm apart. The current between them was measured with a conductance
meter.

2.2 Pressure Measurements

The local static pressure in the glass collimating pipes was measured at ports consisting
of 5-mm-I.D. glass nipples attached perpendicularly to the 1.2-m collimating pipes at 10-cm
intervals. Vacuum pressure transducers were attached to the glass nipples with vacuum tubing
and mounted on a rack parallel to the collimating pipe as shown in figure 3. Shut-off valves
were incorporated to prevent damage to the sensitive transducers during pump starting and
warmup. The transducers have a range from 0 to 1 atmosphere absolute, and were calibrated
before each run using a mercury manometer. Their output was routed via an analog digital
conversion board to the interactive software which stored the data in a spreadsheet.

2.3 Temperature Measurements

Temperature data were obtained by insertion of 1.57-mm stainless steel sheathed thermo-
couples into glass nipples mounted perpendicularly on the outside of the collimating pipe
(fig. 3). The thermocouples were the bare-ended type and were centered in the nipple by a
cylindrical rubber spacer so as to minimize the influence of heat transfer from the pipe walls.
The thermo-couple ends were placed as close to the flow stream as possible. The high velocity
of the collimated fluid prevented placement of the thermocouples in the moving stream. The
feedwater temperature was monitored at the nozzle entrance for all experiments. This provided
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an initial reference temperature for thermodynamic processes in the system. Typical feedwater
temperatures ranged from 16 to 20° C.

2.4 Mass-Flow Distribution

The mass flow rate was sampled at various points in the collimated flow of region II.
Figure 4 is a schematic of the experimental apparatus. The collection probe was a 1.08-mm-I1.D.
stainless-steel hypodermic needle, which had been honed to produce a sharp leading edge at the
entrance point. The needle was long enough that it allowed placement of the entrance point
upstream of the exit disturbances, i.e., into region 1I. The needle was supported by a stream-
lined cone of stainless steel which was attached to a piece of 6.3-mm steel tubing. The fluid
entering the probe was channeled through the cone and tubing to a collection container. The
entire probe assembly was traversed in equal increments across the diameter of the collimating
pipe. The mass-flow rate at each point was determined from the mass of fluid collected in a
given time interval at that point.

3.0 RESULTS

Flow pattern development was easily observed in a glass collimating pipe. At pump pres-
sures below 4.7 MPa (680 psi), the pipe was full of low-velocity Tiquid into which the jet
diffused its momentum. At approximately 4.7 MPa, the jet momentum was great enough to expel
this 1iquid plug from the collimating pipe, and a new flow pattern resumed. This new flow
was characterized by extreme turbulence and it was found by injection of dye at the pipe exit
that air was flowing backward along the pipe walls to fill the voids created by the expanding
jet. At a pump pressure of 7.25 MPa (1,050 psi), the jet momentum increased to a point where
the backflowing air could no longer reach the nozzle. The ensuing flow pattern is that pic-
tured in figure 2. The area of regions I and II becomes evacuated, as no air can rush in to
£i11 the voids created by the expanding jet. As pump pressure is raised, the boundary between
regions II and III extends further and further toward the pipe exit. It is within 3 cm of the
exit at nozzle pressures of 55.2 MPa (8,000 psi) or greater.

At the normal system operating pressure of 69 MPa (10,000 psi), the conditions of region II
prevail in nearly the entire pipe length. This region is, therefore, of particular interest.
Pressure measurements in this region indicate a nearly constant pressure of approximately
18 torr (fig. 5), with a sudden discontinuity at the boundary between regions II and III, where
the pressure jumps to that of the ambient atmosphere (760 torr). Analysis of the experimental
data indicates a slightly positive pressure gradient of .007 - .038 torr/cm in region II and a
much larger positive gradient of 15-200 torr/cm in region III.

Temperature measurements in region II indicate a nearly constant temperature within 0.5° C
of the feedwater temperature. At the boundary between regions II and III, an abrupt tempera-
ture rise is measured, and temperatures in region III were found to be 10 to 13° C warmer than
the feedwater (fig. 6). The warmer temperatures may be due to stagnation effects of backflow-
ing air and possible adiabatic compression of the Tow-pressure vapor with subsequent rapid
condensation. The temperatures and pressures measured in region II coincide with vapor pres-
sure equilibrium values calculated for water.

Results of mass-flow distribution measurements appear in figure 7. The graph presents
results of two test setups, which were identical except for a slight difference in Tongitudinal
alignment of the jet with the pipe axis. The data show that the mass flow is well distributed
across the pipe diameter, although somewhat sensitive to jet-pipe alignment. The horizontal
line on the graph represents the theoretical average mass-flow rate expected through the probe
at the operating conditions of this experiment, using the ideal assumptions of a) homogeneous
fluid continuum, b) constant velocity across the duct, c) 100-pct collection probe efficiency.

Assuming constant mass flow in the system and ignoring inherent corrections required to
account for pipe geometry and asymmetrical flow structure, the area under all curves in figure
would be equal. Comparing the areas under the two data curves with that under the ideal curve
yields overall collection efficiencies of 97 and 113 pct. This suggests that the combined
errors due to pipe geometry, asymmetric flow structure, and probe inefficiency are only 3 to
13 pct. This is to say that to a first order approximation, the measurements indicate that the
mass is well distributed throughout the pipe cross section.

4.0 DISCUSSION

Experimental results indicate that the coherent jet breaks up and disperses throughout the
collimating pipe. The mechanics of this breakup process are not readily discernable, nor has
a method been devised for droplet size measurement in this system. Size and distribution of
droplets, although difficult to determine, are important in understanding flow dynamics in the
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collimating pipe. To this end, jet break-up theory was used to investigate likely breakup
scenarios and the expected drop sizes they would produce.

4.1 Mechanical Breakup

The tendency for a jet to disperse into droplets begins with the.natural instabilities
prevalent in even the most coherent jets. The theory of capillary instability, sometimes
called Raleigh breakup, predicts breakup distances that are many times the jet diameter,
(Wingquist, S. C., 1986), but fails to address the topic of shear at the jet surface. It is
well known that high-velocity jets produce aerodynamic shear at the surface, which results in
rapid shedding or peeling of droplets from the surface. The maximum expected size of such
droplets has been determined (Weber M. G., 1919). Weber showed that the mechanical breakup
of droplets is due to aerodynamic forces overcoming the surface tension forces which hold the
droplets together. The ratio of aerodynamic forces to surface tension forces which exist in
a given flow field is called the Weber number and is written as:

W, = (Ug~U,)? p D/o Equation (1)

Equation (1) is used to define the critical Weber number, where "D" is the maximum stable
droplet size, (Ud-Ug) the velocity difference between droplets and the vapor phase, (p) the
density of the vapor and (o) the surface tension of the droplets. This has been determined
experimentally for various vapor-droplet environments. Critical Weber numbers typically range
between 6 and 14, but have been reported as Tow as 1.9 for high quality steam-water nozzle
flow (Alger, T. W., 1978). In addition, it is noted (Deich, M. E., 1972) that accurate drop-
let size predictions in a two-phase nozzle could be achieved using a critical Weber number
less than 1. This suggests that the breakup process in high-speed turbulent two-phase
dispersions may be accounted for by choosing a critical Weber number near unity.

The maximum stable droplet size in the collimated jet is estimated using equation (1) in
the region where the jet expands into the collimating pipe. The jet is assumed to break up
into droplets due to the aerodynamic forces generated between the jet and the surrounding low
pressure vapor. The vapor is assumed to be stagnant in the region surrounding the expanding
jet. The jet velocity is assumed to be 360 m/s. The droplet surface tension is assumed to be
that of plane surfaces. A value of unity is assumed for critical Weber number as suggested.

Incorporating these assumptions and rewriting equation (1) gives:
D = (0)/p(Us-U,)? = 34.5 pm Equation (2)

This represents a maximum stable droplet size expected due to aerodynamic breakup. Actual
drop sizes in the flow would be expected to be in this range or smaller.

4.2 Thermodynamic Breakup

In addition to mechanical breakup there are thermodynamic effects producing atomization
in the collimated jet. As the Tiquid jet exits the nozzle, it encounters a low-pressure
environment in the collimating pipe. This low pressure is transmitted through the jet at the
speed of sound in water (approximately 1,400 m/s) and within approximately 0.71 ps, practi-
cally instantaneously, the pressure is felt at the jet core. When this pressure is below the
saturation pressire value corresponding to the local Tiquid temperature, i.e., when the liquid
is superheated with respect to its surroundings, instantaneous pressure-boiling or flashing
will begin at nucleation sites in the 1iquid. The subsequent expansion of numerous vapor
bubbles in the jet causes the jet core to disintegrate rapidly as seen in figure 8 which is
sketched based on photos found in Fedoseev (Fedoseev, V. A., 1958).

Another thermodynamically motivated breakup mechanism is that referred to as the boiling
breakup model (Crowe, C. T. and W. J. Comfort, 1978). The boiling is driven by a temperature
gradient between the center of a droplet and the surrounding vapor. If the droplet surface is
cooled ‘approximately instantaneously by evaporation, the temperature at the droplet core will
lag behind, due to a lower heat transfer rate in the liquid, resulting in internal boiling and
subsequent disintegration of the droplet. In the boiling breakup model, droplet disintegra-
tion will begin when the saturation pressure corresponding to the droplet core temperature is
equal to the ambient pressure plus the pressure due to surface tension of the droplet. This
is written as:

P(T core) P(T vapor) T 4(0)/D Equation (3)
orD=4 (0)/P(T core) " P(T vapor) Equation (4)
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where: Pip o) 18 the vapor pressure corresponding to the temperature at the core, P(r vapor)

is the vapor pressure corresponding to the temperature at the surface of the droplet, ¢ 1s the
surface tension of the droplet, and "D" is the diameter of the droplet. A detailed model based
on this approach (Crowe, C. T., 1978) predicts droplet sizes of a few microns. The droplet
size expected using this model is dependent on the slope of the vapor pressure versus temper-
ature curve for the temperature range applicable to the experiment. At the temperature range
of the collimated jet, this slope is rather shallow, which results in Tlarger droplet sizes than
those predicted by Crowe and Comfort. It is, therefore, expected that this type of boiling
breakup phenomenon aids only in disintegration of Targer droplets, while finer atomization is
due to dynamic forces.

4.3 Evaporation Model

A computer model! was developed to calculate temperatures, pressures, and evaporation rates
in the collimated waterjet. The model assumed water droplets of various uniform sizes were
placed in a void space initially at zero pressure and allowed to evaporate so that the water
vapor pressure built up to its saturation (equilibrium) value. Evaporation and condensation
rates were calculated using kinetic molecular theory, experimental condensation coefficients
(Delaney, L. J., R. W. Houston, and L. C. Eagleton, 1964), and the assumption that the rate of
evaporation is equal to the rate of condensation which would prevail if the vapor pressure were
equal to its saturation value.

Using this model and a void fraction of 0.984 (corresponding to a jet diameter of 2.0 mm
and a collimating pipe diameter of 15.9 mm) and starting with water droplets of diameters
between 1 and 50 pm at 15° C, relative evaporation rates were calculated as a function of time.
The results of these calculations are shown in figure 9. These results clearly indicate that
vaporization equilibrium is established rapidly for well-dispersed droplets at these starting
conditions. Since, for the reasons presented above, the average droplet diameter in the .
collimated jet is likely less than 50 pm, vaporization equilibrium should be well established
in much less than 200 gs (or well within 6 cm of pipe length for an average flow velocity of
300 m/s). These calculations are consistent with the observation that measured temperatures
and pressures in the collimating pipe correspond to equilibrium values.

5.0 SUMMARY

Characterization of the multi-phase flow in the collimating pipe does not lend itself to
theoretical treatment by standard methods of fluid mechanics. The high void fraction and the
measured mass distribution indicate that the fluid would behave as a gas, yet based on known
mass-flow rate, the average density is over 1,000 times that of gaseous water vapor. Standard
analyses using momentum and energy -conservation principles are complicated by characteristics
of the system such as the presence of a positive pressure gradient and the density variation
caused by phase change. A model which characterizes the collimated flow must address the
unique physics of the system. Experimental results and theoretical analysis have shown that

when the pump pressure is above a particular value (7.25 MPa for the collimating pipe tested),
the following are true:

1. The jet prevents air from backflowing, and voids in the pipe must be filled by
vaporization.

2. The pressure and temperature in region II, which includes most of the pipe, are at values
that reflect vaporization equilibrium.

3. The mass of the collimated fluid is found to be well dispersed in the pipe.
4. No continuous film is detected at the wall.

5. The time required for vaporization equilibrium to be established is very fast compared to
the residence time of the fluid in the pipe.

These deductions lead to the following preliminary flow characterization. Initially, the
coherent jet is influenced externally by aerodynamic forces and internally by thermodynamic
disequilibrium, both of which instigate jet instability and droplet formation. Mass-flow
distribution experiments indicate that the system of dropiets thus formed is well dispersed in
the pipe. Pressure and temperature measurements indicate that evaporation fills the voids
between droplets and establishes an equilibrium pressure in the pipe. Any variation in this

The Fortran program used a finite element analysis with a time increment
of 0.01 microseconds and was run on a Masscomp super-micro computer.
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pressure Teads to extremely rapid phase change, thereby, maintaining vaporization equilibrium
even at high-flow velocities. In a pressure discontinuity near the pipe exit, the pressure
rises quickly to that of the ambient atmosphere.

In order to quantify flow characteristics, further research should include development of a
model which incorporates the above observations.

It will be important to address the interactions between flow dynamics and phase transition
using energy conservation principles. A model which includes this energy balance and allows
for an adverse pressure gradient and discontinuity near the exit will lead to determination of
overall flow Tosses and ultimately to estimates of wall shear effects and momentum degradation
in the collimating pipe. Such a model will lead to optimization of the collimated abrasive jet
drill and possibly to development of other mining tools based on the collimated jet principle.
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ABSTRACT: This paper reports about modified application of abrasive water jets for three-dimensional machining
of ceramics. The concept for a complete manufacturing method is introduced. Basic idea of this concept is to break
up the workpiece geometry into several single steps of machining by abrasive kerfing. For this aim kerf geometry
has to be described by mathematical functions and influences of process parameters and material parameters on
the accuracy of matching as weil as on the surface properties have to be investigated. Results concerning the first
steps of this concept are shown in the paper.

RESUME : Cette communication traite d'une variante de I'application des jets d'eau abrasifs a l'usinage
tridimensionnel des céramiques. Le principe d'une méthode compléte de fabrication est présenté. Ce principe
consiste a ramener la géométrie de I'éprouvette a plusieurs étapes d'usinage simples en réalisant des traits & l'aide
d'un abrasif. A cette fin, la géométrie des traits doit étre décrite par des fonctions mathématiques, et les effets des
paramétres de processus et des parametres des matériaux sur la précision de la correspondance ainsi que sur les
propriétés de surface doivent étre examinés. Les résultais des premiéres étapes sont présentés dans la
communication. )
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. 1. Introduction

Today the abrasive water jet technique is normally used for cutting applications in the case of
machining steel, concrete and reinforced plastics. In addition a field of useful and efficient
application is the machining of materials when it is problematic to do this by other methods. Re-
garding this fact the field of materials of interest was extended also to ceramics. Although the
production of ceramic products is mainly done by near net shaping methods an industrial demand for
machining methods for ceramics is rising up. Reasons for the necessity to machine ceramics are:

- Complex shaped workpieces with partial thin walls or webs that cannot be manufactured by com-
mon methods like hot isostatical pressing to generate a homogenous structure and high
strength. In this case the production of a block with the desired properties and the subse-
quent machining is a sufficient way.

- Workpiece geometry itself is to complex to be produced by casting or forging e.g.

— Shrinkage during cooling of hot pressed workpieces is too high. That requires a machining proce-
dure to reach accuracy and surface quality.

Amongst common techniques like grinding and sawing with diamond tools, ultrasonic treatments,
spark erosion or laser treatment /1-4/ also the abrasive water jet can be used in this case /5-6/.
This paper contents informations about the first work carried out in the frame of the development
of a manufacturing method for three-dimensional machining of ceramics. Three-dimensional machining
in this context includes cutting, turning and milling and for the manufacturing of special work-
piece geometries a combination of these treatments. In case of milling the aim of this project is
to devide the desired workpiece geometry into several single machining steps based on the results
of single and multiple pass kerfing tests.

2. Concept for the development of a manufacturing method

The concept for this new manufacturing method mainly consists of the analysis of the desired work-
piece geometry and the mathematical breakup into several single steps of machining that can be
produced by abrasive water jets. Each of these single steps should produce a smooth kerf. Ma-—
chining sharp edged kerfs is expected to be insufficent because in this case the interaction be-
tween neighbouring kerfs during machining will lead to jet deflection which may cause secondary
kerfing at the opposite flank. The desired shape of the workpiece should be worked out of a mas-
sive material running this sequence of single passes. For this aim the analysis of the kerf geome-~
try generated under various conditions and its mathematical description is of great importance and
the basis of the manufacturing method. The whole working package for the generation of his manu-~
facturing method is devided into three parts as follows:

A. Basic studies based on single pass kerfing tests

Suitable description functions for kerf geometry have to be determined as well as the influence
of process parameters on the accuracy of the selected description functions. Another point is
the determination of error levels for description of surface geometry which is important
looking to part B. Border zone properties (e.g. roughness) have to be determined to make a
forecast for quality of machined parts. Preliminary studies have also to face the interaction
between single pass kerfs in case of machining deep kerfs or wide grooves respectively.

B. Modelling of the machining process
This part concerns about the prediction of workpiece geometry based on single pass data in case V
of multiple pass and parallel kerfing as well as multiple-directional kerfing. Beside this also

the prediction of workpiece roughness and waviness is of interest. For this aim suitable
modells have to be set up and verified.
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C. Generation of a machine and self-adaptive control system

Based on data for material and abrasive treatment parameters, special geometry parameters and
surface properties as a function of abrasive treatment resulting from part A and B a machine
control system has to be generated. To improve the performance of the manufacturing method a
self-adaptive control system has to be set up. This concerns the registration of the actual
size and shape of the workpiece during machining while the next machining step runs to minimize
the error level concerning the desired shape. This point includes the development of sensor
systems as well as special software.

This paper feports on the results concerning the beginning of this working package.

2. Test facilities

In principle any abrasive cutting system can be used to carry out single and multiple-pass kerfing
tests. Therefor it is planed to do these tests as well with a premixed abrasive jet as with a con-
ventional injector system. With the last mentioned system the first test were carried out. A cut-
ting head with 0.25 mm diameter of water jet nozzle, 1.2 mmn diameter and 50 mm length of focussing
nozzle was used /7/. Pressure was generated by an intensifier up to 4000 bars at a flow rate up to
4 1/min. Specimen were made of dry pressed and sintered alumina with a purity of 99.7% and a den~
sity of 97% of theoretical density. Abrasive media used was garnet sand (diameter: 0.25 - 0.60
mn). The geometry of the kerfs and the topography of the ground of the kerfs was determined by a
pick-up system with a flat datum. Because of the expected depth of the kerfs a special stylus beam
was build. With this equipment kerfs of a depth up to 2 mm were measurable.

Measurements were done unfiltered to get the geometry of the kerfs and filtered in case of the de-
termination of the surface roughness.

All tests were carried out in air to get a continuous transition between the uneffected surface of
the specimen and the kerf. Certainly kerfing can be done also under water, however, in this case
sharper bounded kerfs are produced /8/. This fact complicates the description of the kerfs by
simple functions. Impingement angle was always 90 deg. as was found to be optimal for maxinal vol-
ume removel rate in case of erosion of alumina /9/.

3. Single pass kerfing tests

Tests were carried ocut in a range of parameters as:

pressure: 1000 to 3000 bars
abrasive feed rate: 1tol0 g/s
traverse rate: 50 to 200 rmm/min
working distance: 20 to 100 mm

To minimize the number of specimen a standard condition was used as follows:

pressure: 1000 bars
abrasive flow rate: 4 g/s
traverse rate: 100 rm/min
working distance: 80 mm

To get an idea about the influence of process parameters for exanmple on kerf geometry or surface
roughness based on this standard only one parameter was changed.

The geometry of the kerfs generated by the abrasive jet cutting technique is mainly influenced by

parameters of the process like pressure, working distance or the geometry of the focussing nozzle.
Fig. 1 gives an example for the range of different kerf-gecmetries when changing the working dis-
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tance. A small working distance leads to sharp edged kerfs with smooth surface of the flanks. In-
creasing working distance leads to decreasing depth and increasing width of kerf while the surface
becomes more and more rough and irregular. Increasing working distance causes first an increasing
of volume removal rate. If a certain working distance is exceeded the volume removal rate de-
creases again. Using standard conditions this optimal working distance was in the range of 60 to
80 mm.

Different kerfing conditions lead to different rates of volume removal. Fig. 2 shows the influence
of some parameters on the volume removal rate which is increased when increasing the parameters
'pressure’, 'abrasive feed rate' and 'traverse rate'.

Increasing the pressure while other parameters are unchanged causes increasing water jet wvelocity
and accordingly a increasing abrasive particle velocity. This leads to a higher impact energy of
each particle and as one result to an increasing rate of particle volume to material removal vol-
ume.

Increasing abrasive feed rate leads to an increasing number of impacts and due to this fact to an
increasing volume removal rate as an integral effect. Dramatically increasing the abrasive feed
rate will lead to an increasing plugging of the kerf with abrasive particles so that it is ex-
pected that an optimal volume removal rate will occure at a certain value of abrasive feed rate.
Increasing traverse rate also increases volume removal rate because the interaction between abra-
sive particles during machining that means the number and violence of collisions is decreased.
This will cause an increase of the ratio of abrasive particle volume to material removal volume.
It is expected that in case of further increasing of the traverse rate a steady state level of
volume removal rate will be reached. )

In contrast to the application of the abrasive technique in case of cutting - normally very small
and deep kerfs are created -in case of the manufacturing method we want to build up the kerfs have
to be more flat. That means that the ratio of width of kerf to depth of kerf is changed to higher
values. Due to this fact the kerf geometry is quite sensitive to irregularities of the structure
of the abrasive jet. These irregularities will cause variations between the expected and the
machined kerf geometry. This point is of great importance because errors during single-pass
kerfing will be added up in case of multiple-pass kerfing when machining complicated geometries.
As a consequence one has to ensure that the abrasive head is well adjusted. In particular the
water jet has to flow in the center of the focussing nozzle. Deviations from this requirement will
lead to non symnetrical kerfs as shown in fig. 3. In this case the focussing nozzle was not
adjusted exactely but so that the pure water jet touched the edge of the inner diameter of the
focussing nozzle at its outlet. This can be seen as the poorest condition of adjusting.

Another fact has to be regarded in this context, that means the wear of the focussing nozzle
during operation. In opposite to cutting applications where the wear of the focus leads to a
slightly increase of width of the slot and to a decrease of depth of slot as well as cutting effi-
ciency in case of kerfing the influence of the wear of the focus on the geometry of the kerf is
distinct. Fig. 4 gives an idea of this phenomena.

For the description of the kerfs by regression it has to be ensured that the more or less acciden-
tally choosen profile is representative for the geometry of the kerf. Under normal conditions the
place where the profile for regression is taken from is indifferent (see fig. 5) although there is
a scattering which depends on materials properties and on mechanism of material removal as well as
on process parameters. In this context "normal conditions" means that the surface topography of
the kerf is quite smooth. The eight single profiles of fig. 5 were taken from one specimen with a
misalignment of 1 mm. It can be seen that all profiles show a good confirmity.

4. Mathematically description of the kerf geometry
Describing the kerf geometry generated under various conditions is one important column in the
frame of the envisaged working station. The kerf geometry is characterized through a local minimum

(deepest point of the kerf), two inflection points and two local maximums. Types of functions that
are applicable in principle for that geometry are for example polynomial of grade 4 at least, sine
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or cosine respectively or a bell-shape distribution. From our point of view cosine-functions are
qualified for this approach very well because they have some immanent advantages compared to other
types of functions as there are for example:

- matching is easy to realize by variation of the wavelength and of the amplitude
~ superposition of single-kerf can be done using addition theoremes

Exemplary fig. 6 shows the good confirmity between measured profile and a cosine-function like:
v(x) = c * (cos x - 1)

Parameter ¢ was determined by the method of least squares using a commercial software package for
matrix-calculations. This very simple function seems to be sufficient for the description of the

geometry of the kerfs generated by abrasive water jets. Variable x runs from 0 to 2m. A multiple- 4
paranetric cosine-function like:

y(x) = ¢ * L (cos x - 1)

was expected to give a better matching compared to an one-parametric one. Fig. 7 indicates that in
this case the grade of matching decreases when 2 to 4-parametric cosine-functions are used mainly
because the depth of the kerf is not represented by the functions in a sufficient way. This is of
great importance because the depth of the machined kerf is not permitted to exceed the depth of
the mathematically predicted depth using a cosine function.

In case of an one parametric cosine function parameter ¢ represents the half value of the depth of
kerf. So for the prediction of kerf geometry a function like

y(x) = 0.5 d) (cos x ~ 1)

should be used. Variable x - as mentioned running from.0 to 27 - represents the width of kerf.
Therefore the width of kerf has to be equated 2m. Table 1 shows the results for depth and width of
kerf depending on the combination of parameters.

The quality of description of the kerfs depends on a lot of process and material parameters. First
results show that the quality of description increases with increasing the ratio of width to depth
of the kerf and with decreasing surface roughness. Fig. 8 shows the best and the worst results
found during the tests. The root-mean-square deviation was 1.9 % and 10 % respectively.

Because ceramics are very brittle materials surface properties for example roughness as a result
of the machining process has a great influence on workpiece strength. Therefore it is of interest
how surface roughness is influenced by the main process parameters as e.g. pressure, abrasive feed
rate and traverse rate. Fig. 9 indicates that surface roughness increases when increasing pressure
while the abrasive feed rate seems to has no significant influence on surface roughness. Varia-
tions in traverse rate lead to a lower value of surface roughness when increasing the traverse
rate. Each value represents the average of four measurements taken from the ground of the kerfs
with a scattering of + 15% maximal.

Chronological development of roughness is given in fig. 10 in case of multiple pass kerfing. As
can be seen roughness is increasing during the first passes before reaching a steady level because
damage of material by solid impact is a time dependent phenomena.

These presented results only shall give an idea of the dependence of process parameters on surface
roughness and should not be seen as absolute values. Comparing the values of roughness that are
generated under similar conditions one can see that there is a range of scattering up to 20%

-although all tests were carried out very carefully and specimen were produced under similar condi-
. tions. This scattering indicates that there is a influence of deviations of materials properties

on surface roughness.

Some additional tests were carried out to lower the roughness of machined surfaces by a subsequent
treatment using high speed water jets without abrasives. This way was choosen not to change work-

' piece geometry essentially. First a kerf was machined using standard conditions. The subseguent
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treatment was done with 1000 bar, 200 mm/min and 80 mm working distance. The results show that
there is no significant improvement when running one or two passes under these conditions. Even
the increasing of the pressure up to 3000 bar leads to no significant change of roughness. So an
improvement only can be expected using an optimized sequence of operations and perhaps a smoother
abrasive for finishing.

Finally fig. 11 shows some SEM~photographs taken from the unaffected surface as well as from the
flank and the bottom of the kerf created under standard conditions. The unaffected surface (fig.
1lla) shows some micro flaws as intercristalline cracks and pores. Fig. 11b was taken from the
transition between unaffected surface and kerf showing some first pits. Fig. 1lc was taken from
the flank of the kerf while fig. 11d was taken from the bottom of the kerf. Both fig llc and 11d
are showing no significant differences indicating that surface topography is mainly influenced by
material properties and of course by process parameters and not by the different intensity of the
jet at its periphery. Fig. lle was taken from a specimen from the bottom of the kerf that was
treated by 3000 bars while other parametres were standard conditions. Compared to fig. 11d the
surface shows some more severe cavtities which cause the increase of center line average shown in
fig. 9.

5. Conclusions and Outlook

A new concept for manufacturing ceramics was introduced based on the idea to devide the desired
workpiece geometry into several single steps of machining that can be done by abrasive water jets.
Basis for this approach is the description of kerf geometry produced by abrasive water Jjets by
mathematical functions. It was found that simple cosine functions are suitable to describe kerf
geometry in a sufficient way.

. Following the concept now it is necessary to demonstrate the possibility to predict the workpiece
geometry as a result of single steps of machining by mathematical methods.

Due to the sensibility of strength of ceramic products on surface roughness further work has to
find also a solution for improvements regarding this fact. In case there is no possibility to
lower surface roughness nevertheless a combination of near net machining by abrasive water Jjets
and surface finishing by ultra sonic treatment e.g. could improve performance of machining of
ceramics at all. Especially the volume removal rate will be increased and so the total machining
time can be lowered.
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Parameter Width of kerf Depth of kerf

in mm in mn

1000 bars 11.44 0.422
2000 bars 11.36 0.960
3000 bars 11.31 1.804
1 g/s - 11.20 0.134

2 g/s 10.98 0.230

4 g/s 11.44 0.422

6 g/s 11.52 0.440

8 g/s 12.29 0.500
10 g/s 13.44 0.538
50 mm/min 11.05 0.844
100 mm/min 11.44 - 0.422
200 mm/min 11.18 0.268
20 mn 4.00 0.922
40 mm 6.88 0.600
60 mm 9.92 0.582
80 mm 11.44 0.422
100 wmm 15.04 0.314

Parameters other than listed are:

pressure: 1000 bars
abrasive feed rate: 4 g/s
traverse rate: . 100 mm/min
working distance: 80 mm

Table 1: Influence of process parameters on depth and width
of kerf
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parameters: pressure: 3000 bar, abrasive: glass pearls,
parameters other than listed: standard condition
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Fig. 11: SEM-photographs of kerfed alumina
a: unaffected surface b: transition between unaffected surface and kerf

c: flank d,e: bottom
parameters: a-d: standard condition; e: pressure: 3000 bars, other standard
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A

ABSTRACT: A basic investigation of the factors which influence the abrasive jet mixing process was conducted,
aimed at reducing abrasive consumption and increasing nozzie life. Particle size analysis for “as-received”, once
through the nozzle, and after passing through the target material were accomplished for a controlled grit size. Grit
size distributions were obtained using sieve analysis and water and air collectors. Two different mixing chamber
geometries were evaluated, as well as pressure, abrasive feed rate, cutting speed, and target material properties
effects on particle size distribution. An analysis of the particle size distribution shows that the main particle
breakdown is from 180 directly to 63 microns for a nominal 80 grit garnet. This selective breakdown occurs in both
the mixing nozzle and cutting process.

RESUME : Une étude fondamentale des facteurs qui influe sur le mélange des jets abrasifs a été menée dans le
but de réduire la consommation d'abrasifs et d'augmenter la durée des bues. Une analyse granulométrique
d'abrasifs avant utilisation, aprés passage dans la buse et aprés pénétration dans la cible a éte réalisée pour en
contrdler la taille. Des distributions des diamétres des particules abrasives ont été établies par analyse au tamis et
utilisation de collecteurs & eau et & air. Deux géométries de chambre de mélange ont été évaluées, ainsi que les
effets de la pression, du débit d'alimentation en abrasif, de la vitesse de coupe et des propriétés de la cible sur la
distribution des tailles des particules. L'analyse granulométrique révéle que la principale tranche granulométrique
va de 180 directement & 63 microns pour des particules de grenat de 80 microns de diameétre nominal. Cette
séparation sélective se produit dans la buse de mélange et le processus de coupe. :

Organized and Sponsored by the National Research Council of Canada and the U.S. Water Jet Technology Association.
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1.0 INTRODUCTION

The introduction of abrasive water jets has broadened the potential base
of fluid jet technology applications. Hard metals, ceramics, and thick
composites are only a few of the materials which can be machined using abrasive
fluid jets. But, with this expanded applications base, comes some challenging
problems.

Typical operating/maintenance costs for "water-only" jets range from
$0.90/hr to $2.74/hr, while "abrasive" jet costs range from $9.98 to $29.92/hr;
approximately a factor of ten (10) increase(l). This increase in costs can be
attributed to two factors: .

1. the type and amount of abrasive utilized
2. life of the abrasive nozzle or mixing tube

Hence, minimizing the amount of abrasive consumed and extending the life of the
mixing tube will have a substantial impact on the economic viability of abrasive
jets versus conventional methods. Work by Hashish, et al(2) has shown that the
amount and size of abrasive used significantly affects the wear in mixing tubes,
(as measured by the change in diameter). Lower abrasive flow rates, and smaller
particle sizes reduced nozzle wear. While these conditions produce favorable
economics they are not conducive to increasing jet performance in terms of depth
of cut produced(3,4). Hence, there must be tradeoffs between performance and
nmixing tube life/abrasive consumption related to the abrasive jet formation
process.

Understanding the mixing process which creates the abrasive jet is a key
step to developing intelligent cost/performance tradeoffs. This process is a
complex, 3-phase, 3-substance flow which at present, eludes theoretical
considerations. To address the mixing process the abrasive jet must be
characterized in terms of abrasive particle size, wvelocity, and density
distribution within the jet. This is predicated on the assumption that in hard
materials the abrasive particles cause the primary cutting action, and the water
jet is used as the accelerating mechanism.

The primary focus of this paper is the effects of various process
parameters on the particle size distribution in an abrasive jet. The influence
of pressure, abrasive flow rate, cutting rate, mixing chamber design and
material properties on cutting performance are investigated. To accurately
establish the effects of these parameters the jet condition must be described
as it issues from the mixing tube, and after it exits the target material.

2. EXPERIMENTAL CONSIDERATIONS

The breakdown of particles in the abrasive jet cutting process occurs in
two stages:
1. particle/particle, particle/water jet and
particle/wall collisions in the mixing
chamber/tube assembly.
2. particle/particle, and particle/target
collisions on the target cutting surface.

Therefore, to establish particle size distribution in the abrasive material
samples of the abrasive were taken before entering the abrasive mixing chamber,
after exiting the mixing tube, and after cutting through the test specimen.
In this way the effects of mixing chamber/tube design changes could be separated
from target material and operating condition effects.

Garnet abrasive was used in all the tests with a nominal 80 grit size.
The size distribution of this type of abrasive is given in table 1 below (based
on mass).

Table 1

Size Distribution of Nominal 80 Grit Garnet
Particle Size Range (4(m) Percent of Sample

Greater than 250 5.9

180 < s < 250 71.7

150 < s <€ 180 19.1

125 < s € 150 2.6

106 < s < 125 0.5

75 < s < 106 0.1
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The main mass fraction of this nominal 80 grit (i.e. the size range of 180 <
s < 250 ALm) was used in all tests to provide a more controlled initial size
range for the abrasive.

Fig. 1 shows the high pressure intensifier pumping system and pneumatic
abrasive feed unit. This is a standard commercially available unit, and it
formed the basis for all subsequent testing. The first series of tests were
run with the abrasive jet issuing into a catcher without impinging on a target,
as shown in fig. la. From this test the distribution of particles delivered
to the target surface could be established, as a function of operating
conditions and nozzle geometry. As part of the initial investigation two
catchers were employed, 1.) a water catcher, and 2.) an air catcher. The air
catcher was similar to that employed by Galecki and Mazurkiewicz (5), both in
size and length, while the water catcher was also tubular but only 10.2 cm. in
diameter and 122 cm. long. Fig. 2 shows a comparison of particle size
distributions for both types of catchers operating under identical conditions
of nozzle size, pressure, and abrasive flow rate. For each catcher the amount
of abrasive placed into the hopper and the amount recovered from the catcher
were recorded to insure accurate results. Typical losses on a mass basis were
in the range of 1 to 2% of the initial input mass. As shown the difference
between the two catchers occurs outside the range of 75 to 150 micrometers.
As will be shown later, this range of particle sizes is not afffected as they
pass through the nozzle. Hence, either of the catchers could be used, but the
air type was chosen because of the ease of operation and handling. Note, that
both catchers indicate that only 20 to 22% of the particles in the initial range
of 180 to 250 micrometers survive the passage through the abrasive nozzle
assembly. This agrees with the data of Galecki and Mazurkiewicz (5) for
comparable nozzle sizes and operating pressures. Hence, a substantial increase
in the number of particles in the initial range of 180-250 micrometers may be
possible if the significant operating conditions, and nozzle design parameters
can be identified. As will be shown in later sections of this paper, it is this
range of particles which produces the majority of the cutting action for this
nominal size abrasive.

With the experimental method established, the effects of various operating
conditions and nozzle design parameters can now be evaluated.

3.0 OPERATING CONDITIONS AND NOZZLE DESIGN VARIATIONS STUDY

The next series of tests were conducted to establish the effects of
pressure, abrasive feed rate, and mixing tube length on the particle size
distribution of the jet as it issues from the mixing tube. A 0.35mm primary
water jet nozzle, and a 1.2mm mixing tube nozzle diameter were employed for all
tests. Fig's. 3 through 6 show the effect of pressure on particle size
distribution for various mass flow rates(the % sample size on the vertical axis
is based on mass). Note the similarity of the distributions for each abrasive
mass flow rate, and the relatively weak effect of pressure on particle size
distribution, in the range of typical operating pressures as shown in fig. 7.
The bulk of the particle breakdown occurs in the pressure range of 0 to 205 MPa.
Increasing the pressure beyond this level decreases the percent of particles
in the initial size range of 180 to 250 micrometers and increases the fines,
with the change from 205 MPa to 274 MPa being greater than the change from 274
MPa to 342 MPa. Also, the more lightly loaded jets (i.e lower abrasive mass
flow rates), show a greater sensitivity to pressure changes than the heavier
loaded jets, as shown in fig. 8. The decrease in the larger particles generally
shows up in a increase in the fines ( i.e. particles sizes less than 63
micrometers), rather than a equal distribution across the full range of particle
sizes, as shown in fig's. 3 through 6. Thus, in the range of 63 through 125
micrometers particle size distributions remain relatively constant over the
range of pressures investigated.

Fig. 9 shows the effect of mixing tube length on the particle size
distribution for variations longer and shorter than the standard length of 51
mm. As shown, the changes in the distributions are not significant, Hence,
longer mixing tubes which would provide greater accessibility to the working
surface do not impose any penalties in terms of altering the particle size
distribution.

Fig. 9 also suggests that the particle breakdown that occurs during the
mixing process is concentrated within the mixing chamber area. Fig. 10 shows
the geometry of the standard mixing chamber employed during the initial phase
of the tests. The tapered inlet on the mixing tube, fig. 10a, is considered
to be part of the mixing chamber. Fig. 11 shows an alternate mixing chamber
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design where the taper on the mixing tube is replaced with a flat surface, but
the mixing tube diameter is kept the same as it was with the tapered inlet
design. This design was subjected to the same type of test as the standard unit
to determine the particle size distribution as it exits from the mixing tube.
Fig. 12 shows a comparison of the two designs under identical operating
conditions. The modified nozzle produces lower amounts of particles in the
range of 180 micrometers, but does not produce as many fine particles (i.e. less
than 63 micrometers) than the standard design. The impact of this and other
design/operating changes can be gauged only by evaluating the net effect on the
work piece, which is the subject of the next section.

4.0 TARGET AND OPERATING CONDITION EFFECTS

In the previous section the jet exiting from the abrasive mixing tube was
characterized in terms of particle size distribution. A major question
regarding the observed distributions is whether or not they are the proper type
for effective cutting, based on the target material and operating conditions.
A series of tests were performed using the test system shown in fig. 13. As
shown, a pneumatic cylinder with speed controls is used to pass a flat steel
specimen under the abrasive nozzle. This traversing mechanism is fixed to the
outside cap on the catcher assembly, and is timed so that the abrasive jet is
"ON" for the same amount of time before it engages the target. This time is
kept to a small percentage of the total test time. The cut length on the
specimen is fixed at 2.86 cm, and the abrasive weight in the hopper is recorded
before and after each test to establish the amount consumed. Each test is also
timed so that cutting rate and abrasive flow rate can be established.

Fig. 14 shows the effect of cutting rate on particle size distribution
after the jet has passed through a 1018 cold rolled steel target 6.4mm thick,
with a hardness of 84 to 97 Rockwell B. Over the range of 63 to 125 micrometers
the distributions remain relatively constant as the cutting speed is irncrease
from 6.35 cm/min to 25.4 cm/min. The primary effect of increased cutting speed
on particle size distribution is to decrease the amount of particles in the 150
to 180 micrometers range and increase the fine particles, less than 63
micrometers. This data and the results from the previous section clearly shown
why recirculation of the abrasive will not produce the same level of cutting
as unused abrasive, since the mixing/cutting process is selective in nature,
and the breakdown that occurs in the process is from large particles to fines.

Fig. 15 shows the effect of target thickness on the particle size
distribution for cold rolled steel. The same trend is again evident in the
shift from 180 to less than 63 micrometers in particle size. This trend is
attributed to the increase in target/particle collisions due %o increased
thickness, just as faster cutting rates also increase target/particle collisions
and cause the same shift as was shown in fig. 14.

Fig. 16 shows the effect of target hardness on the particle size
distribution for steel specimens. A fixed thickness of 6.04 cm was used
and the target materials were a 1018 cold rolled steel (Rockwell hardness of
95 Rb, nominal), and a high strength steel, quenched and tempered, (Rockwell
hardness of 26 Rc, nominal) of the following composition:

Carbon....... .22-.27 %
Manganese.... 1.4 %
Phosphorus... .02 %
Sulphur...... .015 %
Aluminum..... .015 %

Again, the same trend in terms of shift from 180 to less than 63 micrometers
in particle size is exhibited for both test specimens. The harder material also
shows an increase in the particles less than 75 micrometers as compared to the
softer steel.

One measure of cut quality is the surface roughness of the cut surface
produced by the abrasive jet. Fig. 17 shows the particle size distribution for
various abrasive flow rates when cutting 1018 cold rolled steel with a hardness
of Rockwell 88 Rb, at a constant pressure and cutting rate. PFig. 18 shows the
resulting surface finishes (measured in micrometers), which correspond to the
particle size distributions of fig. 17. Measurements of surface roughness were
taken at the top, middle and bottom of the cut. As shown, the surface roughness
increases from top to bottom, and decreases with increasing abrasive mass flow
rate. These trends have been observed by other researchers in metals and non-
metalics.

208



5.0 CONCLUSIONS

From the results of the investigation the following conclusions are
relevant.

First, the amount of abrasive of the initial mass fraction which survives
the transit through the mixing nozzle is in the range of 20-25%.

Second, the particles in the main mass fraction affect the cutting action
of an abrasive jet. The remaining particles of the main mass fraction exiting
the mixing tube are reduced, via collision with the work surface, to fine
particles in the range of sizes less than 63 micrometers. Particles in the size
range of 75 to 150 micrometers do not seem to be affected during transit through
the nozzle, or during the cutting operation.

Third, changes in mixing tube length do not affect the particle size
distribution, but changes in mixing chamber geometry do affect the particle size
distribution.

_ Fourth, thicker materials cause a greater decrease in the main mass
fraction of the abrasive, and an increase in the fines. This suggests that
recycling is more viable for thin sections than for thick sections, since more
of the main abrasive mass fraction remains intact.

Fifth, over the typical operating pressure range of 205 MPa to 342 MPa the
jet pressure has a specific effect on altering particle size distributions, in
that the main mass fraction is reduced to fine particle sizes less than 63
micrometers. The main mass fraction change is more substantially affected by
pressure changes in the range of 0 to 205 MPa.
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NOMENCLATURE

Dw = Water jet nozzle diameter (mm)
Da = Abrasive nozzle diameter (mm)
Ma = Abrasive flow rate (Kg/min)
Target specimen thickness (mm)
Jet Pressure (MPa)

Cutting Velocity (cm/min)
Particle size (microns)

Rb = Rockwell Hardness ( B Scale) .
Rc = Rockwell Hardness ( C Scale)
L = Mixing Tube length (mm)

n 49 ct

Won nou
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Fig. 1 High Pressure Pumping
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Fig. la Air Catcher Test System
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INVESTIGATION OF ANATOMY OF AN ABRASIVE WATERJET

E.S. Geskin, W.L. Chen, S.S. Chen, F. Hu, M.E. H. Khan anp S. Kim
New Jersey Institute of Technology ‘ :

Newark, NJ, USA
AND

P. Singh anp R. Ferguson
Ingersoll-Rand Company

ABSTRACT: The study was concerned with the distribution of abrasive particles within an abrasive water jet. Three
independent experimental techniques were utilized in this study. High frequency filming (10,000 frames per second)
was used to visualize particle motion. A copper vapor laser was employed as the source of the light to make the
motion of the particles visible. Another experimental technique invoived the investigation of erosion of a polished
surface of a stainless steel plate subjected to the impingement of the moving jet. The topography of the eroded
surface was examined by SEM and optical microscope. Particle distribution was aiso studied by collecting the
central portion of the jet using different diameters of diamond washers. The resuits of the experiments have shown
that particles in the jet are distributed randomly and emitted in intermittent clusters.

RESUME : L'étude a porté sur la distribution des particules abrasives dans un jet d'eau abrasif. Trois techniques
expérimentales indépendantes ont été utilisées a cette fin. Le mouvement des particules a été visualisé par
photographie ultra-rapide (10 000 images & la seconde). Un laser & vapeur de cuivre a été utilisé comme source de
lumiére pour rendre visible le mouvement des particules. Une autre technique expérimentale a porté sur I'étude de
la surface polie d'une plaque d'acier inoxydable exposée au jet en mouvement. Le relief de la surface érodée a été
examiné au microscope électronique & balayage et au microscope optique. La distribution des particules a aussi
été étudiée en collectant la partie centrale du jet au moyen de rondelles en diamant de différents diametres. Les

résultats des expériences ont montré que les particules dans le jet sont distribuées au hasard et émises en nuages
intermittents. .

Organized and Sponsored by the National Research Council of Canada and the U.S. Water Jet Technology Association.
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I. INTRODUCTION

The cutting capability of the abrasive waterjet (AWT) is determined by forces developed through the interaction between individual particles
and a work piece. The success of cutting depends on the velocity field of the particles entrained by the water flow. The generation of the
particles water flow involves suction of the particles into a mixing chamber, entrainment of these particles into a high velocity water flow, and
their subsequent redistribution in the carbide tube and in the free jet, caused by turbulent diffusion. The distribution of particles in a jet stream,
exiting the nozzle, is a criterion of nozzle effectiveness. Because of the experimental difficulties and the lack of data describing the abrasive jet .
the availability of information about particles distribution is limited. M. Hashish et. al. suggests that particles are concentrated at the central part
of the jet [1]. Our recent work determines that the loose particles, the particles outside the mainstream, have a substantial effect on the results of
cutting [2]. Information about some features of the particles distribution in the jet is given in [3,4]. Itis necessary, however, to obtain a more
comprehensive description of this principal feature of the jet flow. The acquisition of such information is the objective of this study.

1I. EXPERIMENTAL

The work involved measuring the properties of a high velocity jet containing a large number of abrasive particles. Since the direct
measurement of the particles trajectory was not feasible, three independent experimental techniques were used to study the desired distribution.

The first technique involved an attempt to obtain a visual image of the water-particles mixture. The procedure was based on high frequency
(10,000 frames/sec) filming of the jet with copper vapor as the source of light. Each individual frame was examined by an analytical projector.
Use of a laser light made the jet at least partially transparent and enabled us to identify the individual particles and the change in the shape of the
jet under different conditions of the formation.

The second procedure involved an examination of the erosion of a polished surface by an impinging jet. The erosion pattern was
characterized by multiple dimplets resulting from particles impact. It was assumed that the distribution of the dimples was a meausure of the
distribution of the active particles having sufficient energy to deform a target material. The jet-surface interaction was carried out at such speeds
that dimples, formed by individual particles, could be identified.

We can also indirectly derive the particle distribution across the jet by examining the kerf profile of a material being cut. First we can set up
a mathematical model. We assume that the depth of the jet penetration for any site of the impingement zone is proportional to the duration of the
Jet-workpiece interaction. This assumption is correct if the particles are uniformly distributed across the jet and if the mean mass of material
removal per particle is constant. Let us consider an arbitary point C at kerf cross-section (Fig. 1). The distance between this point and the axis of
the kerf is equal to the abscisa x of the point C. The duration of the jet impingement on the site of C is 2AC/v. where AC represents the part of the
Jet which was brought into contact with site C, and v is the speed of jet motion in the cutting direction. Then we can assume that the depth of jet
penetration at point C, denoted by z, is

z=k*AC [t}

where k is the constant for the given cutting conditions, accounting for material removal per particle and speed v, AC is the length of the abrasive
waterjet passing over the point C. From Fig. 1 it follows

AC =r*sin ©® {2]

where

3]

sin ©® = X

After a simple manipulation Equations [1] and [3] yield :

2 g2
+ = 1 (4]

2 k2r2

Equation {4] shows that the profile of the kerf is an ellipse, having axes equal to the depth and width of the kerf when particles are evenly
distributed within the jet cross-section.
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In order to validate the constructed equation a number of kerf were developed on a polished surface of a steel plate. Pictures of the obtained
kerf cross-sections were made and used to determine the coordinates of the profiles. Then the coordinates were determined by the use of equation

(4) where the parameter, kr, was taken equal to the depth of the kerf. Comparison of observed and computed values of the kerf coordinates was
used to evaluate the validity of the assumption about the particles distribution.

The third experimental technique involved the assessment of the amount of the particles passing through a selected sub-region of the jet
cross-section. The ratio between this amount and the total amount of the abrasive, exiting the nozzle in the course of particles accumulation,
enabled us to estimate the relative mass flow rate of the particles through a selected area of the jet cross-section. The values of this ratio for
several sub-regions determined particle distribution within a jet.

This experiment involved the jet impingement on a plane surface holding a circular washer with a hole (or orifice) containing an orifice of a
given cross section area (Fig. 2a, b) and subsequent evaluation of the weight of the particles accumulated beneath the washer. By changing the

diameter of the orifice, we evaluated the mass flow rate of the particles at different regions in the jet. The accuracy of the coaxial alignment of
the jet and the orifice determined the accuracy of this experiment.

The preliminary tests showed that only a diamond washer can be used in these experiments, although the diamond eroded somewhat during
the interaction with the abrasive jet. Coaxiality of the orifice and the jet was attained by proper positioning of the nozzle. To achieve this, the
system was run at low presuure and the water jet part of the washer was carfefully observed. Proper alignment was said to have been achieved
when this jet was visually observed to have maximum intensity. This procedure assured the parallelism of the nozzle and orifice axis. Further
improvement in the system alignment was attained by identifying the center of the area on the washer surface eroded by the jet impingement
through microscope. The deviation of this center from the axis of the washer was determined and used to fix the nozzle's position. The erosion
of both the diamond and carbide made it necessary to measure diameters of the carbide and diamond orifices before and after each experiment.
The duration of mixture collected was equal to 10 seconds. It has been shown that by measuring the forces exerted by the jet on a workpiece that
the duration of the transient processes in a jet does not exceed 1 second [5]. Thus, during the 10 second impingement, the steady state condition

of the jet was obtained. At the same time, the erosion of the diamond and the carbide, during water jet cutting, did not adversely affect the
experimental conditions.

The mixtures collected, with and without the diamond washer, were stored in two operate beakers and their volumes and weights are
recorded. Each mixture was held in a beaker, until the particles settled down. The excess clear water was drained and the particles were dried by

heating the mixture to a temperature of more than 100° C and weighed again. Such a procedure enabled us to determine the volume and mass
fraction of the mixture and the fraction of the abrasive that passed through the washer.

The above experiments were carried out for diamond orifices having a initial internal diameters of 0.005, 0.010, and 0.015 in. The

experiments were carried out at different combinations of sapphire and carbide diameters as well as at the different flow rates of abrasive. Barton
Garnet 80 mesh and 220 mesh were used in this study. :

1II. RESULTS AND DISCUSSION

1. High speed filming. o ‘ ‘ )
The high speed camera was used to investigate 20 different conditions of jet formation. Both clean waterjet and abrasive jets with particles of
different sizes were examined. The film showed that the flow constituted with a jet surrounded by an array of droplets and particles. The jet was
subjected to violent oscillations, both transversal and longitudinal. These oscillations grew into large disturbances along the jet, and eventualll.y
destroyed the continuity of the jet. In some cases individual particles distributed randomly within the jet body were observed (Fig. 3). No region
of preferable particle concentration was found.

2. Investigation of the topography of the erosion zone.

The shape of the polished surface subjected to erosion by a moving AWJ is shown in Figs. 4-6. The presented micrographs demonstrate
random dimple concentration and constant mean density. The image of the erosion zone, Fig. 7 was constructed by the use of a database,
representing the surface (Matrix, 1988). The presented micrographs show that in the longitudinal direction the density of dimples chafxged
periodically due to the mode of the particles distribution within a jet. Clusters of particles formed in the jet create clusters of dimples in the
impingement zone. 'No zone of dimple concentration in the transversal cross-section was observed.

3. Examination of the kerf geometry.
The measured shapes of the kerf and the shapes determined by the equation (4} are given in Fig. 8. The difference between the theoretical
and the experimental data demonstrates that for the given conditions of the kerf formation the assumption made about uniform density of the
active particles distribution is valid for the central part of the jet [7]. This assumption is less accurate for the jet periphery.
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4. Investigation of particles distribution by flow separation.

The results obtained by measuring the strength of the flow, separated by the diamond washer, were used to construct Figs. 9-10 which
demonstrate the distribution of the mixture and particles across the jet [8]. The strength of the flow of the mixture through the washer is
characterized by the weight of mixture collected beneath the washer. Correspondingly, the strength of the separated flow of abrasive is
characterized by the weight percentage of particles passing through the orifice. Figs 9 and 10 show a relationship between the fractions of the
abrasive and the mixture collected beneath the washer. The effect of the orifice diameter on the strength of mixture and abrasive flow is depicted
in Figs 11-14. The graphs presented in Figs 9-14 show a strong correlation between the strength of the flow of abrasive and mixture. This
correlation shows that the time average of particles density for different points of the jet cross-section is uniform.

In Figs 9-14 the following notations are used for flow indentification:

#80 and #220 indicate the particles size in mesh, 10-30 and 7-30 denote the diameters of the sapphire nozzle and carbide tube

in milliinches, #5, #7 and #10 show the flow-rate of the abrasive. For abrasive #80 these flow-rates are 0.240 Ib/min, 0.66

Ib/min, and 0.95 Ib/min; and for particles #220 the flow-rates are 0.140 Ib/min, 0.43 Ib/min, and 0.70 Ib/min, respectively.

5. Effect on Cutting

The observation above indicates that the jet mainstream is a pulsating, flow with mean uniform distribution of particle clusters. The
uniformity of the flow imposes the limitations on the width of the kerf and the maximal depth of cutting. The reduction of the diameter of the jet
can be achieved by the reduction of the diameter of the carbide mixer. This objective can also be accomplished by improving the mixing
conditions in the tube.

Clustering of the particles and pulsation of the jet do have an impact on the maximum cutting speed, kerf width, and the finish of the cut
surface. Improvements in these areas can be made by improving the jet's stability.

IV. CONCLUSIONS

1. Time average of the particles's density within the jet main stream is uniform. This result is not altered by reasonable variations in the
flow rate, particle type or size and sapphire or carbide nozzle diameters.

2. Individual particles form clusters along the longitudinal direction. These clusters enhance non-uniformities in the material cutting rate.

3. The abrasive water jet becomes quickly unstable and the instabilities are strong enough to be observed in the form of severe
oscillations and cluster formation.

4. A new experimenatal technique, devised to measure particle distribution across the jet, successfully provided a direct measurement of
such distribution.
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FIG.

3

FIG. 2b DIAMOND WASHER AND WASHER HOLDER

Frames of the jet film showing behavior of the jet at the
exit of the nozzle. Time interval between frames= 0.0001
secs. Size of particle= 50 mesh, particle flow= #10(540
g/min), diameter of sapphire nozzle= 0.010 in., diameter
of carbide tube= 0.093 in. White spots on the jet body

represent particles. Notice random distribution of
particles within the flow.
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Fig.

4

Micrograph of the surface of a stainless steel plate
subjected to AWJ impingement, X65. Particle size= 50
mesh, particle flow rate= #3(94.6 g/min), diameter of
sapphire nozzle= 0.010 in., diameter of carbide tube=
0.030 in., speed of the nozzle motion= 2400 in/min.
Notice the periodical distribution of dimples and
constant mean density of particles in the transverse
cross~-section.
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Fig.

5

Micrograph of the surface of a stainless steel plate
subjected to AWJ impingement, X65. Particle size= 220
mesh, particle flow rate= #3(48.9 g/min), diameter of
sapphire nozzle= 0.010 in., diameter of carbide tube=
0.030 in., speed of the nozzle motion= 2400 in/min.
Notice that the mean density of dimples and deep crates
generated by impinging clusters of particles is uniform.

SEM micrograph of the surface of a stainless steel plate
subjected to AWJ impingement, X52. Particle size= 50
mesh, particle flow rate= #3(94.6 g/min), diameter of
sapphire nozzle= 0.007 in., diameter of carbide tube=
0.010 in., speed of the nozzle motion= 2400 in/min.
Notice the clustering of dimples in the longitudinal
direction and random distribution of clusters.
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Fig. 7 Topograph of the surface of a stainless steel plate
subjected to AWJ impingement. Particle size= 50 mesh,
particle flow rate= #3(94.6 g/min). The image obtained by
Econoscope system shows even distribution of craters
across the erosion zone.
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8.87 Novembher 21, 1988
Fig. 8

Comparison between theoretical (dotted line) and
experimental shapes of the kerf. Notice a good similarity
between predicted and experimentally obtained lines in
the center of the kerf but this prediction deviates
somewhat at the kerf periphery.
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Fig. 13 CORRELATION BETWEEN PERCENT AREA CHANGE WITH PERCENT
MIXTURE FLOW. Sapphire D= 0.010 in., Carbide D= 0.030 in.
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“WATERJET CUTTING IN A PRODUCTION ENVIRONMENT"
THREE CASE HISTORIES:

AUTOMOTIVE BUMPERS
CARPETING
PRINTED CIRCUIT BOARDS

D.E. Snider
Water Jet Specialties Inc.
Burlington, Ontario L7M 1A6, Canada

ABSTRACT: Waterjet cutting methods cover a vast spectrum of applications in a variety of industries. This short
synopsis depicts three automotive related applications previously involved with conventional cutting tools and
manual operation.

Progressive industrial involvement with automated machinery employ the waterjet process into some unique
production workcells.

No longer a curiosity, 24 hour production lines have verified the process and hardware reliability, as well as
convincing ourselves this tool is no longer “non-conventional”.

RESUME : Les méthodes de coupe par jets d'eau couvrent une vaste gamme d'applications dans une variété
d'industries. Ce résumé décrit trois applications dans I'industrie de I'automobile qui nécessitaient auparavant des
outils de coupe classiques et des opérations manuelles.

L'introduction progressive dans l'industrie de machines automatisées comporte !'utilisation de jets d'eau dans
certaines étapes de production particuliéres. Ce n'est plus une nouveauté! Des lignes de production fonctionnant
24 h sur 24 ont vérifié la fiabilité des méthodes et du matériel, et nous ont convaincu que cet outil n'est plus
“expérimental”.

Organized and Sponsored by the National Research Council of Canada and the U.S. Water Jet Technology Association.
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1.0 INTRODUCTION
1.1 BACKGROUND

New materials, higher production quotas, and intricate profiling manipulation are only a
few overwhelming challenges posing considerable problems to traditiomal methods of cutting.
Streamlining manufacturing processes and technology is a key to ecomomic global
competitiveness and selecting the right teclmology depends on reviewing the benefits.

Concentrating and sustaining the 40 or 60 horsepower resulting in a needle-like jet
stream takes some thought into fixture design and wearability of all components. The ability
to cut omnidirectionally without shock, vibratiom, or thermal deformation with little
vertical or lateral forces emhances the process economics. Flexibility, reduced costs for
tooling, fixturing, re-finishing and material savings are added benefits. Envirommentally,
the compressive shear of the jet eliminates airborne dust for a cleaner work area. The
following case histories have taken advantage of all or a combination of the above benefits.

2.0 ABRASIVEJET AND WATERJET CUTTING WORK TOGETHER TO INCREASE PRODUCIIVITY
2.1 THE PROBLEM

A leading Canadian manufacturer supplies carpets for automobile interiors. With yearly
design changes and improved, tougher carpet materials, they needed an economical and
efficient way to produce the premolded carpeting pieces.

Automobile carpeting is like regular carpeting except for a layer of epoxy on the
bottom. A blank of the carpet is placed on a three-dimensional, contoured aluminum-epoxy
resin mold that has precut openings for seat supports, seat belt boltdowns, and so on. Each
mold has an integral set of cooling-water pipes underneath.

A heated press conforms the carpet to the mold until the epoxy melts. Then the cooling-
water circulated in the pipes lowers the temperature until the epoxy hardens to hold the
carpet into the required contours after the press is removed. Workers trimmed the excess
carpet away from the outside edges and inside openings by hand using carpet knives - a
tedious, slow, and eventually painful process for the employees.

The new carpet materials proved almost impossible to cope with by hand. In addition to
the heat and fumes, the three-dimensional contours and tough material caused so much wrist
fatigue that production was umacceptably slow. The company cared about their workers'
comfort and safety, and they were particularly worried by the high employee turnover rate and
the many wrist-injury claims that resulted from this hard work.

2.2 THE SOLUTION

The workcell developed with this user consists of retooling an existing robot (see
Figure 1) with a high pressure waterjet mozzle. The integration is powered by a 40 H.P.
electronically shifted intensifier pump and high pressure robot swivels are carefully
installed at the key robot axis centerlines. This allows the nozzle flexibility to contour a
three dimensional plane throughout the full robot work envelope maximizing its payback. The
cutting pressure is 3500 bars using a 0.23 mil. (.009") sapphire at 1200 mm per second.

Designing in safety is an ultimate priority. This workcell, as well as many others,
incorporates optical and tactile semsors that can instantly abort movement and pressure.

The waterjet follows the same cutting path slats previously used by the manual knife
slitters. The mold itself required only a catcher pan for the water and Kerf material.

Additional cost savings for new mold slotting was an unexpected benefit for this user.
The preformed carpet mold base arrives om-site as a 3-D "blank". The waterjet nozzle is
fitted with an abrasive mixing chamber and the robot tool center point is reprogrammed. This
operation consists of a multi-pass procedure whereas the mold can vary in thickness from 15mm
to 100mm of Alumimum-Epoxy. Careful monitoring of the abrasive flow rates ensure the
interior cooling system is not damaged.
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'FIGURE 1
3.0 WATERJET CUTTING SAVES RETOCLING COSTS OF NON-STANDARD PARTS.

3.1 THE PROBLEM

A leading manufacturer of extruded, high-impact plastic automobile bumpers had to supply
a non-standard bumper to meet the automobile maker's demand for a limited edition sports car
model. The front bumper needed precise modification by adding four 3/4" holes and two
controlled-radius scallop cuts to clear headlamp housings. In addition, two 18" linear cuts

were needed to remove two 3" ledges, leaving behind a perfectly smooth face on the inside
corners.

With only a few thousand units required, the company couldn't justify -the high cost of
retooling their extrusion process to produce this special part. They considered modifying
an existing bumper design by hand. However, the intricate contouring of the tough bumper
material would have increased labour costs and manual inaccuracies, which made this
alternative equally unattractive.

The company needed a fast and economical way to modify a standard extruded bumper to
meet their customer's demand for this special, limited edition design.

3.2 THE SOLUTION :

The waterjet cutting tool cuts in any direction - even tight inside cormers - and uses
the full capability of robotic manipulation that is often.limited by the geometry of a
mechanical tool.

The workcell imvolved a 25 H.P. intensifier pump at 3700 bar, and plumbing an
articulated am robot (see Figure 2) with the high pressure nozzle and designed a special
0.20 (.008") coned orifice. This patented design retained the waterjet's coherence, so it
could cut the required contour up to three inches away from the nozzle position. The system
included optical position sensing, and vacuum and operator safety interlocks. (see Figure 3)

The controls were easy to operate, and the low thrust of the waterjet cuttmg tool eliminated
the need for elaborate part-support structures.

The waterjet's speed was impressive and its ommidirectional cutting ability even made it
possible to remove the two 18" ledges from the inside corners flush to the vertical face
without leaving a ridge. No additional hand findshing was needed.

The company found the waterjet cutting tool enmabled them to program precise, intricate
changes to a standard product without retooling.
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4.0 WATERJET CUTTING SAVES MONEY AND DOUBLES PRODUCTIVITY

4.1 THE PROBLEM

A major automotive electronics manufacturer in Toronto produces electronic components
and printed wiring boards (PWBs). After assembling surface-mounted components and circuitry
on 29-, 21- and 16-boards, they used a routing drill to cut peripheral slots defining the
individual circuit boards. This process left small tabs that had to be sheared by hand or
with drop shears to divide the master pamels into individual circuit boards.

Tab removal by this stop and go method was too slow for the company' s high production
rates. Manual shearing caused operator fatigue problems, and they lost time and money
replacing worn out shearing blades at a high cost.

Worse, the component commections on these PWBs are extremely sensitive to a variety of
hazards in the production process. Shocks, bending, vibration, heat and dust all contributed
to unacceptably high reject rates. Dulling shears and too frequent handling caused
microscopic cracks or delamination, which also resulted in numerous rejects.

The company needed a fast, clean and way to cut the panels into separate boards without
tool wear delamination, operator fatigue, or excessive handling of the intricate circuit
boards.

4.2 THE SOLUTION

The waterjet cutting tool cut the 3/32" thick panels at speeds of up to 120 inches per
mimite with pinpoint accuracy.

The rotary table work cell was integrated with an X-Y system and Allen Bradley Model
8400 machine tool control. A single operator loaded and unloaded the boards at the external
station of a four-station rotary index table. The operator selected one of several stored
cutting path programs depending upon the configuration of the joined circuit boards.

At the operator's signal, the piece was rotated first into an idle station, then into a
cutting station where dual waterjet nozzles moved along continuous paths automatically
programmed to separate the boards. The final quadrant of the rotary index table housed an
electrostatic drying curtain.

Because the operator's hands never had to enter the cutting area while the system was
on, the board separator was much safer to use than drop shears.

The 60 H.P electronic intensifier pump at 2900 boars and the hair-this diameter of the
jets (typically 0.23 mil or .009") exerted little vertical or lateral pressure on the boards
and created minimal kerf. The sapphire life over 330 hours is attributed to a reverse
osmosis system. The nozzle never came into contact with the boards and the small amount of
kerf was carried away by the waterjet and vacuum/filtration system. (See Figure &) '

This vibration-free, low-force system cut quickly without heat or delamimation to the

boards and the savings in routing tool replacements costs, the system paid for itself in just
five months! The doubled production rate was a bomus.
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FIGURE 4

5.0 CONCLUSION

Waterjet cutting has a definitely unique niche as an industrial production tool.
Feasibility of the process is initially established through parametric cutting of the part
and material. Optimization of the process depends upon the hardware demands created by
proper orifice sizing, pressure requirements, mechanical fatigue (RE: High speed applications
and/or pressures,), etc. The human factor is above 2ll and will remain to be, the most
important factor of a successful production system. All key personmel must have a thorough
understanding of the theory and mechanics of the system. Respect of the process from a
safety point of view, as well as, a production uptime stance depends upon proper training
instructions and understanding simple machine dynamics.
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JOB SHOPPING WITH WATERJET/ABRASIVE WATERJET

F.A. Patell, D.A. Scott anp K. Saari

Advanced Systems
Atomic Energy of Canada Ltd.
Mississauga, Ontario L5K 182, Canada

ABSTRACT: Upon starting up operations, Advanced Systems of Atomic Energy of Canada Ltd. acquired a waterjet
machine with the abrasive waterjet option and an XY ganiry robot for demonstration purposes. Considerable
interest in the facility and its capability became apparent in the form of many requests for custom and in some
cases production cutting. Late in 1988 the decision was made to promote the facility in the job shopping roie and in
November the doors opened for business. This paper traces briefly the evolution of AECL-Advanced Systems as it
found itself in the job shopping role but of more interest, some of the lessons learned since inception.

RESUME : Dés sa mise en exploitation, Advanced Systems de I'Energie atomique du Canada Limitée a fait
racquisition d'une machine a jets d'eau admettant des abrasifs et d'un portique XY robotisé de démonstration.
L'installation et sa capacité ont suscité un grand intérét comme en font foi les nombreuses demandes de travaux de
coupe spéciaux et parfois en série. Vers la fin de 1988, il a été décidé de promouvoir fa recherche de commandes
pour linstaliation et, en novembre, l'instaliation était préte & recevoir les commandes. Cette communication retrace
brievement I'évolution d'Advanced Systems dans son role de recherche de commandes, mais surtout rappelie
certaines legons qui ont été tirées depuis la création du service.

Organized and Sponsored by the National Research Council ot Canada and the U.S. Water Jet Technology Association.
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1.0 INTRODUCTION

Waterjet/Abrasive waterjet job shopping is a material cutting or shaping service generally for small production
quantities or special applications. The unique characteristics of the waterjet process lend themselves to applications
demanding complex contours and shapes, materials otherwise difficult to cut, and wherever surface finish, thermal
effects and work hardening are critical factors. Some of these characteristics are noted below:

2.0

The waterjet is omnidirectional, enabling fully automated three—dimensional cutting and almost unlimited
creative potential.

Due to a relatively narrow jetstream, the kerf width is relatively small, resulting in higher yields.

Waterjet is a beam cutting technology versus mass removal methods such as drilling or machining. This
results in significantly greater cutting and energy efficiencies.

The process imparts minimal force in any direction. This virtually eliminates work hardening of the cut
edge, while permitting the cutting path to come very close to the work piece edge without tearing it. This
also eliminates ragged or crushed edges on softer materials such as non wovens, and greatly simplifies
material handling.

Extremely low heat generation makes it ideal for cutting thermally sensitive materials. Metals don’trequire
post heat treating, and plastic edges are not melted.

The waterjet carries away kerf, eliminating airborne dust.

As a fully programmable beam technology, waterjet minimizes tooling and set up requirements making it
ideal for a J.L.T. environment.

Waterjet produces a high quality cut edge, reducing the need for finishing or grinding operations.

Waterjet integrates several processes (e.g. drilling, cutting, bevelling, machining), thereby reducing the
number of workstations in most manufacturing situations, resulting in improved efficiency and product

quality.

Waterjet and Abrasive waterjet are applicable to almost every type of material in existence, making them
the most versatile of all cutting technologies.

BACKGROUND

AECL Advanced Systems (referred to elsewhere as Advanced Systems) was formed at the start of 1986 to provide
engineering skills for industrial automation and turnkey integrated solutions. This was part of a corporate
diversification strategy. It was decided to acquire Waterjet facilities and technology shortly after the inception of
Advanced Systems, as a key part of an overail market entry programme.
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Waterjet was chosen for various reasons as noted herein.

@ As a technically well developed but commercially emérging technology, it blended well with existing
resources and business objectives.

(i)  Being an omnidirectional beam cutting technology, it was readily adaptable to coinputer and robotic
integration, making it a ideal example of an automated work cell, attractive to modern flexible
manufacturing concepts.

(i)  While the process technology was well proven, its application to specific needs was evolutionary, lending
itself to Advanced Systems’ focus on solution engineering.

(iv)  The technology required a high level of technical competency to be successfully utilized and integrated with
complimentary systems. This was perceived as a good fit with Advanced Systems resources.

(v)  Acquiring the equipment would enable the development of new applications as well as provide a customer
demonstration facility.

Once the system was purchased and installéd, work commenced for various potential clients and applications.
Interest grew in the unique abilities of the waterjet process, and increasing requests for custom cutting of difficult
materials were received. This resulted in a greater depth of knowledge and experience with waterjet and abrasive
waterjet applications. The concept of strategic materials for waterjet and abrasive waterjet evolved out of this
experience. Simply stated, this identified certain materials and applications which were the most technically and
commercially feasible candidates for this process; e.g., glass, ceramics, Stellite, or other high value added
applications. At the same time, it seemed that job shopping could provide a more immediate return on our capital
investment than the commercially evolving market for turnkey systems. This complemented our systems stfategy,
and resulted in the evaluation of various job shop models. Some of them were as follows:

@ A stand alone, general purpose job shop.

(i)  Aclientalready involved ina target industry for job shopping, who could operate a general purpose job shop
when not using it for their product. ’

(iii) A strategic material or related industry job shop; e.g., a glass cutting job shop which could also handle stone
or marble, etc.

In consideration of the above Advanced Systems elected to undertake the stand alone, general purpose job shop
at its own facilities. This would make further use of the existing technical and capital equipment resources, while
keeping Advanced Systems on the cutting edge of this technology.

3.0 TEM D TION

The design and selection of the system was based on the following parameters.
(1)  Versatility:

The System was to be versatile in terms of cutting ability and materials handling. This led to the selection of an
x—y gantry robot, to move the jet across the work piece with speed, accuracy and repeatability. The waterjet
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intensifier, (i.e. the water pressure generator), was also sized with this in mind. It was decided to add the abrasive
waterjet option so as to include a much wider range of materials to be cut, and hence a broader spectrum of potential
systems applications.

) Marketability:

The system was to be representative of the type most commonly needed in industry. This affected the robot design
earlier mentioned, performance requirements such as speed, accuracy, repeatability, and work envelope. This also
affected cost and price considerations.

3) Quality:

It was decided to purchase high quality components such that the system’s performance would not be compromised
and so that the inherent process advantages could be fully realized.

The equipment selected for integration into the waterjet cutting facility consisted of the following, as illustrated
in Table 1. The entire facility as currently in use is shown in Figure 1.

4.0 TYPICAL JOBS COMPLETED

Laminated Plate Glass:

This job involved various cut outs and shapes from 5 FT. x 9 FT. (1.5m x 2.7m) sheets of 1” (25 mm) laminate.
The purpose of these sheets of glass was to serve as the structural and display walls of interactive kiosks for a major
international business development. Figure II shows a photograph of one of these panels after abrasive waterjet
cutting. Figure ITI shows a close up of a curved cut edge shape.

The single greatest challenge in abrasive waterjet cutting of glass sheets is the materials handling aspect. Improper
handling results in cracking and breakage during the cutting operation. However, when properly handled, there
is no cause for concern, and the resulting cut produces a smooth edge requiring minimal surface finishing.

Flat Rolled Stellite:

Several orders have been completed involving rectangular, wedge, ring and disc shaped cuts out of 1/4” to
1/2”(6mm to 13mm) thick Stellite sheet. This costly material is especially well suited to abrasive waterjet cutting.
Conventional cutting of Stellite involves abrasive sawing and grinding, processes which are slow and generate
considerable waste; (at $200 to $300 per pound, this is a critical factor). Abrasive waterjet leaves a smooth cutedge,
virtually eliminating the need for grinding after cutting. It also removes far less material during the cut. The net
effect is significant time and materials savings for the customer. Nesting of parts is easily accomplished with the
system’s computer capabilities.

Granite and Marble:

Abrasive waterjet is certainly the process of choice for cutting and shaping granite and marble. The ability to cut
complex shapes in brittle materials without mechanical shock damage is highlighted in these applications. Jobs
undertaken include black granite logos inlaid in white marble.
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Polished Brass: (Figure IV)

Several jobs have involved cutting out company or product logos for display signs. These are generally complex
shapes, and require the CIMEX hardware and software to generate the necessary controller code for the ESAB
robotic gantry.

Miscellaneous Materials:

Rubbers, plastics, ceramics composites, metals and alloys, magnetic materials and food products, are some of the
other materials cut with Advanced Systems’ waterjet or abrasive waterjet. However, since the inception of the job
shop, the real demand has been for abrasive waterjet cutting. Most waterjet applications, (as opposed to abrasive
waterjet), tend to be dedicated, high volume production units, (as in diaper cutting or fiber insulation slitting). Thus,
the main focus in job shopping will probably continue to be abrasive waterjet cutting.

5.0 LESSONS LEARNED

Several items need to be addressed when setting up a waterjet system. The first and most obvious is that sufficient
space must be provided for getting the items to be cut onto the work table. However, if possible provision should
be made for handling items larger than the work table by the use of table extensions.

Secondly, the environmental factors of noise and overspray and splashing need to be addressed in the overall system
design.

Noise is controlled by limiting the path of the waterjet through air, by proper design and placement of a catcher tank.

Overspray and splashing can be accommodated by means of vacuum suction piping at the source, as well as proper
ventilation, and wash down with a spray hose fixture.

Other observations on the operation of a job shop include the following.

. Regular preventive maintenance of the major mechanical components is of great importance, preventing
costly downtime and ensuring the system’s longevity. The manufacturer’s instructions are quite adequate
in this regard.

. Set up time can easily be underestimated, even though the overall process is low on this requirement as

compared to others. Programming the shape to be cut and doing test cuts prior to the job are most commonly
underestimated. This can be due to inadequate definition of the requirements or unfamiliarity with the
software’s programming requirements.

. Cost considerations must cover capital equipment, fixed overheads, and variable overheads including

operating costs. Operating costs must account for power usage, water supply, effluent disposal, abrasive,
and normal wear parts such as nozzles and orifices.
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TABILE 1
SYSTEM DESCRIPTION

Functional Items Description Make and Model

55000 psig (379 MPa) Ultra High Pressure
Intensifier Pump Flow Systems Model 11X

Abrasive Jet Delivery System Flow Systems Model 425 Paser™

Computer Numerical Control for ESAB

Robotic Gantry ESAB Auto—Path GX
X-Y (2 Axis) Robotic Gantry ESAB Silver Bullet
Computer Integrated Manufacturing System (to CIMEX Line Tracer

automatically generate the tool path for down loading
directly into the CNC robotic controller). (Acquired later).
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Figure 4
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PRECISION CUTTING WITH A LOW PRESSURE, COHERENT
ABRASIVE SUSPENSION JET

R.H. Hollinger, W.D. Perry anp R.K. Swanson
Instrumentation and Space Research Division
Southwest Research Institute
San Antonio, TX 78284, USA

ABSTRACT: Conventional water/abrasive jet cutting relies upon entrainment of abrasive particles in a water jet. The
abrasive and high velocity water are combined in a mixing chamber and subsequently refocused through a focusing
tube or “director nozzle”. Significant velocity and energy losses occur in this process, the flow is turbulent and the
jet is divergent. Since the focusing tube has a much larger diameter than the primary orifice, kerf widths are
relatively large. By mixing the abrasive with properly treated water prior to pumping, the mixture can be pumped
directly through a small orifice resulting in higher individual particle velocity and greatly improved efficiency. The
high-viscosity suspending medium (treated water) yields a coherent jet at the reduced pressures required and little
divergence occurs before impingement on the target. Under such circumstances, narrow kerfs are produced with
greatly reduced cutting pressures and total flow rates, compared to conventional water/abrasive jet performance.

In this paper, examples are shown in which an abrasive suspension of this kind, pumped through a 0.25 mm (0.01
in.) diameter diamond orifice, produces a cut through 6 mm (0.25 in.) steel plate with a kerf width of about 0.8 mm
(0.03 in.), with a total pressure of 7500 psi. Similar cuts have been made in brass, aluminum, glass and composite
materials at pressures between 3000 and 7500 psi.

In other experiments using the abrasive suspension-jet technigue with smaller orifices, cuts with kerf widths of only
075 to 0.10 mm (0.003 to 0.004 in.) through quartz wafers oniy 0.15 mm (0.006 in.) thick have been produced. In
these experiments, the working pressure was limited to only 5000 psi.

Current work involves an investigation of the rheclogical and flow properties of these suspensions, and the effect of
orifice configuration as a function of pressure, on jet coherence and overall cutting performance.

The coherent, abrasive suspension-jet cutting technique shows great promisé for precision cutting of small parts to
relatively close tolerances, and for cutting materials which are difficult to cut by other methods. Equipment promises
to be r