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DISCUSSION

F. G. Hammitt' (written discussion)—This paper is of special interest
because of the comparison between flowing system venturi cavitation damage
results and vibratory results, particularly with regard to the “characteristic
curves’' of time-versus-volume loss rate. However, it would be helpful to the
reader not familiar with the Erdmann-Jesnitzer work in Hannover, Ger-
many, where this work was accomplished, if at least a schematic of the flow
path geometry used were included.

It would also be helpful, in applying and interpreting the results, if a table
were included providing full mechanical property data on the materials
tested. Incidentally, in this regard, what specifically is the material NGCI?
As a nonmetallurgist, 1 at least am not familiar with that designation.

Masanoby Matsumura (guthor's closure )—The author is grateful to Pro-
fessor Hammitt for his kind comments. A schematic of the chamber used for
the flow cavitation erosion tests is shown in Fig. 16. Fuller details may be
found in Refs 10 and 11.

The mechanical properties of the materials used in the vibratory tests are
listed in Table 3. The NGCI used in the flow cavitation erosion tests consists
of nearly the same chemical composition as the cast iron in Table 3 except

LR P SIS S

FIG. 16—Schematic diagram of chamber for Tow cavitation erosion test, {(a) and (b) bar.
ricades; (¢} test specimen; |1 Jand (3 istream of bubbles; (1) Vguid, devoid of bubbles,

'Professor of mechanical engineering, University of Michigan, Ann Arbor, Mich. 48109,
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D. L. Eddingfield' and M. Albrecht'

Effect of an Air-Injected Shroud on
the Breakup Length of a
High-Velocity Waterjet

REFERENCE: Eddingfield, [). L. and Albrecht. M., “Effect aof an Afr-Injected Shirowd
on the Breakup Length of a High-Velocity Waterjet,” Erosion; Prevention and Useful
Applications, ASTM STP 664, W. F. Adler, Ed., Ametican Society for Testing and
Materials, 1979, pp. 461-472.

ABSTRACT: Air-injected shrouds are used to create an airflow paraliel to a high-speed
waterjet to examine the effect of the air velocity on the breakup length of the waterjet.
Eight shrouds having four different lengths and two different diameters are employed in
this study, The air velocity was varied from zero to approximately twice the velocity of the
waterjet, The waterjet has an exit diameter of 0. 766 mm (0,030 in. ) and an exit velocity of
266 m/s (874 ft/s) for all the experimental runs,

OF the shrouds tested, the shortest shroud with the smaller diameter produced the best
results for the entire air velocity ranges. The breakup length of the waterjet with a shroud
compared to that of a waterjet without a shroud ranges from 1.2 for an air-to-water
velocity ratio of zero up to a value of approximately 1.7 for a velocity ratio of 2.0.

Cutting tests on a representative material are planned to establish firmly the benefit of
utilizing an air-injected shroud in conjunction with & high-velocity waterjet.

KEY WORDS: waterjet, coaxial jets, breakup length, coherent length, standofi
distance, erosion

The ability to cut or fragment materials using high-speed waterjets at
relatively large standoff distances is desirable for many applications, for ex-
ample, borehole mining of coal and other minerals. In such cases, the task is
usually one of maximizing the effective cutting length of the jet for a given
nozzle design and given operating pressure.

There exists an extensive amount of reported work in the literature dealing
with nozzle design and operating characteristics. Summers and Zakin® give a

! Assistant professor and graduate student, respectively, Engineering Mechanics and Materials
Department, Southern Ilinois University, Carbondale, 11, 62%01.

Summers, [0, A and Zakin, I. L., “The Structure of High Speed Fluid Jets and Their Use in
Cunting Yarious Soil and Material Types,” Final Report, USAMERDC Contract No. DAAKO2-
?ﬁm. Hock Mechanics and Explosives Research Center, University of Missouri-Bolla,

olla, Mo
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FIG. 2— Warer jet nozzle, shroud mounting base, and shrond aszembly.

percent of the shroud cross-sectional area for the 4.75-mm-diameter (01875
in.) shroud and 0,64 percent for the 9.52-mm-diameter (0.375 in.) shroud, i
is felt that this assumption is justified.

The air velocity values vary from 0 1o 450 m/s (1476 ft/s) but the waterjet
velocity is held constant at a value of 266 m/s (872 ft/s) for all the experimen:
tal runs.

For each air shroud and each value of the air velocity, a minimum of three
photographs is taken with a 35-mm camera. The camera is positioned so that
the field of view is from approximately 5.08 to 43.18 cm (2 to 17 in.|
downstream of the waterjet nozzle. Diffused backlighting is emploved using
two slaved strobes which provide a high-intensity flash of duration 8.0 ps.

The photographs are analyzed to determine the downstream location at
which the coherent core of the waterjet can no longer be detected. The values
determined from the three photographs for each test condition are averaged
to give the breakup length of the waterjet, L...

Resulis and Discussion

The results of the experimental runs are plotted in Figs. 3 and 4. L., /L,
represents the ratio of the measured breakup length of the waterjet with an
air-injected shroud to a reference breakup length. The reference breakup
length L - is defined as the measured breakup length of the waterjet withow
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FIG, 3—Breakup lenpth ratic versus air-to-water velocity ratio for four shroud lemgths
Shroud diamerer = 9.52 mm

Ln

F[l.'j, d— Breakup .I'ﬂl:gl'h ratio versis air-to-walter velocity ratio for four shroud lengrhs
Shroud diameter = 4,76 mm.
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a shroud. L, . is measured from the exit plane of the nozzle, whereas Ly, is
measured from the exit plane of the shroud. Thus, in each case, the breakup
length is measured from the position of zero standoff distance. Note that an
improvement in the breakup length is indicated when the value of the ratio
Li./ L. exceeds one. V,/V, represents the ratio of the velocity of the air in
the shroud to the velocity of the waterjet at the exit plane of the nozzle. Both
L. and V, are constant for all the data collected. L; . for the waterjet is 140
nozzle diameters.

The data for V,/ V. = 0 are slightly misleading and require an explana-
tion. These data are for the case where no external air supply was connected
to the shroud. Consequently the airflow in the shroud is being aspirated by
the water flow and the velocity is nonzero but probably very low.

Representative photographs of the waterjet are presented in Figs. Sa-5i.
Due to space limitations, only photographs showing the highest relative
velocity ratio are presented.

For both series of shrouds, the figures show that the shortest shroud length
gives the best results, In Series A, an improvement in the breakup length
results for a velocity ratio greater than approximately 0.5. In Series B, the
improvement is noted for all values of the velocity ratio,

For Series A, all the shrouds yield a relative breakup length less than one
with the singular exception of Shroud 1A, which gives an improvement in the
relative breakup length for values of V,/V, greater than 0.5, as mentioned
previously. Little significance should be given to the erossing of the curves for
Shrouds 2A and 3A. This may be due to some extraneous conditions present
in these particular experimental runs which altered the jet structure of
Shroud 2A to produce lower values of the relative breakup length for the
three highest values of the velocity ratio. This is only speculation, however,
which must be confirmed by further tests.

For Series B, with the exception of the longest shroud, 4B, the breakup
length is insensitive to the velocity ratio up to a value of approximately one, It
is interesting to note that for the shortest shroud, 1B, the relative breakup
length increases approximately 20 percent even for the case of an aspirating
shroud, The rapid increase in the breakup length of Shroud 4B cannot be ex-
plained at this time. Unfortunately, the maximum value of the velocity ratio
obtainable with this shroud is approximately 1.2 due to the maximum
pressure limitations of the compressed-air supply.

One effect of the air-injected shroud is to produce a spray plume surround-
ing the coherent core which is dispersed more radially but less densely than
the plume of the waterjet without a shroud. Alpinieri' found in his ex-
periments with coaxial jets of an inner carbon dioxide jet and an outer airjet
that the larger the velocity of the outer jet with respect to that of the inner jet,

Alpinieri, L. J.. American Institute of Aeronautics and Astronaitics Journal, Vol. 2, No. 9,
Sept., 1964, pp. 1560-1567.



468 EROSION: PREVENTION AND USEFUL APPLICATIONS

% | ]
" AL
- x
B
] Easy
L
- |
d :

FIG, 5—Photographs of water-jet ¥ = 266 m/5. The scale indicates a J-cm length
{a}) Waterjet without Shroud (5 em downstream from nmozzle exit). (b} Waterjet with
Shroud [A, V. = 224 m/s (4.4 em downsiream from shroud exir). (c) Warer-jet with
Shroud 24, Vs = 210 m/s (0.8 com downstream from shrowd exit), (d) Water-jer with Shroud 54,
W, = 213 m/s (shroud exit is shown). (2] Water-jet with Shroud 44, ¥, = 717 m s (shrawd exil
is shown). (0 Water-fet with Shroud [B, ¥, = 524 m/5 (3.5 cm downstream from shroud exif]
g} Water-jer with Shrowd 2B, ¥y = 477 m/5 (2.3 cm downstrean from shroud exit), (h) Water
et with Shroud 3B, ¥ = 395 m/s (shroud exit is shown). (1) Water-fet with Shroud 48, Y, =
11 mss ishroud exit i5 shows).
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the larger will be the amount of air entrained. He reasoned that any fur |
bulent fluctuation present in the outer jet is a fluctuation that would not exi

if the outer jet was at rest. Consequently, the use of an air-injected shroud
probably iniroduces two interacting and conflicting effects. Additional tur-
bulent fluctuations are introduced in the radial direction which act to disrup
the jet, but, on the other hand, the shear stresses at the surface of the water
jet are reduced. Which mechanism dominates determines whether or nof the
air-injected shroud increases the breakup length of the waterjet.

The photographic evidence indicates that the air-injected shroud produces
a waterjet which has a smaller-diameter core. However, this smaller core is
found to persist farther downstream than that of the waterjet without 2
shroud.

The benefit of utilizing an air-injected shroud for cutting and fragmenta:
tion can be firmly established only by actual tests on representative
materials. Such tests are currently being conducted by the authors. However,
the results of the work reported in this paper indicate that a modest increas
in standoff distance can be achieved using air-injected shrouds. Alse, a
redesign of the shroud based on the results of this study is planned.

Conclusions

1. In general, the breakup length ratio L, ,/L,. has its largest values for
the shroud which has the shortest internal straight section. Therefore, the in-
ternal straight section of the shroud appears not only unnecessary, but
detrimental,

2. For the two diameters of the shrouds tested, the smaller-diameter
shroud produces the largest increase in the breakup length,

3. For the shortest shroud, increasing the ratio of the air velocity relative
to the water velocity increases the breakup length ratio Ly, /L. However,
even when the air supply is disconnected, the shortest shroud with the
smaller diameter produces a 20 percent increase in the breakup length.

4. The air-injected shroud probably increases the transverse turbulent
fluctuations of the waterjet but delays the aerodynamic drag of the ambient
air on the waterjet.

5. Cutting tests on a representative material must be made in order fo
firmly establish the usefulness of adding an air-injected shroud to a waterjet.

Acknowledpments
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DISCUSSION

F. 1. Heymanen'(written discussion}—Why is your air shroud nozzle de-
signed with a conical instead of rounded entry? Do you deliberately want to
create a vena contracta smaller than the shroud diameter? One difference
between the short and long shrouds might then be that for the longer ones the
airjet reattaches and for the short one it does not, resulting in an effectively
smaller-diameter air shroud.

D. L. Eddingfield and M. Albrecht (authors' closure)—The conical cross
section of the air shroud was chosen for ease of machining. Because these
were the initial experiments, it was the simplest geometry to use even thongh
the best cross-sectional shape will probably be of a more streamlined shape.

Your comment about reattachment of the airjet is pertinent and bears fur-
ther investigation.

B. P. Selberg® (written discussion)—Your data indicates that the greatest
increase in jet coherence occurs after the shrouded airflow chokes. Once
choking occurs at M = 1, further increases in stagnation pressure will cause
both a favorable shear gradient and an increase in the air exit pressure. This
increased air pressure will tend to confine the jet. Do you have a physical feel-
ing as to whether the velocity shear effect or the pressure effect is dominating
in the measured improved jet coherence?

D. L. Eddingfield and M. Albrecht (authors’ closure)—By speculation,
the velocity shear effect is the dominant mechanism. Note that Shroud IB for
the aspirating case (V,/V, = 0) gave approximately 20 percent improvement
over that of the waterjet without a shroud. For this case, the air exit pressure
is atmospheric.

I P. Barber " (written discussion)—The basic premise of your program ap-
pears to be that jet breakup is dominated by Helmholtz instabilities. Have
you done any analyses of Helmholtz instability growth in waterjets? Are the
results of your experiments in agreement with classical Helmholtz predic-
tions?

D, L. Eddingfield and M. Albrecht (authors’ closure)—No, we have not
performed any analyses of Helmholtz instability growth in conjunction with
our experiments.

A. F. Conn® (written discussion)—What was the length, in terms of nozzle
diameters, for your baseline jet breakup distance?

'Westinghouse Electric Corp., P. 0. Box 9175, Mail Stop A204, Philadelphia, Pa. 19113,
“University of Misssouri-Rolla, Mechanical and Acrospace Engincering, Ralla, Mo. 65401
"University of Dayton, Research Institute, 300 College Park Ave., Dayton, Ohio 45465,

‘Hydronautics, Inc., Pindell School Road, Laurel, Md, 20810,



472  EROSION: PREVENTION AND USEFUL APPLICATIONS

D. L. Eddingfield and M. Albrecht (authors’ closure)—Approximately
140 diameters.

A. Lichtarowicz® (written discussion)— Looking at your Fig, 4 showing the
effect of a small-diameter shroud on the velocity ratio, it appears that the
increased in the effectiveness of the shortest shroud starts to rise at the point
where the airflow becomes sonic. Is this so?

I would be interested in seeing your result when the airflow becomes super.
sonic. The nozzle arrangement as shown in Fig, 2 indicates that you have
rather crude convergent-divergent nozzle.

D. L. Eddingfield and M. Albrecht (authors’ closure)—Yes, this is true.
We are currently pursuing further studies with a supersonic air shroud.

P. D. Lohn® (written discussion)—With regard to the possibility of super
sonic effects: the air-water interface is a two-phase region where the sousd
speed may be extremely small. Supersonic effects must be suspected on the
edge of any waterjet in air whether or not the jet is shrouded.

*University of Nottingham, University Park, Nottingham, U. K, NG7 2RD.
“TRW System and Energy, Inc,, Redondo Beach, Calif, 90278,
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Adaptation of Jet Accumulation
Techniques for Enhanced
Rock Cutting

REFERENCE: Mazurkiewicz, M., Barker, C, R, and Summers, D. A., *Adaptation of
Jet Accumulation Technlques for Enhanced Rock Cutting,™ Erosion: Prevention and
Usefid Applications, ASTM STP 664, W. F. Adler, Ed., American Society for Testing
and Materials, 1979, pp. 473-492,

ABSTRACT: The velocity of a waterjet can be increased when the jet impacts a target
material or another waterjet, A theory describing such augmentation in terms of velocity,
mass, and energy change is considered. The phenomenon is sensitive to jet structure and
the jet velocity profile. Jer velocity profiles do not remain constant over great distances
from the nozzle, and ultimately disrupt into droplets. Within the droplet the profile is
more regular and the velocity constant. The theory is extended to cover the case of droplet
collisions, and experimental evidence of jet augmentation and its effects is presented.

KEY WORDS: impact pressure distribution, fluid jet augmentation, droplet impact,
erosion, rock, converging nozebe

The use of the high-pressure waterjet as a cutting tool has, within the past
five vears, become a commercial reality, The range of application has
covered a spectrum from cardboard and wood through coal and rubber to
metal,

Research investigators have carried out test programs at pressure levels up
to 40 kbar, well above the 2.5 to 4 kbar level of commerically available equip-
ment. Such research has shown that under certain circumstances, there can
be benefits to working at these higher pressures. Equipment for this type of
work is, however, generally only of the “one-of-a-kind" research tool variety,
and results of test findings at the higher pressure levels have indicated
relatively short lives for the generating pressure systems and particularly the
nozzles in which the transition to cutting speed oceurs,

'Assistant professor. Instytut Technologii Budowy Maszyn, Politechnika Wroclawska,
Poland.

“Senior nvestigator and director, respectively, Rock Mechanics and Explosives Research
Center, University of Missouri-Rolla, Rolla, Mo,
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Because of the problems associated with creating pressures within a piece
of equipment, consideration has turned to the possibility of generating high
velocities beyond the nozzle by the use of interacting jets or jet impact ona
solid surface.

This approach has already proved successful in the development of shaped
charges, particularly for military applications during World War IT [1-3].!
Theoretical and experimental analysis of this phenomenon has shown
that directional cumulative jet accelerations to velocities of the order of 1000
to 2500 m.s can be achieved. The velocity achieved is a function of the charge
size and the shape and material composition of the liner which, upon col-
lapse, will create the cutting jet.

This paper examines the related field where an augmented velocity jet or
“fast jet” is produced by the impact between two identical waterjets or of 2
single waterjet with a rigid flat surface. The paper extends the existing theary
developed for shaped explosive charges to describe the formation and
nature of the secondary waterjets formed when two identical jets meet, The
secondary jets move in opposing directions along the line bisecting the angle
between the original jets. The motion of the secondary jets must satisfy the
principles of conservation of mass, energy, and momentum. Calculations are
thereupon described which govern the mass and velocity of these secondary
jets,

Particular considerations are given to the case where one of the secondary
jets is of sufficient velocity to have the capability of cutting a target material,

In the passage of a waterjet from the nozzle into a surrounding fluid, the
effect on the jet of the surrounding fluid is to cause a change in the pressure
profile (velocity profile) of the jet (Fig. 1). The initial condition with a con-
stant velocity across the profile changes to a Gaussian distribution with in-
ereasing distance from the nozzle as the water on the outside of the core is
removed. The initial analysis is based on those portions of the curve where
the primary jet still retains a constant velocity across the profile, and finally
the case where the jet is broken into droplets is considered.

Analytical Model

Consider an original primary fluid jet in the region close to the nozzle
where it retains an even pressure profile across its section. Let such a jet have
a square cross section of area b % b with a leading edge which is a flat sur.
face, and consider the initial stages of impact. If it is assumed that all por.
tions of the original jet are approaching a rigid flat surface with the same
velocity vector inclined at angle « relative to the flat surface and with the
leading edge of the primary jet inclined at angle v to plane A.4;, the first
portion of the leading edge of the primary jet will contact the plane 00 at

*The italic numbers in brackets refer to the list of references appended to this paper.
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Point A, (Fig. 2). This simulation is equivalent to the intersection of two
similar jets approaching a common plane of symmetry 00 at angle v (Fig. 3],

If the flow were a continuous laminar flow, then the primary jet would
divide to produce two streams flowing in opposite directions along the sur-
face 00, Each stream would have a velocity magnitude V., where V., is the
magnitude of the inflow velocity. Such a condition is nontypical and a more
generalized case will be considered.

Velocity of the Secondary Jets

Sims [4] used a control volume approach to determine the velocity relation:
ship between the primary and secondary jets for the special case y = 90 deg.
He concluded that, as the jet contact point A, moves along plane 00 at 2
speed V4, jets created at the plane would have velocity magnitudes (Vo the
right, herein referred to as the “fast jet,” and V,, to the left, herein referred to
as the “slow jet") given by the equations

Vi=|Va+ Vi =Ve+ V,u
T (1)
V= |Va— V|

Vi — Ve

where Vi is the relative velocity of the primary jet to the jet contact point.
From the velocity polygon in Fig. 2 we can derive the following

3 = V. sing
sinfae + ) 2
N — V. siny
4 sinfe + )
If Eq 2 is substituted into Eq 1, then
V.=V sing + siny I
i i ||
sin{ee+) @
— v, | siny = sina
K= { sin(aty) W

Hence, the speed of the secondary jets depends only on V., o, and 5.

Moass of the Secondary Jets

The mass of the secondary waterjets can be estimated by applying the
equations for conservation of momentum and mass at Point A, (Fig. 2)
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n

pValcos[180 deg — (o + v)]dA, = — “ pVeldAy + \pl-"g*cb

and

Ep'r'.ud.d.. + \ pVadA,

5 pVedAi, =
where

dA. = elemental vertical cross section of inflow jet,
dAz = elemental vertical cross section of fast jet, and
dA,; = elemental vertical cross section of slow jet.

I

dd, = b dw
dw = V, sin(180 deg — ) dt

substituted into Eqs 5 and b give

[T
™

{AJ.Jmn = ! ﬂ‘.r‘!.,-_-

_ b1 + cosle + v)] sinla + )
2 sine

b b1 — cosloe + )] sin (a0 + 4}

2 sino

Hujmu = E Ma‘

FIG. 3—Collision of two lar-faced square fets.
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The area of the vertical cross section of the secondary waterjet impacting
on the surface increases linearly from 0 to the value (4 7)~... This occurs dur-
ing the time T that Point B, moves to B,". If we let distance B,B,' be x and
consider triangles A,CB, and A, B8/, then

_ x _bsinfa+7)
k V.  V.sinsiny i

The length of the secondary jet is therefore

=Vl (10
From Eqs 2 and 9 this gives
I= i‘ (11)
siny

Secondary jets will have a wedge shape with an area of the base of (Ay Jma and
(As)mee, width &, and length [. Letting the mass density of the water be p. the
mass of the secondary jets will be

1 + coslae + 3)]sinle + 5}
sino siny

(M) = ﬂ][
fi Iman Pl

(12}
b [1— + y)lsinla + )
‘.Ml.']'mu = ’j_ I] “"—"stﬂf‘ T.-H [a 1
4 sine Sy

The total mass that participates in the formation of the secondary waterjets is
the sum of (M)ma: plus (M les

v, = b sinla + ) (13)

P T2 sing siny

Energy of the Secondary Jets

Using Egs 3, 4, and 12, the kinetic energy of the secondary waterjets can
be derived

EK.= pb'V? [1 + cosle + y)] (sinae + siny )
: 8 sino siney sinfe + )

(14)
pb'V.2 [l — cosla + y)] (sina + siny)’

8 sin siny sinfa + )

EK,=
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The kinetic energy of the secondary jets is a function of V., b, and angles s
and 5.

Concentration of Energy

Even more significan: than the energy ratio is the concentration of engrgy.
This information, important in estimating the cutting potential of the sec-
ondary jets, is obtained by dividing the kinetic energy by the cross-sec
tional area of the secondary jets. Hence

EK; pbV.'  (sinw + siny)!

Ki= Apen 4 sinysini(a+7v)
(15
o EK, _ pbVs (sina — siny)’
A 4 sinysin?(e+ )
The concentration of energy for the primary jet can be written as
K= EK,. _ pbV.! sinlo + ) {16}

A 4 sino siny

where A, = b2, the area of the cross section of the primary jet. The concen:
tration of energy ratio is then obtained from Eqs (15) and (16) as

K _ (sina + siny)?sina
Kk sin'{e + )

(17
Ky _ (sina — siny)?sina
K sin'(a + )

Analysis of the Theoretical Results

It is obvious from studying the foregoing equations that the values of ¢ and
< are very important in determining the characteristics of the secondary jets,
Figure 4 was computed by dividing Eq (3) by V.. Note that the actual value
of & and 5 is not as critical as the sum (& + 7). The velocity ratio is high as
(e + +) approaches 180 deg.

The potential to generate extremely high velocities with a relatively low
driving pressure can be illustrated by the following example. Suppose that o
= B0 deg and y = 90 deg and that the driving pressure P, is 1000 bar. Then
from the relation V., = 14/P,, V. is 440 m/s. But the velocity augmentation
from Eq 3 is 11.4, so that V; is 5000 m/s. To produce a jet velocity of this
magnitude by conventional extrusion methods would require a driving
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FIG. 4— Velocity angmentation ratio ar a function of the impact angles a and 5.

pressure of 130 000 bar, 130 times that required if the augmentation is pro-
duced.

Figure 5 is a plot of the kinetic energy ratio EK o/ EK . for various values
of w and v, From this figure it can be seen that the kinetic energy ratio is at a
maximum value of 1 when o and 4 are equal. Three types of flow can be iden-
tified based on the relationship between o and 5 (Fig. 5). When y = . all
the energy is possessed by the fast secondary jet and the slow jet has none. In
the region where v < «, the slow secondary jet moves to the left. In the
region where v > «, the secondary slow jet moves to the right along with the
fast secondary jet. Figure 6 is a plot of the concentration of energy ratio. This
figure is very similar to Fig. 4 and the same comments apply. Based on the
information that the kinetic energy ratio is maximum for o = 5 (Fig. 3), the

optimum condition for energy concentration can be plotted as a dashed line
on Fig. 6.
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FIG. 5—Kinetic energy augmentation ratio @i a function of the impact angles o and 5.

Experimental Applications

Under normal circumstances it is extremely difficult to obtain a fla
leading edge to a waterjet or to maintain a uniform velocity across the jet pro-
file. The surface or profile is generally curved (Fig. 1) or more severely
distorted by jet movement relative to the surrounding medium.

At the point where the jet breaks into droplets, however, the contour of the
leading surface will stabilize and the velocity will be sensibly constant within
the droplet. This set of conditions allows the foregoing analysis to be ex
tended to cover this case. Analysis of this phenomenon has been carried ol
in Cambridge [5] and therefore only a comparative relation will be made,

Figure 7 shows a central element sliced from a spherical droplet, of radius
R and moving at speed V. toward the flat surface 00 at an angle o. Every
phase of the collision can be considered using the previously derived equs-
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tions with suitable transformations to adapt them to the present geometry.
For example, when the face of the element from M’ to M" contacts the flat
surface, the geometry is the same as that of Fig. 2. The droplet first contacts
the plane 00 at M, and the analysis ends when the contact point moves along
the arc to the point M. The value of 3 will vary from & to 180 deg in the
interval

'}{I{le+si.na]

V.sina

and
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FIG. T—Geometric representation of the impact of o bubble with an ohlfque surface,

which can be substituted into Eqs 3, 14, 16, and 17 to give a new set of equa-
tions valid for the central portion of the droplet

Vi _ sinax + sing

' 18)
V. sini 3 o) i
EK; _ [1 = cos(f — o)] (sinax + singd ) o
EK.. 25ini(8 — a)
ﬁ s ':si“u. ‘|;' sing ) since )
K. sin’ (3 — «)

Representative values obtained using these equations are shown in Fig. 8,9,
and 10.

Discussion of Results

The fast-jet velocity ratio (Fig. 8) when plotted as a function of the angle o
and  indicates that the curves for various values of « are similar in shape but
displaced as a function of 3, In every case the velocity ratio becomes very
large as the angle o« approaches the value of 3. For practical considerations,
the range of § that leads to the formation of satisfactory fast jets is cop-
sidered tobe o = @ = o + 15 deg.

From the curves in Fig. 9 which show the kinetic energy ratio as a functipn
of the angles @ and «, the same conclusions can be drawn as for the earligr
case of a flat impact shown in Fig. 5. The highest energy ratios occur when o
and v are equal (v = 180 — 3).
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The concentration of energy ratio shown plotted in Fig. 10 is similar to that
for a flat-faced jet (Fig. 6). It is again found that, as o approaches 3, so the
energy ratio tends to infinity, Where values of « are small, the range of J over
which the jet energy is highly concentrated is also small, but as « increases,
so the width of the angle @ over which a highly intensified jet is produced is
also increased. It is interesting to note that the kinetic energy augmentation
is at an optimum where & = v and that the energy intensification is at an op-
timum where o = . Since v = 180 — @, this suggests that the optimum
energy augmentation with the most concentrated jet might occur when o =
i = 4 = 90 deg. Under such circumstances the fast jet would be at greatest
damage potential when the vertically impacting drop is at its maximum con-
tact diameter. In this regard, investigators at Cambridge [5] have found that
damage from impacting droplets is confined to the periphery of the droplet
impact zone. The equivalence of the relationship between droplet flow and
continuous jet flow is suggested by a corresponding result obtained at Rolla
with a high-pressure continuous jet directed at an aluminum target located
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FIG. 9—Kinetic energy augmentation ratio a5 a function of the impact angles a and d for s
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2.5 em from the jet nozzle (Fig. 11), where damage is also confined to the
region at and beyond the jet impact periphery.

Experiments have, however, concentrated on examining the zone of jet in:
teraction farther down the jet stream where the flow has disrupted into
droplets. Figure 12 shows a photograph of such a jet collision with an impact
angle of @ = 10 deg at 4 bar obtained by the strobe flash technique [10]. All
the droplet components of each jet do not impact other droplets since there s
no control over their spatial distribution and velocity. When two droplets do
collide, however, the shock wave generated by the fast jet is clearly visible,
The results are similar to those of a collapsing cavitation bubble, which pro-
duces a Monroe jet with accompanying shock waves [6]. It is similar to the
photographs obtained by Edney [7] of the explosive extrusion of the waterjet
in a yacuum,

In practice the structure of a high-pressure waterjet, particularly at
velocities of the order of 300 m/s, is extremely sensitive to interference from
adjacent bodies. For this reason, while waterjet impact on solid bodies
can be used to generate augmented velocities, the diffuse structure around
two continuous jets will interfere with the jet structure prior to impact angd
negate much of the proposed augmentation. Conversely, once the jet has
disintegrated into droplets, this is no longer the case, although the targe
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FIG. 1l—Alumingm targets after confinuous jef impact ar 680 bar stagnaiion prese;
darmage is confined to an area on the periphery of the jet and beyond.

location should be in the immediate vicinity of the impact point since the fist
jets produced are extremely small and thus rapidly distupted. Furthe
research on the effectiveness of interfering jets, designed to interact beyond
the jet collapse distance, is therefore required.

Rock Cutting Experiments

As a practical test of the potential effectiveness of converging jets, an ex:
periment was carried out on Berea sandstone specimens, 15 cm diameter and
30 cm long, with test nozzles placed 1.25 cm above the specimen, The jef
pressure was 680 bar for this study, in which approximately 20 different noz-
zle geometries were examined. Nozzles were constructed to produce two
parallel jets of diameter 1 mm, separated by distances of 1.27, 1.78, and 3.0
mm. Nozzles were also consiructed to produce converging jets at included
angles 1, 2, 5, 10, 15, and 20 deg. All the nozzles were machined from
brass and the inside surfaces of the nozzles were lapped.

The best results were obtained with the parallel nozzles having the
1.27- and 1.78-mm spacing and the convergent nozzles with 1- and 2-deg in-
cluded angle. The results from the 5, 10, 15, and 20-deg angle were poor, no
eumulative effect being observed. The sandstone specimens were split afier

an exposure time of 10 to 15 5 when either the 1- or 2-deg nozzles were tested
{Fig. 13).
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FIG, 13—Cavity cul into Berea sandstome by a converging el showing the narrow cul made by
secondary jef action

Figure 14 shows one of the convergent nozzles located just above the sand-
stone. Using the parallel nozzles with 1.27- and 1.78-mm spacing gaw
results similar to those of the 1- and 2-deg convergent nozzles. One reasn
postulated for this is the Coanda effect by which two jets flowing close
together tend to merge into one jet [9].

Subseguent to the conclusion of this experiment the authors were engaged
in research on a hydraulic mining unit in a surface mine in northern Missouri
[8]. The seam of coal was being mined by waterjets at a pressure of 680 bar
when it was discovered that the coal was interlayered with pyrite lenses, with
a compressive strength of the order of 2000 bar. Under normal conditions the
jets would not cut this material, so a set of converging jet nozzles was inseried
into the cutting head. The jets produced cut the pyrite satisfactorily. allowmg
the mining machine to advance at a rate of 1.7 m/min.

Conclusions

The use of external augmentation technigues to improve waterjet cutting
ability has been demonstrated to be an effective way of improving the cutting
of rock and is & means of generating higher pressures than those extant
within the preexisting flow. Because of the problems which arise in bringing
two flat-ended jets together exactly symmetrically, it is proposed herein that
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FIG. 14—Proposed geometry for augmented cutting using the enhanced velocity effects from
colliing dropleds

a more effective technigque would be to converge the jets at a point where they
have just broken into droplets. Photographic evidence of such an event shows
that large velocity augmentation is possible.
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ABSTRACT: A simplified dual-orifice circular jet analysis is developed to predict
maximum velocity and pressure profile capabilities of waterjets. The analysis is applied
to nozzles having total exit diameters of 1016 mm operating at stagnation pressures of
2,812 MN/m . These conditions result in flow rates of bess than 2.27 % 10~ 'm¥s of
water. Dual-orifice converging nozzles with - and 10-deg included convergence angles
are analyeed as well as dual-orifice diverging nozzles with 8, 10, and 20-deg included
divergence angles. The control-volume form of the conservation of mass and the con-
servation of momentum eguations is applied to the converging dual-jet case Velocity
profiles prior to jet mixing, after Schlichting and Tolimien, are used as profile input
to the conservation equations, Profile shapes after Schlichting are used downstream of
the jet mixing process. Linear jet diameter growth laws arc applied to predict jet diam-
eters before and after the mixing process. The merged jet profiles are caleulated
downstream of the nozzle at representative stations and compared with a singhe-orifice
jet profile of the same energy input. Driverging dual-orifice jet profiles are generated
using the same profile and diameter growth equations as for the converging d_ual-
orifice nozzle jet, Velocity and pressure profiles, gencrated at representative stations
downstream of the nozzle exit, are compared with single-orifice nozzle profiles of the
same tetal energy input, Experimental comparisons are made with 2- and 10-deg in-
cluded-convergence-angle converging noezles and with 8, 10, and 20-deg included
angle diverging nozzles at 2.812 MN/m? stagnation pressure. All nozzle shapes con-
sist of a 13-deg converging cone followed by a siraight section of length 2.5 exit diam-
efers. A pressure transducer, fixed to the traveling carriage of a lathe and oriented
s that the nozzle axis is in line with the transducer axis, is used for profiling studics.
A hardened steel shield with a 5.00 % 10" mm central hole profects the transducer
for the pressure profile studies. These pressure profile measurements are made at the
same representative stations as the analytical results, Discussion of the agreement
between analytical and experimental results is made with emphasis on fimitations of
the analytical model, the experimental tests, and on suggested improvements in nozzle
design which will bring the analytical predictions and experimental results closer
together

KEY WORDS: waterjets, dual-orifice jets, converging jets, diverging jets, nowle
surface roughness, jet coherence, jet cutting, erosion
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Many researchers have investigated both theoretically and experimentally
single-orifice waterjets [/-%]." From this work the most widely accepied
nozzle has a conic convergent section with a 13-deg angle followed by a
straight section of length 2.5 exit diameters. Generally, these single-orifice
nozzles are capable of producing waterjets that remain coherent for &
distance of 100 to 250 nozzle diameters [9]. Some improvement in these jet
coherence lengths can be obtained by adding long-chain polymers to the
water [10] or by changing nozzle geometry |3, [1].

Whereas single-orifice nozzle design is well understood, there has bees
comparatively littie work conducted on dual- or multiple-orifice design
Some work has been carried out by Nikonov [12] and Summers [13] et al
Nikonov found that a 15-deg-included-angle dual-orifice nozzle gave the
most effective jet action whereas Summers et al obtained the best result
with a 20-deg-included-angle dual-orifice diverging nozzle. It is the pur
pose of this paper to further develop the multiple-orifice nozzle base by
investigating dual-orifice nozzles that are being fed by the same supply
pipe.

Theoretical Analysis

A simplified turbulent-jet theory, due first to Tollmien [14], was applisd
to axisvmmetric circular jets. This theory is for an airjet into air or a water-
jet into water and does not take into account the two-phase flow which will
occur at the waterjet-air boundary. However, the application of this
simplified turbulent-jet theory is consistent with the intent of trying to
predi¢t maximum possible pressure and velocity profiles prior to significant
jet-air mixing or jet breakup. The theory assumes the jet width is propar
tional to axial length of the jet, x, and that the centerline velocity is
proportional to 1/x. The linear jet width growth is in agreement with mosi
experimental data of turbulent axisymmetric jets of water into air. Recent
measurements of Yanaida [/5] show a x™ growth of the jet widih. In
addition, the kinematic momentum is taken a constant along the jet axis,
These assumptions imply a constant virtual kinematic viscosity, €., as well
as identical differential equations as for laminar jet flow. Schlichting's
solution of these equations is

S
T Breox (1 + 1/4n1)?

{;f —1/4

(1 +1;4q!} (n
_ |-‘i’r

TN 4\11'\'{.;

“The italic numbers in brackets refer to the list of references appended to this paper.
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where
& = axial velocity component,
v = velocity component perpendicular to jet axis,
x = distance in axial direction of jet,
r = distance in direction perpendicular to axis,
K = jet kinematic momentum divided by fluid density, and

» = virtual kinematic viscosity.

"

These solutions were used to generate velocity profiles at various jet
locations downstream of the nozzle exit. Input conditions to these profiles
were obtained by first using Bernoulli's equation for incompressible flow
to predict the maximum velocity point u-.. at the center of the jet and exit
of the nozzle. Along the jet axis, the centerline velocity u. was determined
utilizing a form suggested by Hinze [16]

I f d
=4

H mas ll'-. x_+_br‘:l tz;

where d is the jet diameter at the nozzle and A and B are constants. The
constants A and B were solved for in Eq 2 from experimentally determined
centerline velocity measurements at the x/d = 25 and x/d = 30 stations.
For each axial location, u. is calculated from the foregoing and then used
with the » from Eq 1 to solve for the correct value of virtual kinematic
viscosity, €., at each axial location. With the proper e.'s, profiles of u can
then be generated. System design constraints necessitated having a pipe
6,35 mm inside diameter and 762 mm long upstream of the nozzle. With
this supply pipe-nozzle configuration the flow into the nozzle would be
fully developed pipe flow. Although the acceleration in the nozzle would
thin the boundary layer and flatten the velocity profile at the nozzle exit,
the exit flow conditions would more nearly be approximated by a modified
pipe flow. Therefore a one-seventh power velocity profile was taken at the
velocity exit. This compares well with turbulent smooth-pipe data for the
Reynolds number in question [2]. The mean velocity can then be obtained
from the one-seventh power law, u = 0,816 i ms. The volume flow rate, Q.
then becomes

Q= Ry = 0.816 xR trnu (3
The kinematic momentum ¢an be calculated at the nozzle exit and is

; TR
K=2r| wirdr=2mlun || (}%1 rdr (4)

1]
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The kinematic momentum is then available as input into the foregoinp |

velocity profile equations. Utilizing these equations, velocity data haye
been generated for the dual diverging jets and then transformed to nosle
axis, x, and to the coordinate normal to the nozzle axis, r. With the
control-volume form of the momentum equation, the force on transducr
orifice can be calculated. This force is then divided by the transduce
orifice area to obtain the pressure,

These same velocity profiles are used as input for the converging dual-jt
analysis. The converging dual-jet analysis utilizes the control form of the
momentum and mass equations. The momentum equation for a nos-
moving control volume is

-La-
dt

LF= | | pV(V.q)dA + | | oVar 5

where

EF = summation of external forces on control volume,

g = fluid density,
V = fluid velocity,
7 = outward normal unit vector of o4,
dA = elemental surface element of control surface, s,
t = time, and

dR = elemental volume element of control volume, cv.

For steady flow the last term on the right-hand side is zero and for a free
jet the pressure forces cancel, leaving

'|' ] pV(V-n)dA =0 (6

g s

This term, which is the momentum flux through the control surface, is
nonzero only where the jet crosses the control surface. Figure 1 shows a
typical merging jet with the control surface. The merging jets, 1 and 2, use
the velocity profile due to Schlichting, given previously. The momentum
equation can be rewritten for axisymmetric jets as

a¥iVirdr = oVi¥irdr + | pVa:Vardr M
do Jd o Joo

Since the form of velocity is known, and the density remains constant fir
the pressure range considered, Eq 7 can be solved for V.
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Experimental Apparatus and Procedure

The pressure profiling experiments were conducted on a modified lathe
bed. The nozzle supply pipe was mounted onto the lathe chuck with the
stagnation chamber located directly upstream of the lathe, Stagnation
supply pressures were measured in this chamber. The stagnation chamber
was connected to the 5.58 x 10* J/s pump by a flexible high-pressure
hose, The strain gage pressure transducer was mounted to a vertical
milling attachment which in turn was mounted to the carriage of the lathe
for axial and transverse movement. Transverse location was monitored
with a linear potentiometer in conjunction with one channel of a chart
recorder, with pressure recorded on the second channel of the recorder,
yielding a plot of pressure versus transverse distance for each nozzle axial
location of the transducer, The experimental setup is shown in Fig. 2.

The pressure transducer itself was mounted inside a steel plug whose
front surface was flat and about 38.1 mm in diameter. The surface of the
plug was hardened with a small centered hole, 5.00 X 10°' mm in diameter,
leading to the transducer. The transducer system was capable of measuring
pressures up to 2.81 MN/m? All nozzle tests, in which data close to the
nozzle were to be taken, were conducted at a stagnation pressure of 2.81
MN/m?,

Test procedures involved aligning the pressure transducer in the vertical
direction to maximize the signal from the water jet at a stagnation pressure
0f4.22 % 10" N/m’, to ensure that the pressure orifice was at the maximum
velocity plane in the vertical direction. The test runs were then conducted
at the desired operating stagnation pressure. For each jet and axial location
& minimum of two jet traverses were made to ensure data repeatability.
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FIG. 2—Prexsure profiling apparatus.

Results and Discussion

All the dual-crifice nozzles were the same shape, a 13-deg converging
cone followed by a 2.5-exit-diameter straight section. Each orifice had an
exit diameter of 1.016 mm. Four of the nozzles—the 10 and 20-deg diverg
ing dual-orifice nozzles and the 10 and 2-deg converging nozzles—were
machined out of brass and then nickel plated to prevent surface erosion
effects. All the brass nozzles were machined by one technician using the
same technique and were polished before plating. The B-deg dual-orifice
diverging jet nozzle is an electroformed nickel nozzle in which the nozle is
electroformed around a machined mandrel. The general contour of all the
nozzles tested is shown in Fig. 3. Pressure-profiling results are presented
in Fig. 4 for the 20-deg diverging nickel-plated dual-orifice nozzle that
was machined of brass. The experimental profiles are the solid lines while
the theory is shown by the solid circles. There is good agreement between
theory and experiment at x/d = 25 and x/d = 50; however, at axil
locations of x/d = 125 and larger, there is a rapid deterioration of the
experimental data, Both jets are deteriorating at about the same rage,
which is caused by an accelerated breakup of the jet core. This premature
core breakup is due to some upstream pertubation on the et which is
setting up jet instabilities.

Figure 5 shows theoretical and experimental pressure-profiling results for
the 10-deg nickel-plated brass dual-orifice jet. The experimental resylys,

solid line, agree with theory only for the x/d = 25 station. The jets are
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FlG. 3—Generalized mozzle design,

decaying rapidly, with the left jet 11 percent of its initial value and 25
percent of the right jet's magnitude at x/d = 125. In order to explain
this poor agreement, electron microscope photomicrographs were taken of
the inside of both nickel-plated brass orifices. Figure 6 is a photomicro-
graph of the interior surface of the left orifice. The surface finish appears
t be uniform and rough. A qualitative estimate indicates roughness
heights of 10 ~* mm, which is approximately 33 times larger than acceptable
typical nozzle finishes for nominal-size nozzles. Figure 7 is a photomicro-
graph of the right orifice. In contrast to the left orifice, the right orifice
interior finish is relatively smooth. Maximum roughness heights appear 1o
be on the order of 5 % 10 * mm but constitute a small percentage of the
total surface. However, the right orifice does show faint grooves in the
circumferential direction. Figure 8 is a photomicrograph of the entire right
orifice. The same circumferential grooves which appear in this figure
appear in Fig. 7. The roughness results from these photomicrographs,
namely, that the left orifice has larger roughness and that it exists over
the entire surface, are consistent with the experimental data, which show
the left jet decaying much more rapidly than the right jet. Roughness thus
explains the experimental trends observed for the 10-deg diverging dual-
orifice brass nozzle.

Converging dual-orifice theoretical and experimental results are shown
in Fig. 9 for the 2-deg converging nickel-plated brass nozzle. Again agree-
ment is excellent at x/d = 50. At x/d = 125 the right jet shows good
agreement while the left jet is already breaking up. At x/d = 175 the two
jets have merged and the agreement is good considering one of the con-
verging jets was breaking up. Likewise at x/d = 250 the agreement is
good. By x/d = 375, however, the merged jet is breaking up rapidly.
The narrower experimental results can be attributed to the insufficient
momentum input from the left jet to the final merged jet. Although the
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FIG. —Photomicrograph of 10-deg dual-orifice nozzle—Ueft orifice | XB75).
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FIG. B—Photomicrograph of 10-deg dual-orifice nozzle
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FIG, 9—Pressure profiles for 2-deg converging dwal-orifice nickel-plated brass nezzie,

merged jet is broader than each of the individual jets, it does not appear
to be as broad as a single jet of the same initial mass flow would be. A
more significant observation is that the peak velocity of the merged experi-
mental jet exceeds the analytical prediction at both x/d = 125 and x/d =
250, indicating a slower center velocity decay rate for the merged jet.
This may partially explain why merged dual-orifice waterjets are more
effective in actual material cutting tests than diverging dual-orifice jets.
Figure 10 is a photomicrograph of the right orifice interior surface. The
majority of the surface is relatively smooth with a few large protrusions on
the order of 10 ! mm and a few minor grooves. In contrast, Fig. 11 shows
the left orifice surface, which is rough all over, having roughness heights
on the order of 10~ mm with a large circumferential groove on the order
of 4 X 10 ! mm high by at least an equal width. This circumferential
groove along with others are shown clearly in Fig. 12, a photomicrograph
of the entire interior surface of the left orifice exit. Each of these grooves,
which lie transverse to the flow direction, will perturb the boundary-layer
flow and tend to cause temporary boundary-layer separation or flow oscilla-
tions, which will result in early jet breakup. Again there is consistency
between the rough surface of the left jet and its early decay, and the
smoother surface of the right jet and its good agreement with theory.
Results of the 10-deg converging jet are shown in Fig. 13. At x/d = 25
the jets are already merged. While good agreement exists initially, there is
a rapid decay of the experimental jet. This rapid decay, which may in
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F1G, 10—Photomicrograph of the 2-deg dual-orifice nozzle—rght nozzle [ %675)

FIG. 11—Photomicrograph of the 2-deg dual-orifice nozzle—left orifice | a675)
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micrograph of the 2-deg dual orifice nozzle—left ortfice { X 38).
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part be due to the surface finish of the nickel-plated brass nozzle, i
probably also caused by the larger amount of momentum exchange that
the two colliding jets are experiencing due to the larger converging angle
between them. The theory does not account for this mixing in the sense
of the resulting momentum losses.

The results for the electroformed nickel B-deg diverging dual-orifice
nozzle are shown in Figs. 14 and 15, There is excellent agreement between
theory and experiment, with minor jet decay occurring in the left jet ar
x/d = 375, substantiating a linear growth law for the wake width. Figures
16 and 17 exhibit photomicrographs of the left and right jet interior
surfaces. Both figures show minimal surface roughness, which is not
estimatable because of its small size. A few surface imperfections exist
but these are not repetitive. Figure 15 shows the left side with a view of
the entire orifice. Again there is an absence of surface imperfections. This
lack of surface roughness along with the excellent agreement between
theory and experiment confirms the postulation that excessive surface
roughness in the nickel-plated brass nozzles was causing the boundary
layer to locally separate or instabilities to be set up within the jet which led
to its early decay, or both,

B oeg Diverging
Duel Orifice Nezzle
[Electroformed Mickeal ]

afd= 24 d= 1,016 mm
| Anolytical . R =2812 MN
2mm Experimental —

F1G, 14—Pressure profiles for 8-deg diverging dual-orifice eleceroformed nozzle.
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FIG. 16—Photomicrograph of S-deg electroformed nickel dual-orifice nozzle—left side
(%675},
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F1G. 17=—Photomicrograph of S-deg electroformed ni kel dual-orifice nozzle—right sdr

[ =675

FIG. 18—Fhotomicrograph of the 8-deg eleciroformed nickel dual-orifice diverging noazje—
it side | X 67)
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Conclusions

The following conclusions are made concerning dual-orifice high-pressure
waterjet predictions and experiments.

1. The simplified theoretical analysis is capable of predicting waterjet
pressure profiles for dual-orifice diverging nozzles prior to jet breakup.

2. The control-volume analysis shows good promise of being a valid
prediction technique for converging waterjets with small convergence
angles prior to jet breakup.

3. The experimental results reinforce the importance of manufacturing
nozzles 1o close tolerances such that interior nozzle surface finishes are free
of blemishes.

4. Small-angle converging dual-orifice data indicate slower centerline
maximum velocity decay rates than diverging jets, which explains the
apparent superiority of converging jets to diverging jets in material cutting
teslts,

5. The electroformed 8-deg dual-orifice nozzle tests substantiate a linear
growth rate for the wake width.
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DISCUSSION

. D. Lokn' (written discussion)—How were A and 8 chosen? Would
normalizing to the merged jet diameter (in the convergent case) be more
meaningful? Could the imperfections in the finish trigger a bistable flow
favoring the smoother nozzle? (One of the diverging cases appeared not
to be due to a bistable effect but to accelerated breakup.)

B. P. Selberg and C. R. Barker (authors’ closure})—The centerline
velocity was determined experimentally at the x/D = 25 and the x/D = 30
stations and these values were then used to calculate A and B from the
centerline velocity decay equation.

While normalizing to the merged jet might be useful in discussing jet
properties, it would be difficult to apply since both different convergent
angles and different initial converged jet diameters would provide different
baseline diameters, which in turn would make the normalizing of jet data
difficult to understand and compare. A more interesting approach might
be normalizing to a jet equivalent diameter based on the total jet areas of
the two converging jets at the nozzle exit, This would allow all converging
nozzles to be compared to the equivalent-area single-orifice nozzle.

One would expect that if surface finish imperfections were triggering &
bistable flow condition, the smooth nozzles (orifice) would have a coherent
jet for a greater distance than without the bistable flow. Subsequent tests
with single-orifice nozzles having the same surface finish indicated a longer
coherent jet than for the good orifice side of the diverging nozzle; hence
the bistable hypothesis is not substantiated.

A, F. Conn® (written discussion)—Typical jet breakup lengths seen in
the literature are in the range of 100 to 200 nozzle-orifice diameters, yet
you report jets which have broken up by 375 diameters. Do you attribute
these large stable distances to the very smooth surfaces inside the nozele!

B. P. Selberg and C. R. Barker (authors’ closure)—Our nozzles, from
which we achieved the 375 x/D coherent jet lengths, were the standard
Leach-Walker design which have been used and reported on by many

UTRW Systems & Energy, Inc., Redondo Beach, Calit.
*Hydronautics, Inc., Pindell School Road, Laurel, Md. 20810,
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investigators. The only difference is the new nozzle manufacturing process
that vields extremely uniform and smooth nozzle surface finishes which
are not attainable by standard manufacturing techniques for small nozzles.
These coherent jet lengths may have been further increased if more attention
had been given to better flow conditioning upstream of our nozzle.
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ABSTRACT: A study was made of erosion by high-pressure noncavitating and cavita-
ting waterjets issuing from five different arrangements of nozzles, consisting of (A) jet
In i, (B} submerged jet, (C) jet surrounded by another of lower velocity, (D) jet from
g nogeles, and (E) jet from o nozzle containing a cylindrical body inseri, The
purpose was 10 evaluate the two methods of erosion for jet cutting applications,

Simple visual examination of the craters on specimens of copper showed distine
type isize, shape, depth, ete.) of erosion, However, microscopic examination did not
revenl clearly any characteristics peculiar to cavitating or nencavitating jets.

Quantitative experimental results were obtained by measuring the mass loss of lead
specimens as a function of time of exposure for the conditions where either the nozzle
pressure or the standoff distance was held constant. By comparing the different
arrangements on the basis of material loss. it is concluded that Arrangement B
performed best for all periods of exposure and standoft distances followed by Arrange-

ment © for short periods of exposure, smaller standoft distance, and for certain Now
conditions.

KEY WORDS: crosion, high pressure, cavituling, noncavitating, water jet, jet cutting
applications, nozzle, crater, mass loss, lead and copper specimens, time of exposare,
nogele pressure, nozele diameter, standofl distance, submerged jet, arrangement,
evaluation, comparison, material removal, penetration

The application of waterjets for mining and other problems is well known
and is quite well documented [/].? However, because of the requirement of
high pressures, waterjets alone are not adequate to fracture hard rocks
which are encountered in tunneling and other operations. To overcome this

'Rescarch officer and technical officer, respectively, Gas Dynamics Laboratory, Mechanical
Engineering Division, National Research Council of Canada, Omtawa, Ontario, Canada,
“The italic numbers in brackets refer to the list of references appended to this paper.

512



VIJAY AND BRIERLEY OM HIGH-PRESSURE WATERJETS 513

problem of high pressures, methods recently have been proposed whereby
the erosive power of a waterjet could be augmented by the generation of
cavitation bubbles within the jet [2]. It was argued that since these bubbles
create intense transient pressures at the points of collapse (thus fracturing
the material), the actual pressure of waterjets could be reduced. While
reports claiming their success in certain applications have appeared [3.4],
some doubts regarding their usefulness have also been reported [5]. This
investigation was undertaken to study the erosion caused by noncavitating
and cavitating jets in detail and to compare their performance with regard
to jet cutting applications.

Qualitative and guantitative results are given to support the views ex-
pressed in the paper.

Experimental Facility and Procedure

The high-pressure experimental facility in our laboratory for jet cutting
studies has been deseribed in detail in an earlier publication [6]. The pump
used for the tests was the Union Quintuplex pump rated at 69 MPa (10 000
psia) and 50 litre/min (13 gal/min). All the experiments were conducted in
a Plexiglas tank and the arrangements used to identify the tests are shown
in Fig. 1. The nozzles employed (Fig. 1) were designed to meet the present
requirements. The general features of each arrangement are as follows:

(A} The tests done in this arrangement (with Type A nozzle) constitute
the conventional noncavitating tests,

{B) Submerged jet, Type A nozzle: the cavitating characteristics of a sub-
merged jet have been clearly shown by Rouse [7] and Lichtarowicz [3].

(C) This arrangement was developed to simulate either (A) or (B) depend-
ing upon the velocity (V.) of the outer stream. As in Type (B), due to the
high shear stress between the two jets, cavitation bubbles are expected to
be generated at the interface of the two jets.

(D) The long or straight nozzles (Type B) in this case have been investi-
gated by Pearce and Lichtarowicz |#] and their cavitating characteristics
are shown to depend on the ratio L/D. In the present study, nozzles of
L/D = 5 to 50 were used for qualitative tests, whereas nozzles of L/D =
5 to 20 were used for quantitative tests. The discharge coefficients of these
nozzles were measured in the laboratory and were found to range from
0.58 to 0.77 (depending on L/D). These were much lower than the value of
0.98 measured for the Type A nozzles, suggesting the possibility of cavita-
tion in the jet.

(E} In this arangement, nozzles of Type C were tested. That these nozzles
cavitate the jet has been shown by Johnson [2] and Beutin [5]. The results
reported here are for a nozzle with a cylindrical pin insert across the flow.
The cavitating characteristics of such flows were investigated extensively by
Shal'nev et al [9].
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Initial trials were devoted to qualitative study of the erosion caused by
these jets. Specimens of cold-rolled annealed copper (Rockwell hardness,
B scale = 46 £ 2), aluminium, and brass plates of 2.29-mm (0.090 in.)
thickness were used for this purpose. Since these materials work-harden
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and also since the measured values of mass loss were small, for quantitative
tests, cylindrical specimens of lead (Brinell hardness number = 4HB) of
size 3.8 (diameter) by 3.6 cm (1.5 ¥ 1.4 in) were employed. The homo-
geneity of these specimens was ascertained by measuring the density (11.36
+ 0.21 g/em’). The range of experimental variables is summarized in
Table 1.

The temperature of the jet was measured by a copper-constantan thermo-
couple which was located at about 0.76 m (2.5 ft) upstream of the nozzles,
Though the temperature varied from day to day (depending on the season),
it was maintained at a constant value during the period of the tests.

The main dependent variable which was used to compare the perfor-
mance of the nozzles was the mass loss, which was obtained by measuring
the mass of the specimen before and after exposure to the jet.

Experimental Results and Discussion

The type (size, shape, depth, etc.) of erosion caused by the jets on copper
and lead specimens is shown in Fig. 24-R and Fig. 34-R. As for the perfor-
mance, comparison was made on the basis of mass loss with respect to time,
taking Arrangement A as reference. This is plotted in Figs. 4 to 7.

Figures 2 and 3 clearly show that each arrangement produces a distinct
type of erosion, depending on the material and to a certain extent on the
standoff distance ($02). For standoff distances less than 2.5 em (1.0 in.),
none of the arrangements produced any perceptible erosion on the copper
plates, In such cases the flow was purely radial on the surface of the speci-
men. The erosion started to become appreciable for values of S0 > 5 em
i2in.), as shown in Fig. 24-D. The flow in this instance was initially radial,
then changing instanianeously to conically upward flow, the pattern depend-
ing on the type of crater formed. Figure 24, D, E. R and Fig. 34 show that
the irregular or the ring type of erosion, well known in the case of brittle
materials [/, 11], also oceurs for metals. This type of erosion of metals has
also been observed by other investigators [12,13]. Although exact reasons
are as yet unknown, it appears that it is caused by shear due to high-
velocity radial flow on the surface of the deformed (due to jet impact)
specimen, A closer examination of the erater in Fig. 20, however, reveals
the presence of erosion at the point of impact. It is argued that this is
caused by the cavitation bubbles which are generated within the jet due to the
vena contracta effect. This is strongly supported by the fact that the same
type of craters appeared for tests done in Arrangements B (Figs. 28 and
IC. 3D), C(Figs. 2C, Hand 3E, F), and E (Fig. 30, R). For standoff distances
greater than about 13 em (5 in.), quite different results were obtained as
shown in Figs. 2G—2M and Fig. 38. What exactly happens in these cases is
hard to explain, but it appears that the liquid drops which form due to the
breakup of the jet at large standoff distances contribute to the process of
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erosion (see Fig. 2M for shape of the dents on the surface). Figure 2E,R, Q. P,
N, L shows vividly the effect of $D on the nature of the craters produced.

Figure 2 J shows a magnified (% 50) view of the crater shown in Fig. 2H.
Such microscopic examinations did not reveal clearly any characteristics
peculiar to cavitating or noncavitating jets. It should be mentioned, however,
that the crater produced by a cavitating jet was much rougher than that
caused by a noncavitating jet.

Figure 2H. K and Fig. 3E. G. J show the effect of V', on erosion. Since the
probability of generation of the cavitation bubbles is a funetion of the
interfacial shear stress, higher V, implies lower shear stress and hence less
bubbles in the jet, resulting in reduced erosion.

The mass loss of the lead specimens in Arrangement B is compared
against Arrangement A in Fig. 4. Since the specimens were completely
penetrated within a short period of time, the data do not represent the true
mass loss; however, the figure, clearly shows the high destructive power of
the cavitating jet.

Figure 5a-¢ compares the performance of Arrangement C with Arrange-
ment A. In Fig. 5a. the results obtained at 6.9 and 13.8 MPa (1000 and
2000 psi) and SD = 7.6 cm (3.0 in.) are plotted. As discussed earlier, the
plots show increased mass loss for short periods of exposure and for low
values of V.. Figure 5b shows the same trends at a pressure of 34.5 MPa
(000 psi). In this instance many specimens were penetrated as indicated in
the figure and therefore the true mass loss would be much higher. Plotted
in Fig. 5¢ are the results of D = 15.2 cm (6.0 in.). In this case, though
the mass losses were much lower, the depths of penetration were higher
compared with the conventional noncavitating jet.

Figure 6a, 68 and Fig. 7 compare the performance of Arrangements
D and E against Arrangement A, From the point of view of mass loss, they
were inferior to the noncavitating jet. Surprisingly, the standoff distance
did not have any significant effect on erosion. The depth of penetration
caused by these jets was, as before, much deeper.

The results obtained show strongly that erosive power of the cavitating
jets is intense for short times of exposure. This suggests that they would be
very effective for applications where it is necessary to employ high traversing
speeds of the jet or the specimens.

Conclusions

Tests conducted at moderate standoff distances {=7.6 ¢m) show that it
is possible to recognize the cavitating or noncavitating nature of jets by a
visual examination of the craters formed on metals. Erosion was impercep-
tible for standoff distances less than about 2.5 cm. At standoffs greater
than about 15 cm, erosion by droplets was predominant.

On the basis of material loss, Arrangement B performed best for all
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periods of exposure and standoff distances. This was followed by Arrange-
ment C for short periods of exposure, smaller standoffs, and for low values
of V..

The results suggest that the cavitating jets would be attractive for mate-
rial removal or for deeper penetration at high traverse speeds. However, to
fully assess their capabilities, further study on erosion of brittle materials
is required.
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Cavitation Erosion Testing
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Ed.. American Society for Testing and Materials, 1979, pp. 530-549

ABSTRACT: A submerged cavitating jet is used to erode i specimen placed in its path.
The erosion depends primarily on the jet velocity, the downstream pressure, and the
standoff distance of the specimen. An apparatus for erosion testing based on this prinei-
ple is described. Results are presented showing the effect of these parameters on
erosion. They indicate that scaling should be carried out on the basis of constant
cavitation number. The results show that the method is suitable for cavitation erosion
testing and that testing time and jet velocity (and hence the upstream pressure) can be
traded one against the other provided that the cavitation number remains constant, In
this methed, all of the variables can be controlled independently. The method offers the
advantages associated with flow-induced cavitation together with the short testing time
offered by magnetostriction devices

KEY WORDS: erosion, cavitation, liguid jet cutting, scaling

Various test techniques are used to investigate the resistance of materials
to cavitation erosion. In one of these, a test specimen is vibrated at a high fre-
quency (20 kHz) in an appropriate fluid. Cavitation occurs at the surface of
the specimen as a result of the high accelerations produced. In this test the
cavitation number (o) cannot be defined, because the velocity is not involved
at all. This method provides a simple and not very expensive way for relative
grading of different materials, but the results are difficult to correlate with
flow situations usually met in practice. The testing times are relatively short
and are measured in hours. In other methods, cavitation is produced in a
low-pressure region of a venturi, or behind a bluff object placed in a water
tunnel or even on a rotating disk immersed in a chamber which can be
pressurized. In these methods both the velocity and the surrounding pressure

] 'Semior lecturer, Department of Mechanical Engineering, University of Nottingham, Not-
tingham, UK.
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can be changed independently so that the cavitation number can be controll-
ed at will. The test conditions are much more closely related to the conditions
peurring in practice. The flow velocities are not very high (up to say 40 to 50
m/s); consequently tests take a long time and the apparatus tends to be
bulky. This paper describes a new method of testing recently proposed by
the author [1,2]* which uses a high-velocity (greater than 100 m/s) sub-
merged liquid jet. In such a jet, cavitation occurs in shear layers provided that
the velocity is sufficiently high, and the back pressure not too large. If a
target is placed within this cavitating region, considerable cavitation erosion
will occur.

For the past three vears, work has been going on at Nottingham University
to develop this new method. Some of the results are given by Nolan [3],
Stawski [4] and Munton [5]. Recently Kleinbreuer [6] published a paper in
which a similar testing technique is proposed.

Principle of Operation

In a long orifice (or a short tube) the flow after separation at the sharp inlet
corner reattaches itself to the orifice bore and encloses a separation region.
As the pressure difference across the orifice is increased, the pressure in the
separated region decreases until eventually cavitation occurs when the vapor
pressure is reached. As the pressure difference is further increased, the now
cavitating separation region will extend in length till eventually it will
outgrow the orifice length and will emerge as a cavitation tail outside the
orifice, The flow is now choked, because it depends only on the upstream
pressure (and on the vapor pressure, which is constant and usually very
small) and is independent of the downstream pressure [7]. The orifice is said
to be “supercavitating.” As the upstream pressure is increased or the down-
stream pressure is reduced, cavitation intensity increases.

It should be noted here that since the cavitation bubbles collapse
downstream of the nozzle there is no damage to the orifice. This is confirmed
by the fact that the same nozzle has been used throughout all the tests carried
out at Mottingham and, as yet, no detectable change in the nozzle
characteristics have been found.

The cavitating tail emerging from the orifice appears to the eye to be very
steady in both space and time. Its appearance and the noise produced de-
pend very much on the cavitation number and on the air content of the liquid
used. A full discussion of these effects is given by Lichtarowicz and Pearce
[4].

A specimen placed in the region where cavitation bubbles collapse will be
guickly eroded and the erosion can be quantified by measuring the mass lost
in a given time.

“The italic numbers in brackets refer to the list of references appended 1o this paper.
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The cavitation number is usually defined as

=& — P

g
2 ove

and can be modified to
g==084—"DPr__Pa— P
P —-Pi ap
where
Pu. Pa. p. = upstream, downstream, and vapor pressures, respectively,

v = velocity through the orifice, and
p = density of the fluid,

All pressures are absolute. In many cases the vapor pressure is neglighly

small when compared with other pressures, so that the cavitation number
reduces to

=B
Pu

The funetion of the orifice bore, which must be at least one diameter long,
is to stabilize the cavitation bubble especially at high cavitation numbers
near cavitation inception | 7].

Apparatus

Figure 1 shows an arrangement of the test chamber. A cavitating jet sup:
plied from a pressure source p, discharges into the test chamber held at the
required constant pressure p,. A circular specimen (Fig. 2) is mounted coax:
ially with the jet in such a way that the separation between the nozzle and the
target can be set to any desired value by adjusting the screws locating the
holder. The nozzle itself (Fig. 3) consists of a synthetic sapphire orifice jewel
clamped in position by the nozzle holder. The sapphire was chosen as it pro-
vides cheaply a well-finished nozzle. The conical entry increases its discharge
coefficient without affecting its general cavitating performance.

Windows were provided on both sides of the chamber so that cavitation
could be observed. The whole assembly was designed to withstand 35-MPa
pressure, and it is suitable for use with water or with oil,

Pressures were measured by appropriate test gages while the temperature
was measured by a mercury in glass thermometer located in a well just
downstream of the chamber exir,

A test chamber assembly which would be required for routine test work
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can be considerably simplified, as the existing unit incorporated additional
features that enabled it to be used for other purposes,

The unit was supplied from an existing laboratory facility; hence only the
essential features of the system will be specified. Both upstream and
downstream pressures are held constant during the test, but their seftings



534 EROSION: PREVENTION AND USEFUL APPLICATIONS

a
p————————————=
— b —
I : s
o __.W//‘
—_— ]
g= 36imm
b= 183
cx 150 ™
dix CCRLFE

FIG. 3—Nozzle details.

may be varied from one test to the other. An oil cooler was fitted in the high:
pressure supply line to allow for temperature control. Supply to the nozle
was well filtered (5 i) so that neither the nozzle nor the specimen would be
damaged by particle erosion. Furthermore, an efficient debris-removal
system was provided on the downstream side so that the pressure conirol
valve would not be affected by small eroded particles blocking the flow
passages. A fine wire mesh was’ found to be sufficient on the rig used,
Facilities for a quick buildup and cutoff of the supply to the test chamber
and for automatic test timing were provided to enable short test runs to be
made.

As the hydraulic power pack available could use only hydraulic oil, all the
tests to date have been carried out using Esso NUTO H32 hydraulic oil. The
exact specification of the oil is given in the Appendix.

Testing Procedure

Before each test a dummy specimen was inserted in the test chamber and
the machine run so that all the controls could be preset to the desired values
and a steady temperature could be reached, A previously weighed specimen
was then inserted, the automatic timing was preset, and the rig started up
with the flow to the test chamber shut off. As soon as the required pressure
!:rl.li]t up, the valve was opened and the timer started. Usually, small ad-
justments had to be made to the settings. Some adjustments were also re-
quired to the cooling water flow since there was no thermostatic contral,
After the machine had stopped the specimen was weighed again to determine
mass loss and the cumulative erosion rate (CER). CER is defined as the total
mass loss divided by the elapsed time 1.

All specimens were weighed down to 0.1 mg, but in a few cases a machine
capable of weighing down to 0.01 mg was used to determine the initial ero-



LICHTAROWICZ ON CAVITATING JET APPARATUS 535

sion, In some tests the eroded surface was photographed. The specimen then
was inserted again, taking care to locate it in the same position. This was en-
sured by alignment of two marks, one on the specimen and one on the
holder. Tests were also made where the standoff distance [ was altered.

All testing so far has been done to determine the characteristics of the ap-
paratus; consequently aluminium specimens were used throughout to keep
the testing times shorter. A few specimens of other materials were tested to il-
lustrate the practicability of the method. All aluminium specimens were heat
treated to ensure uniform hardness (see the Appendix).

Experimental Work

Test program

The cavitation intensity, and hence the erosion, depends on a number of
parameters which can be conveniently divided into a number of groups. As
the number of parameters is large, it was possible to test the effects of only
some of them.

The first group of variables consists of geometrical parameters describing
the size of the unit. These comprise the nozzle diameter d, standoff distance
I specimen diameter D, and the chamber size. The nozzle size was deter-
mined mainly by the capacity of the available pumping equipment and was
kept constant throughout all the work. Only the standoff distance [ was
changed to test for optimum distance. The chamber size (Fig. 1), that is,
both the diameter and width, were made sufficiently large so as not to
affect the flow pattern as the standoff distance was altered of the flow pattern
changed as the erosion of the test specimen progressed. It was hoped that the
10-mm-diameter specimens would be sufficiently large for erosion not to be
affected by the specimen diameter, but it was found later that at higher
upstream pressures the eroded area covered the whole of the specimen face.
Additional tests were made which indicated that the diameter had to be in-
creased to 12 mm.

The second group of variables describes operating conditions and com-
prises the upstream and downstream pressures as well as the operating
temperature and the air content of the liquid. Air content was not in-
vestigated here at all. It is known that, for vibratory tests, erosion rate peaks
with a relatively flat plateau between 40 and 70°C; thus most of the current
tests were carried out within this temperature range.

The main part of this work describes the effects of various pressure
changes on erosion. Tests were made at

I. constant cavitation number = pu/p.,

2. constant downstream pressure, and

J. constant upstream pressure.

The last group comprises “materials” parameters, that is, the variation of
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the specimen material and its state and the type of liquid used. As mentioned
previously, only one aluminium and one liquid were used. A few steel
specimens were tested to demonstrate that the method is suitable for other
materials.

Experimental Results

As the jet leaves the nozzle, cavitation is confined to its circumference and,
as it travels along, cavitation spreads both into and out of the jet. Eventually
it will decay. When a jet strikes a plate target placed normal to its axis, the
flow is deflected radially outward and a stagnation region is formed at the
center. Thus erosion on a target will oceur in a ring around the central
uneroded area. If the standofl distance [ is increased, the central area will
diminish. Similar effects can be obtained by increasing ¢ and holding [ con-
stant. Figure 4 shows the test rig in operation. The jet is made visible by the
cavitation cloud surrounding it. The erosion pattern can be seen in Fig. 5,
which shows various stages of erosion of an aluminium specimen. Machining
marks at the center remain visible for a very long time and they disappear
only as the center region is slowly eroded away from the rim inwards as the
specimen surface geometry changes. The absence of cavitation at the center
was confirmed by viewing a similar, but scaled up. cavitating jet through a
transparent Perspex specimen mounted in a rig used for other tests.

Figure 6 shows the mass loss {Am) and the cumulative erosion rate (CER)
time graph for Specimen 7. The shape of both curves is very typical of all the
results obtained. Figure 5 shows the photographs of the eroded surface of
this specimen at various stages of erosion. The feature already mentioned is
the ring pattern of erosion which gradually extends inwards and outwards.
At longer erosion times, deep pits are visible and the central noneroded core
has disappeared, leaving a rather large hole in the center. Under these cir-
cumstances the flow pattern around the specimen is affected, because the
flow no longer leaves the surface radially but is deflected backwards. This oc-
curs after approximately 1200 s exposure in this particular case. The effective
standoff distance has by now increased, but as this occurs at the exposure
times considerably longer than the time required to reach the peak erosion
rate, it does not further affect correlations. For example, the mean depth of
erosion for Specimen 7 shown in Figs. 5 and 6 is only the order of 0.15 mm at
the time of peak erosion rate,

Figure 7 shows a set of cumulative erosion rate curves obtained at constant
cavitation number ¢ = (0,025, As the upstream pressure is increased from &
MPa upwards, the flat plateau associated with the steady-state zone becomes
shorter until eventually it disappears altogether, leaving a peak which
becomes more pointed as the pressure is further raised. It should be noted
here that the maximum pressure used in all this work was only 20 MPa, while
the ultimate tensile strength of aluminium is 67 MPa.



LICHTAROWICZ ON CAVITATING JET APPARATUS 537

Flr. 4—Cawitating jel in operalion.

Figure 8 shows initial mass loss for two specimens. In both these cases a
more sensitive weighing machine was used to illustrate that, in the incuba-
tion zone, material loss oceurs at very early stages. A photograph of the
specimen (No. 19) in the early stages of erosion is shown in Fig. 3. Here a is
larger and consequently the central uneroded area is much smaller.

As suggested by Thiruvengadam [9], the erosion rate versus time curves
were normalized, taking as the reference values the peak erosion rate and the
time to reach that peak. All of the relevant erosion rate curves obtained in
this study were so correlated. Figure 9 shows most of the results plotted in
this way. Other data which are not shown also fall within the two bounding
curves drawn around these points. Table 1 gives the peak erosion rates and
the actual times to reach that peak. Thus, it is possible from the graph and
the erosion rate table to calculate the actual time taken to reach that rate and
lence the mass lost. The region around the incubation zone is not sufficiently
well covered, since the balance used in most of the tests was not sufficiently
sensitive at these small erosion rates.

Tests at Constant Cavitation Number and at Constant Back Pressure

The peak erosion rate for two constant values of the cavitation number is
shown plotted against the upstream pressure in Fig. 10, and Fig. 11 shows
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FIG. 5—Srages of erotion in aluminum specimens

the time to reach the peak, plotted also against the upstream pressure. It can
be seen that

peak erosion rate oc upstream pressure” o jet velocity ™

and that the time to reach the peak T is nearly linearly related to the
upstream pressure. The value of n and the slope of the linear graph both de-

pend on the cavitation number. The present tests show that for pure
aluminium

n=4.2 for o
n=35 for a

0.0143
0.025

On the same graphs the corresponding values obtained at constant back
pressure are also shown. These do not form simple relationships, because
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they were not taken under dynamically similar conditions and because some
scale effects are present.



540 EROSION: PREVENTION AND USEFUL APPLICATIONS
. T T —rII|| L
af
No 3 e=0025 /
12+ p-8 MPa ;,
P =02MPa /
10 !
!
!
08 r ]r"ra 4
!
f
0 F f 4
/ Mo19 o-00375
£ ;‘J R=12 MFa
(A o ? P =45 MPa -
E i
<]
02r -
0 - - - :
0 200 400 600 800 1000
TIME &

F1G. B—Euerly stages of erosion,

Effect of Back Pressure

The next two sets of tests were conducted with upstream pressure kept con-
stant {at two different values) while the downstream pressure was changed,
For each pressure the peak erosion rate was established; these rates are
shown in Fig. 12 as functions of the back pressure. As expected (Knapp et al
[10]), there is an optimum back pressure to give maximum erosion rate and
there is a corresponding minimum time to reach that peak. These results,
like all others so far, were obtained at a constant standoff distance.

Effect of the Standoff Distance

A number of tests were also made where pressures were kept constant and
ﬂi_c standoff distance was varied from 5 to 18 mm. The peak erosion rate ob-
tained at each standoff distance is shown plotted against the standoff
distance in Fig. 13. As expected, there is an optimum separation at which the
Lrosion rate is a maximum, but this distance depends on flow conditions as
shown by Kleinbreuer [5]. Kleinbreuer kept the upstream pressure constant
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and altered the downstream pressure, and for each value of the downstream
pressure he varied the standoff distance. At each distance he measured the
material loss occurring in a fixed time (17 h in his case). His results show that
for each value of the standoff there is an optimum downstream pressure to
give maximum erosion in a specified time.

Tests on Other Materials

To show that the test rig is suitable for use with other materials, a few
specimens of mild steel (EN3) were tested; the results are shown in Fig. 14. In
8 h, about 62 mg of steel were eroded with a jet having a stagnation pressiire
of 20 MPa. Tests on a similar material carried out elsewhere in a vibratory
apparatus working at its maximum power resulted in a mass loss of less than
30 mg in the same time.

Discussion

The tests described show some of the characteristics of the cavitating jet
testing apparatus. They indicate that the method is suitable for testing of
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materials for their resistance to cavitation erosion. The method offers many
advantages over existing methods. The apparatus is small and utilizes flow
effects to produce cavitation; hence it offers all the advantages of venturi and
tunnel-type devices without their main drawbacks of size and long testing
times. The testing times can easily be adjusted by choosing a suitable
upstream pressure, and the results can then be scaled up or down easily as
long as the cavitation number is kept constant.

Care must be taken, however, not to use too high pressures for erosion
testing, as the material can be damaged by the jet or even cut by it. If one is
in doubt, cavitation can easily be suppressed by raising both the upstream
and downstream pressures. It must be remembered, however, that since in
jet cutting it is the velocity which is important, the velocities under non-
cavitating and cavitating conditions should be the same. This results in
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The importance of scaling laws has been emphasized by the constant-
cavitation-number and constant-back-pressure tests (Fig, 10),

Further tests should be carried out to extend the range of the test results
and to investigate the effect of nozzle size. This is especially important since
the power required to drive the rig is proportional to the nozzle cross-
sectional area. In the present unit the maximum power dissipated by the jet
was only 620 W. Thus a 2-kW power pack would be sufficient to drive the
unit.

As a testing device, the unit should be simple to use and preferably the
number of variable parameters should be minimized. Therefore, it is sug-
gested that testing be done at a fixed standoff distance as was done in these
tests, irrespective of whether it is optimum or not for the particular flow con-
dition. The geometrical similarity essential for scaling s also retained.
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Good-quality pressure-regulating valves must be used in the testing
because the erosion is very sensitive to changes in both pressures.

Conclusions

The tests described show that the cavitating jet method of testing provides
a viable alternative to the existing methods of cavitation erosion testing. The
apparatus is simple, pressures required are within current industrial practice
(20 MPa) and, above all, the flow parameters can be easily controlled in-
dependently.

The importance of testing at a constant cavitation number to avoid scale
effects was clearly demonstrated.
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This type of apparatus is also suitable for more basic studies on cavitating
flows and on cavitation erosion.
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APPENDIX

Properties

Aluminium (996 percent pure )
Ultimate tensile strength, 67.4 MN./m’
Vickers Hardness Number range, 21.5 to 23.8
Heat treatment: heat for 2 h @ 400°C. Cool in air.
Sreel
Low-carbon mild steel, EN 3
Ultimate tensile strength, 460 MN/m’
Oil
Esso NUTO H32 hydraulic oil

Temperature Kinematic viscosity
J8*C 4.53 mm’/s
93°C 1.55 mm*/s

Temperature Density, kg/m’
XC B4
s0°C 831

Vapor pressure @ 38°C 2.26 Pa
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DISCUSSION

A. F. Conn' (written discussion)—Did you examine the interaction be-
tween optimum standoff distance and chamber pressure? We have done
some limited elevated ambient pressure tests, in the Cavijet, and found that
the optimum standoff decreases with increasing ambient pressure.

A. Lichrarowicz {author's closure)—1 have done a few tests at higher
downstream pressure and 1 have found, as you have, that the optimum
standoff distance decreases as the pressure is increased. For constant
upstream pressure the erosion decreases at optimum standoff as the ambient
pressure is raised. Some more information on the subject can be found in Ref
t of the paper.

'Hydronautics, Inc., Pindell S5chool Road, Lavrel, Md. 20810,
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Mechanism of Fracture of Hard Rock
Using a Drag Bit Assisted
by Waterjets

REFERENCE: Hood, Michael, *Mechanism of Fracture of Hard Rock Using a Drag
Bit Assisted by Wateclets,” Erosion : Prevention and Useful Applications, ASTM STP
fed, W. F. Adler, Ed., American Society for Testing and Materials, 1979, pp. 553-561.

ABSTRACT: It is shown that the mechanism of rock fracture is similar both when a
blunt drag hit is used to cut strong rock and when a flat-bottomed punch is pressed into
the rock sarface. In ocder to study this fractuse mechanism an experimental technigque
was developed which involved indenting the rock specimen in 2 quasi-static manner,
uiing & drag bit as the punch. The effect of directing waterjets adjacent fo the bit was
investigated and it was found that these jets caused a rock ¢hip to form with lower than
normal forces applied to the bit. This finding agrees with results of previcus experiments
where lower forces were applied to the bit during the cunting operation when waterjets
were used. A hypothesis is proposed to explain the action of the wategjets on the rock
1o produce this reduction in the indentation force,

KEY WORDS: drag bits, waterjets, hard rock, cutting. indentation, rock fracture, ero-
shon

In recent years considerable attention has been paid to the development of
technigques for cutting in hard rock, for application both in the mining and
tunneling fields.

This work has concentrated largely on improvements to roller cutter
technology, but drag bit cutting tools have been employed successfully in cer-
tain applications. For example, drag bits are used both on the Atlas-Copeo
wnneling machine and on the rock-cutting machines developed by the
Chamber of Mines of South Africa [2]. Research work related to this latter
project has shown that when a blunt drag bit was used to cut in hard rock,
the forces acting on the bit were reduced dramatically when coherent water-

Assistant professor, Department of Materials Science and Mineral Engineering. University
of California, Berkeley, Calif. 94720; previously, project leader, Mining Technology Laboratory,
Chamber of Mines of South Africa.
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jets at moderate pressures (50 MPa) were directed immediately ahead of the
bit [{]®. These reductions in the bit forces were greater than had been ex.
pected in the light of existing knowledge that waterjets by themselves, at
these moderate pressures, would not cause damage to the rock [3]. An in-
teresting aspect of the influence of waterjets on these reductions in the bit
forces was that the foree normal to the direction of cutting, known as the bit
penetrating force (Fig. 1), was more sensitive to parameters such as the
pressure of the waterjets or the point of impingement of the jets relative to the
bit than was the force in the direction of cutting, known as the bit cutting
force. An explanation of this behavior was sought. This paper discusses the
results of an investigation directed toward establishing details of the action of
waterjets on the rock adjacent to a drag bit,

Mechanism of Fracture of Strong Rock, Using a Drag Bit with No Waterjets.

In order to understand how waterjets assist a drag bit when cutting in hard
rock, it is necessary first to examine the mechanism of rock fracture caused
by drag bits without waterjets.

Previous research work [4], has suggested that a drag bit cutting in strong
rock acts in a fashion similar to a flat indentor moving through the rock. The
resuls of this work indicated that the rock spalled ahead of the leading face
of the bit and that this leading face, therefore, did not affect the rock break-
iNg Process.

In order to investigate this proposal, experiments were designed by the
author to determine whether the leading face of the bit was ever in contact
with the rock during the cutting operation. A series of high-speed films was
made of a bit cutting in a block of Witwatersrand quartzite in order to study,
in a slow motion, the method of fracture of the rock adjacent to the bit.
These films, which were taken at 3000 frames a second using a revolving:
prism type camera showed that initial fracture was caused by indentation of
the rock by the bit wearflat. A rock chip was formed ahead of the bit and this
was observed to rotate while being ejected at a high velocity in the cutting
direction.

It was observed also that the cemented tungsten carbide inserts deformed
plastically ahead of the leading face of the bit (Fig. 1). If this leading face
had functioned as a cutting surface, it would not have been possible for
plastic deformation of the tungsten carbide to occur by flowing ahead of the
bit. It was concluded, therefore, that the leading face of the bit was not in
contact with the rock at any time during the cutting process.

It was concluded from these tests that the mechanism of rock failure dur-
ing the cutting operation might be similar to that produced by a flat
bottomed indentor pressing into a rock surface. This proposal was in-

*The italic numbers in brackets refer to the list of references appended to this paper.
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FIG. 1—Magnified section of a cemented ungsten corbide bit insert, shawing plaztic defor:
mation of the insert ahead of the leading face

vestigated further by conducting experiments to find out whether the rock
chip that was formed when a quasi-static indentation force was applied to a
rock surface (using a drag bit as the punch) resembled the rock chips that
were formed during the cutting operation. It was considered that if rock
chips of similar geometry could be produced by these two different methods,
then this would be a strong indication that rock fracture during the cutting
process could be simulated, in a controlled fashion, by conducting a suite of
indentation tests.

A stiff, 2-MN compression testing machine was used for these ex-
periments. A detailed deseription of this machine has been given in Ref. 5. The
bit was placed between the machine loading piston and the cylindrical rock
specimen, with the bit wearflat in contact with the rock (Fig. 2). Force was
applied to the rock specimen using a fixed rate of displacement of the
machine loading piston.

$mall rock chips about 2 mm in diameter and 0.5 mm thick were observed
to form next to the corners of the bit when the force applied was between 100
and 150 kN. Increasing this load produced a situation where a major rock
chip was formed immediately ahead of the leading face of the bit. No damage
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to the specimen in the form of cracking, other than the minor chipping in the
vicinity of the bit corners, was visible until this major chip was formed. This
large chip in front of the bit extended across the full 35-mm thickness of the
bit and for some 10 to 15 mm ahead of the bit. The force required to form
this rock chip, in both the norite and the quartzite specimens, was between
250 and 350 kN. Examples of curves showing the applied load plotted against
bit penetration for a norite specimen is given in Fig. 3.

Rock chips would be expected to form symmetrically on either side of a
flat-bottomed rectangular punch which was pressed against a flat rock sur-
face. With all of the specimens tested during this experimental program,
however, the large rock chips were formed always on one side of the bit and
ahead of the leading face, The reason for this preferential cracking ahead of
the bit is found in the asymmetrical bit geometry which permits the steel bit
body behind the rear face of the tungsten carbide insert to press against the
rock, thereby applying a confining force in this region during the indentation
process,

Examination of the rock chips which formed ahead of the bit during these
quasi-static indentation tests showed that geometrically they resembled very
closely the rock chips that were formed during the cutting process (Fig. 4). It
was concluded that rock fracture while cutting was duplicated reasonably
well by these indentation tests.
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milarity beteen rock chips formed during the cutting operation and

Rock Fracture Adjacent to a Blunt Drag Bit

In order to examine the cracks as they were developed in the rock, a fur-
ther series of tests was carried out where the indentation was stopped at
predetermined intervals during the loading operation prior to the formation
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of a rock chip. The rock specimens then were sectioned with a diamond saw
and the fractured zones adjacent to the bit were studied using a scanning
electron microscope (SEM).

A section through one of the quartzite specimens from the indentation
tests (Fig. 5) shows that the rock immediately underneath the bit wear flat
was crushed intensely to a depth of several millimetres, The crack which in-
dicates the formation of a major rock chip ahead of the leading edge of the
bit is marked A" in Fig. 5. Other major cracks, "B" and "C" in Fig. 5, ex-
tended from the crushed rock zone to the side of the specimen. A crack onee
initiated develops toward a free surface to form a rock chip. Therefore the
prominence of Cracks B and C was attributed to the limited size of the
specimen. In a massive block of rock the only available free surface would be
the face in contact with the bit wearflat and, consequently, Crack A would be
expected to develop in preference to Cracks B and C.,

A more detailed study of the propagation of cracks adjacent to the bit was
conducted using four rock specimens, two of norite and two of quartzite, A
bit was used to indent the rock surface and the compression was stopped al
selected levels of the applied load. The rock specimens were sectioned in a
manner similar to that illustrated in Fig. 5 and the region of interest, im-
mediately underneath the bit wearflat and ahead of the leading face of the
bit, was mounted on an SEM specimen holder,

Figure 6 is an SEM micrograph of a section through one of the norite

FIG. 5—38ection through o rock specimen ilustrating the cracks which formed during the in
dentation fesrs.
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specimens. The most clearly defined fracture in Fig. 6 is that closest to the
rock surface. If the force applied to the bit had not been removed but in-
creased, this crack would have extended to form a large rock chip. The
geometric similarity between this chip and those from other indentation and
cutting experiments (Fig. 4) is apparent.

Indentation Tests Using High-Pressure Waterjets

A series of indentation tests was then conducted with waterjets at S0-MPa
pressure directed 2 mm ahead of the leading face of the bit, toward the cor-
ners of the cemented tungsten carbide cutting elements (Fig. 7). The tests
were performed with both norite and quartzite rock specimens.

The procedure followed was to apply the load slowly to a level approx-
imately half that required to form a rock chip ahead of the bit, that is, be-
tween 150 and 200 kN. The stress in the rock at the corners of the bit with
this applied force was sufficient to form small rock chips in this region. At
this juncture the waterjets were applied at 50-MPa pressure with a flow rate
of 0.5 litres/s. When these jets struck the rock surface the rock chip formed
ahead of the bit almost immediately. Since the water spray prevented direct
observations of the formation of the rock chip, this was sensed by a fall in
pressure of the hydraulic fluid in the press.

This experiment was repeated a number of times and the results were con-
sistent in demonstrating that when waterjets were used, the indentation force
necessary to form a rock chip ahead of the bit was reduced by a factor of
about two. Additional tests, with waterjets directed 10 mm ahead of the bit,
showed that the indentation force was not measurably reduced. Limitations
of the test equipment made it impractical to carry cut more detailed ex-
periments. Nevertheless it is felt that these tests have demonstrated clearly
that when suitable waterjets are used to assist the rock breaking operation,

Tool blade o
= Waler

jeis
‘Waoter jets <

b
Drog bit

Two jets directed 2mm aheod of ihe
fungstén corbide insérts, inside the
corners of the inserts

FIG. T—Diagram illustrating the position and point of impingement of the waterfers relarive
to the bir.
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the force normal to the rock surface required to form a rock chip ahead of the
bit is reduced substantially,

The mechanism for this force reduction appears to be that cracks, initiated
ahead of the bit with a relatively low applied force, are propagated when the
water is forced into them to form a rock chip.

Conclusions

The investigation of the mechanism of fracture of strong rock using blunt
drag bits showed that the bit penetrating force caused the bit to indent the
rock and form rock chips ahead of the leading face of the bit. In addition, it
was shown that the leading face of the bit is not in contact with the rock dur-
ing the cutting operation,

A series of indentation tests showed that when 50-MPa waterjets were
directed immediately ahead of the bit, the force required to form a rock chip
was reduced by a factor of at least two. Previous experiments cutting the rock
[1] had shown that the most effective point of impingement of the jets was
immediately ahead of the leading face of the bit. It was in this region that
cracks were initiated in the rock. Taken together, these experiments indicate
that the mechanism by which the waterjets assist the rock breaking process is
by the water penetrating and then propagating the cracks which develop
ghead of the bit.
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ABSTRACT: Lahoratory coal-cutting experiments with CAVIUIET cavitating waterjets
have demonstrated the feasibility of this technology for hydraulic coal mining applica-
tions. The objective of the first phase of a developmental program, as described in this
paper, was to determine the system and operating parameters required to cut coal with
CAYUETS, and to compare the results with those observed for noncavitating jets.

Comparable coal cutting was achieved with the CAVIIET, relative to high-pressure,
noncavitating jets, using one-fifth the pressure and one-half the specific energy. These
results suggest that CAVIET-augmented mining devices can be developed with com-
pact, low-pressure pumps. Thus, CAVIJET should be capable of operating with safer,
lighter, more suitable support equipment, while providing all of the advantages {reduc-
tion of dust and sparks; decreased damage to cutters) of conventional hydraulic mining
methods,

KEY WORDS: CAVUET, cavitation, waterjets, coal, hydraulic mining, erosion

There is growing interest in the use of waterjets for mining, drilling, and
cutting applications because of the high levels of deliverable power, the
potential for reducing tool damage, the elimination of spark creation which
might ignite gas deposits, and considerable reduction in dust levels [1].}
Most of the hydraulic mining has been done either with low-pressure, very-
high-flow sluicing jets, high-pressure waterjets [68.9 to 689.0 MPa (10 000 to
100 000 psi)], or with pulsating waterjets in which there is an intermittent
ejection of slugs of water [2]. In contrast to these jets a unique, cavitating
waterjet called the CAVIJET' is now being developed. This device is one of
the very few successful techniques in which the destructive power of cavita-
tion is harnessed to do useful work. The basic difference between a cavitating
waterjet and a high-pressure steady or pulsating waterjet is that the damage

'Principal research scientist and head, and associate rescarch scientist, respectively, Material
Sciences Division, Hydronautics, Inc,, Laurel, Md. 20810,
italic numbers in brackets refer to the list of references appended to this paper.
SCAVIET is a trademark of Hydronautics, Incorporated, Laurel, Md.
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in the former case is amplified by the collapse of cavitation bubbles and is not
merely due to the high pressure or velocity of the jet. The CAVIET method
has been successfully demonstrated for various cutting, cleaning, and drill-
ing applications [3].

The experiments reported herein were undertaken in order to investigate
the feasibility and energy effectiveness of using the CAVIIET method for cut-
ting coal. The ultimate objective of this investigation is the design, fabrica-
tion, testing, and evaluation of prototype equipment capable of use in the
field to cut coal by the CAVIJET method. Under the first-phase contract a
laboratory experimental program was defined to provide controlled test con-
ditions, so that feasibility may be established and values determined of the
parameters required for CAVIIET coal-cutting devices.

The CAVIJET method and the Hydronautics CAVIIET test facility are
described in the next section. The acquisition and preparation of test
specimens are then outlined, followed by a summary of the experimental pro-
cedures and parameters. Some typical test results are presented, and the per-
formance of CAVIIET is compared with noncavitating waterjets for coal-
cutting applications.

The CAVIJET Cavitating Waterjet Method

CAVUET is a turbulent waterjet in which vapor and gas cavities are
stimulated to grow in order to enhance the destructive power of a relatively
low-velocity steady jet. By proper adjustment of the distance between the
nozzle and the surface to be fragmented, these cavities are permitted to grow
from the point of formation and then to collapse on that surface in the high-
pressure stagnation region where the jet impacts the solid material. Because
the collapse energy is concentrated over many very small areas at collapse,
extremely high, very localized stresses are produced. This local amplification
of pressure provides the cavitating waterjet with a great advantage over
steady noncavitating jets, which are operated at the same pump pressure and
flow rate. Further details about the basic principles for the operation of a
cavitating waterjet may be found in Ref 4.

The CAVIET Test Facility

The primary components to this facility (see Fig. 1a) include a pump,
reservoirs to recover and store the water, suitable filters, controls, pressure
and temperature gages, flow measuring devices for precisely measuring all
system parameters, and a new large test chamber with the means for transla-
tion of the CAVIJET nozzle relative to test specimens either in air or in a
submerged configuration. During this program, because of the large coal
specimens which were to be used, it was decided to design and build a new
test chamber. The overall dimensions of this test chamber (Fig. 2) are length
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FIG. | b—Typical covitating waterjer nozzle configurations.

1.8 m (b ft), width 1.5 m (5 ft), and height 1.8 m (6 ft) from the floor of the
chamber to the ceiling of the roll-away cover. The height of the lower, water-
containing section of the test chamber is 1.2 m (4 ft). Further details about
this facility are given in Ref 5. Some typical CAVIET nozzle configurations
are shown in Fig. 1b.

Acquisition and Preparation of Tesi Specimens

Coal segments were acquired from the Fire Creek Coal Seam near Anjean,
W. Va. The medium-hard, low-sulfur bituminous coal seam in this location
lies below an overburden of sand stone which is about 9.1 to 10.7 m (29.8 to
35.1 ft) thick. The seam has an average thickness of 1.5 m (4.9 ft).

The test specimen developed for these tests consisted of as many as ning
coal segments, each roughly a cube about 0.3 m (0.98 ft) on a side. The coal
wgments were imbedded in concrete, to provide an overall testing area of
about 0.7 m? (7.5 ft?), as seen in Figs. 2 and 3. A steel “girdle” was
fabricated to surround the coal-and-concrete specimen to provide com-
pressive loading, and hence some simulation of the actual overburden load-
ing on the coal seam. Thus, any given test run involved cutting across several
pieces of coal, The conerete block with imbedded coal specimens was (.76 by
0.91 m (2.49 by 2.98 ft) by at least 0.25 m (0.82 ft) deep and weighed about

1.5 to 4.0 kN (800 to 500 Ib),

Experimental Procedure and Parameters

After the concrete block, containing several coal specimens, was placed in
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FIG. 2— Test chamber of CAVIFET cavirating waterjet faciliny

the test chamber, it was properly oriented so that the bedding planes were
gither parallel or perpendicular to the direction of translation of the CAVI-
JET. To begin each test, the chamber cover was closed and, with no pressure
at the nozzle, trial runs were made to sel the desired translation veloeity.
Once these settings were established for the hydraulic system, the required
nozzle pressure was set by adjusting the amount of bypass flow. A single pass



CONN AND RUDY ON CAVIJET COAL-CUTTING PARAMETERS

{(b) Close-up: Upper right-hand corner

FIG. 3—Specimen 4: tests with 3. 2-mnt (¥ in.) and 8. 4-mm (Vein. ) CAVLET,
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was then made across the specimen; then the pressure was reduced and the
cover opened so that measurements of the slots cut in the coal could be made,
Sketches were also made of the shape and position of each coal segment, and
the location and configuration of each slot.

For each test run the following system parameters were noted: nozzle size,
nozzle type, number of nozzles, and relative placement of multiple nozzles;
as well as operating parameters: translation velocity, v; angle of impinge
ment, #; nozzle pressure, p; flow rate, Q; standoff distance, that is, the
distance between the nozzle face and the coal surface, [; and the mode of
operation, which was in-air for all of these tests. At the completion of each
test run the slot depth, £, and the slot width, W, were measured.

From these dependent and independent variables, the following perfor-
mance parameters were determined:

Rate of area cutting, ri =Z.v
Rate of volume removal, V= Z - W.»

Kerfing effectiveness, e, = A/P
Volume removal effectiveness, e, = V/P

where P is hydraulic power, and e, and e, are the measures of area of slot
created per unit energy and volume of coal removal per unit energy, respec
tively.

As is evident from Fig. 3a. b, the slots were very clearly defined in almost
all the tests, thereby making it quite easy to measure the widths and depths.
Several measurements along the length of the slot were made to establish a
“typical” or “modal" value, and this value is used for analyses in the next
section. Maximum and minimum were also recorded. The slot depths were
measured to within £ 6.4 mm (%4 in.), and the widths to within £3.2 mm (/s
in.). The translation velocity was measured over a predetermined distance of
0.616 m (24.25 in.). Microswitches at two positions started and stopped an
electric timer, measuring the time of travel to within +0.02 s,

Although no attempt was made to control the moisture content of most
of the coal segments used in this study, a few tests were run to assess the im-
portance of this parameter. A batch of coal blocks was removed from the
mine, kept continuously moist by completely covering them in wet
newpapers, and encased into the concrete specimen format within 48 h after
being mined. Testing was done after the concrete block was cured for two
days under several inches of water in the mold. The experimental data
showed that the widths and depths for these tests were well within the scatter
for comparable tests without any moisture control.

Test Results

In this section a summary of the experimental results for coal cutting with
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single and dual CAVIJET nozzles is presented. Three nozzle orifice
diameters were utilized, namely, 2.2, 3.2, and 6.4 mm (0.086, Vs, and 4
in.), and for each, the centerbody CAVUET configuration was utilized (see
Fig. 1b). The centerbody was cylindrical in shape, flat ended, and had a
diameter one half of the nozzle orifice diameter in each case. The
measurements were made over a translation velocity range of 5 em/s (12.7
in./s) to about 100 cm/s (254 in./s). Three nozzle pressures were utilized in
the tests, namely, 10.3, 13.2, and 14.8 MPa (1500, 1910, and 2150 psi).

The standoff distance was varied from 1.3 to 6.4 ¢m (0.5 to 2.5 in.) for the
3.2-mm (s in.) CAVIET, and from 1.3 to 12.7 em (0.5 to 5 in.) for the
f.4-mm (%4 in.) CAVUET, Over these ranges of standoff, the slot dimen-
sions were constant to within measurable accuracy. Thus, all subsequent
tests were run at a standoff of 3.8 em (1.5 in.) for the 3.2-mm (1/x in.) nozzle,
and 10.8 ¢m (4,25 in.) for the 6.4-mm (% in.) nozzle. The angle of impinge-
ment parameter was varied from 0 deg (perpendicular to the surface of the
coal) to 30 deg, in increments of 10 deg. These tests were run with the
3.2-mm (/= in.) nozzle, and over this range no measurable differences (see
tolerances given in the foregoing) were detected. Thus, all subsequent tests
were run at normal incidence to the surface of the coal.

Data Reduction

Before deriving the various performance parameters, it was first necessary
to define the variation of slot depth, Z, and slot width, W, with respect to
nozzle size, d, nozzle pressure, p, and translation velocity, v. In order to
reduce the uncertainty due to the inherent variations in the coal properties
and the randomness associated with the statistical processes that cause
cavitation erosion, kinematic scaling concepts were used to process the raw
data for Z. The raw data were plotted for different nozzle sizes, but at the
same pressure, by introducing the variables: nondmens:uml slot depth,
7 = 7/d. and nondimensional translation velocity, v = vr/d, where 7
is the “intrinsic erosion time" for coal, which is assumed to be constant.
Thus a large set of data points was used to estimate the average slot
depth as a h:m.tmn of translation velocity. A typical nondimensional
plot of Z versus v is presented in Fig. 4. Since the intrinsic erosion time
r is taken to be constant for a particular material, it was arbitrarily set
at ane second for these analyses. The solid curve in Fig. 4 was faired
through the average values of all the data points at each nondimensional
velocity. Thus, by this method of pooling the data, the uncertainty in deter-
mining the mean value of the slot depth at each translation velocity was
reduced. The de-endence of mean slot depth, Z, on the jet translation veloc-
ity, v, for each nozzle size was then obtained from these nondimensional
curves by multiplying each Z and v by the respective nozzle diameter, d. A
typical set of curves derived by this procedure is shown in Fig. 3.

It should be noted that over the range of translation velocities covered in
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these tests the slot widths were found to be essentially constant. Moreover,
the slot width was the same when cutting was done either parallel or perpen-
dicular to the bedding planes. The width of the slot for the 3.2-mm (Vs in.)
jet at 14.8 MPa (2150 psi) was 8.9 mm (0.35 in.), slightly bigger than the
7.9.mm (0,316 in.) width at 13.2 MPa (1910 psi). The width was 16 mm (0.64
in.) for the 6.4-mm (% in.) jet at 13.2 MPa (1910 psi). Hence, in all the
derivations of performance parameters, the slot width was a fixed value over
the entire velocity range for each test pressure and nozzle size.

Performance Parameters

Typical curves showing the effects of pressure, nozzle size, and translation
velocity on volume removal rate are given in Figs. 6 and 7. Results for each
nozzle size, showing the effects of the operating parameters on V and A, were
obtained | 5]. A compilation of some results for volume removal effectiveness,
e, (or specific energy, E., which is the inverse of ¢,), is shown in Fig. 8.
These data indicate that larger nozzles provide larger e's, but an inverse
dependence on pressure is observed at velocities below 65 em/s (25 in./s).
A similar pressure effect was seen for the kerfing effectiveness, e.; that is,
lower pressures correlate with higher e’s. However, smaller nozzles were
observed to allow higher e, values (see also Fig. 11).
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Testing with Dual Nozzles

Tests were also conducted with two 3.2-mm (/s in.) CAVIJET nozzles
“'side-by-side,” and with one jet following immediately after the other along
the same slot. The center-to-center distance between the two jets was varied
from 3.18 to 3.81 em {1.25 to 1.50 in.). Based upon the results of more than
40 tests [4] in the side-by-side operation, there exists a strong possibility for
consistent removal of the lands between the kerfs, particularly if one or bath
of the jets are suitably angled inward to provide a cutting action and removal
force on the base of the land.

The optimum orientation of two side-by-side 3.2-mm CAVIIETS, a
suitable angles and center-to-center spacings, might be expected to produce
volume removal rates of 2.8 to 5.7 m*/h (100 to 200 ft'/h). Using a density
for the Fire Creek coal of 12.9 kN/m? (82 Ib/ft’), this extrapolates to a cut-
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ting rate of 0.6 to 1.2 kN/min (0.07 to 0.13 tons/min), and energy re-
quirements of 0.33 to 0.67 kWh/kN (3 to 6 kWh/ton).

To compare the performance of dual-nozzle cutting with the analogous
cutting by a nonsimultaneous jet, the results of cutting parallel slots with a
single jet, when the land width between the fresh slot and the previous slot
was smaller than 3,18 cm, were studied. It was found that the blowout for the
land, for side-by-side cutting by a single jet, occurred about 35 percent of the
time. This should be compared with the results for simultaneous dual-
CAVIJET tests, where blowouts occurred 49 percent of the time over the full
velocity range, and even more frequently for lower velocities [6 em/s (2.36
in./s)]. Thus, these results suggest that there may be an advantage to using
dual simultaneous jets for optimizing coal removal rates. These dual-nozzle
tests were not extensive, and further tests, preferably on in sitw coal, should
be performed before final conclusions can be drawn.
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In contrast to these simultaneous dual-nozzle, side-by-side tests, the
results from simultaneous testing of two 3.2-mm (s in.) CAVIETS,
operated so that one jet followed the other at a distance of 3.18 cm (1.251n.),
do not indicate any advantage over tests with a single jet when the second
pass is made at a later time by the same nozzle along the same slot.

Evaluations of Test Results

Coal Curting Comparisons

In this section the results of the coal-cutting tests with the CAVIET
method, as summarized in the previous section, are compared with similar
tests conducted with noncavitating jets. The noncavitating jet data are from
two sources: (1) tests run in the HYDRONAUTICS laboratory during the
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present program, using a nozzle with a 1.78-mm (0.070 in.) orifice diameter
at12.2 MPa (1910 psi), and (2) a recent coal-cutting study by Summers and
Mazurkiewicz [6], using an 0.80-mm-diameter (0.035 in.) jet at 68.9 MPa
(10000 psi). Although the nozzle geometry was not described in Ref 6,
discussions with the authors indicated it was similar to the so-called Leach
and Walker [ 7] configuration we used for the 1.78-mm nozzle, namely, a
canical transition with an included angle of 14 deg, followed by a cylindrical
erit section with a length equal to 2.6 orifice diameters.

It should be emphasized that the following comparisons between CAVI-
JET coal cutting and the noncavitating jet studies by Summers and
Mazurkiewicz are not on identical coal under identical conditions. These
comparisons are made in order to indicate that the CAVIET method shows
the capability, at much lower pressures, of creating similar slot depths, and
with lower specific energies. However, any more exact comparisons can only
be obtained for tests in the same pieces of coal, and preferably under actual
mining conditions.

In Figs. 9 and 10 we have plotted slot depth and rate of area citting versus
mnslation velocity. respectively, both for the CAVIIETS [6.4 and 3.2 mm
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(%4 and Vs in.)] and the noncavitating jets [0.8% and 1.78 mm (0,035 and
0.071 in.)]. It is seen that the performance of an 0.89%-mm (0.035 in.) non-
cavitating jet operating at 68.9 MPa (10 000 psi) is comparable to that for the
f.4-mm (% in.) CAVUET operating at only 13.2 MPa (1910 psi), which is
less than one fifth of the pressure used in the noncavitating jet. The slot
depth and area cutting rate by the 1.78-mm (0.071 in.) noncavitating jet are
less than those provided by the 3.2-mm (/s in.) CAVIET at the same oper-
ating pressure, It should be noted, however, that the flow rate and hydraulic
horsepower for the 1.78-mm (0.07 in.) noncavitating jet are only about one
half of the corresponding values for the 3.2-mm (/s in.) CAVLIIET.

The curves for kerfing (or area cutting) effectiveness are plotted in Fig. 11
for the two CAVIJETS and the two noncavitating jets. Here we observe the
trend mentioned earlier of smaller-diameter jets providing more area cutfing
effectiveness. The slot width is not a factor in deriving this particular
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pirameter. However, because the slot width was only about 3.5 times the
0.89-mm (0.035 in.) noncavitating nozzle diameter, or about 3.1 mm (0.12
in.) wide, this width was too narrow for subsequent mechanical fracturing.
Thus, a dual nozzle was developed [6] which, of course, requires twice the
power and hence halves the kerfing effectiveness for this noncavitating jet
cnfiguration. The slot width for the 1.78-mm (0.071 in.) noncavitating jet
was 4.83 mm (0.19 in.), or 2.7 times the nozzle diameter. As cited earlier,
this factor is about 2.5 for the CAVIET nozzles. The curves plotted in Fig.
12 compare the specific energies (or volume removal effectiveness) for the
CAVUETS and the noncavitating jets. It is seen, over this range of velocities,
that the CAVIJET is more than twice as effective in volume removal, despite
operation at less than one-fifth the pressure used for the 0.89-mm (0.035 in.)
nomcavitating water jet, The 1.78-mm (0.071 in.) noncavitating jet at 13.2
MPa (1910 psi) produces a more effective volume removal as compared with
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an 0.89-mm (0.035 in.) jet operating at 68.9 MPa (10 000 psi). These trends

seem to be consistent with earlier coal-cutting work by Summers and Peters
[8].

Coal Removal Comparisons

In a review paper on hydraulic mining, Frank [9] summarized a variety of
coal mining projects using noncavitating waterjets, at pressures up to J4.5
MPa (5000 psi). The removal rates in these tests ranged from 0.9 1o 7.7
EN/min (0.10 to 0.87 tons/min). Although these removal rates are somewhat
higher than those mentioned earlier for the slot-plus-land removal by teg
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ilmm (Vs in.) CAVIETS, namely, 0.6 to 1.2 kN/min (0.07 to 0.13
tn/min), it should be noted that the overall power, and hence the energy per
unig of coal, is considerably lower for these CAVIJET tests. For instance, to
ghieve the 7.7-kN/min (0.87 tons/min), a pump rated for 34.5 MPa (5000
psi) at 19 litres/s ' (300 gal/min), or 625 kW (875 hp), was used. This
nemaval rate was therefore produced at an energy per unit weight of 1.5
EWh/kN (13.3 kWh/ton) whereas the corresponding values for dual 3.2-mm
Uiin) CAVIETS are 24 kW (32 hp) and 0.33 to 0.67 kWh/kN (3 to 6
kWh/ton).

Conclusions

The following conclusions have been drawn from this investigation:
1. Over the translation velocity range studied:
Slot depths are scalable by the CAVIJET diameter,
Effects of standoff are negligible in the range of 4 to 20 nozzle
diameters.
Effects of impingement angle are negligible, from 0 to 30 deg, and
The performance parameters (rate of area cutting, rate of volume
removal, kerfing effectiveness, and volume removal effectiveness)
all improve with increasing translation velocity,
2. Kerfing effectiveness varies inversely with CAVIIET diameter.
3. Volume removal effectiveness increases with CAVIIET diameter.
4, In comparison with laboratory tests of small { < 1 mm), hiEh'P‘l'E!Sﬂlf.
nncavitating jets. the CAVIIET:
Cut slots of comparable depths, with larger widths, using one fifth
of the pressure,
Has smaller kerfing effectiveness, and
Has larger volume removal effectiveness.
5. In comparison with coal mining tests with large |up to 9.5 mm (0.38
in.|l, high-pressure, noncavitating jets, the dual-CAVIET laboratory tests:
Produced comparable coal-removal rates with much lower
pressure and input power, and
Required about one-half the energy per unit weight of coal cut.
These conclusions suggest that a CAVIJET-augmented coal-cutting device
#ill be able to operate in a coal mine, with lighter and safer hardware, and
ill produce effective cutting rates with the same advantages of conventional
hydraulic mining machines currently in use. In addition, utilization of lower
gstem pressures should yield an increase in pumping-hardware life and
reliahility, and allow for a reduction of the energy consumption required to
reach any given coal mining objective.
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DISCUSSION

D, A Summers' (written discussion)—One of the controversial problems
which crops up with the use of cavitating jets is the comparison of like with
like, This is, 1 am afraid, true again here since in the comparison of Dr.
(emn's results with those we got at University of Missouri-Rolla, we are not
wmparing equivalent items. In a paper we gave in 1974 |4] we indicated the
hemefits of increasing nozzle diameter as opposed to increasing jet pressore
for obtaining more effective cutting at higher horsepower. (To pat it crudely,
ifyou double the jet energy by increasing pressure, you approximately double
tse material removed; it you double the energy by increasing the diameter,
mu quadruple the material removed). However, under the constraints of a
mstem to fit into an existing underground operation with perhaps water-
gnsitive material in the vicinity, we imposed an upper limit of 3 litres/s~' (30
pil/min) through the system or perhaps 0.31 litres/s™" {3 gal/min) per
urifice. Thus, while a comparison with our data can be made, it should be
understood that at lower pressures and higher flow rates such as those nsed
by Dr. Conn, the specific energy of jet cutting without cavitation would be at
wuivalent or possibly lower levels.

A F. Conn and 8. L. Rudy (authors’ closure)]—We appreciate the obser-
qtions of Dr. Summers, which emphasize the importance of making
“spples-to-apples” comparisons. We are well aware of the flow limitations
inherent to his specific application, namely, the “Hydrominer," and did not
intend in our comparisons to imply that this was the best specific energy
shich he could produce. As stated in our paper, however, the objectives of
i CAVIET study were much broader; that is, we were not limited to a
particular mining device. This program required us to examine the feasibility
and effectiveness of using much lower pump pressures plus cavitation
phenomena to cut coal. We succeeded in reaching these objectives, and the
wmparisons made with Dr, Summers’ earlier work serve only as an example
of the results of our investigation.

'Wniversity of Missouri-Rolla, Rolla, Mo,
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ABSTRACT: High-pressure waterjets were investigated for hull cleaning, metal
cutting, and concrete weight coating removal from submarine pipelines. All testing
was performed in the submerged condition and a selective material removal capability
was observed for the hull cleaning operation. This selective material removal capability
was 2 sensitive function of jet pressure and jet angle at fixed cleaning rates. Results for
the metal cutting indicated that positive jet angles and low concentrations of polymers
conld increase depth of cut significantly. Projected concrete weight coating removal
rates were five times that achieved by conventional methods,

EKEY WORDS: jet cutting, hull cleaning, metal cutting, underwater cutting operations,
high-pressure waterjets, erosion

Offshore construction activities have increased dramatically as the energy
industry continues to develop various ocean resources. This activity has
defined the need for improved underwater construction tools and technigues
to increase the efficiency of the working diver, and where possible introduce
automation for cost reduction. Waterjets hold the potential for achieving
these goals over a broad range of marine activities. Currently, waterjets
are used for ship hull cleaning in drydock operation [1],? offshore rig,
structural cleaning, cable trenching operations, and heat-exchanger de-
scaling. This investigation deals with underwater ship hull cleaning, metal
cutting, and the removal of concrete weight coatings from submarine
pipelines,

The hull cleaning studies were aimed at establishing the proper jet pa-
rameter combinations that would allow the removal of marine fouling from
metal surfaces having an antifouling coating, without damaging this coating.

! Associate research engineer, [1T Research Institute, Chicago, 11, 60616,
‘Engineering consultant, SCIRE Corporation, Downers Grove, 111 60515,
FThe italic numbers in brackets refer to the list of references appended to this paper,
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A basic investigation of underwater metal cutting by waterjet was under-
fiken o establish performance levels for this method, The influence of
utle size, jet pressure, cutting rate, jet angle, abrasive injection. and
fuid additives was evaluated with the goal of iﬂcﬂ:asing the wﬂing rate
fir & given power input, Abrasives were evaluated both in the submerged
wd ambient condition to establish the influence of the water environment,

Concrete weight coating removal studies were aimed at :ﬂablis]’ﬁng the
priormance of the jet as compared with conventional methods, and to
iermine if a nonpenetrating nozzle could be used to achieve complete
miting penetration. This process and the hull cleaning operation can be
mtomated to greatly enhance the diver's work efficiency for a given bottom

e,

Erperimental Operations

The underwater testing for the cleaning and metal cotting studies was
pesformed in the test tank shown in Fig. 1. A specimen carriage is mounted
n the bottom of the tank and driven through a timing belt arrangement
iy a hydraulic cylinder. Limit switches were provided at the extreme points
inthe travel 1o provide automatic reversing of the carriage. The nozzle was
moented on a rigid bar with standoff distance maintained at 12.69 mm
troughout the test programs. For the cleaning studies, two groups of test
pesimens were utilized: (1) plain steel specimens and (2) steel specimens

FIG. | —Underwater test fank,
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with an antifouling paint coating. An accumulator system was used for the
cleaning studies. A 82.7-MPa pump was used to charge a large-volume
accumulator to the appropriate test pressure. The accumulator was then
discharged through a lance containing the cleaning nozzle, producing a
high-pressure jet.

The main high-pressure laboratory intensifier was employed for the metal
cutting and concrete weight removal studies. This unit is a gas-backed
linear intensifier capable of 1379-MPa bars pressure and power outputs
in excess of 447 kW. A detailed description of this unit is given in Ref 2

Cleaning Test Results

The initial eriteria established for evaluating the results of the cleaning
tests were mass loss and damage caused to antifouling coating for specified
test conditions. Areal exposure rates which relate to cleaning applications
were not determined. Figure 2 shows the effects of jet pressure and jet
angle on the mass loss for both coated and uncoated specimens (that is,
with and without antifouling paint). Test pressures ranged from 51.7 to
65.5 MPa and jet angles from 0 (normal impact) to a positive 45 deg.
Figure 3 shows a similar plot but with cleaning rate as the major independent
variable. The uncoated specimens show the highest weight loss because the
fouling, in general, was much greater on these specimens. The fouling was
generated by exposing the specimens in a marine environment at the Naval
Coastal Systems Laboratory in Panama City, Florida. Much of the scaiter
in the data for the uncoated specimens was due to nonuniform fouling
distribution. The coated specimens were prepared using the standard
anti-fouling paint and standard application procedures. The marine fouling
consisted of barnacles and other marine growth. As shown on these plots,
increased mass loss occurred with increasing jet pressure, cleaning rate,
and shallow jet angles. This must be gqualified in the case of the coated
specimens, since jet angles less than 45 deg produced damage to the anti-
fouling paint undercoat. Figures 4 and 5 show typical coated specimens
cleaned by a waterjet. Figure 4 shows a specimen damaged by the waterjet
when the jet angle was less than 45 deg, while Fig. 5 shows a cleaned specimen
without damage to the undercoating. The test conditions for the specimens
shown in Figs. 4 and 5 were

jet pressure: 65.5 MPa

nozzle diameter: 0.4 mm
cleaning rate: 30.5 em/s
jet angles: 0 and 45 deg, respectively

The initial testing was performed with circular nozzles, but a rectangular
slit nozzle was also tested, The rectangular nozzle had an opening of 1.52
by 0.25 mm with an initial entry angle of 13 deg and exit angle of 0 deg,
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Testing was performed with the long dimension parallel and perpendicular
to the direction of cleaning, This alternative design produced a 275 percent
mcrease in mass loss as compared with the circular nozzles, but both
designs had equivalent specific energies. This increase occurred regardless
of the nozzle orientation since the jet was oscillated while it was moved
across the fouled surface. Thus, both nozzles are approximately equal in
mass removal efficiency at equivalent operating conditions, and the judgment
on which nozzle to use will be based on other considerations such as cost,
wear, thrust, areal exposure rate, and exposure rate/kilowatt-hour of
Energy input.

From the foregoing results, the operating conditions of a cleaning system
should be at a rapid cleaning rate, a low jet angle, and an operating pressure
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consistent with power availability and the requirements for fouling removal,
These conditions must be modified when cleaning hulls with anti-fouling
paint, in that the jet angle should not be below 30 to 45 deg to insure
consistent removal of the marine growth without causing damage to the
antifouling undercoat. By keeping the antifouling undercoat intact, the
benefits of low power consumption due to reduced fouling of the ship hull
eould be realized without the need for a repainting of the hull.

Metal Cutting Studies

In a second experimental study, the influence of the various jet parameters
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damaged by waterjet,

FIG. 4—Coated specimen

FIG. 5—Coated specimen cleaned and undamaged by waterer.



590 EROSION: PREVENTION AND USEFUL APPLICATIONS

ladened tape on the surface of the metal along the cut path. The effeon
of standoff distance, which is a significant parameter in metal cutting,
and abrasive effectiveness are illustrated in Fig. 9. For the current inves-
tigation, d/5 (s is the standoff distance) lies in the range of 0.032 to 0.39,
which is at the low end of the curve. All of the curves shown are for water
only, except the water-sand curve, which illustrates the effect of sand
particles (nominally 0.25 in mm size, rounded profile} injected into the jet
stream at the exit of the nozzle, as opposed to cutting through a sacrificial
material directly at the surface, Using the nozzle method of injection, the
abrasive jet outperformed the water-only jet by 25 percent, This change
was obtained at an increase of the power requirements by 0.13 percent.
The data in Fig. 9 are for testing in air, hence they must be qualified for
submerged operation. But past experience has shown that the trends are

generally not altered substantially, hence the conclusions drawn should
still be valid.
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Fluid additives have been investigated previously for other materials and
have been found to contribute to the cutting capabilities of the jet. Figure 10
shows the effect of various concentrations of additive BX-254 (NALCO
Chemical Co.) on the penetration. Similar tests were run on the 0.5-mm
nozzle with similar results, but not as large as for the 0.4-mm nozzle. This
decrease in additive effect with increasing nozzle size has been observed
by other investigators [3],

Combining all these results together, a series of tests was performed
on HYB0 using various combinations of these best parameters. Figure 11
shows the results for the HYB0 test specimens. As previously indicated,
the additive augmented jet at a jet angle of 15 deg should give the best
results, which Fig. 11 verifies. Note also that the abrasive jet does not
enhance the cutting for HYB0. This may be caused by the change in material
properties of the HY 80 versus the 1020 steel. (The abrasive was not changed. )
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The combined additive-abrasive jet was the least successful, indicating
that these two augmentation technigues are not mutually beneficial under
the stated operating conditions,

Concrete Weight Coating Removal Studies

Maintenance and construction of submarine pipelines present some
unigue problems due to the hostile work environment, Conventional methods
of removal of concrete weight coatings are time-consuming, costly, and can
cause physical damage to the pipelines. Jet cutting systems may provide
a more cost-effective method of attacking these coatings. Figure 12 shows
the required number of passes to achieve a full-depth cut (that is, to the
surface of the steel pipe) for two typical concrete weight coatings. Coating
Mo, 1 was a relatively weak concrete with a chicken wire reinforcing used.
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FIG. 10—Penetration versus jef pressure for 10N steel and varions jer cugumentation
combinations.
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The almost uniform depth of cut per pass reflects this condition. Coating
No. 2 was higher-strength concrete with 0.54-cm steel reinforcing rods,
Note that the 0.5-mm nozzle takes one less pass to achieve full penetration,
but requires 3.3 times the power of the 0.4-mm curve. Although more
power is required by the larger nozzle, it may still be more cost-effective
since the economics of this particular application are dictated by labor
costs and overall time requirements. If an automated approach is taken,
then the smaller nozzle diameter system would be the most cost-effective,
singe only the evele-time would influence the operational costs significantly.
Capital costs would also be less for the small system if a full 100 percent
daty cycle were utilized. The performance curve shown in Fig. 12 is for
a nonpenetrating nozzle (that is, a nozzle remaining outside the kerf, as
opposed to a penetrating type, which follows into the kerf).

A bottom-operated system would provide the greatest flexibility of opera-
tion, but space and weight restrictions would most probably limit it to a
doty-cyele tvpe of operation, The intensification would take place on the
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bottom with the high pressure transmitted to the work station via rigid
tubing and swivel joint connections. The power source could be surface or
bottom mounted. For buried or partially buried pipelines a manually
operated low-pressure system could be used to remove the backfill from
around the pipe prior to attaching the automated system to the pipe.

From the data in Fig. 12 the average exposure rate is 25.4 em?/s (Coating
No, 1); thus for the particular pipe tested (that is, outside diameter = 0.78
m with a 12.7-cm concrete/asphalt coating) a cutting time of 567 s per
linear metre at continuous operating pressure is anticipated. The geometry
of the cut is shown in Fig. 13. For a duty-cvele operation, the cutting
time is given in Table 1 for various power levels, For a 2.43-m-long section
of pipe, and working at an average power level of 22.4 kW, 177 min (2.95 h)
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FIG. 12—Accumulated depth versus number of passes for concrete welgh! coatings.
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TABLE |—Fower requirements/cutting time summary for different duty

cyeles,

Average Power, Duty Cycle, Cutting Time per
kW L 30.5 cm Length, s

176 104} 173

112 8 m

75 42 412

37 21 .1k}

22 13 1330

15 ] 2162

witld be required to cut the length into 33 by 30.5 by 12.7-cm blocks.
The actual cutting time would be slightly longer since the jet would dwell
it the intersection of the reinforcing bars to enlarge this area to create a
ol access for cutting the bars. This projected cutting time compares
fiorably with the reported 16 h [4] for the same conditions using mech-
wical saws and chipping hammers.

Ore additional point is worthy of note, and that concerns the safety
of this approach with respect to potential damage to the pipeline. Referring
i Fig. 6, the cutting rate for steel is in the range of 0.64 to 1.29 cm/s
ud for the weight coatings 20.3 cm/s. This wide difference in cutting
e precludes anv damage to the pipeline since the cutting of steel, even
it elevated pressures, is restricted to slow cutting rates. At high cutting
rtes, the dwell time of the jet is insufficient 1o cause penetration. Thus
the jet cutting system is inherently safe and allows complete material re-
meval down to the surface of the pipeline.

(onclusions

The use of waterjets for submerged cleaning of ship hulls and other
gructures has been clearly demonstrated. Infegration of the jet systems
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with an automated traversing system should produce a viable technigue
for cost-effective cleaning of submerged structures. A selective removal
capability has also been demonstrated, which is not currently available
in present mechanical systems, Jet angle and pressure have been shown to
be significant parameters in controlling the removal of marine growth
without damaging the antifouling undercoating.

Results from the metal cutting studies are inconclusive to determine
its commercial application, but the test data indicate that the process
would be limited to thin sections. Also, positive jet angles and fluid ad-
ditives increased penetration, while abrasive injection using a sacrificial
material at the surface of the metal did not enhance penetration. In its
present state, the continuous jet is not competitive with conventional tech-
niques on an economic basis, but may be justified if an explosive environ-
ment exists where conventional technigques cannot be utilized safely,

A significant reduction in process time was established for stripping
of weight coatings from submarine pipelines by using waterjets. The safety
of the system should be also much greater due to the mutually exclusive
cutting regimes for each material. Full penetration of the coating could be
achieved using a nonpenetrating nozzle, which can simplify the operation
considerably. The economics of the system are vet to be established, but at
this point are worthy of serious consideration,
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ABSTRACT: During the past several years, waterjets with pressures up to 408 MPa
have become a reliable (ool for industry and have been used for a variety of factory
applications, In addition, waterjets have been tested for rock cutting in mining and
tunnel applications. The utility industries do a considerable amount of work that
rcqllir\t\. excavation in rock and concreie, The pu.l:mi.l of u;lng high.pmgurg
waterjets to meet their field needs has been considered. To date, the telephone,
electrical power, and gas industries have conducted studies on the use of high-pressure
waterjets. This paper contains descriptions of the varions applications of waterjets in
the utility industry, descriptions of the appropriate equipment and cutting fechniques,
discussions of some possible systems and their operating parameters, and an economic
analysis of waterjet methoeds for trenching and pole-hale drilling.

A study was conducted to examine the use of waterjess in ufility indusiry applica-
tions. The study was a three-phase program. In the first phase, the possible applica-
tions and their significance to utility company operations were examined, In the
wcond phase, a strategy for cutting rock and concrete with waterjets as well as a
conceptual system design was developed, Various rock types were tested, and rates
were predicted for two specific applications: trenching and pole-hobe drilling. In the
third phase an economic analysis of the cost of using wateret methods for trenching
and pole-hole drilling was performed and costs were compared with current methods
on a per-hole or per-foot of trench basis. In addition, the advantages and disadvantages
of waterjet methods on a system basis were compared with those of existing methods.

The study has demonstrated that there is a wide variety of applications for high-
pressure waterjets in the utility industry, The study further shows that waterjet devices
are both technically and economically feasible, The predicted rates and the costs
indicate that, in rock, the waterjet system is better than current methods,

A detailed overview of this study as well as the resulis are presented in this paper.

KEY WORDS: high-pressure waterjets, otility applications, trenching, pole-hole
drilling. deep-kerfing. hard rock, erosion

Manager, Construction Methods, Bell-Northern Research, Ottawa, Canada KIY 4H7,
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Background

In North America, utilities such as power, telephone, water and sewer,
gas, and more recently cable television deal with at least one common
element in the construction of their distribution systems: the ground,
Depending on the location, the ground can provide the ideal medium for
cost-effectively constructing distribution systems, or it can be the major
cause of high construction costs and inefficiency.

In order to fully appreciate the impact of ground conditions on utility
construction, it is important to become aware of two basic facts. First,
in recent years public and political pressure in both the United States and
Canada has forced the power and communications utilities to construct
more and more of their distribution systems below ground as opposed to
aerial. This policy of “out-of-sight™ distribution systems has had a major
impact on both construction and maintenance costs, especially in areas
where the ground is predominantly rock.

Secondly, from a geological point of view, only about one third of the
populated areas of Canada and the United States can be considered to be
good burying areas. These areas consist generally of the Canadian Prairies
and the Midwestern and Southeastern parts of the United States, The rest
of the continent is either bare rock or a mixture of rock and soil in various
proportions. An example of the impact of these ground conditions on
below-ground telephone cable installation costs is found by comparing
cable installation costs in the Canadian Prairies with those in Eastern
Canada. In the Canadian Prairies, cable can be installed by plowing at a
cost of approximately 66 to 164 cents per metre. The cost of installing the
same cable in the eastern part of Canada, where the ground is predominantly
hard rock, can be as high as 49.2 dollars per metre.

These two prime considerations have forced utilities to reevaluate the
construction methods which have traditionally been used to construct
below-ground distribution systems. Obviously, cheaper and faster installation
methods for poor ground conditions such as bouldery soil, hardpan, soft,
and hard rock are essential requirements for reducing utility construction
costs. High-pressure waterjetting, as applied to cutting rock for various
utility construction applications, is one technology which may result in new
space-age construction tools capable of meeting these requirements,

Waterjetting: Utility Construction Applications

Based on the present and predicted future capabilities of waterjets,
several aspects of utility construction appear to qualify as potential users
of this technology. A number of these, together with a system coneept,
are described in the following. It should be remembered that none of the
tools described herein have vet been developed. Therefore, it is difficult 1o
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ascertain the specific operational characteristics of each concept at this
time,

Drilling Pole-Holes in Bedrock—A rotating nozzle head or waterjet-
mechanical cutter, using one or more nozzles, could be used to cut a
circular slot in bedrock to any diameter. The remaining rock cylinder
would be mechanically fractured and removed, leaving a  hole slightly
larger than the pole diameter. The space around the pole could be efficiently
backfilled with an expanding semiridged urethane foam.

Drilling Guy Rod Anchor Holes—The drilling device used for this appli-
cation would probably be similar to the pole-hole cutting equipment just
deseribed. Most anchor holes need be only 5.08 ¢m (2 in.) in diameter
gnd 45.72 cm (18 in.) deep. A hybrid system, combining waterjets with a
mechanical cutter, would significantly increase penetration rates compared
with standard drilling devices.

Frozen Soil Excavation—In most of Canada and the Northern United
States, the extension of construction activities into the winter months is
glways a primary objective. To meet this objective, a waterjet system
combined with a conventional frost saw or blade may be feasible. This
type of hybrid system would not only increase the coiting speed, but also
reduce both wear and general maintenance costs. Furthermore, this type
of cutting operation would result in fewer cleanup problems,

Rock Trenching— A hybrid waterjet-mechanical cutter or rotating nozzle
head system could be used for this application, The hybrid cutter would
consist of a rolling-disk cutter assisted by waterjets located ahead of the
cutting edges. The jets would cut narrow slots into the rock face, allowing
the disk cutter to easily break to the unconfined rock kerfs. A mucking
system incorporated into the unit would remove the fractured rock particles
from the trench. Alternatively, a rotating norzle head (or heads) could
eut 1.27- to 2.54-cm (%2 1o 1 in.)-wide parallel slots inio the rock surface
ta depth which would allow a loaded wheel to break the remaining rock
ridges between the slots. After removing the broken rock, the process
would be repeated until the desired depth is achieved.

Road Crossings—Two alternatives appear feasible. The first method
requires the waterjet to “‘slice’” the conerete or asphalt into pieces, which
are then removed by hand. A mechanical trencher or backhoe is then used
io excavate the base material to the required depth. As with normal road
erossings, only one lane at a time need be closed to traffic,

The second method would necessitate the digging of a pit if existing
ditches were not deep enough or ditches were not present at all. If the
road bed material was well compacted, the waterjet would be able to cut
without fear of the hole collapsing. In the case of loose material, a pipe
could be pushed behind the waterjets as it advanced.

Iee Cutting ro Access and Install Submarine Cable—A low-pressure
waterjet unit 69 to 138 MPa (10 000 to 20 000 psi) with a hand-held nozzle
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head could be used to cut through ice buildups on rivers and lakes, This
technique would be faster as well as less tedious than cutting with chain
SAWS.

Conerete Cutting—Present research has shown that waterjets can be
used effectively to clean and cut concrete surfaces. The jet erodes away
the cement and fine aggregate content of the concrete, without cutting
through the larger aggregate. The large aggregate can be cut, but the
erosion method allows the use of lower pressures to penetrate any strength
concrete,

A waterjet capable of cutting concrete would have useful application for
cutting duct entrances in manholes or building walls or even removing
entire wall sections to allow for building expansion.

Large-Diameter Tunneling (Utilidor)—This application would have an
effect not only on utility construction, but also on subway construction and
the mining industry, The large tunnel sizes dictate the use of many jets
working simultaneously with mechanical cutters. The main advantages this
method would have over drilling and blasting include higher productivity,
and a reduction in the safety and health hazards., and weakened tunnel
roofs due to blasting,

Duct Cleaning—Waterjetting machinery is available which is capable of
cleaning and scouring cable ducts. Obstructions can be dislodged and soil
buildup on duct walls removed. The nozzle head advances under its own
power by means of low-pressure, high-volume jets directed backwards
against the duct wall. At the front of the nozzle head, a high-pressure,
low-volume jet cuts through obstructions, while radial high-pressure jets
scour the duct walls. Dislodged material is carried out of the duct when
the nozzle head is retrieved.

Research Scope and Objectives

In an effort to evaluate the technical feasibility of using high-pressure
waterjets for utility construction, a study was conducted aimed specifically
at rock trenching and pole-hole cutting. Cutting tests on nine different
specimens of rock were performed. These rocks were representative of
the types commonly found in Eastern Canada. They include limestone,
sandstone, granite pegmatite, biotite granite, quartzite, and granite-quartz,
Based on the cutting characteristics of these rocks, conceptual designs of a
waterjet rock trencher and pole-hole cutter were developed. Details of the
research program are presented in the following section,

In addition to the technical evaluations, the operational requirements
and economics of waterjet construction tools were studied. This was
achieved through a field survey which identified the field requirements
and present construction costs commonly experienced in Eastern Canada,
The results of this part of the investigation are also discussed.
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System Concepls

Method of Cutting

Continuous waterjets can be used in two ways for the applications of
interest to the utility industry, In the first method, waterjets can be used to
out narrow slots which assist mechanical cutters. In the second, a combina-
tion of jets, oscillating or rotating, can cat a wide, deep slot which com-
pletely defines the shape of material to be removed. The remaining material
can then be removed by energy efficient mechanical means. For the study
conducted by Bell-Northern Research Ltd. and Flow Industries, Inc.,
the wide-slot, deep-kerf method was examined. The applications considered
were pole-hole drilling and trenching in soft and hard rocks.

To demonstrate the technical and economic feasibility of waterjet trench-
ing and pole-hole drilling, it was necessary to conduct test cutting experi-
ments to determine operational parameters and operating rates. It is
mly with data such as these that estimates of cost per foot or cost per
hole can be made. To determine deep-kerfing rates, linear cutting experi-
ments must be conducted. Typically, jet pressure P.. nozzle diameter d.,
ind traverse velocity v, are varied so that optimum cutting can be determined
ind scaling factors established. Figures 1-3 show typical linear cutting
arves for some of the rocks tested. The standoff distance, L. is also indi-
ated on these figures.

The method chosen to cut the deep kerf utilizes a nozzle with two angled
iets. The jets are angled so that they cut a slot that is wider than the nozele.
The wide slot enables the nozzle to enter the slot and to maintain an
effective standoff distance for both cutting rate and slot shape. In order
i cover the material in the slot, the nozzle is oscillated. The resultant
cverage pattern is shown in Fig. 4. The method of motion chosen was
weillation because, by applying a torsional force to a length of tubing, the
meessary motion can be obtained without the use of any dynamic seals
i swivels. The cut made by this device is shown in Fig. 5.

For an oscillating nozzle, the conditions for the jet can be determined
from linear cutting tests. The oscillation frequency is directly related to
fhe traverse velocity v,; pressure and diameter of the jets are determined
by the rock to be cut and available power. The cutting parameter that
must then be optimized is the nozzle feed rate vy, Such optimization curves
ue shown in Fig. 6 for different conditions.

From tests such as the linear cutting tests and the kerfing tests pre-
riously described, the cutting rates for the nine rock types indigenous to
Esstern Canada were determined. These rates were incorporated into
atting schemes so that projected operational rates could be determined,
The cutting equipment and rates are presented next,
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Operating Systems

Figure 7 shows a system concept for trenching and for drilling pole-holes
with waterjets in rugged off-road terrain. The basic system componenis
consist of a hydraulic power trailer, a water truck, a tractor, a trencher,
and a pole-hole drilling device. Each component is described in the following.
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The hydraulic power trailer consists of a diesel engine and hydraulic
ol pump to power the intensifier, as well as an oil reservoir and oil cooler.
The trailer also has space to place the tractor for transportation between
sites. The engine on the trailer that is chosen must be able to power a
|88-kW intensifier, which will be mounted on a tractor, These 188-kW
intensifiers have been field-tested and have proven to be reliable pieces of
sjuipment.

The tractor is used to carry the high-pressure intensifier and all trenching
and drilling equipment. and to move it along the work area. The tractor
is attached to the trailer by an umbilical cord, which contains an oil
powerling, an oil-return line, and a water line. The umbilical cord is
flexible and allows the tractor to move independently of the trailer, thus
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minimizing the number of times the entire system must be moved. The
intensifier is separated from the hydraulic power package for two reasons,
First, flexible tubing can be used between the trailer and tractor instead
of the rigid tubing that would be necessary if the intensifier were mounted
on the trailer. Second, if both the hydraulic power package and the
intensifier were mounted on the tractor, the tractor would have to be large,
and its ability to move over very rugged terrain and to work in confined
areas would be hampered.

The tractor and the hydraulic trailer form the heart of the system. With
these two components, waterjet cutting systems for various applications
can be mounted on the tractor to do the desired job. Devices for trenching
and pole-hole drilling have been conceptually designed. Both systems,
mounted on a tractor, are shown in Fig. 7. The details of these systems
are presented in the following subsections,

The final component of the system is the water truck-trailer. This
component supplies the water for the jets and the oil cooling water. It
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would require 0.028 m’ of water per minute to provide 188 kW and a
waterjet pressure of 374 MPa, Based on a running time of 6 h/day, 10 m’
of water per day would be necessary. Since water may not be available at
the work site, this amount of water can be supplied best by a water truck.

These three components—the water trailer, the tractor, and the hydraulic
power trailer—make up the waterjet cutting system. When used in con-
junction with special devices, this system can be used for trenching and
hole drilling in addition to other applications.

Waterjet Trenching Device—Both the waterjet trenching device and the
pole-hole drilling device operate on the same principle of cutting. Both
devices use an oscillating deep-kerf device to cut the slot. In addition, both
have a mechanical breakout device which removes large pieces of material,
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thus minimizing the amount of material that must be excavated by the
oscillating deep-kerf device. From laboratory and field experience, a
combination waterjet and mechanical system is the most efficient system
from both energy and time considerations.

Figure & is a conceptual drawing of the waterjet trenching device, which
consists of a pair of oscillating nozzles, each of which is capable of delivering
up to 94 kW to the rock. The nozzles are located on a frame, which gives
them the necessary motion. Each nozzle has controls that allow x-y-z
mation in order to cut a trench of a desired depth and width. The x-y-z
motion is controlled hydraulically from controls located on the tractor. The
nozzle oscillation is supplied by a rotating hydraulic motor which converts
the rotation to oscillation by a cam-type arrangement,

The frame, as shown in Fig. 7, is attached to the tractor by hydraulic
cylinders which can raise and lower the frame. This movement is used for
adjusting the position of the frame and for leveling. Once the frame is in
place, the trenching operation is controlled from the tractor. The trench
is eut to the length allowed by the traverse mechanism. Upon completion
of a given length of trench, the tractor raises the frame and moves forward
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to the new position, While the tractor is being moved, a hydraulic breakout
tool is used to break out the rock sections left by the waterjet trencher,
One such handheld device is shown in Fig. 7. The basic progression just
deseribed will be followed until the trench has been cut the desired length.
The trench cutting process with the waterjets will probably be slower than
the breakout process. If so, the cutting will be the controlling factor in
the advance rate, Consequently, optimizing the cutting process will increase
the trenching rate.

At the present time, a trenching method that uses two pairs of nozzles
is being considered. The two nozzles will cut both sides of the trench in
one motion, After the sides have been cut to the desired depth, the nozzles
will then move sideways across the trench and form blocks along the
length of the trench! The blocks will then be removed by the hydraulic
breakout tool,

The conceptual design in Fig. 8 includes some possible drive mechanisms
and indicates various components. This design is by no means a detailed
one; however, it is meant to be a realistic conceptual design that, with
additional detailing. could be built. Changes to the design will have fo be
based upon considerations of the terrain, environment, and actual operating
parameters.

Waterjet Pole-Hole Driller—As in the trencher, the basic cutting mecha-
nism for the pole-hole driller is the oscillating deep-kerf nozele. The deep-
kerf nozzles are used to cut a core, which is then removed by a mechanical
breakout tool. The resulting hole is slightly larger than the pole so that
minimum work is required to secure the pole in the ground. The conceptual
design for a waterjet pole-hole driller is shown in Fig. 9.

The pole-hole driller is mounted in the rear of the tractor and can be
raised and lowered during moves from placement site to placement site,
When the device is located over the desired spot, it is leveled by the tractor
hydraulics, and three legs are put in place to form a secure tripod base for
the hole driller. Onee the tripod is in place, drilling with the waterjet
begins. The waterjet cuts the circumference of the hole, leaving a core,
which is then removed by a special breakout tool,

The device shown in Fig. 9 has been proposed to cut the core for the
pole-hole. This device has two oscillating deep-kerf nozzles to cut the
kerf and has. in addition, a secondary oscillating device which slowly
oscillates the deep-kerf nozzles (180 deg) so that they cover the entire
circumference, This approach was decided upon instead of a swivel because
the oscillating device is more reliable. If a reliable high-pressure swivel is
developed, then the swivel would be an alternative to oscillation, A third
motion is required to cut the core. This third motion, the downward
motion of the core barrel, is achieved by a motor that raises and lowers
the device with a screw device. This device can drill only one size hole; if a
larger or smaller hole is desired, then a new barrel would be required.
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Prajected Cutting Rates

Based on the experimental data, rates can be predicted for cutting pole-
holes and trenches. In the laboratory tests, the kerfing nozzle delivered
approximately 22.5 kW to the rock. In the proposed trenching machine,
188 kW would be available to power the nozzles. If two pairs of nozzles
were used, then each kerfing nozzle would have 94 kW to power it. The
depth of cut is determined by direct linear scaling of the cutting data. An
estimate of the field cutting rates is presented next.

Trenching— A typical trench would consist of two parallel cuts and a
cross cut, Rates for two trench sizes are as follows,

1. Trench dimensions: 100 mm wide by 150 mm deep

Kerf spacing: 150 mm

2 nozzle pairs: 94 kW / pair

Nozzle traverse rate: 100 mm/s

Nozzle cutting rate: 3.75 mm/ pass

Number of passes to cut: 150 mm = 40

Side cuts: 40 passes by 3 s/pass = 6.67 min/m

Cross cuts: 40 passes by 1 s/pass = 2.22 min/m
Total cutting time; 9 min/m
Advance rate: 6.67 m/h

2. Trench dimensions: 250 by 300 mm

Kerf spacing: 150 mm

Side cuts: 80 passes by 3 s/pass = 12 min/m

Cross cuts: 6 cuts/m by 80 passes by 2.5 s/pass = 20 min/m
Total cutting time: 33 min/m
Advance rate: 1.8 m/h

Fole-Hole Drilling—The pole-hole drilling consists of cutting a core of a
given diameter to a specified depth. Rates for two hole diameters are

1. Diameter: 0.355 m; depth: 0.915 m

2 nozzle pairs: 94 kW / pair

Nozzle traverse rate: 100 mm/s

Nozzle cutting rate: 3.8 mm/pass

Path for each nozzle: 0.56 m (half the circumference)

Stlmm ¢ 240) passes

i S s = i
Time/hole 100 mm/s P 22 min
Drill advance rate: 2.5 m/h
2. Diameter: 0.5 m; depth: 0.915 m
Path for cach nozzle: 0.8 m
; 0.5 m 240 passes :
Time/ s =
hioechile 0.100 m/s 6l 32 min

Drill advance rate: 1.75 m/h
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Operational Requirements and Economics

Operational Requiremenis

If high-pressure waterjets are to become practical construction tools for
use in the field, they must be capable of meeting certain operational
requirements. These requirements will of course vary with the specific
application and field conditions. For example, in most of Canada and
northern parts of the United States, waterjet tools should be capable of
operating under winter conditions. This requirement is obviously not so
important in the southern parts of the continent. Similarly, rock cutting
tools may have to be capable of cutting a wide variety of rock types and
strengths in some geographical locations, whereas in other locations the
variation in rock properties over large areas may be relatively insignificant.
Some of the more general operational requirements are as follows.

1. As a utility construction tool, the waterjet unit must be easily trans-
portable and maneuverable.

2. Certain applications such as rock trenching, pole-hole cutting, frozen
soil trenching, and guy anchor drilling will require the waterjet unit to have
an all-terrain capability. This is particularly important in areas where
large amounts of rural distribution systems exist.,

3. The equipment must be capable of operating in all weather conditions.
This implies that north of the 40 deg parallel the equipment should be
operable in the temperature range of —30°C to +35°C.

4. Additions to the water supply, such as deicers, must be nonpolluting.

5. The equipment must be designed so that a utility company crafts-
person can operate and maintain the equipment after a nominal training
period.

There are, of course, many other operational requirements specific to
each application. From a utility construction viewpoint, however, one of
the most important ingredients to the successful implementation of waterjet
tools is public acceptance. Since utilities find themselves working virtually
in the front lawns and backyards of the general public, the environmental
impact of this technology is a major consideration. In fact, this aspect
is deemed to be one of the major advantages of waterjet tools. Compared
with jackhammers, concrete saws, and blasting, waterjet tools should
create considerably less noise and air pollution. Furthermore, when used in
a populated environment, waterjets impose considerably less physical
danger and discomfort to the general public.

Economics

Since none of the waterjet tools described in this paper have vet been
developed on a commercial basis, it is very difficult to establish a factual
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economic history. The best one can do at this stage is to compare the
present-day cost for various types of utility construction to the predicted
or estimated cost of achieving the same end result using the appropriate
waterjet concept. It is important to recognize that in this type of economic
analysis the construction methods used in achieving the same goals, using
conventional methods or the waterjet method, may be quite different, For
example, trenching small cables in rock will normally require the excavation
of a comparatively large trench using conventional blasting techniques,
This is due to limitations on the smallest size of trench that can be practi-
cably blasted. Using the waterjet kerfing technigue, however, allows one to
cut trenches proportionate to the size of cable being placed, Therefore,
although the same size of cable is placed, the total amount of rock excavated
may be substantially less with the waterjet than by blasting, An economic
comparison based strictly on conventional trench sizes is therefore mislead-
ing.

An analysis of rock trenching for distribution cable installations reveals
that in Eastern Canada the total cost for installing small-diameter (less
than 50 mm) cables is approximately $15 to $24 per metre, Based on the
cutting rates described earlier and on the following assumptions.

1. A three-man operation—that is, one man operating the waterjet, and
two men the water truck—preclean the trench, break rock kerfs, and
place and backfill cables.

2. The trenching rate per hour is limited by the cutting rate of the
waterjet. This means that precleaning and breaking rock kerfs can be
performed while the trench is being cut,

3. The trenching rate is approximately 6 m/h: therefore, the labor cost
for trenching at $15 per man-hour is $45 per 6 m or $7.50 per metre.
The cost of placing cable and backfill is estimated at $4.00 per metre.
Finally, the cost of moving and setting up the machine is estimated at
$0.50 per metre. This results in a total cost of approximately $12 per metre
for waterjet kerfing. For larger cables and pipes requiring larger trenches,
that is, for greater than 0.05 m? in cross section, conventional blasting
techniques are generally less costly than the waterjet kerfing technique.
There is, however, some indication that a combination of waterjet kerfing
and controlled blasting could result in a cost-effective method of creating
larger trenches in rock. This technique has vet to be investigated.

The average cost for installing telephone or hydro utility poles by blasting
in hard rock is $180 per pole in Eastern Canada. In soft rock (for example,
limestone, shale, sandstone), the present installation method costs approxi-
mately $100 per pole. These costs do not include the price of the pole,
The cost of installing poles in hard rock using the waterjet technique is
broken down as follows,

1. Assume it is a three-man operation—that is, one man operating and
cleaning the sites and two men placing and backfilling poles:

= e B G B



the
ted
ate
Nic
ing
0r

il

HUSZARIK ET AL ON WATERJETS 615

Preclean and set up 30 min
Drill 1.22 m 30 min
Excavate 15 min
Place pole and backfill 0 min
Move machine 10 min
Total time per installation 85 min

L The labor cost per installation at $15 per man hour is

B85
3 5) X — = 5b3.
(3 X 15) X oo 563.75
Operating expenses:
Gas and oil $ 3.50
Cost of moving machine/ pole § 9.30
Cost of backfill material $12.00

The total cost per installation using the waterjet is 588.75.

These costs will of course vary across the continent. The relative cost
fifference between present construction methods and the waterjet methods
thould, however, remain approximately the same. These cost comparisons
llustrate that substantial cost reductions can be achieved with high-
pressure waterjet tools. What remains to be proven is the technical and
practical capability of waterjet tools under field conditions,

Conclusions

The results of this research indicate the following: .

1. Waterjetting technology has reached the stage where cutting various
tvpes of hard and soft rocks is a technically and economically viable appli-
cation,

1. Mare specifically, to the utility industry, waterjetting can impact on
the following applications: pole and anchor hole cutting, rock trenching,
frozen ground excavation, ice cutting, and conerete cutting. .

3. The use of waterjets for rock cutting applications could yield economic
payoffs in the order of 20 to 50 percent over present methods.

4, Waterjets are cleaner, safer, and generally less destructive to the
environment than existing rock cutting or excavating tools. )

5. Waterjet systems have proven to be reliable and easy to operate in
factory applications.

6. Using waterjets, the productivity rates for trenching and pole-hole
cutting are an improvement over rates achieved with conventional methods.,
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Summary

The field of erosion encompasses a diversity of problem areas, and
midies are initiated for a variety of reasons. The investigation of erosion
senomena has been motivated mainly by the appearance of a critical
poblem in a system which adversely affects the operation or minimum
pformance levels of that system. Excessive operating costs associated
ith helicopter roter blades in sandy terrains, ingestion of particulates
it gas turbines, liquid drop erosion in steam turbines, and cayitation
ension of ships' propellers have stimulated a fair amount of research
ma ways of reducing or eliminating the resulting erosive damage. Thus
emsion of materials has not been investigated in a very organized manner.
When the erosion problem becomes severe enough, something is done
shait it; but, once the need is satisfied or the initial requirements change,
%e ongoing investigations are terminated. Specialized equipment is
mnstructed and used to get one result, then abandoned; testing programs
i initiated for screening purposes, but the types of materials evaluated
utt far-ranging and so a coherent trend within a class of materials cannot
wially be established. This lack of a continuing effort in relation to a
pErticular erosive environment or material category has resulted in a fairly
fisjointed literature.

This trend is reflected in the contents of the four previous ASTM sympo-
ia on erosion [[-4].! The first STP on erosion [/] contained six papers
sith liquid drop, solid particle, and cavitation erosion about equally repre-
mied. The contents of the next three STP's [2—4] are equally divided
between papers on topics in liquid impingment and cavitation erosion.
During the period covered by these three volumes (1966 to 1974), only
e paper was included on solid particle erosion [5]. These observations
art inferesting in relation to the contents of the present STP, in which
more than a third of the papers are devoted to solid particle erosion, fol-
lwwed by liquid drop erosion, with a much smaller representation of cavi-
tatian erosion investigations. The present volume also contains a significant
mamber of papers covering waterjet technology and waterjet applications.
These topics are included as constructive uses of controlled erosion dam-

Thus it would appear on the basis of this limited sampling that a de-

The Halic numbers in brackets refer to the list of references appended to this paper.
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cisive shift in the problem areas of major concern has taken place over the
past few years. This is due in part to recognition and engineering experi-
ence in the magnitude of the erosion problems which will be encountered
in coal conversion processes [6] and the need for improved mining pro-
cedures using liquid jets [7].

The objective of an erosion investigation is an important consideration
in the research adopted and the level of effort required. For example, the
erosion rates for specific materials may be needed to implement semi-em-
pirical correlations for design purposes; sereening of state-of-the-art or
developmental materials or both may be required in order to select the
best material for a particular application; or a material development
program may be required to improve the erosion resistance of a restricted
class of materials as dictated by other engineering considerations.

Material 5,:1-,3c|-|'mg with respect to an erosive environment is represented
in the papers by Hansen [&], Schmitt [9], and to a lesser extent in the
papers by Gulden [/0] and Barkalow et al [/7]. Many of the general mate-
rial sereening programs in the past were based on the use of specialized
erosion equipment which was not readily available. Therefore a consid-
erable amount of the data generated are unique to the erosive environment
utilized for the application of interest. The ASTM G-2 Committe has been
active in trying to standardize the test conditions for widely used erosive
devices and, when this is not possible, to at least standardize the data
reporting procedure. These efforts should make the data obtained have
more general utility than would otherwise be possible.

An important aspect of material screening, if it is to be reasonably
independent of the laboratory conducting the tests, is characterization
of the erosive environment. The paper by Maji and Sheldon [12] indicates
that the initial characteristics of the solid particles used in a blast tube
apparatus can be significantly modified in the apparatus itsell before
reaching the specimen’s surface. This effect is dependent on the properites
of the particles used, but it points out the need for detailed characteriza-
tion of the erosive environment a specimen actually experiences even for a
widely used test configuration. These effects are important with respect to
establishing accurate correlations with the material properties of the mate-
rial being tested.

Along these same lines one notes that there is a much stronger materials
orientation represented in this volume compared with the previous vol-
umes [/-4]. More work is devoted to examining the eroding material micro-
scopically and to undertaking more basic investigations of the changes
which occur in the material as well as identification of the microstructural
features which may contribute to the onset and development of the erosion
damage. The work of Ives and Ruff [/3] provides understanding of the
changing character of the eroding surface of copper specimens subjected 10
solid-particle impacts. Using metallographic procedures, they were able
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yabeerve the role of particle embedding as a function of attack angle and
kagih of exposure as well as the subsurface damage produced. On the hasis
fihese observations a model is proposed to deseribe the embedding process,
Teir results emphasize the fact that the surface layer of highly ductile
miterials is transformed into a composite material as the erosion process
moeeds, with properties which can be quite distinct from those of the
tifial material. The range of materials for which particle embedding is a
simificant effect and a quantitative evaluation of how it may influence
e erasion rates for the initial target material require further investigation.
The latter consideration may have important implications in attempts to
mrelate the measured erosion rates with the original thermomechanical
properties of the target materials.

A number of conceptual models have been used as the basis for the
telopment of analytical descriptions of erosion processes. Generally these
modls do not incorporate an accurate experimentally based representation
if the material removal process into the analvtical formulation. The mode
f material removal is simply a conjecture or is not specified at all in
wieral of these analyses. Within the past few vears, however, experimental
sudies pertaining to erosion mechanisms have been pursued, so a better
idicstion of what is actually responsible for material removal can be
fiained, These approaches are represented in a number of the papers
mihis volume.

Finnie et al [/4] and Hutchings /5] have provided reviews of much of
ft work on modeling solid-particle impact damage and the range of
emsion mechanisms which have been proposed in the past. Professor
Fanie’s discourse on his modeling efforts over the past 20 years was a
snificant contribution to the symposium which was instructive to all in
iendance. His perspectives are incorporated in the paper by Finnie et al
M4}, which explains recent extensions of his notable early contributions to
i solid particle erosion literature.

Hutchings [15], on the other hand, idealizes the solid particle erosion
process in a series of clever single-particle impact experiments which can
te used to model the mechanics of particle impacts on metallic surfaces.
This work is quite innovative in the field of solid particle erosion and a
mich needed new approach to advance understanding of the particle/tar-
gef interactions, which are extremely difficult to identify for more conven-
fimal solid particle erosion test conditons.

Adler and Evans [/6] have constructed a reasonably complete descrip-
ton of the impact process and the potential sources for the damage associ-
#ed with hypersonic solid-particle impacts on carbon-carbon composite
materials. This is the first time that a number of observations derived from
microscopic examinations of the impacted specimens, high-speed photo-
graphic records of the impact event, idealized experimental conditions,
ind relevant analyses of the transient response of the target have been
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ature erosion rate, and that the corrosive environment can also cause
the results obtained are of limited interest, the scope of the investigative
procedures used to obtain them is instructive as a productive methodology
for wider-ranging problem areas in the field of particulate erosion,

The paper by Preece and co-workers [I7] is somewhat unique in the
field of cavitation erosion in that it examines the process by which material
removal develops on metallographically prepared specimens of pure metals
exposed to the cavitation field generated by an ultrasonic horn system.
The influence of the microstructure of these metals, primarily grain size,
on the material removal process is evaluated. An important conclusion
from this work is that there is probably no simple correlation between bulk
quasi-static mechanical properties and cavitation erosion resistance as was
so often thought to be the case in the past [1#]. This general conclusion—
that any correlations between erosion resistance and material properties
must also include the microstructural characteristics of the material and in
some cases the surface condition—is becoming more widely recognized in
the field of liquid drop impingement. These findings from detailed investi-
gations of liguid drop and cavitation erosion mechanisms cast doubt on the
universality of the correlations developed by Thiruvengadam [/920] and
Springer [2], 22] based exclusively on mechanical properties of the material,
The success of these latter approaches is that they consider a generic
representation for a class of materials, emphasizing that a definite trend is
established for an extensive range of materials. There are also more basic
conceptual errors inherent in these correlations as pointed out by Adler
[23]. Those investipators concerned with identifying actual erosion mech-
anisms and trying to improve the erosion resistance of a particular material
are looking at a much more restrictive class of materials. The work of
Preece et al is an example, among several, which demonstrates the magni-
tude of the change in the erosion rate which may result from modifications
in the basic material. The data base is still too restricted to obtain an
accurate quantitative estimate of how much the fabrication process, sur-
face finish, microstructural features, and bulk mechanical properties can
affect erosion resistance; however, the effect can be significant for both
metals and nonmetals.

Relatively little of the solid particle erosion data pertain to elevated-
temperature test conditions. However, the major impetus for the develop-
ment of elevated temperature and corrosive environmental testing capa-
bilities and procedures is the need for these data in the cost-effective opera-
tion of coal conversion plants [6]. The work presented by Finnie et al [14],
Tabakoff and Wakeman [24] and Barkalow et al [/]] is a small sampling
of the work which will be appearing in these areas over the next few years.
It is seen from these preliminary studies that elevated temperatures can
increase the erosion rate for some metals compared with the room temper-
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nworporated into a coherent picture of the crater formation process. While
fqnﬂ'mant changes to occur, with the magnitude of the enhancement effect
deendent on the size and properties of the erosive particles.

The addition of elevated temperatures and corrosive environments to
fhe list of test parameters which must be considered in solid particle ero-
dm festing expands to unmanageable proportions the screening test ma-
itix t evaluate the effects of the test conditions on the erosion rate for a
single material, Consideration should therefore be given to the information
wquired and an organized and coordinated program should be established
& won as possible to optimize the data collection activities which may be
wequired [6]. There are several functions the ASTM G-2 Committee can
provide for this purpose: round-robin testing for evaluating the variability
in fest results due to the test procedures in different laboratories and for
eeloping a broader data base than otherwise would be possible; stan-
fardization of the test reporting procedures for enhanced data interchange;
and establishment of study groups to resolve general issues concerning a
rnge of erosion/corrosion problem areas and to serve as a focal point
fr inferaction among active workers in various erosion-related fields.
Morzover, the magnitude of the erosion/corrosive conditions which may
have to be considered warrants support for more detailed materials-orien-
iz investigations for the purpose of identifving the commonality of erosion
mechanisms and dominant material properties influencing the erosion
nts. These investigations should provide guidance for the development of
materials with improved erosion resistance and contribute to limiting the
saope of the test evaluation required.

The work of Menguturk and Sverdrup [25] illustrates the steps required
wuse erosion (and ultimately erosion/corrosion) data for practical applica-
tims. A number of questionable assumptions are made in their analysis
of particulate erosion of the blading in a gas turbine, however, in going
through the available flow analyses and incorporating the available erosion
daia, although not completely relevant, they have demonstrated the weak-
tesses in the existing erosion data base. This paper represents an example
of how much of the work contained in the other papers on solid particle
emosion in this STP will be utilized and provides some idea of the directions
for improving the form these data must have to be useful for design pur-
pases.

Thewater drop impact damage modeling carried out by Rosenblatt et al [26]
nises several interesting issues. For example, how well are the material
properties controlling liquid impaet damage in the subsonic regime repre-
sented in these computations? How much can be learned from a computer
modeling effort of this tvpe for improving the erosion resistance of a specific
material, such as zinc selenide? Is the cost of these computations, which
increases as more of the microstructural features of the material are in-
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cluded in the computer model, justified in comparison with a more direct
materials-oriented approach?

MNumerical analyses of particle impact have been extensively developed
for the hypersonic velocity regime where a hydrodynamic response of the
material is assumed. A strong interaction between the impacting particle
and penetration of the target material takes place; the final crater dimen-
sions are to be determined. At subsonic impact velocities the water drop is
much less damaging and subtle changes occur within the target material
governed to a large extent by its microstructure and defects in its micro-
structure. Computational representations for a  polyerystalline target
material with an average grain size on the order of to two orders of magni-
tude less than the drop diameter become exceedingly complex if they are to
simulate the microstructural features of the target, such as textural
variations, solid inclusions, grain orientations, and grain boundary
strengths, One therefore questions if the investigation of the contribution
of these features (o damage initiation can be more productively accomplished
by well-conceived experiments and detailed materials characterization.
Rosenblatt and co-workers have made a significant contribution to the
evaluation of the spatial and temporal distributions of pressure for a water
drop impacting rigid or elastically deformabie surfaces at subsonic velocities.
This pressure distribution, as described in their paper |_2|!';|| can be used to
provide some idea of the temporal development of the stresses in a homog-
enous and isotropic elastic body as a guide in identifying those regions
within the target where critical stress conditions are likelv to oceur; how-
ever, caution is advised in pgoing beyond this basic model in that the
novelty of the explicit computational results may overshadow the physical
aspects of the actual fracture initiation and propagation process. Numerous
computations can be made, but these have to be balanced against the real
extent to which the numerical results contribute to improvement of the
erosion resistance for a particular material,

The foregoing perspective on the role of finite-difference models in
subsonic water drop impact damage would not be necessary if Rosenblait
et al [26] did not stipulate that one objective of their work is to identify
the mechanisms responsible for internal crack formation and propagation
in infrared windows subjected to subsonic rain erosion. However. there
is nothing in the paper which is directed toward this objective. The rele-
vance of a numerical analysis is to describe and provide quantitative
data for a physically observed mechanism. A considerably more detailed
computational model would be required before a crack formation me-
chanism could be idenrified in zinc selenide via a numerical simulation,
The authors have not identified any mechanisms but have assumed a
particular model and a critical erack length for their computer analysis
of the damage due to a single water drop impacting a zinc selenide Earéel.
Once the model is accepted, then the sensitivity of the fracture TESPOnse
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can be computed in terms of the relatively few material parameters and
the impact parameters entering the numerical analysis.

It is difficult to rectify on physical grounds the nature of the crack
patterns shown in Fig, 19 and 22 of Ref 26, especially Fig. 22. (A question
bout this was raised by N. MacMillan (p. 000) and does not appear to
have been adequately addressed by the authors.) The eracks produced in a
real material would be discrete with a quantity of undamaged material
separating these cracks. The numerical results imply that a large quantity
of material would be highly fragmented and would in essence be free to fall
_]'3"'3'5'3 from the specimen. This does not seem to be the case for actual drop
impacts at velocities below 342 m/s (1120 ft/s). The manner in which the
failure criteria are introduced in the numerical computations and the way
in which the stress is redistributed in the computer code once a cell is
fractured appear questionable. The cell size may be too large for the
fracture response which is to be described. Therefore the stated fracture
trends for the grain size and flaw size variations have no significance until
the fracture patterns can be properly interpreted.

Furthermore, the final erack formations are on a scale such that com-
parisons with experimental data are almost meaningless. The authors
have been adjusting their results to compare with experimentally ob-
served fracture patterns as they become available [27]. In essence, they
are simply describing general observations and not providing directions for
optimization of material propertics for increased erosion  resistance.
Modeling the dynamic fracture response of a polyerystalline material
and the onset of fracture in homogeneous brittle materials due to water
drop impingement are complex problems if the computational models are
to reflect a realistic picture of the material and its surface condition
128, 29)

There are many aspects to erosion modeling. The most prominent is the
development of a predictive model. A predictive model provides the capa-
bility to preseribe the rate of material removal from a particular material
exposed to a specified erosive environment. Although several examples of
semi-empirical correlations can be found in the literature [14.15] and
several attempts to derive definitive predictive models can be cited [30.31],
it seems doubtful that a definitive predictive model will be forthcoming in
the near future. A predictive model implies that the erosion rates can be
determined entirely from data independent of erosion test data. All the
models proposed for this purpose invoke empirical correlations at some
point in their implementation. However, computer simulations (models)
can be helpful in obtaining quantitative information on various aspects of
the material removal process in all fields of erosion. In contrast to the
approach of Rosenblatt et al [26], the computer analyses should be formu-
lated on the basis of materials-oriented models which characterize the
dominant failure modes that can oceur in a particular material or class of
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materials [30,31]. With more investigators examining erosion damage on a
microscopic scale, there is excellent potential for developing physically
realistic computer analyses for small portions of the general erosion process.

The papers herein pertaining to waterjets are concerned with concepts
to improve their cutting or fragmentation capability [32—34] and with
some of the applications for waterjets [35—237]. At the present time there
is considerable emphasis on the development of svstems for particular
areas of application. The general approach is thus the reverse of that
described in relation to particulate and cavitation erosion, where the
response of the material and ways to improve its erosion resistance are of
prime concern, since it is now the creation of a more effective erosive
environment which is the major consideration. There is considerable
breadth exhibited in the innovative systems for enhancing, concentrating,
or pulsating a jet. However, the measure of its effectiveness is typically
evaluated in terms of its gross cutting rate. To date, there does not appear
to be any concentration of effort on just what is happening to the material
as the jet penetrates or cuts it. Detailed investigations of the jet/material
interaction should certainly contribute to customizing or selecting the jet
configuration which would be most efficient for a particular material.
Some initial evaluations along these lines were described by Vijay and
Brierly [35].

There is a problem, however, in comparing one waterjet system with
another in that criteria must be established which are acceptable to most
workers in the field for making such a comparison. The ASTM G2 Com-
mittee is presently addressing this critical issue. A second area under con-
sideration is the selection of standardized materials for specifying cutting
rates.

In summary, there are several areas of erosion receiving attention at the
present time which represent a change in emphasis from the recent past
based on the contributions to this publication. The areas of current interest
are solid particle erosion at ambient and elevated temperitures and in
corrosive environments for metals and ceramics, limited applications of
liguid drop impingement primarily for nonmetallic materials for high-
speed aircraft and coupled erosion/ablation of reentry vehicles. with rela-
tively little activity in cavitation erosion. The background of an increasing
number of contributors to the erosion literature is in metallurgy or mate-
rials science, so basic materials investigations of erosion are becoming
more prevalent. The identification of the damage modes in real materials
coupled with accurate representations of the mechanics of the erosion
process should be productive in advancing basic understanding of the
of the erosion of materials. This general level of activity in several erosion
problem areas (different from the past) is once again becoming substan-
tial, so the prospects for many important advances in combating the erosion
process in certain material systems and for the development of improved
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erosion-resistant materials are most encouraging. It is hoped these new
investigations will be undertaken in a more organized manner than in the
past.

Waterjet technology is increasing at a rapid pace to meet the demands in
the growing number of application areas for waterjets, although a sizable
portion of the current support is connected with mining operations,
Considerable emphasis is being placed on the development of more efficient
waterjet systems: however, it is envisioned that once optimization of the
general system parameters has been achieved, the material damage mecha-
nisms will be considered in more depth to determine additional directions
for improving jet operating efficiencies. The erosion process due to cavitat-
ing fields and water drop impingement may be helpful in understanding
the damage produced in the material by various waterjet systems.

W. F. Adler

Effects Technology, Inc., Santa Barbara,
Calif. 83111; editor.
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Ablation, 392, 400
Ablation-crosion, 400
Abrasion test. I8
Acoustic impedance, 104, 117, 228,
250
Mismatch, 294

C

Carbon-carbon composites

Cracks, 363

Density, 347, 390

Fiber bundle, 387
Dimensions, 347, 369, 386, 390
Kinking, 350, 351, 354, 355,

357, 361, 372, 373
Critical shear stress, 374
Density, 357

Matrix interface, 357, 363, 370
Volume fraction. 393-395

Interfiber shear, 369

Lateral fiber bundles, 348
Flexure, 369
Kinking. 355, 357, 367
Tension, 369
Transverse shear, 369

Longitudinal fiber bundles
Flexure, 369
Fragmentation, 368
Kinking, 355, 357, 368-370
Tension, 369
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Transverse shear, 369
Matrix pockets, 336, 369
Particle impact
Crater dimensions, 368
Cratering process, 346, 351, 362,
65 1., 621
Erosion resistance, 368, 392
Mass loss, 346, 351, 385, 387,
389, 392-397, 399
Material ranking, 385, 386, 389,
391, 395, 398, 405
Material removal process, 346,
368, 374
Material removal rate, 381, 383~
386, 389, 391, 392, 399,
405
Pressure, 363
Porosity, 363, 369
Processing, 394, 400
Chemical vapor deposition, 392,
396
Graphitization  temperature,
396
Impregnation cycles, 396
Matrix materials, 392
Unit cell, 347, 386, 392, 393, 400
Weave, 347, 383, 384, 387, 390,
304, 400
Cavitation, 435
Back pressure, 530, 532, 540, 345
Bubbles, 431, 432, 513, 515, 525
Cloud, 432, 448
Dynamic stresses, 410
Flow velocity, 530-532
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Intensity, 454, 531, 535
Number, 530-532, 535-538, 544-
546
Pressure, 530, 535, 536, 541
Vapor, 532
Cavitation erosion, 531, 541,
562, 569, 622, 625
Component lifetime, 409
Mass loss, 454
Acceleration period, 435, 448,
450, 454
Attenuation period, 435,
450, 454
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Incubation period, 411, 421,

424, 427, 435, 436, 439,
448, 450, 454
Steady-state period, 435,
430, 454
Mechanisms, 410, 411, 4158, 419,
422, 423, 427, 429, 435
Rate, 410, 419, 429, 447, 535-537,
540
Temperature dependence, 535
Cavitation erosion resistance, 530,
544
Armceo iron, 437
Body-centered cubic metals, 415
ff., 429
Evaluation, 434, 435
Face-centered cubic metals, 411
ff.. 429, 430
Hexagonal close-packed metals,
421 ff., 429, 430
Mechanical property correlations,
409, 410, 430, 435, 622
Mild steel, 437
Nodular graphite cast iron, 437
Cavitation erosion testing, 530, 544,
546
Cavitating waterjet device, 532,
534, 541, 454, 540
Erosion pattern, 536
Magnetostrictive vibratory horn,
410, 434, 443-445, 447,

448,

448,
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454-456, 530, 535, 541,
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Elevated temperature, 447
Vibration amplitude, 447, 449-
451
Vibration frequency, 444, 445
450, 454
Rotating disk, 530
Venturi, 530, 544
Water tunnel. 436, 443, 444, 451,
454, 530, 544
Cleaning, 536, 582 ff., 595, 600
Coal conversion, 34, 36, 52, 54, 148,
149, 156, 157, 163, 165,
190, 191, 194, 218, 219
Column buckling, 372, 373
Corrosion (see alve Oxidation), 49,
52, 162, 182, 449, 450,
454, 458
Hot, 163, 164, 166, 189, 191
Protective scales, 164, 166, 167,
170, 171..173, 174, 188-
190
Scale removal, 165
Test, 52, 55
Crack (see also Fracture), 282, 288
Blunting, 119
Circumferential, 326, 330
Configuration, 244, 246
Flaw size, 113-115, 117, 228, 244,
246, 315, 624
Distribution, 115, 117, 121, 246,
249
Glass, 79, 80
Weibull distribution, 85, 117,
118
Intersection, 37
Lateral, 109, 118, 120
Nucleation, 227, 228, 280, 422,
424, 429, 623
Pattern, 228, 246-249, 251-253,
624
Propagation, 37, 227, 228, 2R,
422, 623



Radial, 109, 112, 116, 118, 120
Subsurface, 57
Tension, 228, 235, 236, 246, 250
Velocity, 316
Crater
Cavitation erosion, 411
Liguid impact, 309
Solid particle impact, 12, 15, 25,
39, 42, 62-65, 67-T1, 73,
145, 173, 189, 349 ff.
Waterjet erosion, 515-519
Cratering process, 346, 621
In carbon-carbon composites, 349,
351, 362
Penetration phase, 365, 367, 369,
370, 374
Crystalline solid
Body-centered cubic metals, 415
Twin boundaries, 418, 429
Twinning, 418
Strain-rate sensitivity, 415
Deformation twins, 22, 25, 29, 429
Dislocations, 22, 24, 29, 413
Barriers, 415, 433
Cell structure, 24
Concentration, 29
Density,. 22, 24, 25, 30
Distribution, 24
Generation, 25, 109
Mation, 24, 25, 421, 430
Metwork, 57
Pile up, 413, 415
Source, 415
Type, 24
Face-centered cubic metals, 411
Grain
Aspect ratio, 427
Boundary, 119, 411, 413, 418,
419, 421, 422, 424, 429,
432
Boundary triple points, 113, 422
Deformed, 29
Orientation, 411, 422
Size, 7, 108, 115, 228, 244,
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2B6-288, 295, 410, 411,
413, 415, 419, 421, 424,
427, 429, 430, 432, 622
Linear intercept determina-
tion, 79, 86
Structure, 28, 294
Guinier-Preston zone precipitates,
49
Hexagonal close-packed metals,
421
Slip density, 422
Twin density, 422
Twinning, 427, 529, 432, 433
Slip, 24, 109, 413, 421, 427, 432
Band, 244
Density. 422
Stacking fault energy, 24, 413, 432
Structure, 411, 430, 443
Twinning, 418, 427, 429, 432, 433
Band, 244
Boundary, 418, 429
Deformation, 22, 25, 29
Density, 422

Cutting, 300, 473, 474, 480, 490,

513, 544, 553, 554, 562,
563, 568 ff., 586 ff.,
592 ff., 599, 600, 613-
615

D

Deformation (see afso Target ma-

terial deformation)

Elastic, 204
Elastic-plastic, 86, 87, 99, 102
Plastic, 72, 89, 109, 113, 118, 119,

122, 204, 322-324, 326,
333, 337, 429, 436, 438,
439, 445, 452, 554

Shear, 29, 72, 323

Degraded strength measurement
Hydraulic device, 299, 315, 317
Residual strength, 310 1F.



632 EROSION: PREVENTION AND USEFUL APPLICATIONS

Calcium aluminate glass, 314,
315
Soda lime glass, 312, 313
Silicon nitride, 314, 315
Drag bit
Cutting process, 356, 560, 561
Penetrating force, 554, 561

E

Electron channeling, 21, 24, 25
Electron diffraction, 25, 28
Energy consumption, 579

Erosion-corrosion. 50, 52, 163, 165,
167, 185, 188, 622, 623,
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Exploding foil particle acceleration,

348, 398

F

Fiber reinforced composites, 320,

321, 326-339
Fluid dynamics
Bernoulli’s equation, 495
Conservation of energy, 474

Conservation of mass, 474, 476,

496

Conservation of momentum, 474,

476, 496
Equations of motion, 462
Fluid density, 532

Helmhaoltz instabilities, 471, 498,

506
Shear gradient, 471

Stagnation pressure, 321, 471,

497
Stoke's law, 195
Turbulent jets, theory, 494
Fluid flow

Boundary layer, 134, 170, 183,

185, 204, 221, 462, 495,
03
Laminar to turbulent transition,
34
Separation, 506
Turbulent, 134
Choked. 471, 531
Laminar, 134, 476, 494
Pipe, 495
Reynold's number, 34, 195, 194,
495
Separated, 531
Turbulent, 134
Fluctuations, 470

Fracture (see also Crack)

Antireflectant coatings, 290
Auerbach’s law, 86, &7, 95, 97-99
Brittle, 78, 89, 204, 415, 432,
429, 430, 437, 442, 445,
447, 448
Cleavage, 285, 419, 421, 458
Conchaoidal, 316
Critical stress intensity factor,
B6, 104, 113, 115, 117,
119, 120, 316, 3129
Ductile, 50, 411, 413, 429, 439,
445, 447, 448, 458
Ductile to brittle transition, 418,
423, 427, 439, 443, 451,
454, 458
Hertzian
Ring, 79, 85, 87, 89, 102, 113,
117, 118, 120, 282, 286,
288, 290, 324, 340, 371
Test, 79, 8BhH, 95
Intergranular, 286
Microfractiure, 324
Pattern, 109
Rock, 554-557, 561
Strength, 72, 74, 105, 113, 115,
116, 121, 122, 293
Dynamic, 74, 86
Elevated temperature, 50
Tensile, 324, 156



Stress, 280, 293
Test
Four-point bend, BS
Tension, 55
Three-point bend, 85, 105, 113
Toughness, 86, 104, 113, 115, 117,
119, 120, 316, 329
Transgranular, 286288
Zinc sulfide layers, 293
Fragmentation, 563
Friction, 64, 76

G

Gas turbines, 34, 38, 102, 122-125,
135, 163-165, 167, 190,
191, 193, 194, 198, 200,
209, 218-221

H

Hardness, 24, 65, 71, 86, 103, 117-
120
Brinell, 143, 515
Indentation, 32, 86, 102
Knoop, 257
Rockwell, 140, 514
Test, 63, 72
Vicker's 38, 39, 47-50, 60, 104,
437-439, 443
High-speed photography, 60-62,
130-134, 137, 198, 209,
302, 305-307, 316, 321,
324, 334, 341, 346, 361,
Jah, 554
Hugoniot
Equations of state, 364, 374, 375
Pressure (see also Waterhammer
pressurel, 231, 233, 248,
321, 363

I

Indentation evaluations, 554-356,

558, 560, 561
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Infrared transparent materials, 102,
255, 623
Antireflection coatings, 280, 288,
290
Gallium arsenide, 262 ff., 280,
281, 289
Zinc selenide, 262 ff., 280, 281
Zinc sulfide, 262 ff., 280-286
Infrared microscopy, 288

M

Material properties
Acoustic impedance, 104, 117, 257
Bulk modulus, 71
Coefficient of thermal expansion,
71, 156, 294, 296
Coefficient of friction, 64
Density, 71, 107, 119, 157, 257
Enthalpy of melting, 71
Fracture toughness, 86, 104, 113,
115, 117, 119, 120
Hardness, 65, 71, 86, 103, 117-120
Homologous temperature, 50, 33,
a4
Index of reflection. 288
Interatomic bond energy, 71
Molecular weight, T1
Poisson's ratio, 257, 315, 323
Porosity. 107, 109, 112, 119, 154,
Jad, 369
Specific heat, T1
Strength, 50, 72, 74, 105, 113,
115, 116, 121, 122, 257,
265, 275, 536
Thermal conductivity, 71
Yield stress, 48, 49, 324
Young's modulus, 71, &b, 103,
104, 117, 257, 294, 315
Material property measurements
Fracture
Four-point bend test, 85
Three-point bend test, 83, 105,
113
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Hardness test, 65, 72
Temperature, infrared pyrometer,
150
Tension test, 55
Mean depth of erosion, 536
Mean depth of penetration rafe,
381, 383-386, 389, 391,
392, 405
Metals
Cold-working, 48, 49, 410
Heat-treatment, 48, 49, 410
Strain hardening, 48, 49, 438,
443, 451
Microscopy
Infrared, 288
Ohptical, 79, 105, 282, 525
Optical, 79, 105, 282, 525
Scanning electron, 6, 8, 11, 15-
18, 29-31, 33, 34, 42,
48, 50, 60, 68-70, 79,
81, 89-91, 94, 105, 110-
112, 122, 137, 143, 167,
173, 174, 180, 348, 411,
427, 436, 442, 447, 499,
503, 558
Transmission electron, 6, 8, 11,
22-27, 29, 33, 105, 427
Mining operations, 300, 317, 461,
490, 512, 553, 562, 563,
578, 579, 626
Monroe jet, 304, 386

N

Nozzle

Air-injected shroud, 463, 464, 470,

471
Air velocity, 463, 467

Aspirating shroud, 467, 471

Convergent-divergent, 472

Design, 461

Diameter, 462, 532, 535, 545,
568, 569, 571, 577, 579,
581, 583, 588
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Discharge coefficient, 513, 532

Dual-orifice, 494, 498, 499, 510

Multiple-orifice, 494

Nonpenetrating, 583, 593, 596

Number, 568

Oscillating, 601, 605, 607

Oscillating-deep kerf, 605, 607,
610

Penetrating, 593

Pressure, 473, 569, 571, 583

Rectangular slit, 584

Rotating, 599, 601

Shape, 462

Supercavitating, 531

Supersonic, 472

Surface erosion, 498

Surface finish, 499, 503, 3506,
509, 511

Type, 568

0

Oxidation (see afse Corrosion), 30,
52, 164-167, 171, 174,

180, 187, 191, 219
Erosion, 170-172. 174, 176, 179,
180, 185, 187, 189, 191

P

Photography (see High-speed photo-
graphy)
Plastic deformation (see Deforma-
tion)
Plasticity
Flow, 25, 415, 424
Flow pressure, 37, 40, 48, 55, 57,
64, 70
Flow stress, 24, 48, 178
Slip line analysis, 75, 76
Pressure transducer, 310, 317, 496,
497
Profilometer trace, 43-46, 307, 309,
324



R

Radome, 102, 295, 392
Rain erosion
Anti-reflection coating, 288, 290-
292
Carbon-carbon composites, 346,
JR5-387. 389, 392-197
399, 405
Gallium arsenide, 262, 263, 269,
271, 275, 276, 278, 280-
281, 289
Graphite, 389, 391
Infrared transmission loss, 262,
263, 276, 279, 280, 292,
293
Layered window constructions,
280, 296
Mean depth of penetration rate,
381, 383-386, 389, 391,
392, 405
Zinc selenide, 262, 263, 269, 271,
275, 276, 278, 280, 281
Zinc sulfide, 262, 263, 269, 271,
275, 276, 278, 2BD-286
Rainfield characterization param-
eters, J81, 382, 385, 399
Reentry vehicle nosetips, 345, 385-
JRT, 389, 392, 400
Rock fracture, 555, 557
Indentation, 555-557
Mechanism, 554, 561
Spallation, 554

Screening tests
Cavitation erosion damage, 434
Multiple water drop impact, 395
Waterjet impact, 338

Shear, 370
Adiabatic, 373
Band, 72
Deformation, 29, 72, 323

INDEX B35

Stress, 324
Transverse, 367

Shock waves, 365, 367, 369, 373,

374, 386
Air, 303, 322
Elastic precursor, 366, 374
Hugoniot
Equations of state, 364, 374,
375
Pressure, 231, 233, 248, 321
Impedance, 322
Pressure, 238, 432
Rarefaction, 366, 367
Reflection, 366
Release wave for liquid impact,
a2, 4
Water, 321

Single solid particle impact, 6, 12,

60, 103, 105, 112, 113,
120, 621
Contact area, 117-119
Crater, 42, 69, 110, 111, 120, 173,
189, 349 ff,
Energy loss, 65, 67, 71
Formation, 12, 145
Lip, 15, 25, 39, 43, 62, 67, 71
73, 173
Profile, 43-47, 60, 76, 341
Volume, 62-65, 67-71
Elevated temperature, 346, 351
357, 384
Energy balance, 39, 83
Equations of motion, 39, 64, 70
Numerical computations, 64,
6, 138, 361, 373
Exploding foil particle accelerator,
348, 398
Fracture during target penetra-
tion, 366
Gas gun accelerator, 60
Hertzian analysis
Contact radius, 108, 109
Indentation, 15, 22, 38, 62, 63
Mass loss, 346, 351
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Material erushing. 109, 366, 367
Material ejection, 348, 361, 366,
68, 370
Material ranking. 398, 405
Material removal, 14, 21, 67,
72, 102, 349-357, 374
Models, 5, 37, 57, 70, 83, 98, 102,
105, 117-119, 124, 136,
176, 179, 192, 194, 204,
206, 210, 212, 621
Particle-target interaction, J366-
JoR, 374, 375
Plastic flow, 15, 24, 25, 37, 40,
48, 55, 57, 64, 70, 178
Subsurface damage, 21, 24, 341-
348
Testing, 346
Theory, 63-67, 70, 164
Velocity, 346, 356
Volume removal, 37, 38, 40-42,
49, 50, 83, 86, 106-108,
112, 119
Single water drop impact
Analytical loading model, 235
Contact area, 236, 250
Contact radius, 232-235, 248, 250
Contact velocity, 232-234
Damage on gallium arsenide. 259,
260, 275, 277
Damage on polymethylmethacry-
late, 259, 260
Damage on zinc selenide, 259-262,
275, 276
Damage on zine sulfide, 259-262,
275, 276
Dynamic stresses in target, 236,
241-245, 256, 258, 265,
268, 271-278, 293, 294
Finite difference computations,
623, 624
Crack patterns in zinc selenide,
244, 246-254
Elastic half-space, 235 ff.
Rigid half-space, 229 ff., 250
Fracture, 259-268, 275-278
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Gas gun/suspended drop arrange-
ment, 299, 316, 321,
341
Lateral outflow jetting, 322, 124-
326, 330, 340, 341
Rotating arm, 257-259
Waterjet simulation, 299, 305
309, 316, 320, 340
Apparatus, 300 1., 321
Basis for comparison, 306-310
Damage on epoxy, 325
Damage on polycarbonate, 322
ft.
Damage on polyester, 325
Damge on  polyethersulfone,
324
Damage on polymethymetha-
crylate. 306 ff.
Damage on reinforced polymers,
326 ff.
Jet characterization, 302-306
Stress wave generation, 303
Velocity, 227, 228, 256, 258,
271

Slot cutting

Coal, 568, 569, 571, 573, 575-577,
579

Kerf, 572, 593, 599, 601, 605,
610, 612, 614

Solid particle erosion (see afso Single

solid particle impact,
Solid particle impacts)
Brittle materials, 37, 78, 83, 101
ff., 204, 205
Brittle (deformation) mode, 6, 7,
37, 38, 78, 136, 164, 178,
194, 205-210
Brittle to ductile transition, 80
Coatings, 156
Corrosion, 6, 50, 52, 163, 165
167, 185, 188, 622, 623,
625
Elevated temperature, 52
Test, 55
Damage enhancement, 346, 351



Deposition. 12, 122, 185, 187, 194,
195, 212
Ductile materials, 48, 52, 59, 71,
72,74, 78, 122, 204
Ductile {cutting) mode, 6, 7, 15,
29, 37, 78, 136, 164, 178,
181, 188, 194, 205-210
Elevated temperature, 6, 50-55,
57, 122, 153, 164, 622
Erosion rate (see also Particle velo-
city dependence, this
heading), 6, 8, 41, 70,
TR, B0, 120, 136, 139-
144, 147, 170, 179, 181,
189, 192, 200, 213-217,
220-221
Erosion resistance, 49, 72, 74, 117,
189, 194
Material screening, 149, 152 ff.,
620, 623
Relative erosion factor,
Cemented carbides, 155, 157-
1600
Ceramics, 154, 157-160
Coatings, 160-161
Definition, 152
Metals, 153, 157-160
Exposure time, 78-80, 83, 89,
95, 99, 149, 156, 167,
181
Finnie's model for ductile metals,
5 7. 57 70,476, 179,
192, 621
Hot corrosion, 163, 165, 185-
187, 191
Protective coatings, 164, 163
Impingement angle dependence,
53-55, 57-59, T, T8-
&0, 82, 98, 179-181, 183,
154, 189
Mass Igss. 11, 71, 74, 79, BO, 89,
105, 106, 113, 140, 171,
172, 191, 204
Incubation period, 10, 11, 15,
19. 42

INDEX 63T

Steady-state period, 11, 14, 15,
19, 24. 30
Material ranking, 405
Mechanisms, 6, 37, 38, 37, 39,
60, 67, 78, 86, 89, 105,
107, 108, 121, 143, 180,
623
Adiabatic shear, 39, 71, 72
Brittle crack intersection, B3,
89, 164
Delamination of surface ma-
terial, 49, 50
Grain ejection, 113, 156
Low-cyele fatigue, 49, 50
Metal cutting analogy, 40, 49,
53, 70, 164. 173. 176,
178, 180. 189
Particle fracture and fragmenta-
tion, 49, 50, 137, 140
Surface extrusion, 49, 50
Thermal pressure, 71
Work-hardening and embrittle-
ment, 49, 50
Natural dust environments, 102,
117, 120-123
Oxidation, 170-172, 174, 176,
179, 180, 185, 187, 189,
191
Particle mass dependence, 106,
119
Particle size dependence, 55, 78,
79, B3, 98, 99, 106-108,
113, 185
Size effect, 38, 42, 74, 80, 117,
118, 120
Particle velocity dependence, 55,
58, 63, T8-B0, 83, B4, 89,
95, 98, 106-108, 113, 119
Power law relationship, 8, 10,
78, 83. 120
Velocity exponent, 42, 38, 63,
67, 78, B3, 85, B8, 89,
99, 106, 117, 118, 120,
138, 140-142, 146, 147,
210
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Problem arcas
Bearings, 102
Coal conversion
Fluidized bed coal combus-
tion, 34, 163, 165, 190,
191, 194
Gassifier cyclone, 218, 219
Lockhoppers, 148
Valves, 148, 149, 156, 157
Coal-fired boilers, 123
Coal hydrogenation, 36, 52, 54
Gas turbines, 34, 38, 102, 122-
125, 135, 163-165, 167,
190, 191, 193, 194, 198,
200, 209, 218-221
Heat exchangers, 102, 122
Infrared transparent windows,
102
Radomes, 102
Rocket nozzles, 123
Ripple pattern, 33, 42
Testing, 346, 620, 623
Ambient temperature, 7, 79,
103, 123
Apparafus
Dynamiccombuster, 165-167,
170, 185, 186, 191
Elevated temperature wind
tunnel, 124 ff., 131, 134
Rotating arm, 124
Sand blaster, 7, B, 79, 103, 105,
123, 138, 140, 149, 162
Elevated temperature, 7
Standard, 149
Two-stage erosion process, 38, 137,
138, 140, 145
Solid particle impacts (see also Single
solid particle impact,
Solid particle erosion)
Abrasive (see Shape, angular, this
heading)
Chemical stability, 167
Composites, 336
Concentration, 32, 78, 200, 212,
213, 218, 220
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Debris, 139
Density, 14, 38, 86, 118, 200, 217
Distribution, 8, 79, 168, 173
Embedding
Copper, 10, 14, 15, 18-21, 26,
30, 32, 34, 620
Maodel, 19, 621
Reaction bonded silicon nitride,
107,117, 119
Flow rate, 34, 50, 124, 149, 168
Fragmentation, 15, 35, 38, 49, 70,
137, 138, 140-142, 145,
146
Hardness, 167, 185
Impact velocity, 14, 22, 35, 37, 50,
60, 62, 67, 86, 103, 115,
124, 132, 133, 137. 128,
140, 149, 168, 169, 194,
197, 199, 204, 208
Measurement
Laser velocimeter, 125, 133,
140, 168, 191
Multiple flash photography.
140
Rotating disk method, 7, 53,
79, 103, 140, 149
Impingement angle, 14, 22, 41, 42,
49, 60, 62, 66, 67, 131,
137, 169, 170, 171, 192,
204, 206-208, 212, 216,
217
Kinetic energy. 38, 63, 67, 71, 183
Orientation, 76
Rake angle, 62, 63, 66-68
Particle velocity in gas stream
Aerodynamic effects, 125
Gas velocity, 103, 124, 133, 192
Profile, 134
Trajectory, 37, 70, 130, 135, 168,
185, 191, 192, 194, 200,
2
Fluid flow calculations, 169,
170, 194 1., 212
Rebound characteristics, 124, 125,
131, 1958-200, 210



Coefficient of restitution, 207,
208
Shape, 35, 42, 68, 78, 81, 86, 136,
167, 194
Angular, 9, 33, 35, 40-42, 59,
60, 67,69, 71, 72, 76, 79,

85-87, 109, 118, 125,
136 ff., 140, 165, 178,
187

Spherical, 35, 60, 62-64, 67, 71,
72, 85, B6, 136 ff., 147
Square plates, 60, 62, 63
Size, 38, 42, 50, 81, &6, B8, 103,
105, 115, 124, 134, 137,
138, 194
Strength, 50
Temperature, 194
Type
Hard, 59, 67
Rigid, 38, 39, 55, 59, 65
Solid particle materials
Aluminum oxide, 8, 14, 15, 28, 34,
52, 79, B0, B3-85, B8, 90-
97, 149, 152, 167, 168,
173 ff,
Cast iron, 83
Coal ash, 148, 163-165, 191, 193,
198, 200, 204, 210, 212,
214, 215, 220, 221
Coal char, 198
Dolomite, 200-202, 210, 212, 217
Glass, 60, 68, 69, B3, BE, 346, 348,
J68, 374, 375
Ice, 368, 398, 399
Magnesium oxide, 167, 184, 185,
187
Nylon, 346, 350, 368, 374, 375
Quartz, 60, 68-70, 72, 83, 85, 103,
104, 106, 107, 109-111,
117, 118, 120, 121, 198
Rigid, 363, 368
Salt, 165,172, 185
Sand, 590
Silicon carbide, 43-46, 52, 57, 60,
68, 70, 83, 85, B8, 89,
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101, 103, 104, 106, 107,
109, 110, 117, 118, 122,
133, 210, 212, 213, 218,
220,221
Sorbent, 164, 165, 191, 220
Steel, 60, 64, 83, 85, B8, B9, 138,
139, 141-145
Sound speed
Water, 232-235
Waterhammer pressure, 306, 309,
310, 316, 317, 322, M1
Strain
Elastic, 65
Hardening, 48, 49
Plane, 57, 60, 62, 71, 75
Plastic, 21, 22, 65
Rate, 48, 50, 65, 72, 74, 323, 125,
410, 415, 418, 421, 422,
425,427, 430
Stress waves, 365
Acousticimpedance, 104, 117, 228,
250
Mismatch, 294
Amplitude, 316
Artenuation, 336, 337, 363
Dilatational, 294
Dispersion, 363
Duration, 316, 328
Elastic-plastic, 366, 373, 374
Fiber bundles as wave guides,
b5
In polymethylmethacrylate, 303
Preferred directions in fiber rein-
forcements, 328
Rayleigh, 247, 315, 325
Shear, 247, 294
Velocity, 257, 430
Stress wave interactions
Flaws, 293, 315
Surface scratches, 325
Submerged cables and pipelines, 582,
302, 594-596, 599
Surface rippling, 33, 42, 326
Surface roughness, 34, 35, 405, 444,
445, 499, 503, 506
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Target material deformation
Catering
Cavitation erosion, 411
Liquid impact, 309
Solid particle impact, 12, 15, 25,
39, 42, 62-65, 67-71. 73,
145, 173, 189, 349 ff.
Waterjet erosion, 515-519
Crushing, 109, 366, 367
Cutting, 39-41, 47-49, 53, 60, 62,
63
Type I, 62, 63, 67, 68, T0-T4
Type 11, 62, 63, 66-68, 70, 74
Elastic, 204
Elastic-plastic, 86, 87, 99, 102
Penetration, 365, 367, 369, 370,
374
Plastic, 72, 89, 109, 113, 118, 119,
122, 204, 322-324, 316,
333, 337, 429, 436, 438,
439, 445, 452, 554
Plowing, 15, 39, 60, 62, 63, 67, 68,
70, 71, 73-75
Shear, 29, 72, 323, 367, 373
Subsurface, 21, 24, 70, 105
Target materials
Cavyitation erosion
Aluminum, 411, 443, 445, 447
Armco iron, 436-439, 442, 443,
458
Brass, 443, 451
Copper-30zinc, 410, 411, 413,
421, 429, 432, 433
Castiron, 443, 445, 448, 451 458
Cobalt, 410, 424, 429, 430, 432,
433
Copper, 411
Iron, 410, 415, 418, 424, 427,
429, 430
Mild steel, 436-439, 443, 458
Monel metal, 435
Nickel, 410, 411, 429, 430
Nodular graphite cast iron

USEFUL APPLICATIONS

(NGCI), 436-438, 443,
445, 456, 458
Hypervelocity particle impacts
Carbon-carbon composites, 345,
J46, 348, 364 T
Graphite, 381, 382, 385, 186,
389
Material properties, 104, 157-161,
257, 410, 430, 457
Solid particle impact
Aluminum
1100-0, 41, 43-46, 48, 50, 51,
53-55,57. 178
Al-4.75Cu Alloy, 49
Alloy, 56
2024, 52, 132, 198
6061-Th, 138-145
Aluminum oxide; 154, 178
Aluminum oxide, glass bonded,
101, 104, 105, 107, 112,
114, 117, 119-121
Beryllium copper, 52
Boron carbide, 153, 156
Boron nitride, 154, 156
CoCrAlY, 167, 171, 179, 180,
184
Copper, 6, 8, 10, 21, 25, 28, M
Annealed, 47
Diamond, 154
Glass, Pyrex, 77-B0, 85, 9-98
Haynes 188, 167, 179
IN MA-T54, 167, 171, 186, 187
IN738, 166, 174, 177, 179, 186,
187
IN738, aluminide coated, 167,
171, 180, 186, 187
Magnesium fuoride, 101, 104,
106, 107, 109, 110, 118-
120
Molybdenum, 152, 156, 157
Mickel
Alloy, 52
Cobalt alloy, 210, 220
Electrolytic, 156
INCO 718, 132



Silicon carbide, 153, 156
Silicon nitride. 52, 101, 122, 154,
156
Hot-pressed. 102, 104-107,
109-114, 117-121, 167,
171, 184, 186-188
Reaction-bonded, 102, 104-
107, 109, 111, 113, 114,
119-121
Steel, 25,52, 57
Al151 1075, 49
410 stainless, 52
Low carbon, 60, 67, 69, 71, 72
17-7PH, 52
Type 304 stainless, 165, 210
Type 310 stainless, 52-55, 57,
165
Stellite. 148, 152, 153
Titanium alloy, 52
Ti-6A1-4V, 52, 132
Titanium carbide nitride, 156
Titanium diboride, 156, 157
Tungsten, 152, 156, 157
Tungsten carbide, 154, 156, 157
Udimet 710, 210
X40, 167, 179, 186, 187

Yttria stabilized zirconium
oxide, 167

Water drops

Gallium arsenide, 255-257,
259, 262

Polymethylmethacrylate, 256

Zincselenide, 228, 240, 246, 247,
250, 255-257. 259-2162,
340

Zinc sulfide, 255-257, 259-263

Water jet simulation of single water

drop impacts

Aluminum, 306

Fiber-reinforced thermoplastic
polymers, 320, 331 ff.,
334

Fiber-reinforced thermosetting
polymers, 320, 326, 330,
331, 3

Glass, 306
Calcium aluminate, 314, 315
Soda lime, 312, 313, 315
Polymethylmethacrylate,
306-308, 340
Silicon nitride, 312, 314
Thermoplastic polymers, 320
Polycarbonate, 322 ff., 339
Polyethersulfone, 324, 339
Thermosetting polymers, 320
Epoxy resins, 325, 335, 339
Paolyester, 325, 335, 339
Waterjets
Aluminum, 485, 514, 535, 536,
538
Brass, 514
Coal, 563, 565, 568, 572
Conerete, reinforced. 592, 593
Copper, cold-rolled annealed,
514, 515
Granite pegmatite, 600
Granite-quartz, 600
Lead, 515, 525
Limestone, 600
Norite, 536, 558, 560
Palymethylmethacrylate, 336
Quartz, biotite, 600
Quartsite, 600
Witwatersrand, 554, 556, 558,
560
Sandstone, 600
Berea, 488, 490
Steel, 536, 541, 583
HYB0, 591
1020, 588
Tunneling, 512, 553
Advantages of waterjets, 600

302,

U

Underwater jet operations
Concrete removal from pipelines,
582, 584, 592 ff., 596
Economics, 385, 592, 593
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Metal cutting. 583, 586 ff., 596
Ship hull cleaning, 584 ff., 595
Utility construction, 598
Advantages of waterjets, 615
Environmental impact, 613
Pollution control, 613
Construction costs, 598
Economics, 600, 601, 607, 613-615
Operational requirements, 600-
605, 607-610, 613
Waterjet applications, 398 ff,

v

Velocity exponent, 42, 58, 65, 67, 78,
83, A8, B9, 99, 1046, 117,
118, 120, 138, 140-142,
146, 147, 210, 3185, 397,
405

Vena contracta, 515

w

Water drop impact (see Rain erosion,
Singlewater drop impact)
Water drop impact testing, 257, 280
Ballistic range, 299, 316, 321, 341,
346, 398, 399
Rocket sled, 378, 389, 397, 398
Rotating arm, 257, 281
Waterjet simulation, 299, 309,
316, 321, 341
Water drops, 346, 350, 368, 374, 375
Diameter, 256, 258, 307, 308, 381,
431
Formed in waterjets, 515, 525
Waterhammer pressure (see also
Hugoniot pressure), 306,
309, 310, 316, 317, 322,

41
Waterjet
Abrasive injection, 583, S88-590,
502, 596

Analysis, 474 ff.
Applications

Borehole mining of coal, 461,
490
Cleaning, 563, 582, 583, 600
Preferential, 582
Ship hull, 584 ff., 595
Cutting, 473, 474, 480, 513, 544,
353, 554, 562, 563, 583
Asphalt, 599
Coal, 568, 574, 578, 579, 581
Bedding planes, 568, 571
Overburden pressure, 565
Slot, 568, 569, 571, 573,
575-577,579
Concrete, 392 ff., 596, 599,
600, 615
lce, 599, 615
Metal, 586 ff., 596
Rock, 300, 490, 598-600,
613-615
Dirag bit cutting augmentation,
553, 560, 561
Drilling, 562, 563
Utility pole holes, 597, 599-
602, 610, 612, 615
Frozen soil excavation, 599, 615
Heat-exchanger descaling, 582
Mining, 300, 317, 512, 553, 562,
563, 578, 579, 626
Trenching, 582, 597, 599-602,
612, 615
Tunneling, 512, 553, 600
Uranium mining, 341
Breakuplength, 462, 464, 467,470,
471, 482, 509, 510, 515
Cavitating, 513, 525, 529, 532, 536,
349, 562, 563, 566, 569,
572-577, 579, 581
Coherent, 553
Continuous, 318, 319, 342, 462,
485
Cutting effectiveness, 462, 570,
588, 503, 509



Cutting efficiency,
Rate of area cutting, 568, 575,
576,579
Rate of volume removal, 568,
571, 573, 578,579
Kerfing effectiveness, 568, 571,
576, 577,579
Volume removal effectiveness,
S6E, 577, 579
Cutting rate, 583, 612
Damage efficiency evaluation, 513,
520
Diameter, 495
Dual orifice, 493, 496, 503, 506,
509, 510
Erosion augmentation, 513, 592,
625
Evaluations, 463
Flow pattern, 535
Flow rate, 568, 581
Fluid additives, 583, 589, 591,
592, 596
Fluid properties, 462
Impingement angle, 568, 569, 579
Interacting (jet accumulation),
474, 488, 490
Coanda effect, 490
Primary jet, 476, 480, 484, 486,
488
Secondary jet, 474, 476, 479-481
Kinetic energy, 479-481, 484, 485
Lateral outflow jetting, 515, 536
Mass loss
Duration, 529

INDEX 643

Erosion damage, 515, 521-528,
531,536, 537, 584, 585
Incubation period, 537
Material fragmentation, 461, 470
Mechanical cutting augmentation,
599, 601, 605, 607
Noncavitating, 513, 525, 563, 574-
576, 578, 579, 581
Operating pressure, 461, 462
Penetration, target materials, 525,
529, 536
Pressure profile, 474, 494, 497, 498,
509
Pulsating, 562
Stagnation region, 536, 563
Standoff distance, 461, 467, 470,
474, 515, 525, 529, 532,
535, 536, 540, 541, 545,
549, 563, 568, 569, 583,
590, 607
Submerged, 513, 531, 590
Surface shear stress, 470
Test facility, 563, 564
Translation velocity, 568, 569, 571,
575,579
Turbulent, 563
Underwater operations
Concrete weight removal, 39211,
596
Metal cutting, 586 ff., 596
Ship hull cleaning, 584 ff., 595
Velocity, 464, 480, 538, 544
Augmentation, 480, 486, 490,
491
Profile, 474, 482, 494-496, 510



