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Introduction

-Cavitation erosion is caused by the collapse of cavitation bubbles. The
pressure wave produced by collapse of a single cavity has been computed

for spherical cavity collapse by Hickling and Plesset (1964) and the jet
impact pressure in non-spherical collapse by Plesset and Chapman (197Tj.
In both cases the peak pressures obtainable at a solid surface seem on the
verge of being able to cause anything but elastic deformation to metals

_of even moderate hardness. However, it is known that plastic deformation

of metals of considerable hardness begins at the onset of cavitation ex-
posure already {Hansson, Klastrup Kristensen and March, 1978) and therefore
mechanisms intensifying the cavity collapse must exist. In connection with
- observed bending of the trailing edge of propeller blades, Wijngaarden (1964)
made calculations of pressure increase at a plate by collective collapse

of a uniform layer of cavities considering the equations of 1iquid motion
and the Rayleigh equation of cavity collapse.

~ In the present paper the effects of the collapse of a cavity cloud is

considered on the basis of the pressure waves emitted from each cavity at
.collapse Though the pr1nc1p1es used are valid generally the computations
‘are concerned with the hem15pher1cal cavity cloud formed at an oscillating
ultrasonic horn,
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The model

We consider a Tongitudinally vibrating ultrasonic horn submerged‘in a
liquid. During each cycle of oscillation a hemispherical cloud of cavitation
bubbles develobs and collapses, its centre being at the plane tip of the
horn. The cavities develop uniform'y while the horn is accellerated away
from the liquid. When this accelleration decreases, collapse starts simul-
taneously over the whole outer shell of cavities under the influence of the
ambient pressure, (Hansson, Merch and Preece, 1977}, Fig. 1.

This pressure propagates into the cloud triggering the coliapse of
consecutive shells of cavities. Due to the'low‘sound velocity in a bubbly
liquid the outer shell collapses completely before the next shell etc. ,
and accordingly the collapse pressure waves from the individual cavities
in a collapsing shell form- a convergent pressure wave which propagates
inward intensifying the collapse of successive shells and eventually it in-
creases the pressure on the surface of the horn. This model is supported
by the photograph1c c011apse sequence by E11is (1956) shown as F1g 15 in
his paper.

It is supposed that when collapse begins the radius of the cavity cloud
is R and that spherical cavities of initial radius r, are uniformly distri-
buted in all directions, arranged in concentric hemispherical shells with
surface density N cavities per unit area, the total number of shells thus
being RYN, Fig. 1. The collapse pressure Ap is the difference between the
ambient pressure and the vapour pressure.

Exact calculation of the collapse of the clioud demands detailed know-
ledge of the collapse pressure waves produced by the individual cavities,

- their propagation and their absorption by successive cavity shells. There-
fore we restrict the present calculations to two extreme idealized cases:

(a) that the inward radiated energy from simultaneous collapse of
a shell of cavities is transferred into collapse energy of the
next shell, and

(b) that the converging pressure wave emitted from a collapsing shell
of cavities is propagated toward the centre of the cloud without
being attenuated by the cavities present in the liquid.

Case (a)

| The potent1a1 energy assoc1ated with the outer shell of cavities (index 1)
is
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It is assumed that this energy is transferred by a factor y to the
collapse of the next shell (index 2) etc., whence

2
E, = 2n(R -‘;%) N(apgmr ®) + yn2R2r_2ap . (Ib)
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If we Took at the energy amplification obtained at collapse of the
individual cavities in subsequent shells we find an amplification factor
Fi for each of the cavities in shell number i
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The transfer factor vy depends on the type of cavity collapse. In case.
of spherical collapse more than half the energy in the spherical collapse
wave is radiated outward and thus vy £ 3 is to be expected. However, the
cavities collapse in a pressure gradient field (dp/dR >'o), and therefore non-

spherical coi]apse with jet formation in inward direction is expécted, which .

is also supported by E1lis' photographs. This means that a majority of the
"cavity energy" is radiated inward, 3 <y < 1.

' For a cavity cloud: R = 1.5 mm, ro = 0.Tmm, N = 7.1 cav./mm? and .
Ap = 0.1 MN/m?, which approximates the cloud photographed by Ellis, we find:

shelli | 1 2 3 4
=3[ 1 19 31 7.3

Fy

y=111 28 7.3 30

The results indicate that the collapse energy of the 1nnermést cavities
is enhanced by a factor of about 10 by transfer of energy from the cavities
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at larger distances from the solid surface. The simultaneous collapse of the
inner shell leads to a pressure increase over the central area of the solid
surface determined by addition of the pfessure pulses from each cavity collapse,
which is considered in case (b).

Case QB[

In this case the pressure wave set up by simultaneods collapse of a shell
of cavities is considered to be propagated unaffected by remaining cavities
inside the cloud and therefore we can limit the computations to effects on
the solid surface of the pressure wave mentioned.

We consider small cavities of initial radius rs forming a hemispherical
shell of radius R, with its centre on the solid surface of the horn. By col-
lapse each cavity is supposed at time t = 0 to emit a spherical pressure wave
into the interior of the volume bounded by the shell. The pressure increment
at the distance o from each collapse centre due to the cavity itself is
termed dpro(t)'_At a distance r from the collapse centre this pressure wave
becomes

, r
(dpr)t-_ . = —% (dpro) for r, <<, (3)
- t

o=

.=It_| -

where ¢ is the velocity of sound in the liquid. _

As before the number of cavities per unit area is considered to be N.
At a point K on the wall situated the distance « from the centre of the shell
the pressure is built up from all waves having reached K. The wavefronts ,
coming from a semicircular segment of radius R-sing perpendicu]éﬁ to the plane
shown in Fig. 2 will be simultaneous and their number is N.wR%sineds. It is.
necessary that t; > r,/c (Fig. 2). We find that

AR? + 2 - 2Recosd | (4)

which implies

R? + 2 - (t;6)°

1 > coso > for ticsR+«k (5a)

2Rk

and

0<o<m for t,c >R+« (5b)



Further we have to’know the time variation of the pressure wave at
r =r, and we assume a hyperbolic {p,t) function

it

dpro = Py {WB’ - A] g | (6)

where Py is the peak preSsure and A, B and C are constants. Such a pressure
puise is shown in Fig. 3, in which the duration of the pulse is supposed
to be 1 ysec and the pulse width at half the peak value is 10 nsec as found

by Hinsch and Brinkmeyer (1976). At the arbitrary distance r the pressure
is determined from egs.(3) and (6).

By integration over 0 < 8 < Opaxe where Onax s determined by eqs. 5a,b,

the total pressure Pk in point K due to simultaneous cavity collapse over the
shell is found to be

(pK)t=t]
cose, . |

= Nw . Rl"opo ' C ‘ o Sinsde;
cosd = 1 v/; + (E)Z - ZECOSB t1 - %—L/} + (EJz - 2(§)cose + B

(7)

which yields

for t]c.i R+«

(8)
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and'

' R i
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for t;c > R+« - (9

Using these formulae on the outer shell of cavities in E11is' cavity
cloud it is found that the pressure on the surface of the horn develops as
shown in Fig. 4. _

A peak pressure of up to 6-7 Po is found in the centre where all the
wavefronts meet simultaneously «nd within a radius of 150 um Po is tempo-
rarily exceeded. During the build-up phase the pressure is everywhere above
0.1 Pg- This is also seen from Fig 5, where the pressure variation with time
is shown at selected radii x = 0, 0.5 and 1.0 Mm. L

Frem the calculations of H1ck11ng and Plesset (1964) the value of the
peak pressure Po produced at Ap = 1 atm by spherical collapse of a single

cavity at r = o 1s of order 103 atm, and in nonspherical co]]apse due to a

. . Fig. 1. Hemispherical cavity cloud.
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pressure gradient, where a jet impinges the oppoéite cavity wall, peak pres-'
sures of .the same order can be expected.

Conclucion

The hemispherical cloud of cavities formed at an oscillating ultrasonic horn
starts collapsing simultaneously over its outer boundary, the collapse spread-
ing inward to the center of the cloud. By total transfer of inward radiated
energy from one sheil to the next the energy level of the innermost shell of
cavities is found to be considerably increased, typicaliy by an order of
magnitude, and the collapse pressure waves from the simultaneous collapse of
these cavities will form an intensive converging pressure wave propagating
towards the centre of the cloud. From the pressures produced by simultaneous
collapse of a single shell of cavities without energy absorption by cavities
inside the shell long range effects in intensity as well as in duration and
space markedly exceeding those due to a single wall=near cavity are found.
These effects of concerted cavity collapse are able to explain that cavita-
tion damage can occur on metals of considerable hardness r1ght from the be-
ginning of cavitation exposure. '

Taking into consideration that absorption from one shell to the next
is only partial the principles of calculation presented in this paper form
the basis of a more detailed analysis. Such an analysis can be formulated
‘to apply also to collapse of arbitrary configurations of cavity clouds as
found in flow cavitation.

REFERENCES

E1lis, A.T. 1956 Cavitation in Hydrodynamics. NPL, Her Majesty's Stationery
Office.

Hansson, I. Kr1s%ensen, J.K. and Morch K.A. 1978 J. Phys. D., Applied
Phys 1

Hansson, I., Merch, K.A. ‘and Preece, C.M. 1977 Proc. Ultrasonics
International). Guildford: IPC Sci. Techn. Press.

Hickling, R. and Plesset, M.S. 1964 Phys. Fluids. 7, 7.

Hinsch, K. and Brinkmeyer, E. 1976 SPIE. High Speed Photography
(Toronto). 97, 166-171.

Plesset, M.S. and Chapman, R.B. 1971 J. Fluid Mech. 47, 283-290.

. van Wijngaarden, L. 1964 Proc. 11. Int. Congr. Appl. Mech.
(Munich), 854-861. ‘




- 70 -

DISCUSSION

Dr. Crum suggested that the more-or-less uniform erosion obtained
on ultrasonic probes operated into liquids at high intensities seemed
to be in conflict with the Author®s idea that a general concerted
collapse would concentrate the effect into small areas. The Author
replied that many people had oﬁserved more intense erosion pitting
near the centre of a circular probe-face, with the peripheral area

hardly affected,




