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A MODEL FOR PITTI NG PRODUCED BY CAVITATION

*
Sobeih M,A,Selim

The present paper is concerned with the mechanism of
cavitation ercosion, A theoretical model for the formation
of a single pit produced by a shock wave radiated from the
collapse centre of a cavitation bubble is presented and
the model developed to give the average surface slope of
the eroded surface, This model includes many parameters
controlling the cavitation damage such as the cavitation
number, flow velocity, inception cavitation number and
material properties. The model predicts a critical velocity
below which no pitting can occur., Preliminary erosion
experiments were conducted in water tunnel using pure

aluminium specimens subjected to cavitating flow produced

The surface deformation produced
on specimens was analysed by a surface finish measuring
device. From the surface profiles, the surface slope and

pit radius were computed. The results were compared with

by a circular cylinder,

the theoretical model and a good agreement was found. This
agreement means that the roles played by cavitation number

and velocity are consistent with the present model.

Lecturer, Department of Mechnical Power Engineering,

Faculty of Engineering and Technology, Menoufia
University.
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[NTRODUCTION

Many investigations agree that cavitation erosion is
the result of totally mechanical attack [1,2,3]. The
mechanical cavitation damage is due to the highly transient
imposition of very intense and highly local forces on the
surface. It is expected that there will be two types of
damage produced by a cavitation bubble collapse; one is
the effect of the shock wave radiated from the collapse
centre and the other is the microjet formed when the bubble
collapses near a solid surface. Such a microjet is generated
when the bubble collapse becomes substantially nonsymmetric-
ally. The materials subject to the impact of the shock wave
or microjet undergo plastic deformation and become workhard-
ened. Many investigators showed that the damage was due to
plastic deformation caused by the impact of microjets
developed by the collapse of bubbles near to a solid surface
[1,4,5]. This theory is in contrast to the shock wave
pressure theory of Rayleigh [6]. Preece et al.[3] stated
that the surface deformation of face centred cubic metals
in a vibratory system is by shock waves and that the material
removal is by ductile rupture from the lips of the craters.
Shima [7] and Yoshiyaki [8] reported that the damage was due
to shock waves, microjets or both depending on the distance
of the solid surface from the collapse centres. Rao et al.,
{9] and Eisenberg et al.,[10] also are of the view that the
damage may be due to elther shock waves or microjets caused
by the collapse of bubbles near sclid surfaces. Knapp [11]
and Thiruvengadam [12] support the shock wave mechanism

concept.

In order to quantify the damage produced it is usual
to postulate that a part of the energy stored by the
cavitation bubble appears as energy dissipated in plastic

work. Attempts have been made on this basis to correlate
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flow conditions and erosion rate (13,14,15]. Generally,
all these attempts suffer from the fundamental weakness
that it is very difficult to estimate accurately the
amount of enerqgy from cavitation bubble which lost by
reflection from - the surface and rebound of +<he collapse
bubble, i.e, the energy which never reaches the surface.

Therefore, the intent of this work is to establish a
simple model for the formation of a single cavitation pit
produced by a shock wave radiated frcm, the centre of
collapse. This model based on the idea of momentum transfer

from the shock wave to the damaged surface.

THEORETICAL CONSIDERATICNS

The general kinematic features of a shock wave c¢>llision
on a smooth, plane surface will be degcribed on the basis of

current analysis and experimental observations.

When ductile materials are subjected to impact by a
shock wave the deformation can be categorized as follows:
1.” Elastic 2. Elastic plus plastic 3.Hydrodynamic, i.e.,
viscouss. For elastic deformation {category 1) there is no
apparent damage after impact, wheoreas for category 2 a
permanent deforatmion cccurs. In category 3 the combination
of materials preoperties and impact conditions in such that
the solid responds as a viscons fluid. This occurs primarily
in “hypersonic impacts" such as for example, collisions

between meteoroids and spacecraft. This type of collision

is not concern for most other tyres of engineering applica-
tions.
Characteristic stages fo:r ~he impact of a chock wave

of speed Vg with a plane rig:d susforse at rest are shown

in Figure 1. The overalil impact sequence can be divided into
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two phases: the pressure build-up phase and the pressure
release phase. The solid surface is at rest, its- initial
velocity is zero; and the impact velocity of the shock
wave 1s its initial velocity Ve It is assumed for simpl-
icity that the pressure behind the shock wave, Ps’ is
linearly related to the acoustic particle velocity, V_,

S
i.e., P_ = JFC VvV _ . Upon contact the wave will be reflected

from ch surfgcg :nd the pressure will rise to P and the

particle velocity will fall to u. The discontinuity in the
velocity at initial contact is thus u for the solid surface
and(VS - u)yfor the shock wave. On applying the principle of
conservation of momentum across the resultant pressure rise

is given by

AP = £ Cchu (1)

where C and § are respectively the speed of sound and
density of the liquid, A uw is the discontinuity in the
shock wave velocity and equals to (vS - u), H P is the
resultant pressure rise and equals to (P-PS). Substituting
the values of P =P - PS, PS = C VS and u = VS - u
in equation (1), the velocity of deformation (u) is given

by the following expression,
u=2VS—P/fC (2)

It is rostulated that th: identation pressure remains
constant at the value necessary to produce the plastic

flow which equals the yield stress (Y) of the solid. There-
fore, on rearranging equation (2) to give the velocity of
deformation as follows

2 vy -Y/ ¥ C {3)

o
I

°

= 2 Vs - Uy

where Y/ §C = u, is the critical 'shock wave impact velocity.
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For impact velocities less than U it would be expected
that shock wave impact would cause purely elastic strain
in the solid. However, at impact velocities higher than
uy plastic deformation of the solid occurs. In other words
the deformation can only occur when VS > % u, or when

PS>- L v, ’

After initial contact the shock wave has idented the
solid surface to a depth X. The depth at the centre of the
pit can be found from the product of deformation velocity

and time available for deformation, in equation i1orm,

X= u.T {4)

If the small delay caused by the propagation of a release

wave in the solid is neglected, the time available for
deformation (T ) will consist of the time for the wave to
spread from the centre of impact to the point where deforma-
tion ceases plus the time for the release wave in the liquid

to travel from the edge to the centre. Thus the time available
for deformation, T , is given by, .

T =2k 42 (5)
c
From figure (1) it can be seen that r is given by,
r= Vi + a2 : (6)

substitdting equation (6) into (5), the available time for

deformation is given by,

L a a
=~é—[\/(L)f+l +T—1] (7)

Substituting equations (3) and (7} into (4) the depth (x)

is obtained by

L V a L -
X = (2vg - uo) _E—[ ('E~)2 +1 45 1] (8)
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Assuming that the shock wave is attenuated as 1/r where r
is the distance from the collapse centre, then the edge
of the deformation region may be defined by the circle
when the plastic flow ceases and the shock strength has
fallen to % Y. If the collapse centre is a distance L
from the surface and PS is the shock strength at the
surface, then the product Ps‘L represents the effective

source strength. If the radius of th: deformation region

PS.L =k Y. \’LZ + a?

and hence the radius "a" is given by

2 P
a = L\/(——YE—)?‘ -1 (9)

Hence the average surface slope, i.e., —§—~of the resulting

is "a" then

pit can be found by combining (8) and (9) i.e.

2V
s

(

) -1
X 1 Y

-

)

u
o)
3 . 2Vs o . + 11 (10)
v 2
Vt__EL_q -1
u
o

Assuming that the impact velocity of the shock wave is
proportional to the bubble wall velocity (R°), i.e., v~
R°. Rayleigh's [6] theoretical studies have indicated
that the magnitude of the bubble wall velocity (R°) and
the pressure difference (Lbe) causing the collapse of the
cavitation bubble are related by,
A P,
“3';_
where APb is the difference between the pressure outside
the buble and inside the bubble at the beginning of ‘the
collapse. According to reference ([16] the pressure

difference [;Pb is given by

Re A~ (11)
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DRy A~ SUR (1L +6 )1+ 6)) (12)

where U and 6 are fluid velocity and the cavitation number
at the throat of the cavitating body, 6"i is the inception
cavitation - number at the throat of the cavitating body.
Hence, substituting equation (12) into (1l) and using the
assumption that stV R°, the impact velocity of the shock

wave (VS) is given by

v, = kU (1 +6)% (1 + o—i)’i {13)

where k is constant. Similarly it is assumed that the
critical velocity to produce plastic. work (uO =Y/ 9 C) is
given by the following expression

= % %
u—ka(l+€) (l+6"i) (14)

Combining equation (10), (13) and (14), the average surface
slope (—g—) of the resulting pit in terms of the flow

condition is given by

- L ” Uo ZU—Uo
£ =k, (1 + 6 )1+ &) (u- ) + 1
a 1 i 2 B
4U”-U"
Q
(15)
where kl = 2Kk/C and U, is the critical flow velocity to

produce pit. kl and Uo can be estimated from relevant test

results.

EXPERIMENTAL APPARATUS

Prliminary erosion tests were conducted in a cavitation
research water tunnel with a parallel sided working section
of 40 x 20 mm cross section at the Faculty of Engineering
and Technology, Menoufia University. Details of the design
and decription of this tunnel can be found in El-Danaf ([17].

The tunnel was designed so that the flow rate and pressure
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in the working section could be varied independently. The
flow rate through the test section could be controlled by
a by pass valve and the pressure by a control valve conn-
ected to an external compressed air supply. The cavitation
was produced by a 25 mm diameter cylinderical body fitted
centrally into the working section of the cav.tation tunnel
as shown in Figure (2), The erosion wus deteriiined using

a plate of matverial of size 40 x 140 mm and ¢ mm thick
mounted on a side wall of the working section. The
material used was pure Aluminium and this is was chosen
becauvse it exhibits almost perfect plasticity and is very
rasily eroded., The Specimens were prepared by polishing

to give a fine finish on the whole surface of the specimen,

For the first series of the cavitation tests, the
tunnel was run at a constant cavitation number , €,

appropriate to conditions in the throat and defined by

where P and U are respectively the pressure and velocity

in the throat. The value of 6 chosen was 0,06 corresponding
approximately to the maximum noise radiated from the collapse
of the bubbles, and the throat velocity was varied over the
range 19 to 30 m/s. The second series of tests consisted

of runing the tunnel at a constant velocity of 26 m/s and

varying the cavitation number over the range 0.025 to 0.09.

The expected error in the cavitation number is about
+ 6% ., While the possible error in the flow velocity is
about + 1 %. , :
MEASUR‘MENT OF SURFACE DEFORMATION

The eroded specimens were analysed using a FORSTER
Profilograph Model 5815 at the Faculty of Engineering and
Technology, Helwan University. The surface profiles were

used to find the surface slope and the average pit radius.

The scanning device used to measure the surface roughness
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has a diamond stylus with a rounded tip about 10 pm. The
stylus speed and the operative length of traverse were
Kept the same for all the tests., This was accomplished
by setting the speed of the stylus across the specimen
surface equal to 0.5 m/s and the operative length of

traverse equal to.8 mm,

The Surface‘slope was obtained from the surface
profiles, It was estimated by summing the modulus of
the lateral movement of the stylus and dividing by the
length of the trace, On assuming that the average pit
depth was twice the centreline average depth, the average
plit radius was deduced by dividing the average pit depth
by the previously calculated average surface slope,
Further details of the method used to analyse the surface
profiles are given in appendix 1. The expected error in
the surface slope is approximately + 8% and in the aver-

age pit radius is about + 6%.

Photographs of some erosion speciméns were taken
using optical metallurgical microscope which is provided

with a camera,

FXPERIMENTAL RESULTS AND DISCUSSION

Typical figures (3) to (6) show the effect of expo=-
sure time on the surface roughness for the 2%mm circular
cvlinder with sidewall specimens. Figures (3) and (4)are
for tests conducted at a constant cavitation number of
0.06 and various flow velocities of 30m/s and 19 m/s.
Wwhile figures(5) and (6) are fcr tests conducted at a
constant flow velocity of 26 m/s and different cavitation
numbers of 0.08 and 0.025. Generally, these figure indicate
that the surface roughness and the number of pits increase
with time,

From the surface profiles determined by FORSTER

rrofilggraph, the surface slope and the pit radius were
~P1-
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calculated and plotted as function of exposure time.
Figure (7) shows the variation of surface slope with
exposure time at various flow velocities ranged from

19 m/s to 30 m/s with a constant cavitation number of
0.06. In general Figure (7) indicates that the surface
slope increases with time. It appears that the surface
slope varies linearly with exposu;e time, the best fit
straight lines to the data can be calculated using

least squares are shown in Figure (7). It is reasonable
to assume that the intercept of the straight line at zero
time on the surface slope axis gives the level established
very soon after the start of exposure , since the impact

time is very small.

The variation of the surface slope at ze<o time with
flow velocity at constant cavitation number .s shown in
Figure (8). Also this figure shows equation (15) applied
to the experiments at « constant cavitation number of
0.06 with varying flow velocity. As shown in Figure ({8)
a good correlation is in fact found between the measured
and the calculated surface slope using equation (15).
The constants kl and Uo in equation (15) were computed
using the measured surface slope at 30 m/s and 23 m/s
These constants are kl = 1.53 x 10_3 s/m and UO = 13.6 m/s.
It is clear that the threshold velocity below which no

pitting on Aluminium can occur is 13.6 m/s.

Figure (9) shows the variation of the average pit
radius with exposure time at various flow velocities.This
figure indicates that the average pit radius may be inde-
pendent of exposure time. Therefore, the mean values were
determined and plotted as a function of flow velocity at
constant cavitation number as shown in Figurg (10).
Figure (10) indicates that the mean value of pit radius

varies with flow velocity, shuwing a slight increase with
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flow velocity. A best fit line using leas£ squares

indicates that the slope is very small.

Figure (11) shows the variation of the surface slope
with exposure time at various cavitation number numbers
with constant flow velocity of 26 m/s. This figure shows
a similar trend to that shown in Figure (7). The values
of surface siope at zero time found by using the method
of least squares as a function of cavitation number are
shown in Figure (12). Figure (12) shows that the surface
slope at zero time varies with cavitation number, showing

an increase with increasing the cavitation number. Also
Figure {12) shows the equation (15) applied to the
experiments at a constant flow velocity of 26 n/s with
varying cavitation number. A good correlation is in
fact found between the measured and calculated surface
slope using equation (15). This agreement means that the
roles played by cavitation number is consistent with the

present analysis.

Figure (13) shows the variation of average pit radius
with exposure tine at various cavitation numbers and
constant flow velocity of 26 m/s. This figure shows
considerable scatter in the data indicating that the
average pit radius is probably independent of time.
Figure (14) is a plot of mean pit radius versus cavitation
number. As shown in Figure (14), there is clearly a
decrease in the mean pit radius with increasing cavitation
number. The reason for this is that as the cavitation
number increases the maximum bubble size decreases and
therefore it appears that the mean value of pit radius
may be proportional to the maximum bubble size. If it is
assumed that the relationship between the mean pit radius
and cavitation number is a power law, it can be shown by
the method of least squares that the index which gives

. . . -0.31
the best fit is - 0.32 (i.e. armv g~ ).
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CONCLUSIONS

1) A simple theoretical model has been developed to
describe the formation of single pit produced L,y a shock
wave from cavitation. The basic accomplisment of this
initial effort has been to be able determine the surface
slope of the cavitation number, flow velocity, inception
cavitation number and materialAproperties. This effort
will provide a firm foundation for the development of more
complete model of the erosion mechanism in which the rate
of weight ‘loss can be predicted.

2) A critical flow velocity of 13.6 m/s below which
not pit occur on pure Aluminium surface gives the best
agreement with experiments.

3) The results indicates that the surface slope is
dependent on the flow velocity and cavitation number as
expected from the theoretical model. The pit radius is
found to increase slightly with velocity but varies

inversely as cavitation number.

4) A good agreement between the experiments results

and theoretical analysis was observed.
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APPENDIX 1
Analysis of Surface Profiles

The erosion specimens were analysed using a FORSTER
Profilograph Model 5815 to give thecenterline averace
depth airectly and to produce surface profiles, which
were then used to find the average modulus surface slope
(=-) . This is defined by

x_ - =Zlay]
a £

where AY is the ordinate difference between adjgcent



-.31 -

turning points and ﬁ is the length of the sample. This

definition can be expanded for ease of computation to

give,
Y Y
X _ 2 ~1 :
a = T [T—YZ+Y3_Y4 *rr00t 1’21]

Where the signs alternate regardless of the number of

turning points considered {(See Fig. A).

Yj ‘ )
Bl L
|

!
4

|

{4

}

Fig.A. Definition Sketch for average
surface slope.

Average Pit Radius

This can be defined as

a = A/m-1)

where n is the number of Y co-ordinates considered. It
can be also calculated from average slope and average

depth of pit as follows

Average Depth
Average slope

Average radius =

The average depth can be obtained from the following

expression,
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Syl
n-1

Average Depth =

The values of the average pit depth correlate well with
the centre line average recorded by the FORSTER Profil-
ograph, being approximately equal to two times the centre
line average. Therefore, the averaqge pit radius can be
alternatively defined in terms of the centre line average
(CLA) as follows,

2 x CLA
Average Slope

COLLAPSE CENTRE
N

Average radius. =

SHOCK WAVE
T Y l. T1 ke SOLID SURFACE-
t K >
| s
X pe

Fig 1 :Sketch of contact geometry between
shock wave and a solid surface.
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Fig 2 Position of cylinder and specimen in
¢ the test sectlion of the Water Tunnel,
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AVERAGE SURFACE SLOPE

6

SURFACE SLOPE AT ZERO EXPOSURE TIME-.
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Fig 8 Comparison between measured

Flg 7 Variation of surface slope with exposure
time at various flow velocities with
constant cavitation number of 0,06,

surface slope with surface
slope from equation (15)

for tests at various velocities
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