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SUMMARY

A Btudy of collapse and rebound of a cavitatien bubble
for three extreme cases on the density and pressure of the
fluid inside the bubble is presented. The case, when the
density of the fluid in the bubble reaches the limiting density
as in the shock front inside the bubble is amnalyzed in detail
and discussed in comparison with the other two cases. For this
case, the study indicates that during rebound the effectiveness
of pressures at r/rm = 5.0 is only 0.8 per cent of that at
r/rn = 1,0,
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INTRODUCTION

The shock er pressure pulse mechanism is generally believed to be. one
of the sources of cavitation damage (1). The shock radiates outwards once
the implosion of the cavitetiom bubble is arrested. In the case of collapse
alse, there is every possibility of shock forming in the fluid of the cavi-
tation bubble due to tremendous radial velocities. Depending upon the. ther-
modynamic and physical parameters existimg, the dismeter of the bubble reaches
a particular minimum value. This.limiting diameter is governed by the ratie
of specific heats of the fluid in the cavitation bubble which also influences
the limiting density ratig in the shoeck front. The pressure of the shock
thus formed varies as 1/r’(2) considering self-similar flew either for
explesion or implosion, - P 6

The investigations presented in this paper pertain to a study of the
shock .resulting from rebound. The variation ef shock pressure with radius is
investigated for ome limiting case fer the fluid inside the cavitation bubble-
and is compared with these of two other possible limiting cases of cellapse.

The strength of shock during rebound depends upon the extent of collapse
motign of the bubble. In the present study the follewing three extireme cases
of collapse motion which arise under different conditions of pressure and
.density of the fluid inside the cavitation bubble are analysed. These are:
(a) the density of the fluid inside the cavitation .bubble reaches the limiting
.density behind the shock front inside the cavitation bubble, (b) the density
of fluid inside the bubble reaches the density of the surrounding liquid and
(e) the pressures both inside and outside the bubble equalize. The cases (a)
and (b) are associated with high pressures since reaching the limiting density
.and condemsing the liquid vapour to liquid are possible only at very high
pressures. In these cases, rebound is inevitable due to these pressures in
the " fluid of the bubble. But in case (e), because of the pressure equali-
,zatiom, there is no scope of rebound even though the phases are different. So
the three cases mentioned above ultimately truncate to two prevailing models
enly. The present study is confined to the case (a) where the fluid in the
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bubble reaches & limiting density as the limiting density behind the shock
-fromnt. A & ‘

FORMULATION OF THE PROBLEM: a. Motion During Collapse

1. Minimum Badius: The pressure of the fluid in the cavitation bubble
at any instant can be written as (3)

B = 7y (&/n) 1)

where p, is the pressure of the fluid in the cavitation bubble, is the
initial” pressure in the bubble jmst before collapse, a is the egﬂﬁlihriul
radius of the bubble, r is the radius at any instant and is the ratie of -
the specifie heats of the fluld im the bubble. Once the bubble starts
eollapsing, the radius r decreases rapidly up to & certain limiting value
depending upen the value of Y . Because of collapsing motion, the possibility
of formation of a spherically symmetric shock inside the bubble exists. The
maximum density that can be attained behind this shock front is

Py = o (Y +1)/(1 -1), where fp, @endf, are the initial and limiting

. B (o] . . (0] n

densities of the fluid in the cavitation bubble. Hence, using Eq.(1l), the
.the minimum radius Ty that would occur for a particular bubble during the
~gollapse motion ean be derived by assuming adiabatic compression.

For the minimum radius, r,, Eq.(1) can be re-written as

_ 1
‘PF,_‘/PhD (a/r. e

: J ‘ (2)
since, Pp o (Py) (3)
We obtain from the limiting density condition, y
| : ppoc LOV41) £, 7Y -1)] (4)
n )
Replacing f in Eq. (4) with p, using Eq. (3),we obtain
Yo o
Pb /Pb - [( f"'l)/(" -l)f (5)
m o .
Equating Eqgs(2) and (5), we get
(2/zy) = [(¥+1)/(¥ -1) 2V/3 (6)

2. Energy Considerations: For calculating the total energy generated
by the sheck, during implosion, we shall introduce a nomdimensional parameter
2-, which comnects = the total energy E, produced by the spherical shock,
the time t, radius r and density f, as (2)

€= x( 9, /Bt2)V/5 (1)
©

For r = r_, Eq. (7) gives

e = Eab Ty /5 25 . ¥r/r (8)
o ) :
Substituting for r, from Eq.(6) in Eq.(8) and simplifying, we obtain
£a = & LOLa)/0 0T/ g, )5 275 (o)
o

After the shock fornafien, the pressure Pyo &ensity b and the flow velocity
u_ behind the shock are given by (2) c

pc/Pb = [( i'l’l)'(fb /rbo ) = (1"1)] /[(1 +1)( ?bo/ f'bc) = (i "'1)] (10)
. 0 4 e ' S
o/ fp = WV+1) + (V=l)py /.1 / T(Y-1) + (N+1)(py, /2,)] (11)
c &) e}
andug = [V a)py /o, + (1-0) P 2/2 LY -1)(my /0g) + (Hom] py,  22)
i . . : é ' c

The value of E produced by the collapse motion can be calculated by the
strength of shoek using equation
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E = 4rrr 4 (B + u2/2) Pb (1%)

where s is the lhoek front tﬁiakneas and onthnlpy, = jdpc/'f‘ s can be

caleulated using Eg¢s.(10) and (11). In this’ case, liﬁco the collfpse tekes
place instantaneously with very high radial veloeities, the value of f.
.ean be taken as limiting density for Eq.(13), and other parameters can b,
‘be evaluated accordingly. For very strong shocks, duri collapse notion,
the density reaches a limiting value Pb = (V+1) ? n'f-l) and the
pressure, p_ and flew velocity, u ¢ behind th. (5] :hoek front are
given 2n (2% in terms of the shocf front voloaity, D,, as

P, = 2 !,, D /H +1) ' ' - (14)

and, w, = 20D /(i +1) (15)

b. Hotion Buring Rebound

Onee the bubble reaches the minimum radius r n? the rebound starts and
a spherically symmetric shock forms in the liquil outside the bubble. The
rebound is approximated to a point detonation occurring a short distance
from the boundary. The shock” travéis-ic with a veloeity D given by

1

- 255/ p, )/33/54 | (16)

- 2 §5/2(E/ ro)l/zr-3/2/5 (17)

where s E nndaJ’ represent quantities for liquid corresponding to the
quantities alre y mentioned for the fluid in the bubble, and +t is time
measured from the commencement of rebeund.

r

The flow velocity w, density P, pressure p and temperature T behind
the shock are givern (4) by

w = (1= p/p)D, (18)
(2/ )%= (p+B)/(p, +B) (19)
or p/_po {B WP/ %1 /2,4 + ( £/ R (20)
and T, = {20 - (5, /P)21/2 02+ 1 (21)

where the subacript 'e' indicates the qnantities outside the shock, and
n and B are constants.

But from Rankine-ﬁugoniot relationship for shoek in water
‘ /By = [f(1 = f£/F) D2/p,] + 1 (22
Bquating Egs. (20) and (22), we obtainm .
B L(P/ ¢ =211+p,( 8/ §)" = f(1=- /P )05 +p,  (23)
The energy, E, during rebeund is glven by -
E=40r2{ (h+u’/2)p = 4Wrd § (h+ot/2)p (24)

where’ S is the shock front thiekness, h is enthalpy, and e is Riemann
funetion™ to approximate the flow velocity,.u. Because of this approxi=-
mation, the errors inherent im the prepagation theory of Kirkwood and
Bethe(S) are actually reduced. The quantities h amnd are defined by:

Jan/p
am aeg + B L/ LT -1/ folm = ) (25)
and, = je ap /p '

= 20 n(p, + 3)/ FIL(F/ g0 H2 03 /(-1 (26)

where, the asoustie velocity c is given by
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¢ = [alp, +B)/ g, 172 (p/ g )12 (a9

Using the equatiom of state f‘t (p + B). ;
Substituting Eq. (17) in Eq. (22) and rewriting, we obtain

[o/py - 11 =4(1 - f/9) ©B/25 r’p, (28)
S8imilarly subetituting Eq. (17) in Eqs.(18) and (21), we obtain
: S w o= 201 - g/9) ¥/ 9 )25 /2 (29
and, (/75 -1) = 2 € [1-( £/9)%1/25 2 g0 7 (30)
Egs. (28) %o (30) eam be rewritten in non-dimensional form as, : '
' Wp/3,) = 11 /5B = 1/(x/x,)> | (31)
z/2y) = 1] /iE = 1/(x/xy)° (32)
(w/e)?/k5 B = 1/(x/x,)> (33)
e k) = 4(1- £/9) §/25px] (34)
k= 20 - (p/71 /257 g0 02 (35)
ks = 20 - 8/8) €75/ (a0 e p) (36)
and eo = \2(B + 1./ 9, ' (37)

The right hand side of Egs. (31) to (33) is the same so that the varia-
tion of the nénm-dimensional quantities om the left hand side with the ratio
r/r. should also be the same.

The minimum value for pressure(po) behind the shock front which occurs
after a certain time interval, t, can'be obtained by differentiating p with
respect to time and equating it to zero. This gives an idea of shock vani-

shing time and stress relaxation period.

dp/dat = ( d¥p/3p )( 2P/ ¥) + (2p/ Bt) (28)
DISCUSSION OF RESULTS - R '

Fig.l shows the variation of the ratio (a/r_) with Y according to
Eq. (6) for the cavitation bubble during collaps® motion. As the value of
inereases the ratio (a/r ) decreases, i.e., for adiabatic compression of the
fluid in the cavitation Bubble, the ratio (a/r_) tends towards lower values.
If the compression is isothermal(Y =1), the ra%io (a/r_) tends to infinmity,
i.e2., bubble collapses to almost zero radius. Hence, Euring isothermal ecom-
pression the pressures produced are very high cempared to those produced
during adiabatic conditions, and the shock preduced during rebound is very
stroni. This is in agreement with Plesset(l). Hehce, for: isothermal éoh-
press8ien;the assumption of point detonation is Jjustified.

Fig.2 presents the non-dimensional variation of pressure, temperature
and flow velecity of the shoek during rebound as a function of log(r/r_)
using Egs. (31) te (33). Theoretically, the density, pressure and telipera-
ture in the shock reach the values in the surrounding test liquid after '
traversing an infinite distance, i.e., as (r/r ) 00 ., But figure indi-
cates that for (r/r_) = 5, the values of pressfre and temperature reach almost
the surrounding valﬁes, i.ec;, p—> p_ and P —»= T . From this we may conclude
.khat,. during the rebound, the shock pgessure, densgty and temperature reduce
considerably in magnitude within a short range of (r/r_), so that, even at
gmall distances from the bubble the shocks may not be Brfective in causing
damage to the adjoining material. ‘The same figure shows that the effective
pressure at a ratio of (r/r_) = 5.00 is enly 0.8 per cent of the effective
pressure at (r/r_ ) = 1.00. ® Because of this faet, the protective methods
such as ,air injastion and. cathodic protection are wvery effective in reducing
eavitation damage due to the separation provided by them in between metal
gurface and the cavitation bubbles. These methods provide cushioning in one
phase, and separation and repulsion on the other so that the effectiveness
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. of tho'-hoek is very mueh redueced.

The twe additional exireme cases of collapse mentioned im the imtre-
duetion are briefly disewssed here. Case (b): the demsity ef the flwid
in the bubble reaching the demsity of the surrounding liquid; amnd case(e)}
equilization of the pressures both inside and outside the bubble. - .

For the case(d), o — fo, se that Eq.(2) can be rewritten as
n ; 1/3¢ 1/3
(a/r)) . = (l;l/P‘ ) = fo/ e ) (39)
. e o

Io? adiabatic eenprééiioi.
8imilarly, for case(e), p, — Pys amd Eq.(2) reduces to
. ) |

(u{r,) = ('P‘,/'l'-.';)‘l/B9 = rbn/ fbo_)l/B?. (40)

Fig.3 shows the variation of (a/r_) as a function of the density ratio
for case(d) from Eq.(39), whish indica®es that as the ratio ( h
inereases, (a/r_) also inereases; or, for a given value of 'a!®the falue of
r_ decreases. This indicates that the strength of the shoek produced during
rlbound will inerease with the density ratie.

- Pig.4 presents the veriation of (a/r_) as a function of pressure ratio
for case(c) from Eq.(40). For this case, there is mo scope for reboumd and
sheck formation even. though the phases are different. The ratio (a/r )
inereases with decreasing Y for a particular (p./p, ) indicating that™the
bubble cellapses te smaller size 1m isethermal &omPression than in adiabatic
ecmpression. -

The following two particular conditioms ean arise in case (a): (i) when
the minimum radius, Tao equales to the shoek fromt thickness, and (ii) where
the limiting density "¢, approaches the surrounding liquid density, fo?
which is case(b) mentioR@a earlier. o

At high pressures ionization of the test liquid can also occur, Cofoy
water undergoes a smooth conversion from a largely unionized state to an
almes® fully ionized state between 150 to 200 kbars (5). For the extreme
cases considered in the present study high pressures are likely to be produced
in case(b) tham im case(a), if the limiting demsity in case(a) would not
reach the demsity of the surrownding liquid.

| The shoeks formed during the rebound compress some ef the grains of the

material and thus develop an emf and Peltier heat. The high pressures
associated with shoeck wave may induce several other phenomena, such as, thermal
and electrolytiec action, mechanical damage, electric and eleetromic effects,
ienization, radiatien, stress corrosion, ete., which are responsible for the
total damage ard pitting of the materials,

In conelusien it may be pointed out that the assumed peimt detonatien
of self-similar flow may fail due to good order of the size of rebownding
bubble compared to r_ and other real liquid properties. The equations which
are taken for spheri®al shock hold good. g

CONCLUSIONS

A study of collapse and rebound of a cavitation bubble for the following
three extireme cases is presented. Case(a): when the density of the fluid
inside the bubble reaches the limiting demsity as in the shoeck front inside the
-bubble. Case(b): when the density of the fluid in the bubble reaches the
density of the surrounding liquid, and case(e) when the pressures both inside
and outside the bubble equalize.

1. The study of case(a) indicates: (i) that the pressures produced
during eollapse motion are infinitely large for isothermal compression when
compared with those for adiabatic compression, and (ii) that the pressure of
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5'0’
1.0.

the shock during rebound decreases rapidly with »/r_. At r/r‘

the effeetiveness ieg only 0.8 per cent of the pressﬁre at r/rm

Inu

2, For cases(b), the bubble collapses to smaller and emaller sizes
as density ratio, ( fo/ Po ) increases.
: ;]

3, For case(ec), the bubble collapses to smaller size in isothermal
compression than in adiabatic compression.
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