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Abstract

This paper presents a mainly theoretical studyhefliehavior of a bubble in oil in a
sound field. An equation for the radial motion, liding the effect of the liquid
compressibility is presented. The diffusion of gasd evaporation and condensation at
bubble wall are neglected. By using values of tfigal bubble radius, the ratio of oscillating
pressure amplitude to the static pressure in tipeidj and the angular frequency of the
pressure variations, the effects of the viscosityhe liquid on the bubble oscillation are
clarified.From the results, the effect of viscosayfairly large difference in the waveform of
the oscillation is found. The calculations for thebble oscillation in water are carried out and
they are compared with that in oil. It has beenifiéd that the oscillating bubbles in oil are
hard to collapse in comparison with that in water.
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1- Nomenclature

A: Ratio of oscillating pressure amplitude

to static pressure in liquid.
C.: Sound speed in the liquid at infinity

(m/s).
h: Enthalpy (J/kg)

H: Enthalpy at bubble wall (J/kg)
k: Thermal Conductivity (W/ m.K)
O: Central point of a bubble.

Po: Static pressure in liquid (Pa).
P(R): Pressure at bubble wall (Pa)

P, Gas pressure in a bubble (Pa)

P, : Pressure of Liquid at infinity (Pa)

r: Radial distance from point O (m)
Ro: Initial bubble radius (m)
R: Bubble radius (m)

R : Bubble wall velocity (m/s)

Ro: Initial bubble radius (m)

t: Time (s)

T: Temperature inside a bubble (K)
u: Velocity in liquid (m/s)

y: Ratio of specific heats of gas

M: Liquid viscosity (N. s/m)

p: Liquid density kg/ m?)

o: Surface tension of liquid (N/m)

@: Velocity potential in liquid (m /s)

v: Velocity of gas in a bubble (m/s)

w: Anqular frequency of pressure variation
(s9)

o: Refers to the condition at great

distance from a bubble.
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2- Introduction

Recently, with the increase in the use of the hyklratorque converters and oll
hydraulic components, the requirements to the &iracand performance of this machinery
have become more and more strict in the directmnsmall size, light weight, and high
efficiency. So, the study on cavitation in oil iseoof the important subjects.

In the present work, therefore, a problem, of balddcillation in oil has been talked.

As the theoretical studies of the problem relatethe oscillation of cavitation bubbles,
there has been a paper of Nolting and Neppirasaflich numerically obtained the variation
of the bubble radius with time in the pulsating gsuge field. In 1964, Borotnikova and
Soloukhin [2] numerically clarified the effects thie ratio of oscillating pressure amplitude to
the static pressure and the surface tension obuhblele oscillation. In these studies, both their
analyses assume that the bubble oscillations aabatic. While, under the consideration that
the gas in bubble changes isothermally, SolomonRiesset [3] have theoretically analyzed
about the bubble oscillation.

The difference between the case for an adiabatiogsh of the gas in a bubble and the
case for an isothermal change was numerically goyeRlynn [4], however, frequencies used
for the calculations of his analysis were considiraigh. In these studies [1-4], none take
into consideration the viscosity of liquid. In 1998rrigo et al. [5] studied the motion of a
planar consisting of an adiabatic gas surrounded liyuid. Effects of viscosity of the liquid
and different state equation were considered. 1811%rosperetti [6] discussed several
aspects of the oscillation of a gas bubble in ghdly compressible liquid by means of a
simplified model based on the assumption of a afhatiniform internal pressure.

In 1998, Niederdranlet al. [7] used Keller-Miksis model with heat transfemly to
study the effect of the ambient liquid temperatarel the initial bubble radius on radial
oscillation of a bubble under acoustic field. 020 Yasui [8] studied oscillation of an argon
bubble in water. He has used the modified Kelleksi& model in ref. [9]. In this study, the
effect of non-equilibrium evaporation-condensatidinermal conduction both inside and
outside the bubble and liquid compressibility aleenh into account. The calculations showed
that the maximum bubble radius increases with esirgy the ambient liquid temperature.

At least, when one treats the bubble oscillatiowilnit will be necessary to take into
consideration the compressibility, the viscosityd éhe surface tension of the liquid.

In the present work, therefore, the theoreticalymma has been made for the motion of
the bubble in oil when harmonic pressure oscilf@icare imposed, by considering the
compressibility, the viscosity, and the surfacesiem of the liquid. With further assumption
that the temperature at the bubble wall is equahéoliquid temperature and that air in the
bubble behaves according to the perfect gas lawese,Hhe mass transfer (diffusion of gas,
and evaporation and condensation) at the bubbleisa¢glected. And then using a computer
has carried out the numerical calculations for ¢hange in time of the bubble radius. The
effect of the angular frequency and amplitude @& pmessure variations, the initial bubble
radius, and the viscosity of liquid on the changéme of the bubble radius were found. As it
was clarified in the calculated range, when th&ahradius is small the oscillations become
more violent, that no account of the viscosity igild the waveform of oscillation become
smooth and the bubble collapse was hard to yield.

The calculations for the bubble oscillation in watgre carried out and they are
compared with that in oil.

3- Mathematical Description

3.1 The Radial Equation of Motion
As it is shown in Fig. A, we assume that a sphégea bubble of the initial radius Ro
with uniform interior at a point O in oil. Let asdance from point O to an arbitrary point
denotes as r. Moreover, we shall introduce theathg assumptions:
(i) The liquid is compressible.
(i) The effect of gravity is neglected.
(iif) The gas density in a bubble is very smaltasmpared with it in liquid.
(iv) The diffusion of gas, and evaporation-condénsaat bubble wall is negligible.
(v) The shape of bubble keeps to the spherical sgtmym
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Fig. A. A spherical bubblein oil

Under these assumptions, the equation of bubbléeomdd derived by the following
equations. We begin by discussing the basis oktkgsiations, which will serve to derive an
equation of motion of fundamental importance inftiowing.

We consider a single spherical bubble whihsolated in a liquid that extends to
infinity. The starting points are the equationscohservation of mass and momentum of the
liquid, which we write as [10]

—[@+@j +0.u=0 .. ()
plot or

a_u+ du__14p

. (2)

ot ar pa

Here u is the velocity directed along the radiaédhion, p and P denote density and
pressure, respectively, and r is the distance meddtom the center of the spherical bubble.
With the assumption of isentropic motion in theuljwe may write [11].

dp = c' dpP .. (3)
dh=p* dP 4)

We may also introduce a velocity potentglsuch thatu = Og¢. In terms of these

quantities the preceding equations may be written,

ah  dgah
02 g+ — o ..(5
P [at ar arj ©)
99 1 .. (6
5 (D(p) +h=0 (6)

The second equation was obtained by integrating2cand the constant of integration
set to zero, thus implicitly assuming thet tends to zero at large distances from the bubble
and that the enthalpy is referred to its valuenfihity. These equations can be simplified if
the speed of sound in the liquid is assumed toalbgel Indeed we note that, by a Taylor
series expansion [11].

j‘ldP—j[ JdP’ o (7)
P. P.°C.,
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2
Then h=— = —%cm_z [P_ij +0(c, ™) ... (8)

0

and similarly,
—2

c?=c’+(P- P)

o, P-P, dc
c‘- — +

o .. (9)

Where c, ,P, ,p. are the static values of the speed of sound, preesand density at

large distances from the bubble. Correct to orddhe preceding equations can therefore be

written as: O%p + 1 (0P, 0¢oP =0 ... (10)
p,C, ot adror
09 1, .  P-P P-P

—+—\0 + = | 1- 2 =0 .. (11

at 2( 9 P, [ mecij a1

We can now consider the limiting form of these amu near and far from the bubble.
In the former limit, the finite speed of propagatiof the signals are unimportant. Thus the
appropriate form for the near field is

D29=0 ..(12)

Ml ...(13)

and 9,1 HGL

Pt w
that is, the customary incompressible formulatiéar from the bubble, on the other hand,
one may expect that all perturbations are sméthaba linear model is adequate. Thus, for
the far field, we are led to:

1 0P

‘Z_TJr P;P«» - ..(15)
2
From which one can obtain 0% @ - 109 =0 ... (16)
c2 at?

This is calledlinear Wave Equation. An approximate model, valid simultaneously in
the near and far-field, can be obtained by usimglitear wave equation eq. (16) together
with the incompressible Bernoulli integral (eq. )11ndeed, eq. (16) is correct in the far
field, and its difference from eq. (12) in the néard is negligible. Similarly, eq. (11) differs
from eq. (15) by the presence of the terrisg) 2, which is small in the far field. This
mathematical formulation was first proposed by #relind Kolodner [12], and subsequently
resumed and generalized by Keller and Miksis [18ing then eq. (11) and eq. (16) and
following the same procedure used by Keller inggthpers referred to, the following equation
of motion for the radial oscillations of a bubblmstantaneous radius R (t) is obtained
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R
: : -\ P(Rt)—P,(t+—)
RF‘e[l—Ej 3 Rz[l—ﬁjz[uﬂj c’, R dPR,0) .. (17)
c) 2 3c c p pc dt
where s@® =R ((1+Asinut) ...J18

Here R(t) is the static pressure plus the pressure of siwend field driving the
oscillations of the bubble. Dots denote differetiia with respect to time, and the subscript
() has been dropped fromand c. The liquid pressure just outside the bybB(&,t) is
connected to the pressurg(Rt) acting on the inner side of the bubble swféy the
condition on the normal stresses. In the incomresgimit (¢ — ) and eq. (17) becomes
the well-known equation:

= 3.,_1 20 R
RR+=-R“==|P, (R,t) -P, (t)——-4u— ... (20
> 0 o (RO R (O~ ~4ug (20)

3.2 The BubbleInterior

The mathematical model for the bubble interioresaibed in detail in Prosperettial.
[14], Kamath and Prosperetti [15] and Prosperet®].] The model accounts for the
compressibility of the gas and heat transport biyveotion and by conduction inside the
bubble. The main assumptions, discussed belowthase of perfect-gas behavior and of
spatial uniformity of the gas pressure. The intepnassurep, is found by integrating
dP .
s 3 oT -y PR, R} .. (22)

at R {(V -1 k?

r=R

wherey is the ratio of the specific heats of the gas &nd the gas thermal conductivity. The
gas temperature field. T(r,t) is obtained from

P dP
L_g a_T+Ua_T =9 +ii krza_T (22)
y-1T{at ar dt r?or ar

with the following expression for the velocity fie]15].

dP
b= (v—l)ka—T—}r—g ...(23)
YR, or 3 dt

In order to avoid dealing with the energy equatiothe liquid, the gas energy equation
(eqg. (22)) is solved assuming that the liquid terapee at the surface of the bubble remains
undisturbed (constant). In Kamash al. [15] it was shown that the surface temperature
changes had only a minor effect. If liquid temperas at the bubble wall rise considerable,
phase-change effects should be modelled.

In deriving eq. (22) the gas specific heat is as=slito be constant. Since the specific
heat of gases in an increasing function of tempesatthis approximation will tend to
overpredic the gas temperature somewhat. For thpdrature dependence of the gas thermal
conductivity (k), we use the kinetic-theory reqalf].

k=5.39 x 10° T + 0.0108 ...(24)
Where k is in W/m.K and T in K. As for the assuroptiof spatially uniform pressure, it of
course rules out the presence of shock waves. finereeq. (17) is solved numerically using

Runge-Kutta method [18] coupling with the energy&ipn of the gas inside the bubble
eq. (22), which is solved using finite differemoethod [19].
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4. Results and Discussions

Using silicone oil as a liquid and air as the gathe bubble, the calculations, which
the bubble radius varies with time, have been @arout (where, physical properties of
silicone oil show in Table 1 [20]). The static pere in liquid is =1.013 bar and the liquid
temperature is 20C.

Table 1. Physical propertiesof Liquidsat 20 °C

Liquids p (N.gm?) o (N/m)
Oil 4.8513 x 17 21104 x 17

Water 1.01x 1 7.28 x 1(%

The initial bubble radius was chosen to bg=R1, 0.1 and 0.01 mm, the ratio of
oscillating pressure amplitude to static pressaieguid was A= 0.2, 0.5, 1 and 2, the angular
frequency of the pressure variation was 0.2 x 16, 0.5 x 16, and 1 x 18s*, the ratio of
specific heat wag = 1.4, and the speed of sound in the liquids rd water were 1012.4 and
1481 m/s, respectively [20]. The effects of R, w, andp on the changes in time of the
bubble radius have been numerically clarified. Alsbocompare with the case of water, the
calculations were similarly carried out for theeaghere a bubble oscillating is in water.

4.1 The Effect of the Ratio of Oscillating Pressure Amplitude to the Static Pressure

The effects of the ratio of oscillating pressurepliude to the static pressure, A, on the
change in time of the bubble radius are shown gs.Fi-3.

In each figurewis 0.5 x 16 st and Figs. 1,2, and 3 represent for the casesof R
0.1 and 0.01 mm, respectively. As shown in thegerés, the larger the value of A is the
larger the amplitude of bubble oscillation, for ewde for the cases where A=1 a=R0.1
mm (Fig. 2) the bubble collapses are found. Whileen R = 1 mm, the effects of A are not
much larger than that for,”R 0.1 and 0.01 mm.

R0= 1mm [ A=05
- 5 &1
®W=05x10°s+ A= 1

06 T | T | T | T
0.0 01 0.2 03 0.4
t(s) x 16

Fig. 1. Effect of A on relation between bubbldius and time.
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Rp=0.1tmm A=0.2
18 4 @=05x105s1

R /R,

Fig. 2. Effect of A on relation between bubbldits and time.

Ry=0.01 mm
18 |®=05x105s1

0.0 0.1 0.2 0.3 0.4
t(s) x 16

Fig. 3. Effect of A on relation between bubbldivs and time.

4.2 The Effect of the Angular Frequency of Pressure Variations

The effects of the angular frequenayon the bubble radius variations with time are
shown in Figs. 46. In these figures, as A= 0.5, Figs. 4, 5, ande/far the cases of Ro= 1,
0.1 and 0.01 mm, and correspond to 0.2 x $00.5 x 16, and 1 x 10s™.

It is found from these figures that the larger ealof w becomes, the larger the
frequency of bubble motion becomes, and that ferctises of & 0.1 and 0.01 mm (Figs. 5
and 6) the bubble oscillations have an adequaiegercharacter. On the other hand, when
R,= 1 mm (Fig, 4) according a® increase, the amplitude of bubble oscillation lees
small.

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Abbas Z. AL-Asady

14

i ®=02x10%s1
"""" ®=05x10°s1

——@®=1x105s1

06 T I T I T I T
0.0 0.1 0.2 0.3 0.4
t(s) x1®
Fig. 4. Effect ofd on relation between bubbldiva and time.
1.4
R=0.1mm i ® =02x10°s?
4 A=05 ® -o5x105sL

—— =1 x10°s1

o
nd
0.8 —
' I T I T T T
0.0 0.1 0.2 0.3 0.4
t(s) x 16
Fig. 5. Effect otm on relation between bubbldiua and time.
1.4
R,=0.01 mm i ® =02x10°s1
4 A=05 T ® -05x10%s1

— ® =1 x10°s!

R /Ry

0.0 0.1 0.2 0.3 0.4
t(s) x 16

Fig. 6. Effect otd on relation between bubbldiua and time.
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4.3 The Effect of Initial Bubble Radius

The effects of the initial bubble radiug &n the change in time of the bubble radius are
shown in Figs. 7B. In each figure, a® = 0.5 x 1§ s*, and Fig. 7 is for A= 0.5 and Fig. 8 for
the case of A=1. Also, in these figures indicate tffe cases of & 1, 0.1, 0.01 mm. As
shown in these figures, when=R0.1 mm the effect of fon the bubble oscillation strongly
works, and the violent change of the bubble radacirs.

In particular, for the case where A=1 a=F).1 mm (Fig. 8) the bubble collapses. For
the case of the large bubble assR mm the oscillating waveform becomes smoothd fam
the case of the small bubble as=R.01 mm, the oscillating amplitude is fairly larghan for
the case of & 1 mm, and then there is an indicate of more perigariation.

1.4

A=05 e Ro=1 mm
@=05x10%s Rg= 0.1 mm

o
x
0.8 —
' I T | T T T
0.0 0.1 0.2 03 04
t(s) x 16
Fig. 7. Effect of R on relation between bubble radius and time.
2.0
. A=1 e Rg=1 mm
®=-05x10°st e Ro= 0.1 mm

R/ Ry

0.0 0.1 0.2 0.3 0.4
t(s) x 16

Fig. 8. Effect of R on relation between bubble radius and time.
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4.4. The Effect of Viscosity

The effects of viscosity on the change in tiofethe bubble radius are shown in Figs.
9[15. Figs. 9, 10 and 11 show for the case @E1Rnm, and in these figures are for A= 0.5,
w=1x10s? for A=0.5,w=0.5x10 s*, and for A=1w= 0.5 x 16 s', respectively.

Figs. 12, 13, 14, and 15 show for the cds®,= 0.1 mm, and in these figure are for A=
05,w=02x10 st for A=05,w0=05x108 s’,forA=05, w=1x 10 s! and for
A=1,w=0.5x106 st respectively. In these figures, the solid lines the dotted lines stand
for the cases with the viscosity and without, respely.

In general, the damping effect appears on the leutriillations because of the effect of
viscosity, and this effect was fairly notably yiefdthe cases of & 0.1 mm. That is, by dint
of the viscosity, the bubble oscillations becomeather.

And yet, for Fig. 14, it can be found that if thiéeet of viscosity is included, the bubble
oscillates periodically and that unless its efisdhcluded, the bubble collapses and due to the
effect of viscosity the oscillating waveforms be@tua quite differ

Also, for Fig. 15, the bubble collapses, but théapsed time of the bubble without the
viscosity becomes fairly short compared with ithwite effect.

For the case where the initial radius is large les dase of R 1 mm, the effect of
viscosity on the bubble oscillations does not alnappears (Fig. 9).

12
- Ro™ 2 mm with viscosity
A=0.5
®w=-1x10°¢1 T without viscosity
1.1

0.9 —
08 ' | ' | | '
0.0 0.1 0.2 0.3 0.4
t(s) x 16
Fig. 9. Effect ofu on relation between bubbldiua and time.
13
4 Rg=1mm with viscosity
A=05

12 1 ®=05x10°s1

without viscosity

0.0 0.1

0.2

t(s) x 16

0.4
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1.3

R/ Ry

0.8

with viscosity

without viscosity

0.0

Fig. 11. Effect ofp on relation between bubladius and time.

0.1

0.2

t(s) x 16

0.4

13

R/Ry

Ry= 0.1 mm
A=05
®=02x10%s1

RN

with viscosity

’

without viscosity

0.8
0.0

0.1

0.2

t(s).xl(gs

0.3

0.4

Fig. 12. Effect ot on relation between bublzldius and time.
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with viscosity

Ro=0.1mm
A=05

without viscosity

1.4 —

0.2 0.3 0.4

t(s) x 16
Fig. 13. Effect ot on relation between bublaldius and time.

0.1

0.0

with viscosity

Ry=0.1mm
A=05

without viscosity

1x10° st

(0]

1.6

0.4

0.3

0.2
t(s) x 16
Fig. 14. Effect ot on relation between bubladius and time.

0.1

0.0

with viscosity
without viscosity

/

0.1 mm

Ry=
A=1
(0]

2.5

PDFoGreated with d




Study of an Acoustic Bubble Oscillation.. 76

4.5 Comparison with Bubble Oscillation in Water

The comparisons with the calculated result of Wihitee bubble oscillates in water are
shown in Figs. 16-18.

Figs. 16 and 17 are for,R0.1 mm, Fig. 18 for Ro= 0.01 mm, and Figs. 16ahd 18
represent for A= 0.5p= 0.5 x 18 s, for A= 1, 0= 0.5 x 16 s%, and for A=1= 0.5 x 10
s?, respectively. In the figures the solid lines anel dotted lines denote the cases for oil and
water, respectively.

According to these comparisons, it is found thatascillating amplitude for the case
of oil becomes smaller than for the case of water.

Yet, when the bubbles in oil and water collapseslaswn in Fig.17, and when the
oscillations are either periodic in both cases ibfand water, the changes in time of the
bubble radius are similar.

But there is an indication for the notable diffeze that for the case of oil as in Fig. 18
the bubble oscillations have the periodic characted for the case of water the bubble
collapses.

14

Ro=0.1mm
1.3 — . A=05 ral
;v ®@=05x 10°s1

R/ Ry

0.0 0.1 0.2 03 04
t(s) x 1@
Fig. 16. Comparison of the calculated result wakesof water.
2.5
) :O Qil
- //r’\\ A =1 =
2.0 — '/ “' ®=-05x10°s1 / “.‘ """""" Water
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3.0 - IPI'- RO:

¢
H 1 \
[ IR [
— I3 1 [ [} !
1 ! 1 h ]
. ] I H 1
H i i
!
! [ [

0_9 2.0 —
- -

0.0 0.1 0.2 0.3 0.4

t(s) x 16

5. Concludidhsl8. Comparison of the calculated result wabecof water.

The calculations of the relation between the baibhtius and the time elapsed have

been carried out, and the effects of, R, w, and the viscosity of liquid4 , were clarified,
and further, from the comparison with the case h& bubble oscillations in water, the
following results were obtained in the calculatadge.

a. The larger A becomes, the larger the amplitudéhe bubble oscillations becomes, in

particular, when Ris small and A= 1, the bubble collapses.

b. The frequency of the bubble oscillations becotagge asw becomes large. Also, when
the initial bubble radius is large, for exampleRas 1 mm, the amplitude of the bubble
oscillations becomes small with increasingcwof

c. When R= 0.1 mm, the bubble oscillations are most violand the bubble is easy to
collapse.

d. The effect of the viscosity notably appearshim ¢ase for R 0.1 and 0.01 mm, then, the
oscillating waveform becomes smooth and the buistiard to collapse.

e. For the case of the bubble oscillations in ad, compared with the case of water, the
oscillating waveform becomes smooth and the buistiard to collapse.
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