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Abstract

Mathematical formulations have been made of thesiphlybehavior of a bubble in an
acoustic field. A new model of nonlinear bubbleayics is constructed including effects of
compressibility of the liquid, and evaporation ac@hdensation of water vapour at bubble
wall. The kinetic equation of evaporation and corsdgion of water vapour at the bubble walll
is calculated numerically in order to investigdte effect of evaporation and condensation.
Comparison is given between this model and thatisdladiabatic model.

It is concluded that the effect of evaporation awhdensation is considerable on
bubble dynamics in acoustic field. It is also ified that the partial pressure of water vapour
is identical to the saturated vapour pressure éxaepubble collapse. At a strong collapse,
the partial pressure of water vapour differs frdva $aturated vapour pressure.

Comparison of radius-time curve is given betweke talculated results and an
experimental data by others. The calculated rdsyithis model fits with the experimental
data.
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1- Introduction

The main interest in cavitation bubble dynamicsesifrom the destructive action due
to the collapse of bubbles in liquids. Bubbles giigh pressure and temperature during
collapsing. The dynamics of a gas bubble in a digaistrongly dependent on the pressure of
the gas contained in it [1].After the discoverybafbble dynamics, many researchers study it
theoretically [2-5]. However, the effect of evapiiya and condensation of liquid (water)
vapour is neglected in those studies [2-5]. Theotfis known to be considerable on bubble
dynamics in the study of the pressure wave prodingethe collapse of a bubble in a liquid
[6]. In this research, a simple model of bubbleatdyics is constructed including the effect,
which is a step of more accurate study of bubbleadycs. In many theories of bubble
dynamics [7-10], it is assumed that the partialspuee of vapour inside a bubble is always
identical to the saturated vapour pressure of theoanding liquid. In addition, in these
theories, the liquid temperature at the bubble wealissumed to be always identical to the
ambient liquid temperature. In order to invesegdite validity of this assumption, the kinetic
equation of evaporation and condensation at théleulall is calculated numerically as a
function of time.In the present paper, we propasgive a systematic approximate theory of
the radial motion of a spherical bubble in a comspitde liquid in acoustic field. This
problem was considered in connection with undemplosions by (in 1941, Herring [11];
in 1948, Cole [12]; in 1952, Trilling [13]; in 195&eller and Kolodner [14]; and in 1980,
Keller and Miksis [15]). It is desirable to have aquation of motion for the bubble
boundary.In addition to the classic studies alrezyl, a number of papers have appeared in
the last few years addressing the same problerh9@8, Yasui [16] and in 2002, AL-Asady
[17]). In the next section, the adiabatic modetiéscribed, which is frequently employed in
the study of bubble dynamics. For example, thebedia model was used in the calibration of
the experimental data of radius time curve [2, 3Iso in this paper, the new model is
described in which effect of evaporation and cosd&an of liquid vapor is taken into
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account. Results of numerical calculations are shbweth by the adiabatic model and the new
model. The calculated result of the model is corapgaxith an experimental data of radius-
time curve for one acoustic cycle.

2- Adiabatic Model

In this model, as an equation of bubble radius)efedquation is employed, in which
compressibility of liquid is taken into account tioe first order in the bubble wall Mach
number relative to the speed of sound in the liqu&l 19],

RR[l—EJ+§ Rz[l—ij:i [1+EJ{PB(t) - P, (t+5)—PO}+im .. (1)
c) 2 3c c c p.c dt

0

2

WhereR:((jj—tlj, c is the speed of sound in the liqupd,is the liquid density, &t) is the

liquid pressure on the external side of the bubl#dl, P(t) is a non-constant ambient
pressure component such as a sound field, argltRe undisturbed pressure. .

When a bubble is irradiated by an acoustic waveito€h wave length is much larger
than the bubble radius [16],

Rt)= -Pn sinwt .. (2)
where R, is the pressure amplitude of the acoustic wavecargdthe angular frequency of it.
Ps(t) is related to the internal bubble pressuy@) Py [20]

P (1) =F, (t)—z—;—% ..(3)

whereg is the surface tension apds the liquid viscosity.
In this model, pressure and temperature are asstortsel spatially uniform in a bubble.
The liquid temperature on the external side oftthbble wall is assumed to be constant (To)

during bubble oscillations. In order to calculatgt)? van der Waals equation of state is
employed [21]. {Pg (t)+%}(u ~b)=R, T ..(4)
v

Where a and b are the van der Waals constantsthe molar volume, Rin the gas
constant, and T is the temperature inside the leultlrmula of the molar volume)(is given
in ref. [17]. In this model, the van der Waals danss (a and b) change with time due to the
change of o and ;. Equations of the van der Waals constants areitdedadn ref. [17] as
a function of R0 and Ry .

Thus temperature discontinuity exists at the bubddd (AT =T -T,, where T is
temperature inside the bubble). In the adiabatidehao heat exchange is taken into account
between a bubble and the surrounding liquid. THesahange of the internal energy of a
bubble (AE) is brought only by PV work [17].

AE(t)=-P, (1) . AV (V) ...(5)
The volume of the bubble, V (1), is related to bhbble radius R (t) by:
4 53
V=—TR ...(6
3 (6)

The temperature inside the bubble (T) is calculatedolving the following equation [17].
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T T

2
N ' ;N , , nt a
E:N_J.Cv'air(T) dr +%J.CV,HZO(T) dr’ - [N_j N7 (7)
0

A A A \

Where E is the internal energy of the bubbleisrithe total number of air and vapour
molecules in the bubble (& nir + MN20) and G ai(T) [Cv.H20(T)] is the molar heat of air
[vapour] at constant volume at temperature T. Fertemperature dependence of the heat
capacity at constant volume, empirical formulas areployed, which are derived by
experiments [22] (see Appendix in ref. [17]).

. N,V
The molar volume is calculated by: L= .. (8)
nt
The density inside the bubble is calculated by:
_10_3 n nair
pg - (M H20 :20 +Mair W) (9)

t

3- Model with Evaporation and Condensation

There is a spherical bubble of initial radius Ronteaning both vapour and non-
condensable gas in a viscous compressible liquataustic field. At time zero, the ambient
pressure is Po and then the bubble begins to atecdccompanied with phase change through
the bubble wall. The problem is to investigats fiiysical effect on the bubble oscillations.

In writing the basic equations, the following asgions are made:
(&)  The bubble is spherically symmetric.
(b) The effect of gravity and diffusion are nedbigi.
(c) The pressure inside the bubble is uniform.
(d) The vapour and non-condensable gas are obeginger Waals equation.
(e) The temperature of the vapour and non-condéngals are equal.
(f) The physical properties of liquid are constant.

We begin this section with a general discussiothefmotion of the compressible liquid
during the bubble oscillation. The formulation take to account of the effect of evaporation
and condensation. Fujikawa and Akamats [23] ado@PL K method to account for liquid
compressibility because this procedure is capabknandefinitely high degree of accuracy.
Benjamin [24] first applied this method to solves throblem of the collapsing bubble and
later Jahsman [25] and Tomita and Shima [26] furtieveloped it.

Let @(r,t) be the velocity potential for the liquid. Thehe continuity equation and
momentum equation takes the following forms:

2
apL+pL 9 (pj@@ + 9¢1(9p. =0 ...(10)
at ar® rar ar )\ ar
2
and a—(p+l o0 + di:constant ... (11)
ot 2\or [
The sound speed in the liquid is
- op 1 6(p2
Z=¢’-(n-1)| —+=| = ..(12
¢ =c - ){dt 2(&” (12)

From the equations (10), (11), and (12), Fujikawd Akamats [23] obtained a partial
differential equation concerning the velocity pdiginp,
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2 2 2 _ 2
0°9 200 10°¢_1 26(p6 ¢, 5N 16_(p6_(p+(n_1)6 (pa_(tp+

+ - F_ 7 T " |9 T
or? raor cot? cz{ orarot r or ot ar? o

n+1(0¢) 9*¢ n-1(0g)
2 \or) ar*> r \or
where n is a constant in equation of state.
The boundary conditions are:

...(13)

(i) Continuity at the phase interface, [g—(fj _r=R- pm ... (14)

2 2
(i) In the liquid at the interface the pressure eiqnat[%h%[a—(pj ] =H ...(15)
P

r=R

(iii) At infinity ¢=0 asr o ... (16)

The initial conditions (t = 0) are:

R=zRnd R=0 .. (17)

According to thePLK method, Fujikawa and Akamats [23] obtained theaéiqn of
motion of the bubble with the second-order coroecif the liquid compressibility and the
effect of evaporation and condensation:

RIB-M|l1-Lop-M | 128 g ST MR 1MW ), Sfp_m
Po c p.,) c° 10 10 p, 5p, 2 P.,
) . 22 ) 2 L2 <3 dpP
R+}ﬂ _E’R_.Fiz ZR3_4_9mR _1_4m2R_lm_3 +i{(me_pL2R)_5ﬂ
3p,) 3 c c\5 30 p, 15 pZ 6 p., P. ' c dt

i 3 dP . - .2 .2 P -P
R

c P. 2 2P, P. P P.
...(18)
20 4p (. m L1 1
where P..=Pft)-————R—|-m"| ——— ...(19
LLR g() R R { pwj [pw pgj ( )
2
i . dP mP_-P
and P,r = Pinr +4—% 3M [ M) 1 T, ( - ELY ... (20)
’ T X7 2p, R P. p, dt ps R

In this model, the pressure and temperature anaress to be spatially uniform in a
bubble as in the adiabatic model. The liquid terapee on the external side of the bubble
wall is assumed to be constant,(Turing bubble oscillations. Thus at the bubbldl,wa
temperature discontinuit¢AT =T —T,) exists as in the adiabatic model.

The number of water vapour{ga) changes with time by evaporation and condensation
at bubble wall. Mixture of the vapour and air ie thubble is called gas.
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N0 (t+AY) =N, ,o (1) +4TIR*M AL .. (21)

Where m is the net rate of evaporation per unit area ami time (when,

m( 0, condensation takes place). m=m,, —Mg, ...(22)

Where m,, = 10°'N, au P, ...(23)

™ M0/ 2 TRVT,

3
and m =19 Na du TR . (24)
M 04/2 TIRVT

Eq. (22) means that the net rate of evaporatiandifierence between the actual rate of
evaporation and that of condensatioajnis the accommodation coefficient for evaporation
or condensation (assumed constant),i$the saturated vapour pressure at temperatyre T
and R is the actual vapour pressure.

n
P, =120, ... (25)

The correction factor () in eq. (24) is expressed as [23]

M =exp(-Q?) - Q1 1—ijexp(—x2) dx ... (26)
Jm

in which =" R
P\ 2

v

. 27)

Evaporating vapour molecules carry their own epanp the bubble from the
surrounding liquid. Condensing vapour moleculesyctireir own energy into the surrounding
liquid from the bubble. Thus the change of therima¢energy of a bubbleAE ) is expressed
by [24].

AE(t)=-R,(t) AV () + 4ATR? At (rn -m e

evaCeva con con)

..(28)

The first term in the right hand side of eq. (28)He work by pressurg(@®. The second
term is the energy by evaporating (condensing) vapmlecules.

The energy carried by a condensing vapour mole@ge) is calculated by

T

1 r r
€con :_J.CV,HZO (T ) dr (29)
NA
0
T
1 r r
and o T J‘ Cy oo (T') T ... (30)
A

0

As an equation of state, van der Waals equation (4)) is employed as in the
adiabatic model. In this model, the van der Waalsstant (a and b) varies with time. The
temperature inside the bubble (T) is calculatedsbling eq. (7), the density inside the
bubble (,) is calculated by eq. (9) as in the adiabatic mhode
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4- Results and Discussions

Calculations are performed under a condition §£T120°C and R= 4.5 mm, where
R, is the initial bubble radius. Physical quantitesployed in the calculations are listed in
Table 1 [24, 25]. The frequency and the amplitafithe acoustic field are chosen to be 26.5
kHz and 1.325 bar, respectively. The undisturbezssqurre is taken to b1 bar.am is
chosen to be 0.04 [17]. Calculations start fromtiie t = O with the initial conditions that:

. dP
R:RO,R:O,d—tg:O, =1 =0, andP, (0) = 0

Table 1: Physical quantities employeein calculations
Bubble Liquid (water
Ro= 4.5 um) P, =2.3381x 10° (Pa,
Nair, 0=1.23822 x 0™ ¢ = 1481 (m/s

Mhzo, 0= 2.2041Ex 10° 0=7.275 x10° (N/m)
n=1.002x10°(Pa.s)
p=998.2 (kg/ nt)

4.1 Case (1): Adiabatic Model

Under the physical conditions employed in the dalions described above, a periodic
solution is obtained by numerical calculations e &diabatic model. The bubble radius (R)
is shown in Fig. 1. The pressure inside the buffRjeis shown in Fig. 2. Both the radius and
pressure change with time periodically with theytrency of the acoustic field. Other physical
quantity of the bubble such as temperaturg ¢hanges with time periodically with the same
frequency as shown in Fig. 3. High pressure angé&ature occur when the bubble radius
becomes minimum.

_

40

Radiusf m)
|

10 —

(0] 20 40 ) 60 80 100
Time (» S)

Fig. 1. The bubbleradius (R) as a function of time.
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Fig. 2. The pressureinsde the bubble (Pg) as a function
of timewith logarithmic vertical axis.
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Fig. 3. Thetemperatureinside the bubble ( Tg) as
afunction of time.
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4.2 Case (2): Model with Evaporation and Condensati

As in the adiabatic model, a periodic solution ligained by numerical calculations as
shown in Figs. (411).

In Fig.4, the bubble radius (R) is shown as a fiencof time. In Fig. 5 (Fig. 6), the
pressure (temperature) inside the bubble is shosvia dunction of time. Other physical
quantities of the bubble such as velocity (R), iphgpressure of water vapour jP and
internal energy (E) all change with time periodicalith the same frequency as shown in
Figs. (113), respectively. In Fig. 10, the total number adlecules in the bubble jnand the
number of vapour and air moleculesgdand r;) are shown with logarithmic vertical axis.
The number of molecules (n) all change with timeiquically with the frequency of the
acoustic field (strictly,n,, is almost constant due to the negligence of &sediffusion).

From Fig. 10, it is seen that evaporation of watgsour takes place in the expansion
phase of bubble oscillations. It is because thégbgressure of water vapour in the bubble
(Py) decreases in the expansion phase. On the othdr Aacollapses, condensation of water
vapour takes place. It is becauserféreases at all the collapses.

In Fig. 11, the density of the gas (vapour andl iaishown as a function of time. It
becomes high when the bubble radius becomes minirttusnconcluded from the numerical
calculations that the partial pressure of waterouap(R,) differs considerably from the
saturated vapour pressure,jRat collapses of a bubble. On the other handheneixpansion
phase, POP, holds well.

40
- case (2)
30
~—~
E 4
=0 7
n —
= 20
o 4
©
ne 4
10 —
O T | T | T | T | T | T
0 20 40 60 80 100

Time (i S)

Fig. 4. The bubbleradius (R) asa function of time.
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Fig. 5. The pressureinside the bubble (Pg) as a function
of time with logarithmic vertical axis.
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Fig. 6. The temperatureinsdethe bubble (Tg) as
afunction of time.
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Fig. 7. The bubblewall velocity (R) as a function of time.
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Fig. 8. The partial pressure of water vapour (Py) as
afunction of time with logarithmic vertical axis.
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Fig. 9. Theinternal energy of thebubble (E) as
a function of time.
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Fig. 10. The number of moleculesin thebubbleasa
function of time with logarithmic vertical axis.
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Fig. 11. The density of the gasinside thebubble (Pg) as
afunction of time.
40
1 °® o case(2)
1 * [ experimental

Radius ¢ m)

Fig. 12. Comparison between the calculated result and the
experimental data [26] of radius-time curve for acoustic cycle.
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4.3 Comparison between the adiabatic model and thnedel with evaporation and
condensation

In Figs. (13, 14), the comparisons are shown betwee calculated results by the
adiabatic model and those by the model with evameraand condensation (hereafter it is
called "the model with EC”) for one acoustic cycle. the model with EC, pressure and
temperature are lower from the adiabatic model. dash line shows the calculated by the
adiabatic model, while the line shows those bynioelel with EC, and the circles show those
by the experimental data [26]. In Fig. 12, the bebhdius (R) is shown as a function of time.
The comparison is given between the calculated ltrdsu the model with EC and the
experimental data [26] of radius-time curve for @wdustic cycle. The calculated result by
EC fits well with the experimental data.

It is concluded from the figures that the effectevporation and condensation for
water vapour is considerable on bubble dynamiesaustic field.

10000.00 3
1000.00
= :
S 100.00
o 3
~ =
©  10.00
-
?
Q100
(O] -
o 010+
001 4
0.00 o
7 T I \; s I T I T
0 10 20 30
Time (@ S)

Fig. 13. The pressureinside the bubble (Pg) as a function of
timewith logarithmic vertical axisfor one acoustic cycle.

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



Abbas Z. AL-Asady 42

100004 case(l)

] case(2)
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S 1000 -
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(] _

Q —

=

10 T | T | ' | '
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Fig. 14. Thetemperatureinside the bubble ( Tg) as
a function of timefor one acoustic cycle.

5- Conclusions

An equation of bubble radius is derived includirte teffect of evaporation and
condensation of water vapour at bubble wall. A meadel of bubble dynamics in acoustic
field is constructed including this effect. Numaticalculations are performed both by the
adiabatic model and the present model.

It is concluded that the effect of evaporation anddensation is considerable on bubble
oscillations in acoustic field. It is also conclddihat the partial pressure of water vapouj (P
differs considerably from the saturated vapour gures (P,) at collapses of a bubble. The
calculated result of EC fits well with the experma data by others.
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