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Abstract-As a fundamental step for the study of extinction and generation of bubble nucleas in boiling 
and cavitation, a theoretical and experimental study was made on extinction behaviors of gas bubble by 
making use of the droplet system containing gas bubble. The small gas bubble in the droplet, whose diameter 
decreases with the rise of pressure, is found to extinguish when it reaches a certain critical pressure at a 
certain finite bubble diameter. The phenomenon is analysed from a thermodynamical instability by 
considering the dissolution of gas into liquid. It is made clear that there holds a fairly good agreement 
between the theoretical prediction and experimental results with regard to the critical pressure and bubble 

radius. 

NOMENCLATURE 

area [m”]; 
solubility coefficient [m’/N]; 

free energy [J] ; 
mole number; 
pressure [Pa, atm]; 
radius of ball [ml; 
gas constant of 1 mol [J/mol K]; 
temperature [K]; 
volume [m “1; 
volume per unit mole [m3/mol]; 
mole fraction; 
compression coefficient of liquid [m’/N]. 

Greek symbols 

0, surface tension [N/m] ; 

P3 chemical potential [J/mol]; 
0 

@? standard chemical potential [J/mol]. 

Superscripts and subscripts 

1, liquid component of droplet; 

2, component of noncondensab~e gas; 
gas phase ; 

It 
l,l 

liquid phase of droplet; 
liquid phase of surrounding medium; 

0, gas-liquid interface; 

6 liquid-liquid interface; 

e, status at extinction of bubble. 

1. INTRODUCTION 

BOILING and cavitation are the most important pheno- 
mena in heat transfer. The study of formation of initial 

bubble is considered especially important in clarifying 
the minimum limit of boiling heat transfer. A number 
of discussions have been made on effect of non- 
condensable gas extended on phase change from liquid 
to gas. However, it has not been made clear in what 
mechanism the noncondensable gas gives effect on 
phase changesuch as boiling. In the study of cavitation, 
only the effect of noncondensable gas has been taken up, 
its parameter being an air content, and no experimental 

method to clarify the mechanism has been established. 
On the other hand, in the study of boiling it may be very 
difficult to make a quantitative experimental study on 

existence of gas bubble kept in the small cavity on the 
boiling surface. Therefore, to investigate such a weak 
behavior of gas bubble in the liquid phase, an experi- 

ment has to be carried out under such condition that its 
theoretical analysis can be made and it is also necessary 
toobserve the bubble clearly. Furthermore, it is desired 

to clarify what effect may be extended to this phase 
transfer by the gas completely dissolved. 

Wakeshima et al. [i] have reported that on homo- 

geneous nucleation in the liquid with no cause of 
nuclear generation such as a small solid body, ion and 

cosmic rays. They showed that when the liquid is of a 
single component the superheat limit of liquid agrees 
with the theoretical result of DGring [2], under the 
experiment by using the floating droplet method. 

Skripov [3] made various experiments on hydro- 
carbons and showed an agreement between the theory 
and the experiment. Later. Db;ring’s theory has been 
theoretically developed [4] and recently results of study 

[S, 61 on homogeneous nucleation in connection with 
thermal explosion at accident of liquid natural gas 
system, nuclear reactor, etc., have been reported. 

It is considered that the gas bubble in the liquid 

plays an important role for homogeneous nucleation, 
and, therefore, in the present report a theoretical 
analysis and experimental result are reported. The 
stress is made on behaviors of small gas bubble in the 

droplet and stability of existence of bubble as a funda- 
mental step to study effect of noncondensable gas 
extended to the phase changes of liquid-gas of boiling, 
cavitation and such. 

2. EXPERIMENTAL APPARATUS AND METHOD 

As shown in Fig. 1, in a sufficient volume of liquid a 

small droplet of other liquid floating unsoluble is made, 
and furthermore, a small bubble containing non- 
condensable gas is included in this droplet. By making 
use of this droplet system, behaviors of the bubble are 
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FIG. 1. Physical model. 

observed through amicroscope to investigate the possi- 
bility of existence of this bubble and to measure the 
volume of gas dissolved in this droplet. Glycerine was 
adopted as the surrounding liquid, freon 21 as the liquid 

of droplet. 
InFig. 2, a whole diagram of experimental apparatus 

is shown. It is made up of the following three sections: 
The mixing section makes a mixture gas consisting of a 
small amount of noncondensable gas 
vapor, in the test section a droplet 

observed, and, finally, the damp tank 
pressure in the test section. 

and freon 21 
is made and 

is to control 

Damp 
tank I 

Heater 

FIG. 2. Experimental apparatus 

To change the pressure of the test section, the : _ 
L breaking of film set between the tank and test section 

was done and a needle valve was used to control the 
40 - 

pressure of test section gradually by about every 0.01 
atm. In Fig. 3, the detail of the test section, where 

-- I.- 
MInimum radius -_ 

glycerine is filled, is shown. A bubble of mixture gas of 
2-3 mmdia was sent into glycerine from the glass nozzle ’ 2 o 

I I / u 

24 28 32 36 

at the lower part of the test section. The mixture gas ,,1 
P 3 atm 

consisted of freon 21 and other noncondensable gases FIG. 4. Relation between pressure and bubble radius. 

Noncondensable gas 

Fre 

Light -0 
Bubbleand droplet 

Mixed gas 

Needle valve 

FIG. 3. Details of test section. 

such as Nz, 02, COZ, which was so mixed as to be 

uniformly composed, and its component was accurately 
measured just before the experiment. Before this bubble 
arrived at the observation window at the upper part of 

the test section, the pressure in the test section was 
gradually increased beyond the saturation pressure of 
freon 21, and the vapor of freon 21 in the bubble was 
made condensed. Thus the bubble of 2-3mm dia 
became a small droplet containing a bubble of about 
0.2mm dia, mostly consisting of noncondensable gas, 
and it rose up in glycerine. When this droplet containing 
a bubble arrived at the observation window, it was 

lighted so that the shape could be observed clearly. At 
this position a telescopic microscope of magnification 
of 70 times was focused and was traversed up and down. 

An example of the experimental results obtained 

from microscopic observation of bubble and pressure 

measurement is shown in Fig. 4. This shows the relation 
between the pressure p and the bubble radius r. For 
example, at the pressure 3.134 atm the droplet of 150~ in 
radius contains a bubble of 87.0,~ in radius. When the 
pressure is slowly raised so as to be isothermally 
changed, the radius of the bubble decreases, and at the 

ExtInction 
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pressure 3.59atm, shown with a broken line in the figure, 

the bubble suddenly extinguishes. The isothermal pr 
relation, which assumes no dissolving gas into the liquid 

phase, is shown with a broken line in Fig. 4. According 

to the experiment, with the increase of pressure the 
bubble radius becomes smaller than the values assumed 
by isothermal change and it is known that the gas is 

dissolved in the liquid phase. 

3. THEORETICAL ANALYSIS 

In order to examine theoretically the behaviors of 
bubble contained in the droplet system that are experi- 
mentally shown in the foregoing section, a thermo- 
dynamic equilibrium condition of two component two 

phase system consisting of droplet and bubble, shown 
in Fig. 1, is introduced, and the thermodynamic stability 
of its equilibrium point is discussed. The droplet 
containing a bubble is assumed to be floating in the 
surrounding liquid of a sufficiently large volume. When 

a liquid of very large viscosity is assumed for the 
surrounding liquid, the droplet containing a small gas 
bubble is regarded to stand still in this liquid for a short 

time. In this case, the reason for using the surrounding 
liquid is to make the observation of the droplet and the 
bubble and for the gas to be dissolved homogeneously 
in the droplet of finite volume. This makes it easy to 
compare the experiment and the theory. However, by 

making the radius ofthe droplet infinite, the result of the 
present investigation is applicable to discussion of 
behaviors of bubbles in infinite liquid. 

The following assumptions are made on analysis: 

(1) The noncondensable gas in the droplet is assumed 
not to diffuse outside through the boundary surface of 
the droplet system. 

(2) The droplet system is assumed to be isothermal. 
(3) The liquid and gas phase of the droplet system are 

of the ideal system of activity coefficient 1. 
(4) The volume of the liquid phase in the droplet 

system is constant. 
(5) The droplet and the gas bubble in the droplet 

are of spherical shape. 

When the surface tension acting on the liquid-liquid 

interface is considerably larger than the surface tension 
of the liquid gas interface of bubble, the bubble and the 
droplet mostly keep spherical shapes [7]. Therefore, 
when the above mentioned conditions are satisfied, 
assumption (5) is appropriate. Practical combinations 
ofliquid satisfying the assumptions stated above should 

be investigated. As one example of surrounding liquid, 
glycerine, a liquid of high viscosity and of strong 

polarity, can be adopted. As for liquid of droplet, hydro- 
carbons of low boiling point such as hexane, pentane, 
ether, etc., and halogen compounds such as R-21, R-l 14, 
R-l 13, etc., can be adopted. 

6F, the change of free energy of the droplet system 
that contains bubble, is equal to the work received from 
outside, and if the pressure of surrounding liquid is 
assumed p”‘, the following equation is obtained. 

6F + p”‘6 v,, = 0 (I) 

here 

6F = 6F + p”‘6 v,, (2) 

is introduced. As seen from Fig. 1, the droplet system 

containing a bubble consists of liquid phase (droplet), 
gas phase (bubble), gas-liquid interface, and liquid- 
liquid interfaces. Therefore, the change of free energy 
of the system is equal to the sum of changes of free 
energy of respective phases. 

6F = 6F’+6F”+6F*+SFgL (3) 

where ’ indicates the gas phase, ” the liquid phase of 

droplet, “’ that of the surrounding liquid, u the gas 
liquid interface, and gL the liquid-liquid interface. By 
using assumptions (2) and (4), changes of free energy 

of the respective phases can be given as follows: 

= -pfGl/‘+~c;(T,p;)6n;+~‘z(T,p~)6n~ 

= /LY(T, PI’, x;)6n; +p;(T, p”, x;)h; 

6F”=C&4=2aS~ 
r 

(5) 

(6) 

6FgL=c 6A 
2agL 

gL gL =-6V CJL (7) 
rgL 

where, p is a chemical potential, and n is a mole number. 
We also have 

V, = V + V’, V’ = const., SV,L = 61/’ (8) 

n; +n;’ = nlO, nlo = const., 6n\ = -2%‘; (9) 

n;+ni = n20, nzo = const., 6n; = --&I$. (10) 

Considering the above mentioned equations, and using 

equations (3)-(7), we have 

6F = 
i 

-p’+p’” +; + 2 O”+{~L;(T,p;) 
g 

-/&(T, p”, x7)}64 + {/WY Pi) 

-l*$(T,p”,x’;)}ib& (11) 

and, consequently, the following equations are obtained 
as equilibrium condition. 

20 20,r. 
pl _pf’J = - $ __ 

r rgL 
(12) 

$l(T, P;) = Av,P”, x3 (13) 

h(T,Pi) = /MT, P”, xi!). (14) 

As the liquid and gas phases are considered ideal 
systems from assumption (3), equations (13) and (14) 

may be expressed as follows : 

(15) 

where 

x; = Kp; (16) 

1/K = exp hYT,P”)-d(T) 
RT 1 
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As the change of p” is not big, K is considered to be 
constant, and Henry’s law is applicable. Substituting 
equations (12)-( 16) into the condition of equation (lo), 
the following equation is obtained. 

p”’ _ p; = _ !J? _ %!A + ~_._~ n20 

(n;’ + ni)K + (4n/3RT)r3 
(17) 

r ruL 

Equation (17) gives the relation between outside 
pressure p”’ and the radius of bubble r when the drop- 
let system is in equilibrium condition. In Fig. 5. the 

relation between the outside pressure given by the 
above relation and the radius of bubble in the droplet 
system is indicated. 

FK,. 5. Relation among r “,,,,, (p”’ -p’,),,,,. and ci’F = 0. 

With the increase of outside pressure, the diameter of 

bubble in the droplet system decreases, and the 
maximum pressure is reached when the bubble radius is 

r,in, When the bubble radius is smaller than r,in, the 

bubble radius decreases with the outside pressure 
decreasing. Therefore, the bubble disappears at the 
pressure above (p”’ - p;),,, in Fig. 5. For the bubble 

with radius smaller than rm,,, the radius decreases with 
the pressure, and, physically speaking, such a state 
would not be considered to be realized. A close investi- 
gation of this is made in the following. 

In general, AF, the difference of free energy F 
between two states where continuous changes occur 
in a solitary system, is expressed as follows, if Taylor’s 

expansion is applied. 

AF=~~T+~!~j2~+:!ij’l.+.... (18) 

As SF = 0 at the equilibrium point, when its second 
derivative is positive, it means the system is in a stable 
equilibrium condition. On the contrary, when the 
second derivative is negative, it means the system is in 
an unstable equilibrium condition. Changes of free 
energy of the system are equal to the work -~“‘61/,~ 
received from outside (the surrounding liquid). How- 
ever, the volume change SVqL of the droplet system 
and the outside pressure p”’ are independent. Therefore, 

(6p”‘/61/,,),,,,;,,,2 = 0. 

Consequently, the second derivative cS’F of free energy 
of this system is equal to the second derivative b2F of 
free energy defined by equation (2). and the following 
equation is made. 

Differentiating equations (4)-(7) and using equations 
(8)-( 1 l), equation (19) is expressed as follows: 

d2F 
+7 

i: ) @r&)2. (20) 
on2 n;~’ 

By making use of the above mentioned calculations, 

second derivatives are expressed as follows: 

(24) 

(25) 

Considering the above mentioned assumptions, the 
right terms of equations (21)-(26) are calculated by 
using thermodynamical formulae. Using assumption (4) 
ofconstant liquid phasevolume and assumption (3), the 
r.h.s. of equation (21) is calculated as follows: 

As the liquid phase ofthedroplet system is also assumed 
ideal according to assumption (3), the derivative of the 
chemical potential of the first component of the liquid 
phase with respect to n;’ is given as 

(28) “.,nY 

where pa is a standard chemical potential. 
The following equation is obtained if the first term in 

the r.h.s. ofequation (28) is expressed with the definition 
of compressibility. 

where, 

expresses the specific volume of the liquid phase for 
(j2F = (j2F = cj2F’+ii2F”+li2F”+ciLFYL. (19) s;‘+ I. 
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In the same way, by changing s&ix 1 of equations 
(28) and (29) with suffix 2, a partial derivative of 
chemical potential of the second component of the 
liquid phase with respect to n;l is obtained. The r.h.s. 
of equations (22) and (23) are calculated by using the 
above mentioned formula which are respectively ex- 
pressed as the following equations (30) and (3 1). 

RT u;‘o 1 RT x;’ 
= ..- + _I___ +-p (30) 

(31) 

Equations (24)-(26) are expressed as the following 
equations (32)-(34) by the similar calculation. 

(34) 

(32) 

(33) 

By making use of these equations, each term of the r.h.s. 
of equation (20) can be evaluated, and the sign of @Ii 
will be investigated. The quadratic formula of equation 
(20) is given as follows : 

a2F = 1,(61r*)2+/1.2(snZ)Z+1~(6n2)2 (35) 

where A1, AZ, & are eigenvalues of the following matrix: 

If the eigenvalues of the matrix of equations (36) are 
all positive, the second derivative of free energy of the 
system becomes positive and its equilibrium state can 
be said to be stable. 

The necessary and sufficient condition for the matrix 
in equations (36) to be definite and positive is given 
by the following equations. 

(37) 

>o (38) 

d2F 

i ) an;&; y, 
> 0. (39) 

a2F 

i--J a&* V’ni 

By substituting physical properties of materials into 
equations (37)-(39), and calculating the values of these 
equations, the equilibrium line (6F = 0), that is, the 
solid line in Fig. 5, can be divided into a stable and an 
unstable region. The white circle is the point of #F = 0. 
The bubble bigger than this is stable (6*F > 0), and the 
one smaller unstable (6’F < 0). That is, the second 
derivative of free energy of the system changes its sign 
in the neighborhood of the radius rmi” of the bubble 
corresponding to the maximum pressure in Fig. 5. 

~.RE~ULT OF NUMERIC.ALCALCULATI~N 

In order to satisfy assumptions (l)-(6), He, Nz, 02, 
COz gases are used in considering a small droplet of 
freon 21 floating in glycerine, and the result of 
numerical calculation is shown by using equation (17) 
and equations (37)-(39) concerning the relations among 
the outside pressure p”‘, the bubble radius r and the 
condition of changing sign of 6’F. The physical pro- 
perties of glycerine and freon 21 are shown in Table 1. 
Table 2 shows solubility of gas in freon 21 estimated by 
Hildebrand’s method [8]. Taking comparison with 
experiment into account, calculation was made for 

Table 1. Physical properties of liquid used 

Liquid 
Boiling point 

(“Cl 

WZ) 
Solubility 
coefficient 
(at 25°C) 
(1/W 

(Nz) 
Diffusion 
coefficient 
(at 20°C) 

(m/s) 

Viscosity 
coefficient 
(at 20°C) 

(Pa. s) 

Surface tension 
(at 20°C) 
W/m) 

Freon-21 8.92 0.732 x lo- ’ 4.11 x to-9 3.53 x 1o-4 18.0 x 1O-3 
Glycerine 290 2.53 x lo- I1 9.75 X 10-13 1.49 63.4 x lo- 3 

Table 2. Solubility of gases in Freon-21 estimated from Hildebrand’s method 

K He 

Gas 

NZ 02 CO2 

Solubility coefficient (at 25°C) l/Pa 1.36 x 1O-9 7.32 x lo-’ 1.97 x 10-a 7.85 x lo-* 

Vol.20, No. 1-D 
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He. T=25”C,r,=O.Imm 

n =2.0x IO~“mol 

,n =8.0x 10.“moL 

E 
3 

; 

p”‘- p; , PO 

FIG. 6. p-r Relation of helium (theory) 

CO,:T=25’C,r,=O.Imm 

\ 

n=4.0xlO~“mol 
/ 

\ 

n =8.0 x IO-“mot 

’ / \ ,n=l2.0xl0~“mol 

n = 16.0 x D”mol 

1 

0 01 02 03 0 4 “105 

Pm-P;> Pa 

FIG. 7. p-r Relation of carbon dioxide (theory). 

system temperature of 25’. r2 = 0.1 mm, 0.2mm. In 

Figs. 6 and 7, equation (17) of the bubble radius r and 
(p”’ -pi), the difference between the outside pressure p”’ 
and the vapor pressure pi of component 1 in the bubble 
for He and CO1 as dissolved gas, are shown by the solid 
lines, and the points where h2F becomes zero are 
indicated. The curve (p”‘- p’),,, in the figures shows the 
maximum pressure that the system can reach under an 
equilibrium condition. The curve of fi2F = 0 in the 
figures divides the region into the thermodynamically 
stable region and unstable one. In the region above the 
curve of h2F = 0, a2F > 0, while in the region below it 
S2F < 0. As the result of numerical calculation, the 
curve of@” -P’),,,,~, which shows the limit of dynamical 
stability, almost agrees with the limit of the thermal 
stability given by h2F = 0 in the case of gas of low 
solubility. However, in the case of CO2 gas, which has 
a high solubility, there exists a considerable difference 
between the bubble radius for (p”’ - p’),,,, and 62F = 0. 
The reason for this is considered to be the applicability 
of Henry’s law to such a soluble gas as CO2 gas. 
Therefore, it cannot simply be concluded that the 
critical bubble diameter for 6’F = 0 agrees in general 
with that for (p”‘-p’),,,, and this problem is left for 
further investigations. Figure 8 shows the relation 
between the mol number ofnoncondensable gas and the 

0 4 e 12 
n 20 n mol 

FIG. 8. Relation between mole number of noncondensable 
gas and maximum pressure. 

maximum pressure (p”’ -p’),,,, for the bubble radii of 
rd = 0.1 mm and 0.2 mm. The maximum pressure in- 
creases with increase of mol number. For a given mol 

number of noncondensable gas, the lower the solubility 

of the gas is, such as C02, N2 H,, the higher the 
maximum pressure is. From this figure the amount of 

noncondensablegas contained in the droplet system can 
beobtained when the maximum pressure (p”‘-p;),,, is 
known. The result from another calculation shows that 
with increase of the droplet radius rd, the critical bubble 
radius re in the system increases rapidly. Therefore, 
at the extreme of rd + X, r, + i*, the bubble of a 
limited size existing in a sufficiently large liquid is in an 
unstable condition. 

Figure 9 shows the phenomenon investigated in this 
paper schematically and from thermodynamical stand- 
point. The equilibrium point 4 in the figure is the point 
of 6’F = 0. For the bubble whose radius is larger than 
this (l,, lb) S2F > 0, and in the neighborhood of this 
point, the curvature surface of free energy is concave. 
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after bubble extinction, and the pressure p”‘-pi was 

made nondimensional by the surface pressure i/r*. 

Then equation (17) is given as following using non- 

dimensional values. 

FIG. 9. Thermodynamic relation of bubble extinction. 

On the other hand, when the bubble radius is smaller 

(2,, 2b) d2F < 0, and the cross-section in the r direction 
of the curve of free energy has a convex curve. The 
curvature surface of free energy near the equilibrium 
point 4 has a curvature surface like a bucket seat. 
Therefore,the bubble at this equilibrium point (h2F = 0) 

disappears if disturbance is given. Now, when the out- 
side pressure p”’ is gradually raised from py’ to p:“, 
the free energy F1, at the stable equilibrium point 1, 
falls down to Fib and FI,. At the same time, the free 
energy F2a at the unstable point also falls down to FZb 
and Fzc. Finally, at the point of a2F = 0, F1, and FZr 

become equal, and following the path of 1, + lb + 1, + 4 
the bubble extinguishes. We call the pressure of bubble 
extinction as bubble extinction pressure. The bubble at 
1 exists stably until it becomes a bubble of the radius at 

4. The difference of free energies at 2, and 1, is the 
potential barrier for the bubble, and its energy rapidly 

decreases as it goes from p:’ to p:” and becomes zero 
at 4. The bubble existing in the droplet is a bubble of 
radius above r4. 

where 

r=L. 
rd 

(421 

The results for O2 and Nz are shown in Figs. 10 and 
11. The black circles and the white circles are experi- 

mental values, while the triangle mark indicates the 

minimum bubble radius that the experiment could 
reach. The pressure measured when a droplet ex- 

tinguished is shown with vertical broken lines. The solid 
line in the figure is the corresponding theoretical curve 
given by equation (40), the square mark showing the 
pressure obtained theoretically for bubble extinction. 

The theoretical curve and the experimental result show 
a good agreement in a wide pressure region. The 
solubility used in the analysis was obtained from the 

correlation curve of the measured values. Measurement 

1.6 
II\ 0,: - , Theory 

I.2 

r 0.~ 

0.4 

0 

----- Extinction pressure , 

, Minimum radius 

0.8 1.6 2.4 3.2 x 103 

P 

FIG. 10. p-r Relation of oxygen (experiment). 

5. EXPERlMENTAL RESULT AND CONSIDERATION 
1.6 N2 - ,Theory 

Experiment was made on the following three non- 
condensable gases with different solubility, Nz, O2 and 
CO1. The radius of the bubble tested was between 
O.l-0.2mm. The experimental temperature was 20- 
3o”C, the amount of noncondensable gas contained in 
the droplet system was 1000G4OOOppm for Nz and 02, 
4000QlQOOOppm for C02. For the amount of non- 
condensable gas to this extent, the bubble extinction 
pressure was 3-6atm. In comparing the experiment 
with the theory, each experiment condition was varied 
for each test, and, especially, the difference of droplet 
radius gave a big effect to the results. The bubble 
radius was made nondimensional bv the dronlet radius 

-- , Extinctkon pressure 

(experiment) 

(theory) 

, Minimum radius 

0 04 0.8 1.2 1.6 20 Xl03 

P 

FIG. 11. p-r Relation of nitrogen (experiment) 
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. , A, n : Obtained from 
extinction pressure 

101 I I 
0 20 40 

T, “C 

FIG. 12. T- l/K Relation of various gases. 

of solubility was made by the experimental apparatus 
described in Appendix 1; the result is shown with white 
marks in Fig. 12, the solid lines being the correlation 
lines and the black marks those in the analysis. 

The result when a very small amount (l-4%) of COZ 
gas was added as noncondensable gas is shown in Fig. 
13. The solid line is the theoretical line. As can be seen 
in the figure, there is a big difference between the 

theoretical curve and the measured value. This is 
because as CO* gas is very soluble the phenomenon 

may be greatly effected even by the existence of a small 
amount of less soluble gas such as air. Therefore, we 
shall now examine what effect the mixing of air will 
give to the relation of nondimensional pressure P and 
nondimensional radius r. If a mixture gas of CO2 and 

air is considered for noncondensable gas, equation (40) 

is reduced as 

P”’ _ ffl = _ ~_ _ -=z 
r TSlL 

+ tn;+ 
“CO,” 

nib, + 4ir)&0, +(4n/3RT)r3 

+ ~~.. 
%ir (, 

01; + n& + nhr)Kair +(4x/3RT)r3 
(43) 

Here, nairu is the mole number of air contained in the 
droplet system. As the solubility of Nz and O2 is almost 
the same, the value of solubility coefficient for air in 
freon 21 was obtained by using the mole average 
calculated from measured values. In the experiment 
using CO2 as noncondensable gas, as a result of 
measurement of components, under the experimental 
condition of white circle marks in Fig. 13, 450 ppm air 
was mixed, while under the experimental condition of 
black circle marks 503ppm air was mixed in. Taking 
this air quantity into consideration, calculation was 
made with equation (7), shown in Fig. 13, since the 
theoretical curve and the experimental value show a 
good agreement. Therefore, between the theoretical 

co; - , Theory (without CorrectIon) 
-.- . , (correctlon for air mlxed in 1 
-~~~ , ExtinctIon pressure 

(experiment) 

1.2 16 20 24 2.8 Xl03 

P 

FIG. 13. p-r Relation of carbon dioxide. 

curve (solid line) without adjustment of air mixing and 
the experimental value is due to a very small amount 
of mixed air. That is, for soluble C02, even when a 

few 7; of air is mixed the air will not dissolve when 
the pressure is raised, while CO* almost dissolves and 

the bubble is occupied mostly by the air. Therefore, 
air gives a big effect when the bubble radius is small. 

The solubility of CO1 used in the calculation is shown 
with the black square in Fig. 12. 

From the result mentioned above, the relation 

between the mole number of noncondensable gas in the 
droplet system and the bubble extinction pressure is 

obtained and is shown in Fig. 14. In the figure, P,, the 
nondimensional extinction pressure, is taken along the 

horizontal axis, and r12~/11~. the mole fraction of non- 
condensable gas along the vertical axis. The solid line 
is the theoretical curve calculated by using the actually 
measured value of solubility coefficient. It is known 
from this figure that the theoretical curve and the 
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FIG. 14. Relation between extinction pressure and mole 
number of noncondensable gas. 
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experimental value show a good agreement. As the 

result, the volume of noncondensable gas contained in 

the droplet system can be known from the bubble 

extinction pressure, and contrarily, based on the 
volume of noncondensable gas, its solubility can be 

obtained. 

6. CONCLUSION 

As a fundamental step for the study of extinction and 
generation of bubble nucleus in boiling and cavitation, 
a thermodynamic analysis was made on behaviors of 
small gas bubble in the droplet system, and an experi- 
mental study was made on behaviors of gas bubble by 

making use of the droplet system containing gas bubble. 
The following conclusions are obtained. 

(1) The small gas bubble in the droplet, whose 
diameter decreases with the rise of pressure, ex- 
tinguishes when it reaches a certain critical pressure at 
a certain finite bubble diameter: it has been made clear 

that there holds a fairly good agreement between the 
theoretical prediction and experimental results with 
regard to the critical extinction pressure and bubble 

radius. 
(2) When the droplet diameter and the volume of 

noncondensable gas are given, it is proved theoretically 
and experimentally that the bubble of diameter smaller 

than the critical value (the diameter at 6’F = 0) cannot 
exist in the droplet. 

(3) When a coefficient of gas disolution is given, the 

gas volume dissolved in the droplet can be calculated by 
extinction pressure of bubble. Also, when the volume of 
noncondensable gas contained in the droplet system is 
given, the coefficient of gas dissolution can be obtained 
by extinction pressure of bubble. Those results are made 

clear by comparing the theoretical result with the 
experimental result. 
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APPENDIX 

Measurement of Gas Dissolubility 

Measurement of gas dissolubility of NZ. 02, COz in 
freon 21 was carried out in the following procedure. The 
measurement section consists of a pirex glass pipe of 6 mm 
I.D. and 1 m in length connected with a glass-teflon needle 
valve combined on the one end and on the other end with 
a U-tube of about 3m length and a reservoir filled with 
mercury. The upper part of the glass pipe of the measure- 
ment section and the teflon needle valve are surrounded by 
water (+ ice) for keeping it warm. 

By decreasing the mercury reservoir pressure, the test 
section is sufficiently degassed. The mercury reservoir is 
then raised, and the whole part of the test section 
is filled with mercury. When the needle valve is closed, 
about 8 cm3 (1.552 atm) gas is introduced into the test section, 
and the gas volume and pressure are measured from the 
height of the mercury. The gas filled in the pipe path to the 
inlet of the needle valve is exhausted. Then freon 21 vapor 
(about 2-3 atm) is introduced to the inlet of the needle valve 
of the test section. As the temperature of the test section is 
low, the freon 21 vapor is condensed and becomes liquid near 
and around the inlet ofthe needle valve. Four cm3 of freon 21 
liquid is injected into the test section. After liquid freon 21 
and noncondensable gas are introduced, the mercury 
reservoir is raised by shaking it up and down to increase 
pressure. The mercury reservoir is shaken up and down 
occasionally to oscillate the liquid freon 21 and to promote 
the gas being dissolved and diffused in the liquid. After a 
sufficient time is given for the freon 21 liquid and the gas to 
reach an equilibrium state, measurements are made on the 
gas volume and pressure. Considering the gas to be ideal, the 
gas volume dissolved into the liquid was calculated, and the 
dissolubility coefficient was obtained by Henry’s law. In 
order to check the accuracy of the dissolubility measured, 
the dissolubility of CO, gas in water was measured. The 
measured value is K = 1.07 x 10m9 cm’/dyn (T = 5°C) and 
the actually measured values of Perry [9], Houghton [lo] 
are 1.16 x 10m9, 1.20 x 1O-9 cm2/dyn, respectively. The 
results agree with our measured value within about 10% 
accuracy. 

ETUDE FONDAMENTALE DE LA DISSOLUTION DES BULLES DANS UN LIQUIDE 

Resume-Constituant une &ape fondamentale dans l’etude de la resorption et de la formation de bulles 
au tours de l’ebullition et de la cavitation, des travaux theoriques et experimentaux ont ete effect&s sur 
le mode de resorption des bulles gazeuses en utihsant des gouttelettes contenant des bulles gazeuses. Une 
petite bulle gazeuse a l’interieur de la gouttelette, dont le diametre diminue lorsque la pression augmente. 
se resorbe lorsqu’une certaine pression critique est atteinte pour un certain diametre fmi de la bulle. Le 
phenomtne est analyse du point de vue de I’instabilite thermodynamique en considerant la dissolution 
d’un gaz dans un liquide. On montre que les previsions theoriques et les risultats experimentaux 

presentent un tres bon accord en ce qui concerne la pression critique et le rayon de la bulle. 
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GRLJNDLEGENDE UNTERSUCHUNG DER AUFLGSUNG VON 
BLASEN IN FLijSSIGKEITEN 

Zusammenfassung- Als grundlegender Schritt beim Studium des Zerfails und der Bildung oon Blasen- 
keimen bei Siede- und Kavitationsvorgingen wurde eine theoretische und experimentelle Untersuchung 
des Zerfallsverhaltens von Gasblasen durchgefiihrt; dabei fand das gasblasenenthaltende Tropfchensystem 
Verwendung. Eine kleine Gasblase in einem Tropfchen, dessen Durchmesser mit zunehmendem Druck 
abnimmt, zerfallt nach den Versuchen, wenn ein bestimmter kritischer Druck und ein bestimmter 
endlicher Blasendurchmesser erreicht ist. Das Phanomen wird unter Betrachtung der Aufliisung von 
Gasen in Fhissigkeiten iiber eine thermodynamische lnstabilit%t gedeutet. Es wird gezeigt, da8 zwischen 
den theoretischen Vorhersagen und den experimentellen Ergebnissen in bezug auf den kritischen Druck 

und den Blasenradius eine recht gute ~hereinstimmung besteht. 

~YH~AMEHTA~bHOE MCCJfE)J,OBAHME PACTBOPEHMIi HY3bfPbKA B XMjJKOCTM 

AHuoTamt%- BblnOnHeHO TeopeTHYeCKOe II 3KCnepHMeHTWlbHOe H3yVeHHe HCYe3HOBeHHR H 06pa30- 

BamiR ny3blpbKoLra3a npa KweHmi H KasHTaumi c noMotubH3 KanenbHoZi cclcTeMbl,conepmaueR 

Ily3blpeK l-838. npll OnpeLleJIeHHOM KpUTWIeCKOM AaBJleHRH A KOHeYHOM DHaMeTpe ny3blpbKa 

ny3brpeK ra3a B Kanne, ,nHaMeTp ~oropoii yMeHbmaeTcn c yeenwiemierd QaeneHsn, wve3aeT. 3~0 

SlBfleHMeaHaflLi3lcpyeTCFiC TOYKU 3peHllR TepMOdl&iHaMHYeCKOti HeliCTOtiWBOCT‘f CyYeTOM paCTBOpM- 

MOCTH ra3a B XIUlKOCTM. nOKa3aH0, YTO HaBnronaercn IlOCTaTO'iHO XOpOUlee COOTBeTCTBHe MeWly 

TeO,,eTHYeCKHMpaCYeTOMH 3KCnepMMeHTaJlbHblMM~aHHblMH BOTHOUlCHMM KpUTM'ieCKO~ORaBJleHMIl 

H paiQiyCa ny3blpbKa. 


