SEPARATION OF A VAPOR BUBBLE AND CALCULATION
OF THE CRITICAL BUBBLE RADIUS

I. M. Fedotkin, S. M. Konstantinov, UDC 536.423.1
and A. A. Tereshchenko

On the basis of the solution to the equation of motion of a variable mass, a formula is derived
for analytically calculating the critical radius of a vapor bubble in a boiling liquid during free
flow of the latter.

The formula for the critical radius of a vapor bubble

R, =0.016 ]/__“_-_
0 g’ —p")

was proposed by W. Fritz [1] and subsequently refined by various other authors. S. G. Teletov [2] derived
a similar formula for a sloping surface.

The equilibrium equation of forces, including the surface tension as well as the Archimedes force
and the pressure force on a bubble surface, was solved in [3] with both the dynamic and the static compo-
nents taken into consideration.

A similar summation of forces was used in [4-5].

Here the authors will try to determine the bubble radius before separation, when the buildup is com-
plete and a "neck" is formed, taking into account other additional acting forces.

A vapor bubble separating from a surface will be represented by a material point of variable mass
[6]. A material point is defined as a quantity of particles which at the instant of time t exist within a re-
gion bounded by some reference surface (in our case the interphase boundary) and assumed to be moving
continuously together with some geometrical point, this point being the center of the bubble. The shape
of a bubble is, moreover, assumed spherical. From analytical mechanics of variable-mass bodies we
have the well known equation of motion

m v _ F - B. {1)
dt
The vector of the reaction force is
B=J—3mw,+ ®. @)

The Coriolis force is J = 0 here, because the motion of the material point is translatory only. The accel-
eration of particles wp contained within a material point is zero relative to the auxiliary system of coor-
dinates. The origin of the latter coordinate system is located at the center of the given spherical material
point. With all these stipulations we have

B--d. : 3)

The magnitude of the impulse (impact) force produced as a result of new particles joining the mate-
rial point is

d=—3 " Au. @)
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TABLE 1. Comparison between the Critical Radius Calculated Ac-
cording to Formula (18) and Measured in Tests i

Rgexpers MM [ 14]
, mn
P, bars ?1"?’_‘11’% extra treated Rotheor
pure surface surface
0.98 — — 1,24 1,59
1.01 1.,0—1.25 - - -
1.33 0,75 0.73 — -
3.14 0.4 0.7 - -
3.20 0,35 — 0,355 0.32
10.0 0.15 - - -
11.6 — 0.28 -— -
11.8 - — 0.215 0.1
47.7 —_ — 0.145 0.023
77.5 — —_ 0.130 0,014
95.7 —_ — 0.085 0.01

When a vapor bubble separates from a horizontal surface, then the principal vector of external forces F
includes the pulling force Fy and the resistance force of the liquid F,. Henceforth one may abandon the
vector notation and regard just the absolute values of quantities with the appropriate algebraic signs, be-
cause in this particular case all forces are collinear in the same or in opposite directions.

Some authors suggest that surface tension be regarded as the external force, namely
F, =2nR,f0o.
Here we will disregard this force for the following reasons:

first of all, the "neck" of a vapor bubble ruotures at the instant of separation and, consequently, the
circular area on which surface tension is acting contracts to a point;

secondly, the force is determined by both the magnitude of surface tension and by some function of
the wetting angle 8. The magnitude of surface tension is defined either under static conditions or during
slow separation [7]. Test data obtained by photographic and cinematographic recording indicate the ex-
istence of a "neck" during separation. After separation, the bottom part of this "neck" remains at the
heater surface. Consequently, a determination of the wetting angle is not relevant here in this sense, the
latter being defined at the contact of liquid and vapor with a solid surface. Here, at the instant of separa-
tion we measure a certain angle between the generatrix of the vapor surface and the plane of the heater
surface at the point of separation.

Taking all this into consideration, we write the general equation for the dynamic balance of forces
acting during the separation of a bubble from a horizontal heater surface when the liquid boils but does not
move relative to that heater surface:

do
m-— =F, +-F,+ .
| i 1T g1 ()

Let us now analyze the quantities in expression (5) as they apply to a vapor bubble. The mass m-of
a vapor bubble includes that of vapor proper and that of adjoining liquid [8]:

m = my + m, ®)

where my = p"V and my = Cp'V.

The pulling force is
Fr=Vg( —p"). (")

The force of resistance to bubble motion will be determined as follows. On the basis of test data
pertaining to the critical size of a bubble and on the basis of theoretical calculations pertaining to the
velocity of the interphase boundary during bubble buildup, we find that the Reynolds number is of the order
of Re ~ 104, At the instant of separation a bubble is assumed to be spherical, and the resistance coeffi-
cient for a sphere is ¢ = 0.42 so that the resistance force becomes [9]

2
Fy=1Sp’ % ) ®)

The impulse (impact) force can be determined as follows.
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During passage through the interphase boundary, the velocity of particles changes stepwise [10]:

= (1) ©)
o 0
Considering that g = g/r, we can write
g =0'R. (10)
The rate of particles piercing through the boundary is characterized by the change of bubble mass, i. e.,
dp _ AV (11)
dt dt
Taking all this into account, we write the expression for the impulse force as follows:
7”7 p” dv
Q=p'R | 1— -
0"R ( 5 ) m (12)
In the general Eq. (5) we express all quantities explicitly and obtain
3 2 ./ 4
Vi -0 L cvgr— e — 180 Lt R ( ey (13)
dt 2 dt

As the condition for bubble separation from a heater surface we let
v R (14)

Indeed, the velocity of the bubble center v after separation must be higher than the velocity of the bubble
wall R, lest the bottom of the sphere keep adjoining the heater surface. At the instant when both these
velocities become equal, as velocity v increases relative to R, will be the instant of bubble separation.

In order to determine the velocity of the bubble wall, we use the model of bubble buildup at a heater
surface according to [11]. The choice of this model is dictated by the fact that most heat at the instant of
separation is supplied to the bottom "adhering™ region of the superheated liquid layer on the heater sur-
face. The velocity of the bubble wall, i. e., the rate of bubble buildup is

: M1 (15)
R = —.
ﬁ‘ ’,p// R
When 0 = 0, then 8 =6.9 ~ 7.0 [10]. For this buildup model, under the conditions stipulated here, we have
do - EY ST
X p LI 16
=R (ﬁ e ) 2 (16)

Solving Eq. (13) with the separation condition taken into account, we obtain the following formula for the
critical radius:

2/3 7N 1/3
Rgx(zo m <£ . 016 3 2_) , an
o g g g P
or for p' > p"
AG \2/3 1/3
Ry= (7.0 —ﬁ” ) (_C‘; - ﬂ) . (172)
rp g g
Coefficient C = 1.75 when angle 6 = 0. Formulas (17) and (17a) become then
p//
1.91—3
/ 2/3 * 7
Ry= (7.0 i ) ( o \” (18)
ro” g /
or for p' > p" )
M V273
R,—2.12 (—‘3) . (182)
ro

It is evident from (18) that, as the pressure of the boiling liquid rises, the critical radius of bubbles will
decrease — which agrees with available test data.

The theoretical data are compared with test data [12-15] in Table 1. Only in [15] have we found
superheat values for a heater surface and, therefore, the theoretical values of the critical radius have
been given here for pressure stipulated in [15]. K is noteworthy that the agreement between theoretical
and test values is closest for pressures up to 10 bars.
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NOTATION

R, is the critical radius of a vapor bubble, m;
o is the surface tension, N/m;

0 is the wetting angle, in ang. deg.;

i(9) is the function of angle 6;

g is the acceleration of gravity, m/sec?;

p! is the density of liquid, kg/m3;

pn is the density of vapor, kg/m?

t is the time, sec;

m is the mass of a material point, kg;

v is the velocity vector of the center of a material point, m/sec;

F is the principal vector of external forces, N;

B is the vector of the reaction force, N;

& is the vector of the impulse (impact) force, N;

dp/dt is the rate of particles passage in a given direction, kg/sec;

Au is the step change in the velocity of particles passing at a given instant of time, m/sec;

v is the volume of a vapor bubble, m3;

C is the coefficient of adjoining mass;

4 is the coefficient of hydraulic resistance;

s is the median section area of a bubble, m?;

gp is the rate of phase transformation, kg/m?- sec;

q is the thermal flux density needed for changing the aggregate state of the substance at the inter-
phase boundary, per unit area of interphase boundary, W/m?;

r is the latent heat of evaporation, J/kg;

R is the velocity of the interphase boundary, m/sec;

B is a coefficient;

A is the thermal conductivity, W/m - °C;

&4 is the temperature difference between a superheated wall and the liquid away from it, °C.
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