BUBBLE GROWTH IN LIQUIDS

V. F. Prisnyakov UDC 536.423.1

Based on the first law of variable mass thermodynamics, a relation for the rate of bubble
growth is obtained which is in good agreement with experimental data particularly for
large Jakob numbers.

Existing theories of bubble growth [1-8] give satisfactory agreement with experimental data only for
Jakob numbers less than 100 (see [9] for a detailed analysis). The regults obtained below increase this
range fo Ja = 500,

We consider a bubble on a heat-emitting surface. The equation for the first law of thermodynamics
for the bubble volume, assuming the vapor obeys the gas laws, can be written as follows [10]:

dp R—1 (dQ . . k av’
. = . /G . -I/G” - = . 1
dr v ( dt T : k—1 dt ) @
The pressure p in the bubble is determined from the well-known formula [11]
20
pP=p,+ R 2)
The volume of a bubble "sitting" on a plane is
4
V= R, . 3)

Here

5, :_;.[ 1 +—;—cose(2+sinze)}-

The heat transferred to the bubble is made up of the heat arriving from the liquid, which is (see [6])

dQ _ AT

=~ 4R, 4
dv V't R, @
and the heat received by the vapor from the base of the bubble (through a microlayer)
A _ Rsinn g, 5)
dr

Here
f,= L (14 cos®).
2
The heat supplied to the bubble is used up in the evaporation of a mass G of the liquid, i.e., the dif-
ference between the incoming eénergy of mass i'G' and its consumption i"G" is

PG — G = — 1 av ' (6)
dx
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Fig. 1. Comparison of theoretical and experimental results (D,
m; T, sec): a) water at a pressure p = 98 mm Hg, AT =15°, Ja
=301, q = 3.73-10* W/m?; b) n-pentane, p = 524 mm Hg, AT = 28°,
Ja =52.8, q=3.62-10 W/m?; ¢) methanol, p = 204 mm Hg, AT

= 26.5°, Ja = 140.5, q = 2.8-10* W/m?.

and on completion of the work of expansion, is proportional to the increase in bubble volume after subtrac-
tion of the volume occupied by the evaporated liquid, i.e.,
W W ()

dt dt dz

It must be noted that neglect of the work of expansion in [12] leads to an overestimate in the theoreti-
cal results of all papers using the Bosnyakovic equation, as we shall see below, particularly for Ja > 100.

0

Considering Equations (2)-(7), it is easy to transform the original Eq. (1) to the following:

k p 20 171dR MAT q
o st s O g [ (e ) )
{ k—1 fe p 3tk—1D)rp ? R ] dt ? ro"V ma't ¢ p
the integration of which offers no special difficulty:
k 2 (Bf,k—1) R 2
1 Ny |(R—Rp)+-+-—L" " NRyln — = fgJa| —— V7’ . 9
( + 1 fo 1)( “H_g P 2RonR0 fea<VRVaT+qu31:) 9)
Here
Ny= Loy wy= i Ny = 1y
p ro'R, ATcp
ATc' p’ 1 f
Ja = ) = — (1 — cos 8); = &
iy fq 9 ( ) fB fv
1f one uses the well-known relation between the heat fluxqatvaporization and the temperature drop AT
g = AAT",

it is easy to show that the quantity N3 = w, is associated with the Jakob number:
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Fig. 2. B as a function of Ja': theoretical curves; 1)
Plesset and Zwick [4]; 2) Forster and Zuber [7]; 3)
Fritz and Ende [5]; 4) Eq. (13); 5) Van Stralen [14]; 6)
empirical curve of Cole and Shulman, R= 2,5 Jaya'T
[9]; 7) D. A. Labuntsov [1-3] {upper curve for pro-
portionality constant of 10 {2], lower for 6 [3]); experi-
mental points: 8) Cole and Shulman [9]; 9) Van Stralen
[L1]; 10) R. Semeria [14]; 11) Dergarabedian [14]; 12)
Van Stralen [14]; 13) Benjamin— Westwater [14]; 14)
D. A. Labuntsov [3].

w, = BJa",

with the quantity B = Arpm2t / (p'c')n being determined by the kind of liquid, and surface and temperature
(pressure) conditions,

Equation (9) is easily brought into dimensionless form

k R 2 (3fpk—1) R 2 Vdt Ja (V‘a'r )2
1+ —— fN ) [=—1 )4+ Nin = = 2 gy —— 225 Pe,.
( + 1 fo 1) (Ro )+ 3 h—1 aifl R, = Po R, & + Py R, €

We used the experimental data in [9] to verify this équation. A comparison of calculations using Eq.
(9) (curve 3) with experimental results is shown in Fig, 1, which also gives the calculated results of Cole
and Shulman based on the Zuber equation {6] (curve 1) and the curve based on the equation R= vrJava'r/2
(curve 2).T

As is clear from Fig. 1, calculations based on Eq. (9) give more accurate results for different Jakob
numbers and different materials (water, n-pentane, and methanol).

The second term on the left side of Eq. (9) can be neglected and the coefficient fp takenequal to 1 when
20/R < pgand p"/p' « 1 (at pressures sufficiently removed from the critical value) and also for rough cal-
culations. Using the relation for k (see [13])

k= [ 1— QL;T
re
Eq. (9) then reduces to the form
2
Va
We then obtain the following result for thé case of bubble growth within the liquid volume (6 = 0; g= 0; fp
=1):

2 _
R= Ry g oda (= Vi + fuer)- )

t Curves calculated by other methods are not shown because they give a considerably greater overestimate
(see below with respect to this point).
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R=——
Van

Jayay (11)

For overall analysis and comparison of the results with experiment in dimensionless form, we write
this equation in the form obtained by Scriven [8]:

R =28 Va'x, (12)
where
B= 2_ Ja'. (13)
3Vx

In our case, Ja'=Ja,.

Curves for 8 = g(Ja’) are shown in Fig. 2, which also shows calculated results based on the equation
of Labuntsov (curve 7) and those obtained with Eq. (13) (curve 4); as can easily be verified, the latter gives
better agreement with the experimental points.

NOTATION

is the adiabatic index for vapor (see, for example [15]);
is the enthalpy;

is the second change of mass;

is the time;

is the saturated vapor pressure;

is the radius of bubble;

is the surface tension coefficient;

is the boundary angle;

is the thermal conductivity;

is the thermal diffusivity;

is the superheating relative to saturation temperature;
is the heat flux;

is the density;

is the heat of evaporation;

is the heat capacity;

is the initial radius;

is the constant depending on kind of liquid, state of heat transfer surface;
is the index depending on kind of liquid;

n

—

(=3

ex = qRx/rp"a’;
x=Vea/glp'—p";
=R/Rx.

THYE PO RT QR WT 4 W

Superscripts

' denotes to liquid;
*  denotes fo vapour.
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