


Zuber’s prediction gave A = 0.177.

In 1969, Sernas [7] showed that the wavelength in a horizontal plane
interface—what we shall call the two-dimensional wavelength,
)\dZ,—viS

>\d2 = \/§>\d1 (4)

(see Fig. 2). He attempted to correct Zuber’s formula but he assumed
that the bubble diameter was still Ag,/2 instead of Ag,/2, and following
Zuber he counted two bubbles in each area of A2,, instead of the cor-
rect number, four. (See Fig. 2. He corrected the latter point in 1973
[8].) He also retained Zuber’s estimate of f.

Meanwhile Lienhard and Wong [5] had redone Zuber’s flat plate
analysis for a horizontal cylinder, after they had first derived Ay, for
such a configuration:

i, = —m3 (5)
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The resulting ¢mi, prediction can be written as
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The Criterion for the Collapse of Film Boiling

The prediction of ¢min using equation (1) only requires knowledge
of the average velocity of vapor needed to maintain the cyclic growth
and collapse of the interface. To understand the physical circum-
stances that specify the minimum vapor volume flow that can be
sustained, we first consider the observed vapor removal configuration
on a flat plate and above a horizontal cylinder (see Figs. 1 and 2).

The horizontal cylinder and horizontal flat plate generate vapor
at a nearly constant rate and deliver it to an escapement process in the
collapsing Taylor wave above the heater. Thus, gmin Will occur when,
as ¢ is reduced, there is one point in the cycle where the constant rate
of vapor production becomes insufficient to supply the instantaneous
natural rate of wave motion. Then the wave can no longer stay off the
heater, and film boiling must collapse. This criterion differs from that
used by Zuber [2] in obtaining u, in equation (1). As we have noted,
Zuber attempted to determine the slowest overall natural frequency
of oscillation that the wave can sustain.

To make use of the criterion we have to know the instantaneous rate
of change of volume of a bubble during its growth period, and to find
this we must set down some experimental observations of bubble
growth during film boiling near g pin.

where

Observed Bubble Action During Film Boiling

a fraction, b = 0.65, of the wavelength. We also observe that, although
bubble height at departure is about 0.65)A4,, the bubble radius of
curvature is never less than Ay,/4 (see Fig. 1)

In the early stages, the growth process is exponential with an am-
plitude, 0, given by

2mwx

(8)

Nm = Nmoe ™! cos
dy

where x is an axial coordinate (see Fig. 1), #,,, evaluated at time, t =
0; and (~iw) is the wave growth rate—a positive real number. Several
observations of wave amplitude, 7, as a function of time in isopro-
panol [9, 10] and cyclohexanol [10], show that exponential growth
blends into a linear growth after the amplitude reaches a value of 0.12
< nm/Ag; < 0.25. A sampling of these data is shown in Fig. 3. It is also
very clear from the data plotted in Fig. 3 that a linear growth rate is
maintained until the bubble detaches from the interface. The growth
rate in the linear region can be written as

dy .
P cAay(—iw) 9)
The value of the constant ¢ is listed in Table 1 along with the values
of b, the bubble height at detachment divided by Ag4;.

Model for Instantaneous Bubble Volume Growth Rate

Figure 4(a) shows a geometrical model for bubble shape in the ex-
ponential and early linear growth period. If the growing interface is
a part of a sphere, the bubble volume at any instant is

V= an2(1—l) (10)

3R
The base radius, r, of the bubble is generally less than or equal to its
curvature. To distinguish between r and R we observe that

r2=R2—(R-n)?

The instantaneous rate of change of bubble volume is obtained by
differentiating equation (10).

dv d dR
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However, we noted earlier that the radius of curvature of the bubble
stays constant after the bubble becomes hemispherical and its height
reaches Ag,/4. Thus for bubble heights equal to or slightly greater than
A4,/4, equation (12) reduces to
dv dn
= = 7(2Rn = n2) —
py (2Rn — 1% o

In all cases we have observed, the bubble reaches a linear growth

(13)

Table 1 Observed values of ¢ and b during film boiling
in organic liquids [5,9,10], for various wire sizes and (in
some cases) at elevated gravity

Consider the numbered bubbles in Fig. 1. Bubbles No. 2 and 5 have Standard Standard
severed from the vapor film removing themselves as an avenue of Deviation — _ height Deviation
vapor escape. Bubble No. 1 has just barely broken away and bubble ¢ of ¢ b= Nd; of b
No. 3 has a little way to go. Bubble No. 4 is just ceasing to provide
means for vapor to escape, and its top has reached a height which is 0.069 0.011 0.645 0.097
—Nomenclature
A,B = constants defined in equations (3) and  —iw = growth rate of a wave (a real

(6), and evaluated in equations (19) and number) Mm,Mmo = amplitude of wave; amplitude at

(23)

b = (height of top of a detaching bubble ) +
(appropriate Aq)

¢ = constant of proportionality as used in
equation (9)

f = frequency of bubble departures from a
node

g = acceleration of gravity or other body
force

hsy = latent heat of vaporization
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q,9min = heat flux; minimum pool boiling
heat flux

ug = velocity of vapor leaving a surface at
gmin, €qual t0 Gmin/pghye

r.R,R’ = radius of bubble at base, radius of
top of bubble, Rv/ ¢/g(p; ~ pg)

t = time

V = volume of growing bubble

x,y = coordinates parallel with, and normal
to, liquid-vapor interface

timet = 0

Ady, Ad, = the most susceptible wavelength in
a one-dimensional interface, in a two-
dimensional interface

P, pg = saturated liquid and vapor densi-
ties

o = surface tension

7 = period of bubble cycle, equal to 1/f

w = circular frequency of a traveling wave (a
pure imaginary number)
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