Motion of Vapor Bubbles in Saturated Liquids

Mendelson (1) has proposed a new expression for the
terminal velocity of rising bubbles in inviscid liquids by
speculating that “the bubbles may be thought of as merely
interfacial disturbances, whose ({ynamic behaviors should
be similar to those of waves on an ideal fluid.”
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Peebles and Garber (2) have correlated rise velocities
for bubbles in the range 0.14 cm. < D, < 0.6 cm. by
the expression
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while Haberman and Morton (8) have shown that for
bubbles with equivalent diameters greater than 0.8 cm.,
the rise velocity is given by
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If Equations (1) through (3) are substituted into the

expression for the drag coefficient
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which represents the ratio of buoyancy to drag force acting
on a rising bubble, the resulting expressions are given by
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and represents the ratio of buoyancy to surface forces. It
is apparent that Equation (3) approaches Equation (7)
as the Eo6tvos number becomes large and reduces to
Equation (8) as the Eotvos number becomes small. The
constant in Equation (8) was determined experimentally
by Peebles and Garber using a relatively small diameter
tube, and may be somewhat in error.

Data for vapor bubbles rising through saturated liquids
have been obtained experimentally for a variety of liquids
under pressures ranging from 48 to 540 mm. Hg. The
equivalent diameters of these bubbles ranged from 0.1 to
1.3 cm. and thus cover precisely the region in which
Mendelson’s analysis should be applicable.

The data are compared with Equations (5) through
(7) in Figure 1. Although considerable scatter of the
data is evident, it is apparent that the mean of the data
is in agreement with Mendelson’s analysis. Also shown in
Figure 1 is an additional expression proposed by Peebles
and Garber for bubbles with equivalent diameters > 0.6
cm,
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or in terms of the drag coefficient
Cp = 0.958 Ng,!/2 (10)

Equation (9) has been used, for example, by Zuber (4)
in determining a relationship between the frequency of
bubble formation on a heated surface and the diameter

8 of a vapor bubble at departure from the heated surface.
Co= 'E‘N Eo [4 + Ngo17! (5) It is apparent from Figure 1 that the data obtained here
are not in agreement with Equation (9) or (10).
Cp = 0.366 Ng, (6)
8 NOTATION
Cp= ) (7N Cp = drag coefficient, defined by Equation (4), di-
mensionless
respectively, where the Eotvos number is defined as D. = equivalent diameter of bubble, cm.
2 g = gravitational acceleration, cm./sec.?
No. = g(p1—po) De (8) Ng, = Eotvés number, defined by Equation (8), di-
Fo P mensionless
O - Acetone, 222 mmHg
5 —— T — T r & - Corbon Tetrachioride, 138 mmHg
Peables and Garber
i / Eq.l0 N A - Methanol, 134 mm Hg
4 a N . Methanol, 204 mm Hg
i i D - Methanol, 304 mm Hg
%_ ..93 Hoberman end Morton o 5%0 % EF_D Q - Methanol 397 mmHg
g | / *jﬁ ° 4 | Methanol, 540 mm H
S{mo et o0—o O - Methanol, mm Hg
¢('3= I o j o Bo 7° . 6 - n-Pentane, 524 mm Hg
I o//o@,g I U - Toluene, 48 mm Hg
Pesbles and Garber, €q.6 T g - WCI‘ler, 98 mm Hg
0 - 100 0 - Water, 195 mm Hg
Neo = g-ﬂ;&— Q - Water, 390 mm Hg

Fig. 1. Comparison of experimental data with analysis of Mendelson.
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= bubble terminal velocity, cm./sec.
p = density, g./cc.
o = surface tension, dynes/cm.

Subscripts
l = liquid
v = vapor
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A Mathematical Analysis of the Surface Temperature

Variation in Heat Transfer Experiments

McAdams (1) has presented a summary of theoretical
and experimental information concerning the transfer of
heat between a circular tube and a fluid flowing normal
to the axis of the tube. The experimental data are cor-
related as average heat transfer coefficients defined in
terms of the total heat flux per unit area and the average
temperature difference between the surface and the bulk
fluid. However, for tubes of large wall thickness or low
conductivity, the surface temperature variation can be
significant with respect to the maximum temperature dif-
ference between the surface and the bulk fluid, and thus
the average temperature difference can be experimentally
uncertain,

In general the calculation of the temperature variation
along a tube surface, when the thermal resistance of the
tube wall is comparable to the thermal resistance of the
fluid, requires the solution of the heat conduction equation
in both phases. As a first approximation to the solution,
the thermal resistance of either phase may be assumed
to be zero with the result that the surface temperature
is found to be constant. As a second approximation, the
thermal resistance of the fluid may be assumed to be
nearly zero and may therefore be represented by a posi-
tion-dependent surface heat transfer coefficient. The prob-
lem then is reduced to one of heat conduction in the tube
wall for an arbitrary heat transfer coefficient. The solu-
tion to this problem is given for a tube with a heat gen-
erating core.

Carslaw and Jaeger (3) have %)iven the solution to
some steady heat conduction problems with position-
dependent boundary conditions; however, an alternate
series solution may be found if the position-dependent
coefficient is expanded in the angular parts of the terms
constituting the general solution of Laplace’s equation.

THE FORMAL SOLUTION

The problem is to find the steady temperature distri-
bution in an infinite hollow cylinder of radius Rp, con-
taining a heat generating core of radius Ry, for any pre-
assigned local heat transfer coefficient (Figure 1). The
coefficient h(6) is permitted to vary with circumference
along the surface R = R and in general is given by

h{8) = Zq: a, cos po (1)

where ¢ is any positive integer and where the flow di-
rection is § == 0.
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Laplace’s equation for steady conduction may be writ-
ten in cylindrical coordinates as
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The boundary conditions express the symmetry of the
problem and the requirement that the flux be continuous
at the surfaces R = R; and R = R,. These conditions are
given by
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Fig. 1. Cross section of infinitely long hollow cylinder.
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