VAPOR-BUBBLE GROWTH AT THE LOWER GENERATRIX OF
HORIZONTAL TUBES
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The results of cinematographic investigation of vapor-bubble growth in the boiling
of water at horizontal tubes are given. Theoretical and experimental data on
bubble growth at the lower generatrix of horizontal tubes are compared.

Vapor~-bubble growth is investigated in the boiling of distilled water at elements of
horizontal copper tubes of diameter 10, 16, 24, 34, and 70 mm. The process is recorded by
means of cine cameras in two projections simultaneously: with specific thermal loads of 20
and 40 kW/m? and a saturation pressure of 100 kPa.

The basic characteristics of vapor-bubble growth — the vapor volume; the shape of the
vapor volume; the growth rate; the velocity of bubble flow around the tube on emersion — are
studied in analyzing the cine recordings. The volume of the vapor bubble is determined as
the volume of the ellipsoid of revolution. In the case when the form of the vapor bubble
is not an ellipsoid of revolution, the volume is calculated by the Simpson formula. The
vapor-bubble radius is determined from the vapor volume. The greatest error in determining
the vapor volume by the given method is 127. '

The characteristics of vapor-bubble growth are calculated using a computer [1].

Earlier {2], it was established that bubble boiling begins with the nucleation of vapor
bubbles at the lower generatrix of horizontal tubes and the basic volume of vapor phase leaves
the heating surface in the lower part of the tubes. Vapor formation in the upper part of
the tubes is analogous to water boiling at horizontal plane heating surfaces.

The literature has no data on vapor-bubble growth at the lower generatrix of a horizontal
tube, and so this growth is studied in the present work.

Vapor-bubble growth at the lower generatrix of a horizontal tube may be divided into
the following stages: 1) nucleation; 2) growth up to breakaway from the nucleation center;
3) breakaway from the nucleation center; 4) flow around the tube surface in emersion; 5)
breakaway from the tube surface [2].

The development of the vapor bubble is shown schematically in Fig. 1.

In the experimental conditions, the first stage of growth is not studied. At the begin-
ning of the second stage, vapor-bubble growth occurs in the same way as on a horizontal plane
heating surface. The bubble takes the form of a sphere and expands without deformation,
reaching a radial dimension of 1.25 mm. The limiting angles (frontal 63 and rear 0%) are
approximately 20-48°. Continuing to develop on both sides of the tube {as seen from the end
of the tube), it is deformed, coming to resemble an ellipsoid of revolution, and spreads over
the tube surface. Its base takes the form of an ellipse, the major axis of which coincides
with the tube axis. According to the cine recordings, the base surface of the vapor bubble
and the deformation of its volume increase with increase in diameter of the horizontal tube,
and reach maximum values in the third stage of growth.

The third stage of growth begins with unidirectional motion of the frontal phase inter-
face over the tube perimeter. The limiting frontal angle decreases here (9, » 0) and the
rear angle increases (9, - 180°). These changes are determined by the diameter of the hori-
zontal tube. The third stage of vapor-bubble growth ends when its rear boundary passes be-
yond the limits of its lower generatrix.
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Fig. 1. Vapor-bubble growth at the lower
generatrix of a horizontal tube: A, wedge-
shaped underlayer; ¢ %, azimuth of frontal
boundary of vapor bubble; 0, and ©,, frontal
and rear angles, respectively.

The vapor-bubble development at the lower generatrix of a horizontal tube is monitored
from the azimuth of its frontal boundary (9°). The azimuth of the point of bubble breakaway
from the nucleation center at the lower generatrix for tubes of the given diameters is 12-18°.

When the rear boundary of the vapor bubble passes beyond the limits of the lower genera-
trix, its base shrinks. The rear boundary of the base contracts toward the frontal part,
as it were. Transition from the instant of breakaway to the onset of flow around the tube
occurs with steady motion of the rear boundary.

The fourth stage of growth — the flow of the vapor bubble around the tube surface as it
floats upward — is analogous, to a certain degree, to the third stage of growth. However,
the increments of the vapor bubble in the third stage develop more intensively.

Analysis of cine recordings allow an analogy to be drawn between the development of the
vapor volume at the lower generatrix and an inverse process of condensate-drop flow from the
surface of a horizontal tube.

On approaching the fifth stage of bubble growth, its flow velocity around the tube sur-
face as it rises decreases; its base surface is sharply constricted here and breakaway from
the tube surface is seen to be accompanied by breakaway of the wall layers of liquid and their
motion toward the bubble base.

In boiling on horizontal plane heating surfaces, the rate of vapor-bubble growth and
its shape, according to numerous investigations, are determined by the Jacob number. Thus,
in conditions of atmospheric pressure, with Ja = 13.9, bubbles of spherical form are seen;
at Ja = 23.3, flattened bubbles; at Ja = 32.2, hemispherical bubbles [3].

Cine recordings of vapor-bubble growth at the lower part of a tube of diameter 70 mm
are shown in Fig. 2; it is seen that at Ja = 12.2 the bubble deformation is greater than at
a tube diameter of 10 mm with Ja = 27 and the microlayer area is a maximum.

At the lower generatrix of the horizontal tube, the lift force is directed upward and,
compressing the vapor bubble, it increases the bubble deformation. Hence, whereas on a plane
horizontal heating surface the shape and size of the vapor bubble, the microlayer geometry,
and the velocity of its frontal broundary are characterized by the Jacob number, on the lower
part of a horizontal tube these characteristics are determined by a set of thermal and hydro-
dynamic conditions: the overheating of the wall over the tube perimeter, the temperature field
in the liquid around the heated tube, and the magnitude and direction of the mean-velocity
vector of the frontal phase interface relative to the gravitational vector.

According to the data of the cine recordings, the radial dimension of the vapor-bubble
dimension at the instant of breakaway from the heating surface depends on the horizontal-
tube diameter for the specified conditions. This dependence takes the form

R = 0,730%%, (1)

Increase in diameter of the horizontal tube is evidently accompanied by increase in the
influence of the hydrodynamic conditions on the rate of vapor-bubble growth and its radial
dimension at breakaway from the tube surface. In the course of the whole growth period on

the horizontal tube, the vapor bubble increases continuously in volume. The radial dimension

of the vapor bubble in its period of growth on a horizontal plane heating surface conforms
to the law
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Fig. 2. Cine recordings of vapor-bubble growth at a tube of diameter
70 mm with g = 20 kW/m? and P = 100 kPa: a, b) profile and frontal
projections, respectively; 1, growth time from the instant of vapor
bubble nucleation; 75, 100, ..., 250, frame numbers; W = 1250 frame/sec,
speed of cine film.

R = A", (2)

where A is a coefficient proportional to ATy = Ty — Tg. According to literature data, the
exponent n depends on the material and state of the heating surface and changes with vapor-
bubble growth from 1/2 to 1/4 [3-5]1.

Analysis of the results of investigating the change in vapor-bubble radius over time
as it grows on the lower generatrix of horizontal tubes of diameter 10 and 70 mm (Figs. 3
and 4) shows that each stage in vapor-bubble growth corresponds to a definite rate of in-
crease in its radial dimension. In Figs. 3 and 4, these growth stages are denoted by curves
a-d, respectively.

In the volume of superheated liquid, the vapor-bubble growth is regulated by such effects
as the intensity of heat supply from external superheated layers, the magnitude of the inertial
reaction, and the viscous drag of the liquid. The determining influence of each of these ef-
fects on the vapor-bubble growth depends on the thermal and hydrodynamic conditions around
the interphase boundary and the physical properties of the medium [6]. As follows from the
concepts regarding the mechanism of bubble boiling outlined in [6], in the nucleation of a
vapor bubble at the lower generatrix of a horizontal tube, the rate of increase in its radial
dimension is supplemented by the following components: evaporation of the microlayer and evap-
oration of the wedge-shaped underlayer at its base (Fig. 1).
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Fig. 3. Dependence of the vapor-bubble radius on the time at a tube of
diameter 10 mm when q = 40 kW/m?: 1) Eq. (5); 2) Eq. (4); 3) experiment;
4) Eq. (3); 5) Eq. (8); a-d) stages in vapor-bubble growth: up to break-
away from the nucleation center at the lower generatrix; breakaway from
the nucleation center; flow around the tube on emersion; breakaway from
the tube surface. R, mm; 1, sec.

Fig. 4. Dependence of the vapor-bubble radius on the time at a tube of
diameter 70 mm when q = 40 kW/m?: 1) Eq. (4); 2) experiment; 3) Eq. (3);
4) Eq. (5); 5) Eq. (8); a-d) as in Fig. 3.

In real conditions, of course, the increase in radial dimension of the vapor bubble at
a horizontal tube is regulated, after a certain time interval, by all the above-noted compon-
ents.

Analysis of the known models of vapor-bubble growth shows that each model is only applic-
able for a single limiting case, i.e., when the evaporation of liquid in the vapor bubble is
controlled by one such process.

Below, the knownmodels of vapor-bubble growth are compared with experimental data, with
the aim of:

1) establishing the applicability of the known models of vapor-bubble growth to its
growth at the lower part of a horizontal tube;

2) determining the contribution of each component in liquid evaporation in a vapor bubble;

3) elucidating the reasons for possible discrepancy between theoretical and experimental
data.

The Cooper formula
Ry=2,5Ja Vvt/Pr (3)

is applicable for the determination of the radial dimension of the vapor bubble as it grows
on a horizontal plane heating surface in the case of predominant evaporation of the micro-
layer under its base. However, calculation by this formula gives an overestimate for the
whole period of bubble growth at a tube of diameter 10 mm (Fig. 3, curve 4).

For a tube of diameter 70 mm, the data from Eq. (3) coincide with the experimental re-
sults only partially for the second stage of vapoer-bubble growth (Fig. 4, curve 3). The
theoretical curve from Eq. (3) passes above the experimental data for the second stage of
bubble growth, intersecting the curve approximating the experimental results at the end of
this stage. For the other stages of bubble growth, these discrepancies are qualitatively
and quantitatively different and Eq. (3) gives underestimates.

Analysis of Eq. (3) shows that it does not include such characteristics of the microlayer
as its area and the thickness over its perimeter, and takes no account of the influence of
hydrodynamic conditions on the evaporation rate of the liquid in the vapor bubble.
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At a horizontal plane heating surface in the case of predominant heat supply through
the wedge-shaped underlayer, the bubble dimension is determined from the Labuntsov formula

Ry= |/ 2 PR (4)

where B = 10.

Comparison of the theoretical data from Eq. (4) with experimental data for the second
stage of vapor-bubble growth indicates that the experimental data coincide with the theo-
retical data for tubes of diameter 10 and 70 mm only for a short time interval (Fig. 3,
curve 2; Fig. 4, curve 1). For other stages of bubble growth, the experimental data exceed
the theoretical data, despite the developed wedge-shaped underlayer at its base.

The distinguishing feature of vapor-bubble growth at the lower part of the horizontal
tube is the developed area of thebubble base. Thus, at a tube of diameter 10 mm, the greatest
area of the bubble base is 3.4 mm?; at a tube of diameter 70 mm, the corresponding value is
480 mm2.

In calculating the rate of liquid evaporation from a microlayer into the vapor bubble,
it was assumed in [7] that the heat influx to the interphase surface of the bubble is by heat
conduction and the formula proposed was

T F1
= | [ aran, (5)
b

M

where Fy is the base surface of the (greatest) vapor bubble.

The thickness of the liquid microlayer under the vapor-bubble base is determined from
the Cooper formula

8, = 0,8 Vvr. (6)
The vapor-bubble radius for any time in the growth process is
R Q@ )
4/3rp”

The area of the vapor-bubble base is determined in analyzing the cine recordings by the well-
known method [1].

The theoretical results from Eq. (5) and the experimental data on vapor-bubble growth
do not coincide (Fig. 3, curve 1; Fig. 4, curve 4); the quantitative character of this dis-
crepancy changes in the course of the whole period of vapor-bubble growth. For example, for
a tube of diameter 70 mm, the curve plotted from theoretical data lies above the experimental
results for the second stage of growth and for the first half of the third stage of growth.
In the remainder of the growth period, the increase in radial dimension of the vapor bubble
over time exceeds the theoretical data on the radial dimension from Eq. (5).

At a tube of diameter 10 mm, the discrepancy between the theoretical and experimental
data for the first half of the second stage of vapor-bubble growth reverses sign, and an
underestimate is obtained. Only qualitative agreement of the data of this model for vapor-
bubble growth in bubble flow around the tube surface is observed. In this case, the in-
fluence of turbulent heat conduction on the intensity of liquid evaporation in the vapor
bubble probably appears.

In the evaporation of superheated liquid layers surrounding a vapor bubble, the condi-
tions of bubble growth are approximated by the well-known relation [8]

Ry= 2 V3n [14 1/2(x/6 Ja)>/® + w/6 Ja)' > Ja V. (8)

Comparison of experimental data for the second stage of growth with theoretical data
from Eq. (8) gives the greatest discrepancies. Data from Eq. (8) exceed the experimental
results by a factor of 3-7 (Fig. 3; Fig. 4, curve 5); the greatest discrepancy is found with
a tube diameter of 10 mm.

The basic parameter of Eq. (8) is the Jacob number. It includes the quantity ATy, whose
value is taken to be constant and equal to the wall overheating at the moment of vapor-bubble
nucleation. However, it is known that the temperature of the superheated liquid layers sur-
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rounding the vapor bubble decreases over time, which is not taken into account by the Jacob
number in Eq. (8).

Thus, it is evident from cine recordings of water boiling at atmosphere pressure that
the diameter of the horizontal tube influences the linear dimensions of the vapor bubble,
the shape of the vapor volume, and the surface of its base over time and regulates the
velocity of the frontal boundary of the bubble, i.e., the dynamics of its growth.

NOTATTION

A, numerical coefficient; e, thermal diffusivity, m?/sec; C, specific heat of water, kJ/
kg+K; dy, tube diameter, m; Fy, area of microlayer, m?; g, acceleration due to gravity; n/
sec?; n, exponent; P, saturation pressure; kPa; R, radius of vapor bubble; m; Ry, Ry, Ry,
radial dimension of vapor bubble in liquid evaporation from a microlayer, the surrounding
liquid layers, and the wedge-shaped underlayer, m; r, heat of vaporization, kJ/kg; Ty» wall
temperature, K; Ty, saturation temperature; ATy = Ty — Ty, temperature difference, °K; B,
numerical coefficient; 4y, microlayer thickness; 0%, limiting angle, deg; A, thermal conduc-
tivity, W/meK: v, kinematic viscosity; m2/sec; ™ = 3.142; p', p", density of water and vapor,
kg/m®; o, surface tension, N/m; 1, time of vapor-bubble growth, sec;¢?, central angle of vapor-
bubble displacement over the tube perimeter, deg; Pr = v/a, Prandtl number; Ja = Cp'ATW/rp“,
Jacob number; & = vo/g(p' — p"), Laplace constant, m; oy = 1 + [(dyg/2) — 1] exp (-1073dgy/e),
parameter taking account of the influence of the horizontal-tube diameter.
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