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Abstract—Experiments have been carried out to investigate direct contact condensation of saturated
steam bubbles introduced into a quiescent subcooled water environment. The experiments were performed
for a range of pressures from 10.3 to 62.1bar (150-9001b/in?), for subcooling from 15 to 100°C, and
for initial bubble diameters of about 3mm. The data reduction of high speed motion pictures was
based on a frame by frame analysis wherein the coordinates of the bubble perimeter were recorded in
digital form and subsequently processed to yield quantitative information about the bubble collapse
history and heat-transfer coefficient. The photographs showed that the successive shapes of the bubbles
during their collapse histories proceeded from a sphere to a hemisphere to an ellipsoid to a sphere to
collapse; short-lived bubbles collapsed as ellipsoids. The time to collapse and the height to collapse
increased with increasing pressure and with decreasing temperature difference. The rise velocities of
the bubbles were essentially constant, with an overall range of 15-22cm/s. The average heat-transfer
coefficients were on the order of 10* W/m?-°C (1750 Btu/h- ft?- °F), with only modest variations with
pressure level and temperature difference. The instantaneous heat-transfer coefficients did not differ
appreciably from the average coefficients. :

NOMENCLATURE

A, surface area of bubble;

A;, initial surface area;

Cps specific heat at constant pressure;

d;, initial bubble diameter, equation (3);

Fo,, Fourier number based on 7y, o t/rka

Fo*, Fourier number at collapse, « ft*/riz;

g acceleration of gravity;

H, instantaneous height of bubble above orifice
plate;

H*, height at collapse;

h, instantaneous heat-transfer coefficient,
equation (5);

h*, average heat-transfer coefficient,
equation (4);

hs,,  latent heat of condensation;

Ja, Jakob number, equation (6);

k, thermal conductivity;

Pe,  Peclet number, RePr;

Pr, Prandtl number, (¢, p/k),;

Ra, Rayleigh number, equation (6);
Re,  Reynolds number, p vd;/us;

i initial bubble radius, equation (3);

Tmaxs Maximum bubble radius, (3V,,../4m)*/>;
T,  saturation temperature;
T,, water temperature;
t, time;
t*, time at collapse;
v, bubble volume;
V initial bubble volume;
Vimax» maximum bubble volume;
v, bubble velocity.

Greek symbols
o, thermal diffusivity;
U, viscosity;
v, kinematic viscosity;
P, density.
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Subscripts
, liquid property at T,;
1 liquid property at T; = ¥(Tyg, + To);
v, vapor property at saturation.

INTRODUCTION

DIRECT contact heat transfer is a mode whereby the
participating fluids share a common interface, without
the presence of an intervening wall. The attractive
features of the direct contact approach are that it
obviates the need for conventional heat exchange
equipment and provides the possibility of higher heat-
transfer coefficients and/or of greater surface area for
the transfer process. Examples of applications involv-
ing direct contact heat transfer are humidification and
spray drying and cooling.

The direct contact mode is often employed in con-
junction with a phase change process. For instance,
liquid droplets injected into an immiscible liquid will
evaporate and become vapor bubbles, provided that
the temperature of the receiving liquid is sufficiently
high. Similarly, vapor bubbles will condense when
introduced into a liquid whose temperature is lower
than the saturation temperature of the vapor. The
direct contact condensation of steam bubbles in a tank
of pressurized water has been suggested as a means of
storing thermal energy in a solar-fueled electric power
plant [1]. That application was the initiating moti-
vation for the basic research which is reported here.

In the experiments, saturated steam bubbles approxi-
mately 3mm (0.12 in) in diameter were introduced into
a quiescent, subcooled water environment. An upward
motion was imparted to the bubbles by buoyancy and,
owing to heat transfer and condensation at the liquid—
vapor interface, the bubbles diminished in size as they
ascended. The collapse histories of the bubbles were
photographed with a high speed motion picture
camera. From a detailed frame by frame analysis of
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F1G. 1. Schematic diagram of the experimental apparatus.

the photographs, the time variations of the bubble
volume, surface area, and position were determined.
From these, results were deduced for the time and
height for bubble collapse, bubble velocity, average heat
transfer coefficient, and instantaneous heat-transfer
coefficient. Dimensionless correlations were obtained
for various of the aforementioned quantities. The
experiments were performed for pressure levels ranging
from about 10 to 62 bar (150-9001b/in?) and for tem-
perature differences between the saturated steam and
subcooled water from 15-100°C.

A review of the literature revealed the fact that prior
research on direct contact condensation of steam
bubbles in water had been concerned exclusively with
operation at atmospheric pressure and, in the main,
with relatively small temperature differences. In the
experiments of Grassmann and Wyss [2], bubbles were
injected into a slightly subcooled environment (< 3°C)
at a frequency of about 20 per second. Wittke and
Chao [3] investigated the collapse of a single isolated
bubble for parametric values of bubble velocity
(attained by operating at reduced gravity) for subcool-
ing up to 10°C. The measured collapse histories were
in satisfactory agreement with their numerical solution
of the governing conservation equations. The Bankoff—
Mason experiments [4] dealt with a highly turbulent
situation wherein a bubble train (from 200-2500
bubbles per second) was injected into a countercurrent
jet of water subcooled to temperature differences up
to 70°C.

Sideman and co-workers have made a number of
contributions, both analytical and experimental, to the
literature on direct contact heat transfer in the presence
of a phase change. In general, their experimental work
has been directed to two-component immiscible sys-
tems, with the exception of pentane/pentane (e.g. [5]),
and the steam/water system appears not to have been
investigated. The analytical findings of these investi-
gators will be referred to later in the paper.

EXPERIMENTAL APPARATUS

The apparatus that was employed for the acquisition
of the data to be reported here is the end result of an
evolutionary process in which a succession of modi-
fications were made to cope with the difficult operating
conditions of the experiment. Only a general descrip-
tion of the apparatus will be presented in this paper,
with additional details being available in [6]. A
schematic diagram of the final version of the apparatus
is presented in Fig. 1. As pictured there, the main parts
of the apparatus are the test chamber situated at the
left and the pressurization chamber situated at the
right.

The test chamber contains pressurized, subcooled
water into which steam bubbles are introduced via
the steam injection assembly. The bubbles, which
ascend under the action of buoyancy while exchanging
heat in the direct contact mode with the liquid, pass
through the line of sight of viewing windows. A high
speed motion picture camera records the shape of the
bubbles as they collapse due to condensation at the
liquid-vapor interface.

Under operating conditions, subcooled water is with-
drawn from the bottom of the chamber and is ducted
to a preheater section where its temperature level is
raised. The heated water then passes into the steam
injection assembly where it is converted to saturated
steam by further heat addition. With proper adjustment
of the heat inputs and of the flow control valves
situated downstream of the preheater, discrete steam
bubbles are produced by an orifice positioned at the
exit of the steam injection assembly.

The test chamber is a 91cm (36in) high stainless
steel pressure vessel with an LD. of 14.6cm (5.76 in),
designed and fabricated in accordance with ASME
standards. It was operated at a maximum pressure
of about 62 bar (9001b/in?) and a maximum tempera-
ture of about 260°C (505°F). Five pairs of diametrically
opposite viewing windows were installed at locations
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shown in Fig. 1. Only the lowermost pair of windows,
which were situated about 134cm (5}in) above the
bottom of the chamber, were employed for photo-
graphic data acquisition during the experiments. A
4kW rod-type immersion heater was positioned in the
chamber to facilitate setting the temperature level of
the water. To maintain the water temperature, a guard
heater was wrapped around the outside surface of the
chamber and covered with high temperature insulation.
Eight stainless steel sheathed, iron~constantan thermo-
couples were deployed within the chamber to measure
the temperature.

The steam injection assembly consisted of a pair of
91 cm (36 in) long concentric tubes. The 0.16 cm (1/16 in)
bore of the inner tube served as the flow passage. The
annular gap between the tubes was sealed at both ends
and housed a wound wire heating element whose
function was to generate steam in the bore. A stainless
steel orifice plate, 0.076 cm {0.0301in) thick with a bore
diameter of 0.081 cm (0.0321in), capped the top of the
injection assembly. To affirm that saturation conditions
were actually being attained, a sheathed thermocouple
was installed to measure the temperature of the steam
at a point 1.6 cm (0.625 in) upstream of the orifice.

The viewing windows merit particular discussion
because they presented a difficult problem. Annealed
pyrex glass, which might at first appear to be an
attractive window material, is attacked by high
pressure, high temperature water. Therefore, in com-
mercially available window units, the pyrex is shielded
from the water by a mica sheet. Although the pyrex—
mica combination is a satisfactory window for general
viewing and for back lighting, it does not possess the
optical qualities that are requisite for quantitative
photography. Warping of the mica, waviness of the
pyrex surface, and nonuniform contact at the pyrex—
mica interface conspire to produce excessive distortion.
In view of these difficulties, quartz windows were sub-
stituted for the pyrex, obviating the need for a mica
buffer. Furthermore, unlike annealed pyrex, quartz can
be polished to provide a distortion-free surface finish.
On the other hand, quartz is relatively brittle, and
special precautions were required in the gasketing and
in the application of torque to the window holders in
order to prevent shattering. As finally assembled, each
window provided a 2.54cm (lin) diameter viewing
circle.

The bubbles were photographed with a WF7
Wollensak Fastex camera. For most of the data runs,
the camera was operated at a speed setting of 400 frames
per second, using 16 mm Tri-X reversal film. Timing
marks were printed on the film at the rate of 120 per
second. Back lighting was provided by a 500-W
photographic spotlight placed behind the window situ-
ated opposite to that through which the bubble was
being viewed.

The camera recorded the entire field of view pro-
vided by a window. For the data runs, it was positioned
at the lowermost viewing window. The steam injection
assembly was adjusted so that the top of the orifice
plate was just visible at the bottom of this window.

As will be explained in the forthcoming Procedure
section, the pressure level in the test chamber was set
and maintained with the aid of a pressurization
chamber which is pictured schematically at the right
in Fig. 1. This chamber, which was designed and
fabricated according to pressure vessel codes, is about
32 em (124 in) high and 10 cm {4 in) in internal diameter,
and is covered with a thick blanket of insulation. Under
operating conditions, it was filled with water whose
pressure could be varied by heating via two 1.5kW
rod-type immersion heaters. The pressure level in the
pressurization chamber was conveyed to the test
chamber via a pipeline fitted with a valve to regulate
the degree of communication.

EXPERIMENTAL PROCEDURE

The objective of the apparatus design {and of all
subsequent modifications) was to obtain a controlled
flow of bubbles under conditions where the pressure
level and the degree of subcooling could be set at
preselected values. Another design objective was to
provide means for reducing the amount of soluble
non-condensable air in the water to a level where it
would not affect the results. The problem of the
presence of air in the condensation of steam has been
frequently noted in both research and applied pub-
lications. In the present research, exhaustive efforts,
extending over a period of from 24-48 h, were made
to reduce the residual air prior to each set of data
runs. Once these preparations were completed, the
system temperature and pressure parameters were set
and the data acquisition initiated.

The procedure employed for removing the residual
air will now be outlined (details can be found in [6]).
The test chamber was filled with water and a con-
nection was made between the top of the chamber and
a vacuum pump (see Fig.1). With the pump in
operation, a low pressure was maintained in the space
above the water, so that boiling occurred at the free
surface. To promote a stirring action in the water,
power was applied to the preheater and to the steam
injection assembly, and the resulting boiling produced
a vigorous flow of bubbles from the assembly into the
chamber. The steam-air bubbles travelled upward
through the chamber under the action of buoyancy.
Whereas the steam condensed, the air bubbles reached
the free surface and were removed from the system by
the vacuum pump.

This procedure was continued until air bubbles were
no longer observed travelling upward through the
chamber, which occurred after 24-48 h. Only a small
amount of water was lost because the temperature of
the water in the chamber did not differ appreciably
from room temperature {and the vapor pressure was,
therefore, relatively low).

Then, to achieve a further reduction in air content,
the water temperature was raised by energizing the
immersion heater in the test chamber. An increase in
temperature reduces the solubility and, therefore, re-
sults in the liberation of air. However, the higher tem-
perature also increases the vapor pressure and gives
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rise to a larger loss of water from the system.
Consequently, pumping was discontinued when the
water temperature reached 75°C and, at this point, the
air removal operations were terminated.

The immersion heater continued to be energized
until the water temperature corresponding to the
desired degree of subcooling was attained, at which
time the power was turned off and the temperature
was maintained by the guard heater on the outside of
the test chamber. In the meanwhile, the heaters in the
pressurization chamber had been energized. By suitable
adjustment of these heaters, the pressure level in the
test chamber was set at the desired value.

The adjustment of the power input to the steam
injection assembly in conjunction with the adjustment
of the valves upstream of the assembly provided a
degree of control of the frequency of bubble produc-
tion. The initial objective was to obtain bubbles at the
rate of about one per second. It was found, however,
that bubble production was erratic when settings were
made in an attempt to obtain such low frequencies.
The lowest frequency at which a regular production
of bubbles could be obtained was about five per second,
and this was the condition for which most of the data
were taken.

At each operating condition characterized by a
pressure level and a steam—water temperature differ-
ence, bubble collapse histories were photographed for
a period of 6-10s. For all data runs, the temperature
stratification in the test chamber was less than 3°C
per meter (note that the bubbles were viewed over a
path length of 0.025m).

Data were taken at six (nominal) pressure levels—
10.3, 20.7, 31.0, 41.4, 51.7 and 62.1 bar, which respect-
ively correspond to 150, 300, 450, 600, 750 and
9001b/in?. At each pressure level, data runs were made
at (nominal) values of (T, — T..) of 15, 20, 25, 30, 40,
60, 80 and 100°C.

DATA REDUCTION

The basic information needed for the evaluation of
the bubble collapse and heat transfer characteristics
is the timewise variation of the bubble volume and
surface area. This information was obtained from a
detailed frame by frame analysis of the bubble photo-
graphs. The method of analysis employed here differs
in a basic way from methods used in prior studies
of bubble motion and collapse. Previous workers have
assumed that the bubble could be regarded as a body
of revolution of simple shape, typically an ellipsoid.
Consequently, only two dimensions of the observed
bubble cross section were measured for the determin-
ation of the major and minor axes. However, as has
been well documented in the literature and confirmed
by the present experiments, bubble shapes may be
highly irregular and, therefore, do not conform to the
aforementioned data reduction procedure.

In the present approach, a digitizer was employed
to record the coordinates of the bubble perimeter
(typically at between 40 and 100 points) from highly
enlarged projections of the successive frames of film.

From the digitized data, the coordinates of the center
of mass were evaluated by numerical integration. Then,
the orientation of the principle axes was determined
so that the product of inertia with respect to these
axes is zero. The principle axis closest to the vertical
was assumed to be the axis of rotation of the bubble.
The volume and surface area were respectively cal-
culated by rotating the bubble cross section and its
perimeter about this axis.

The time coordinate associated with each frame was
taken from the timing marks on the film, with t =0
corresponding to the frame immediately preceding that
in which complete detachment of the bubble from the
orifice was first observed.

The next step was to smooth and generalize the data
by fitting curves to the discrete volume vs time and
area vs time information generated from the digitizing
procedure. A number of candidate functional forms
were considered. In choosing among these, it appeared
reasonable to work with those functional forms which
had been derived in the analysis of bubble conden-
sation [7]. It was also found that these functional
forms fit the data better than the others that were
examined.

In [7], Moalem and Sideman analyzed direct con-
tact condensation both in the absence and presence of
noncondensable gases. For the case without noncon-
densables, their volume vs time relationship can be
phrased in the form

(V/Vmax)l/2 =C, +C2 FO,,, (1)

where V is the volume at time t and Fo,, is a dimen-
sionless time (ie. the Fourier number) based on an
equivalent spherical radius (3¥,,./4m)"/®. The quantity
Viax Will be discussed shortly. The Moalem-Sideman
equation for direct contact condensation in the
presence of a noncondensable is quite complex and is
not convenient for curve fitting. For cases character-
ized by small amounts of noncondensable, the equation
can be reduced to [6]

Fom = C3+C4(V/Vmax)1/2+C5(V/Vmax)*1/2' (2)

From visual observations of bubble collapse and
from graphs of bubble volume vs time, it appeared
that small amounts of residual air were present in some
cases, in spite of the extensive efforts that had been
made to purge the air from the system. Therefore,
equation (2) was used in fitting the data but, for
comparison purposes, curve fits were also made using
equation (1).

The procedure by which the foregoing equations
were employed to fit the data will now be briefly out-
lined (see [6] for additional details). For a given set
of operating conditions defined by pressure level and
degree of subcooling, three bubbles were selected for
processing from among those on the film strip. For the
selection, consideration was given to those bubbles that
were most nearly spherical at detachment;; also, bubbles
having frequencies much greater than five per second
were excluded. Since it was a matter of chance as to
whether or not the camera would photograph a bubble
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at the precise moment of detachment, the observed
bubble volume at ¢ = 0 is not necessarily its maximum
volume. For each of the selected bubbles, the maximum
observed volume V,,, was identified. Then, the V/V,.,
vs Fo,, data for the three bubbles were brought together,
and this total population of data was fit, via least
squares, with equation (1) and with equation (2). Data
characterized by V/V.x < 0.1 were omitted from the
fitting procedure because of the assumptions used in
deriving equation (2).

The data for the bubble surface area 4 were pro-
cessed in a manner analogous to that employed for
the volume [6], using equations similar in form to (1)
and (2). The bubble position vs time data were very
nearly linear, so that a straight line functional form
was employed.

Once the curve fitting had been completed, various
quantities of engineering interest were determined. One
of these is t*, the time required for complete con-
densation of the bubble (i.c. the time at which V' = 0).
The t* results, deduced from equations (1) and (2) as
described in [6], were recast in dimensionless form in
terms of Fo* (=a,t*/r?), which will be termed the
Fourier number at collapse. The initial bubble radius
r; appearing in Fo* and in subsequent groups was
evaluated as

ry= d1/2 = [(3 Vmax/4n)(V/Vmax)t=0]1/3 (3)

where (V/Vaax):i=o is obtained from the curve fits,
equations (1) and (2), att = 0.

The height to collapse H* was defined as the distance
of the bubble above the orifice plate at the time of
collapse. Results for H* were evaluated by substituting
t* values into the aforementioned linear relationship
between bubble position and time and then forming
the dimensionless ratio H*/d;. Mean velocities v deter-
mined from the slope of the position-time curve were
represented in terms of the Peclet number Pe = RePr.

An average heat-transfer coefficient h* characterizing
the entire condensation process was evaluated from
the definition

* (pv Vihfg)/t* (4)

(3A) (T —To)
Since p, V;hy, is the amount of energy liberated during
the condensation of the bubble, the numerator is the
average rate of heat transfer. In the denominator,
3A; is taken as the characteristic surface area, and
(Ty— T,,) is the thermal driving force. The curve fits
for V and A were also employed to evaluate an
instantaneous heat-transfer coefficient

_ p,(dV/dr)h,, )

A(Tsat - Too)

the results for which were ratioed with h* to achieve
a dimensionless representation.

Correlation of the results was sought by examining

the quality of the representations obtained by employ-

ing various combinations of dimensionless groups. It

375

was found that the best correlations (i.e. lowest stan-
dard deviations) were obtained when the Jakob and
Rayleigh numbers were employed as correlating par-
ameters. As used here, these groups are defined as

Ja= pfcpf(Tsat_ Tw)/pvhfi;’
Ra= [9(91~Pv)di3/PfV}]Prf

where the subscript f denotes liquid properties evalu-
ated at Ty = 3(T,,+T,), and p; is the liquid density
at T,. All property values for both steam and water
were taken from [8].

(6)

RESULTS AND DISCUSSION

Bubble collapse patterns

The patterns of bubble collapse will be presented via
photographs selected from the motion picture film
strips and via graphs of instantaneous bubble volume
vs time. Owing to space limitations, only a repre-
sentative sample of the results can be presented here
(a fuller presentation is made in [6]).

Figures 2 and 3 display typical photographic
histories which illustrate the observed similarities and
differences in the patterns of bubble collapse. In the
photographs, the black horizontal region near the
bottom is the orifice plate, whereas the black circular
region near the top is the upper part of the window
assembly. The distance between the orifice plate and
the top of the window is about 2cm. The elapsed time
between successive photographs is noted in each figure.

During the initial stages of their lifetimes, all bubbles
appear to experience a similar geometric collapse
history. At the point of incipient detachment, the bubble
is pear shaped, with an umbilical-like attachment to
the orifice plate. Upon detachment, the bubble becomes
spherical and rises under the action of buoyancy. As
it rises, the bottom of the bubble begins to flatten
until a hemispherical shape is attained. Then, the top
of the bubble begins to flatten, and the bubble becomes
a highly eccentric ellipsoid. Long-lived bubbles, such
as that of Fig. 2, return to a spherical shape. Studies
of the film strips for numerous long-lived bubbles
indicated that they collapse as spheres. On the other
hand, short-lived bubbles, as in Fig. 3, collapse as
ellipsoids. These trends are similar to those observed
by Bankoff and Mason [4] under very different experi-
mental conditions.

The results of Figs. 2 and 3 suggest that the time
for bubble collapse is significantly increased with
increasing pressure. This finding is verified by the
results of the other data runs. In addition, it was found
that, as expected, the collapse time decreased as the
degree of subcooling increased at any fixed pressure
level.

Careful observation of all the available photographic
information indicates that the aforementioned hemi-
spherical and ellipsoidal bubble shapes occur at times
that are more or less common for all bubbles. Typically,
these shapes are respectively attained within 0.01 and
0.02s after detachment. Thus, these characteristic
shapes occur at a much smaller fraction of the overall
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F1G. 2. Bubble collapse history at 41.4bar and AT = 31°C. Elapsed time between successive pictures
is 0.0038 s.

lifetime of long-lived bubbles than of short-lived
bubbles, thereby suggesting that the former have more
compliant interfaces. This is consistent with the fact
that the long-lived bubbles are generally associated
with higher temperatures which, in turn, correspond to
lower surface tension and lower liquid viscosity.
Many of the findings of the preceding paragraphs
are further illuminated by the volume vs time results
that are presented in Figs. 4 and 5 in the form of
V/Vinax VS Fo,,. These figures respectively correspond
to pressure levels of 103 and 62.1bar (150 and
9001b/in?). In each figure, data are plotted for a high
and a moderate degree of subcooling. The three bubbles
that were analyzed at each operating condition are

distinguished by different data symbols. Also shown in
the figure are curves representing the least squares
fits in terms of the functional forms (1) and (2).

Examination of these figures confirms the foregoing
observation that the time to collapse is increased at
higher pressure levels and at lower degrees of sub-
cooling. From an examination of all the available
data, it was noted that as AT varied from 100 to 20°C,
the time to collapse increased by a factor of about four,
In addition, over the range of pressures from 10.3 to
62.1 bar (150 to 900 Ib/in?), the collapse time increased
by approximately a factor of three.

From a comparison of Figs. 4 and 5, it is seen that
there is greater data scatter at higher pressures. This
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F1G. 3. Bubble collapse history at 10.3 bar and AT = 30°C. Elapsed time between successive pictures
is 0.0021s.

scatter is probably the result of oscillations at the
bubble interface. As noted earlier, the interface is more
compliant at higher pressures owing to the decrease of
surface tension and liquid viscosity with temperature
and is, therefore, more susceptible to oscillations.

In general, the two-term fit (dashed line) has a
shallower shape than does the three-term fit (solid line).
Subjectively, it appears that the data are equally well
represented by the two fits, and this was corroborated
by a comparison of the standard deviations. The fact
that the fitted curves do not necessarily intersect the
ordinate axis at V/V,,x =1 is consistent with the
meaning of Vj,,, as discussed earlier.

Another characteristic of the bubble collapse history

is the position of the bubble as a function of time. In
this investigation, the instantaneous position of the
bubble was evaluated as the vertical height H between
its center of mass and the top of the orifice plate. A
representative plot (at an intermediate pressure level)
showing position vs time data is given in Fig. 6. The
straight line passing through the data is a least squares
fit. It may be noted that H/rp. > 1(~2) at Fo, =0.
This reflects the presence of the umbilical connection
between the bubble and the orifice plate at the time
of detachment.

In general, a straight line was found to be a good
representation of the data for all of the operating
conditions of the experiments. This is indicative of a
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constant rise velocity. A similar characteristic was
observed by Moalem and Sideman [7] for bubbles
with diameters exceeding 2mm, but for experimental
conditions that differed appreciably from that of the
present investigation. The seemingly broad applica-
bility of this finding is worthy of note.

.2 T T T T
— 3 term fit

1.09 === 2 term fit

0.8 -
v

0.6 -
Vmax

c.4 B

0.2 -

0 1 L I\

¢} | 2 3 4 E

Fop x 103

F1G. 4. Variation of bubble volume with time at 10.3 bar.
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F1G. 6. Representative graph of bubble position as a function
of time (41.4 bar, AT = 98°C).

For all of the operating conditions, the velocities
deduced from the slopes of the position—time straight
lines were confined to the relatively narrow range
from 16 to 22 cm/s. When these velocity results were
placed in dimensionless form in terms of the Peclet
number, it was found that essentially all the data were
in the range Pe = 2000—3000 (see Fig. 5-28 of [6] for
details).

Time and height to collapse

The two least squares fits of the volume vs time
data, equations (1) and (2), were both employed in
deducing values of the time t* at bubble collapse.
Generally, the times obtained from the two fits agreed
to within 159 (Fig. 5-26 of [6]). The t* results to be
presented here are based on equation (2).

A tabulation of t* values, available elsewhere [6],
will not be repeated here, but a few representative
results will be presented in order to confirm the trends
that were mentioned earlier. At a pressure level of
10.3bar (1501b/in?), ¢* ranged from 0.08 to 0.016s as
AT was varied from 20 to 100°C. The corresponding
t* range at 62.1 bar (900 1b/in?) was from 0.20 to 0.054s.
The decrease of ¢* with increasing temperature differ-
ence 1is consistent with the higher rates of heat transfer
per unit area that accompany an increase in the thermal
driving force. The effect of pressure is made plausible
by noting that the latent heat per unit volume increases
significantly with pressure, necessitating a longer
bubble lifetime for the transfer of the heat liberated
by condensation.

The t* results have been recast in dimensionless
form in terms of the Fourier number Fo* = o 1*/r}
and correlated in terms of the Jakob and Rayleigh
numbers defined in equation (6). The correlating
equation is

Fo* = 555/Ja**Ra*". (7

Eighty-five per cent of the data fall within +259 of
the line represented by equation (7). The data and the
correlating line are shown in Fig. 7. It can be seen that
the deployment of the data follows a pattern in which
three (or two) identical data symbols fall close together
along a horizontal line. These clustered data corre-
spond to the three different bubbles for a given
operating condition. Owing to the data reduction pro-
cedure, they have the same value of Fo*, but their
Rayleigh numbers differ slightly because of small differ-
ences in initial diameter d;.

With respect to the height to collapse H*, the near
constancy of the bubble rise velocity gives

H*~C61*+C7. (8)

Therefore, the trends of H* with respect to pressure
level and to temperature difference are identical to
those already identified for r*. The dimensionless H*
results have been correlated in the form

H*/d; = 768/Ja*Ra'** )

and are plotted in Fig. 8. The collapse heights are seen
to range from about 2 to 15 times the initial diameter
of the bubbles depending on the operating conditions.

Heat-transfer coefficients

Average heat-transfer coefficients h* were evaluated
in accordance with equation (4) and are available in
Table 5-1 of [6]. The general level of #* is 10* W/m? - °C
(1750 Btu/h - ft2 - °F). Essentially all of the h* values for
all the operating conditions investigated fall within
+50% of the aforementioned. This is a remarkable
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result considering that the pressure level ranged from
about 10 to 60 bar and the AT varied from 100 to 15°C.
It would appear that for design purposes, an h* value
of 10*W/m?-°C can be used with a reasonable level
of confidence. The tabulated results show an overall
tendency for h* to increase with pressure. There does
not appear to be a clear trend of h* with AT.
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The present values of h* are in good agreement with
those computed (by the present authors) from the data
of Wittke and Chao [3], but are substantially lower
than those measured by Bankoff and Mason [4] in a
highly turbulent jet impingement configuration. They
are also somewhat lower than those of Grassmann and
Wyss [2] who employed a bubble injection arrange-
ment less constraining with respect to liquid entrain-
ment than that used here. As noted earlier, all of the
aforementioned investigators dealt with the steam/
water system at atmospheric pressure,
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The h* values were recast as Nusselt numbers in the
form h*d;/k,. In addition, by employing the equation
Nu = 0.37Re%® [9], Nusselt numbers were evaluated
for a solid sphere having a diameter equal to d; and
a velocity equal to that of the bubble. A comparison
([6], Table 5-4) shows that the bubble Nusselt numbers
are generally within + 509 of those for the solid sphere.
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This outcome is quite remarkable in view of the differ-
ences between a solid sphere and a condensing vapor
bubble. It suggests that the aforementioned solid-
sphere Nusselt number equation can be used, in first
approximation, to estimate h*.

Instantaneous heat-transfer coefficients evaluated
from equation (5) are presented in detail in Figs.
5-29-5-40 of [6] and illustratively in Figs. 9 and 10
of the present paper. The quantities dV/dt and A4
appearing in equation (5) were based on three-term
least squares fits of the bubble volume and surface
area histories [e.g. equation (2)]. Figures 9 and 10
correspond respectively to the lowest and highest
pressure levels of the experiments.

The figures indicate an overall trend with pressure
wherein h tends to decrease with time at the lower
pressures and to increase with time at the higher
pressures. There appears to be no consistent trend with
AT. From a study of Figs. 9 and 10 as well as of the
other figures available in [6], it is seen that essentially
all of the h/h* values in the range 0 < t/t* < 0.8 lie
between 0.6 and 1.5. Thus, h* serves as a reasonably
good measure of the instantaneous values of h.
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CONCLUDING REMARKS

The experiments reported here are, apparently, the
first to deal with condensation of steam bubbles at
elevated pressures (10.3-62.1 bar). In the experiments,
saturated steam bubbles approximately 3mm in
diameter were introduced into a quiescent water en-
vironment subcooled by 15-100°C. High-speed motion
pictures of the bubble collapse histories were processed
on a frame by frame basis by a much more detailed
procedure than that used in prior investigations of
bubble motion and condensation. The coordinates of
the bubble perimeter were recorded in digital form and,
with these, the center of mass and the principle axes
were deduced. The volume and surface area of each
bubble were then determined by respectively rotating
the bubble cross section and perimeter. From the
instantaneous volumes and surface areas, quantitative
information about the bubble collapse history and the
heat transfer coefficient was obtained.

The photographs showed that during collapse, the
bubble shape proceeded successively from a sphere to
a hemisphere to an ellipsoid to a sphere to collapse.
Short-lived bubbles collapsed as ellipsoids. The time to
collapse and the height to collapse were found to in-
crease with increasing pressure and with decreasing
temperature difference. Dimensionless collapse times
and heights were correlated with the Jakob and
Rayleigh numbers, respectively by equations (7) and
(9). The rise velocities of the bubbles were essentially
constant, with an overall range of 15-22cm/s; the
corresponding Peclet numbers ranged from 2000 to
3000.

Average heat-transfer coefficients h* evaluated from
equation (4) were on the order of 10*W/m?-°C. For
all of the operating conditions of the experiments, the
h* were within + 509 of the aforementioned value,

thereby establishing its use as a design quantity.
Furthermore, the h* values were found to be within
+50% of those for a solid sphere having a diameter
equal to the initial bubble diameter and a velocity
equal to that of the bubble. Instantaneous heat-transfer
coefficients tended to either increase or decrease with
time depending on pressure level, but the departures
from h* were only moderate.
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CONDENSATION PAR CONTACT DIRECT DES BULLES DE
VAPEUR DANS L’EAU A PRESSION ELEVEE

Résumé—Des expériences sur la condensation par contact direct ont été faites avec des bulles de vapeur
introduites dans un environnement d’eau au repos et sous-refroidie. Elles concernent un domaine de
pression entre 10,3 et 62,1 bar, un sous-refroidissement entre 15 et 100°C et des diamétres de bulles
initiaux de trois millimétres environ. La réduction des données des prises de vues a grande vitesse est
basée sur P'analyse image par image dans laquelle les coordonnées du périmétre de la bulle sont
enregistrées sous forme digitale et traitées pour donner une information quantitative sur I'histoire de
la bulle et sur le coefficient de transfert thermique. Les photographies montrent que les formes successives
des bulles durant leur histoire vont de la sphére 4 un hémisphére, a un ellipsoide, & une sphére puis au
collapsus; les bulles a existence courte collapsent en ellipsoide. Le temps de disparition et la hauteur de
collapsus croissent quand la pression augmente et quand décroit la différence de température. Les vitesses
d’ascention des bulles sont essenticllement constantes avec un domaine global de 15-22 ¢cmy/s. Les coeffi-
cients moyens de transfert thermique sont de ordre de 10°W/m2K avec seulement des variations
modestes en fonction du niveau de pression et de la différence de température. Les coefficients de
transfert instantanés ne différent pas sensiblement des coefficients moyens.

DIE KONDENSATION VON DAMPFBLASEN IN DIREKTEM
KONTAKT MIT HOCHDRUCKWASSER

Zusammenfassung—FEs wurden Versuche zur Untersuchung der Direktkontakt-Kondensation von
gesiittigten Dampfblasen, die in ruhendes, unterkiihltes Wasser eingeleitet werden, durchgefiihrt. Die
Versuche erfolgten bei Driicken von 10,3 bis 62, 1 bar, bei Unterkiihlungen von 15-100K und bei
Anfangsblasendurchmessern von etwa 3 mm. Hochgeschwindigkeits-Filmaufnahmen wurden im Einzel-
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bildverfahren ausgewertet, wobei die Blasenumfangskoordinaten digital aufgenommen wurden und
anschlieBend zur quantitativen Ermittlung der Blasenzerfallsgeschichte und des Wirmeiibergangs-
koeffizienten verwertet wurden. Die Fotografien zeigten, daB die Blasen wihrend des Zerfalls nacheinander
Kugelform, Halbkugelform, Ellipsoidform und noch einmal Kugelform annehmen; kurzlebige Blasen
zerfielen schon als Ellipsoide. Die Zerfallszeit und die Hohe, bei welcher der Zerfall eintritt, nahmen
mit zunehmendem Druck und abnehmender Temperaturdifferenz zu. Die Aufstiegsgeschwindigkeit der
Blasen war im wesentlichen konstant und lag im Bereich von 15-22 cm/s. Die mittleren Warmeiibergangs-
koeffizienten lagen in der GréBenordnung von 10* W/m? K und variierten nur geringfiigig mit dem
Druck und der Temperaturdifferenz. Die momentanen Wirmeiibergangskoeffizienten wichen nur wenig
von den mittleren Wirmeiibergangskoeffizienten ab.

NPAMAS KOHTAKTHAS KOHAEHCALMA
MY3bIPLKOB IMAPA B BOJIE TPHU
BbICOKOM [JABJEHWH

Annotauus — IIpoBeieHbI 3KCTIEpHMEHTANIbHBIE HCCNENOBAHUA MPAMON KOHTAKTHOM KOHIEHCALMH
my3bIPDHKOB HACHILIEHHOTO BOISHOTO Napa, BBOAMMBIX B HENMOABHXKHBLI HEAOTPETHIK IO KMIie: HA
00BeM BOIBl. IKCMIEPUMEHTH IPOBOAMNIKCH B AMana3oHe gaeieHu#t 10,3~62,1 6ap (150-900 ¢pyur/
KB. I0#iM alc¢.) npu Henorpese ot 15 no 100°C. HavansHe#t JHaMETP Ny3bIPLKOB COCTaBJIA OKOJIO
3 MM. CHHMKH, OOJIy4E€HHBbIE BBICOXOCKOPOCTHON KHHOKaMepo#, paciiu@poBbIBAIHCE ¢ IOMOIBIO
NOKaApOBOrO aHaiu3a ¢ MpOBOH 3aMMChbi0 KOOPAHHAT NMCPHMETpa My3bIpLKOB, a 3aTeM obpa-
6aTBIBAIMCH MM NOJIYYEHHS KOJUYECTBEHHON HHGOPMALMK O NPOLIECCE CXJIONBIBAHKS Ny3bIPLKOB M
3HAYeHHsAX Ko3hhuuuenTa Terioobmena. Ha cHuMKax 3adMKCHpPOBaHBI NOCIEAOBATE/IbHBIE GOPMBI,
MpUHUMaeMEIe Ny3bIpbKaMU 10 pa3pyileHus : chepuyeckas — nonychepndeckas — 3/UTUNCOMAHAS —
chepuyeckas. ITy3bIpbKH ¢ HENPOJOKMTENBLHEIM BPEMEHEM XKU3HH Pa3pyLIANUCh B JIHICOMIHON
craguu. Bpems HM3HM B BBICOTA NOABEMA My3blpbka AO CXJIONBIBAHHA YBEIWYMBAIOTCH C YBEIH-
YEeHHEM JaBNEHHA M YIIEHbIUIEHHEM Pa3HOCTH Temmeparyp. CKopocTs nmoabséma My3sipbkoB Obina B
OCHOBHOM IOCTOSIHHOM U paBHsuack 15-22 cm/cex. KoadpuumeHT TennooOMeHa B cpelHEM cOCTa-
Baan 104 Wm?2-°C (1750 Btu/h-ft2-°F) ¥ TObKO HE3HAUMTE/ILHO U3MEHSJICA C H3MEHEHHMEM JABJICHBSA
H pa3HocTH Temmepatyp. Tekylune 3HaveHUs kodddHuMeHTa TemTooGMeHa He OT/IMYAHCh 3HAYH-
TENBHO OT CPEeIHHUX 3HAYEHHH,
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