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Abstract

Rise characteristics of spherical and ellipsoidal bubbles in normal- and high-temperature distilled water were visually
observed. In the high-temperature experiments, the measured results of the rise velocity of a single bubble and the
existence of rise path oscillation roughly agreed with the correlations for the bubbles in contaminated liquid. Also,
applicability of an available correlation for the frequency of rise path oscillation was confirmed and a new correlation
was developed to evaluate the amplitude of oscillation. It is expected that these results are to contribute to the further
improvement of the prediction methods of multidimensional void distribution.

© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Accurate prediction of critical heat flux in forced-
convective flow boiling is often required in the design of
industrial plants such as nuclear power reactors. Several
mechanisms for the onset of burnout have been pro-
posed [1]; the near wall bubble crowding model by
Weisman et al. has shown reasonable success at low and
intermediate qualities [2,3]. This suggests that the critical
heat flux in bubbly two-phase flow has strong relation
with the multidimensional void profile. Thus, one- and
multidimensional numerical simulations of bubbly flow
have extensively been conducted to accurately predict
the void distribution and the critical heat flux in flow
boiling [4-7]. Generally, the governing equations used in
the bubbly flow simulation consist of the basic equations
describing the conservations of mass, momentum and
energy and the constitutive equations for mathematical
closure. Though the basic equations are derived from
the averaging of sufficiently valid local-instantaneous
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equations [8,9], many constitutive equations have been
developed from the experimental data of single bubble
rise characteristics in stagnant liquid [10]. Obviously,
more complicated phenomena such as turbulence in
continuous liquid phase, interaction between bubbles
and phase change at the wall should also be taken into
account in the case of flow boiling. However, the motion
of a single bubble would still be one of the key pheno-
mena to determine the multidimensional void profile;
sufficient understanding of the single bubble rise char-
acteristics is considered indispensable to perform accu-
rate numerical simulation of bubbly two-phase flow and
consequently to improve the design of nuclear power
reactors.

Though numerous studies have been carried out to
clarify the rise characteristics of single bubbles [11,12],
most experiments have been conducted using normal-
temperature liquids and the experimental information
on bubble motion in high-temperature liquid is scarce. It
is obvious that the bubble motion in high-temperature
water is of significant importance from engineering
standpoint since high-temperature water is often used as
working fluid in various industrial applications. At least,
there exist two possible reasons why the bubble motion
in high-temperature water could be different from that
predicted by available correlations. First, the physical
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Nomenclature

Cp drag coefficient

Cr proportionality factor used in Eq. (7)

d bubble diameter

Eo Eo6tvos number (= gp,d*/o)

g gravitational acceleration

h length of minor (vertical) axis of ellipsoidal
bubble

Mo Morton number (= gu/p,0°)

Ra aspect ratio (= h/w)

Rg eccentricity (= w/h)

Re bubble Reynolds number (= pyund/py)

St Strouhal number (= d/uyt)

t period of rise path oscillation

Uy rise velocity of bubble

Uy bubble velocity in horizontal direction
We Weber number (= pjuid /o)
w length of major (horizontal) axis of ellip-

soidal bubble

Greek symbols
o amplitude of rise path oscillation

0 viscosity

o density

a surface tension
Subscripts

c critical

1 liquid

properties such as viscosity and surface tension of high-
temperature water are quite different from those of
normal-temperature water; the Morton number, that is
one of the most important parameters characterizing the
bubble motion, is less than the lower limit of most ex-
perimental databases. Thus, the available correlations
might not be applicable to the bubbles in such a low
Morton number fluid. Second, the vapor pressure rap-
idly increases as the fluid temperature approaches to the
saturation temperature. Hence, the phase change at the
bubble interface should become prominent in high-
temperature liquid; it is probable that the interface
condition and consequently the bubble motion are af-
fected by the increased phase change rate at the inter-
face. In fact, Fan and Tsuchiya pointed out that their
correlation for the terminal bubble rise velocity is rea-
sonably accurate in wide range of experimental condi-
tions and one exception is the bubbles in hot tap water
[12]. It could hence be said that more experimental data
are still needed to sufficiently understand the bubble
motion in high-temperature water.

In view of these, rise characteristics of spherical and
ellipsoidal bubbles in normal- and high-temperature
distilled water are visually observed in the present study.
All the experiments are conducted under the atmo-
spheric pressure. It is however noted that the Morton
number in the present high-temperature experiments is
about 5 x 10~13; this value is of the same order with that
of the saturated water at higher pressure (Mo =~ 2 x
10713 at 7 MPa, for example). Also, the vapor pressure is
not negligible in high-temperature experiments since the
water temperature is near the saturation temperature. It
is hence expected that the results of the present high-
temperature experiments could be applicable not only to
the bubble motion in the atmospheric pressure but also
to that in the higher temperature water at elevated

pressure. Since the bubble motion could depend on the
initial distortion at the detachment from an injection
nozzle or heated surface, several methods are tested for
bubble formation. In the numerical simulations of
bubbly two-phase flow, the bubble rise velocity relative
to the local liquid velocity and the rise path oscillation
are important parameters [7]. First, the relative velocity
affects the lateral force acting on a bubble as well as the
bubble rise velocity itself. Hence, the lateral void dis-
tribution and the cross-sectional area-averaged void
fraction significantly depend upon the relative velocity.
Next, the rise path oscillation such as zigzag and spiral
motions is related to the spatial development of void
profile. Also, it is known that the bubble rise velocity
and the rise path oscillation have the strong relation
with the bubble shape [11,12]. For this reason, the pre-
sent observation is focused on the shape, rise velocity
and oscillatory motion of single bubbles. In the follow-
ings, the experimental setup and measurement methods
are described. Then, the results and several recom-
mended correlations are shown.

2. Description of the experiments
2.1. Experimental setup

The experimental setup is shown schematically in
Fig. 1. The size of the rectangular transparent vessel is
250 mm in width, 300 mm in depth and 400 mm in
height. Five K-type thermocouples, two heaters and
three bubble injection tubes are equipped in the vessel.
In the experiments, the test vessel is filled with distilled
water; then, two heaters are used to increase the water
temperature. To reveal the temperature effect on bubble
motion, the experiments are conducted in normal and
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Fig. 1. Schematic diagram of test facility.

high temperatures. After the water temperature reaches
a prescribed value, air bubbles are injected from one of
the three tubes or vapor bubbles are generated by the
heater to record the rise characteristics of bubbles.

The thermocouples were equipped at various dis-
tances from the wall and elevations, but the maximum
difference between the five temperatures was less than
1.0 °C. Hence, the water temperature in the vessel was
considered sufficiently uniform in each experiment. It is
known that the bubble motion significantly depends on
the liquid purity [11,12], but it was recently reported that
the bubble motion also depends on the initial distortion
at the detachment and the bubble behavior in pure lig-
uid can be similar to that in impure liquid if the initial
distortion is sufficiently small [13]. Hence, to examine
the effect of initial distortion at the detachment, the
three bubble injection tubes summarized in Table 1 are
used in the present experiments. The first and second
tubes are made of Pyrex glass and their inner diameters
are 1.0 and 0.5 mm, respectively. When a glass tube is

used to inject air bubbles, the tube is filled with distilled
water and small amount of air is inserted from the
micro-syringe into the tube (see Fig. 1); further injecting
water from the end of the tube, the air is pushed into the
test vessel that results in a single bubble. This method of
bubble injection is named controlled injection in the
present study. The third injection tube is a stainless steel
pipe whose inner diameter is 0.1 mm. When this injec-
tion tube is used, air was directly injected from the end
of the pipe; this method is named direct injection. In this
case, some amount of air is torn off at the other end of
the pipe; this usually creates several bubbles. There is
one more method to generate bubbles. In this case, va-
por bubbles are created by one of the heaters that are
primarily used to increase the water temperature. When
the nozzle diameter is smaller than the bubble size, the
bubble should deform at the detachment. Furthermore,
air is torn off at the detachment in the direct injection.
Hence, significant initial distortion is probable to be
induced when bubbles are directly injected from the

Table 1
Methods of bubble formation
Source of bubbles Method of bubble formation Expected distortion at the detachment Temperature (°C)
Normal® High?
Glass pipe (J1.0) Controlled injection Small 13.6 (12) 86.7 (13)
17.8 (11)
Glass pipe (0.5) Controlled injection Medium 12.7 (9) 89.5 (25)
14.7 (16)
Stainless pipe (0.1) Direct injection Large 14.3 (10) 90.5 (8)
13.2 (8)
Heater Boiling Unknown - 99.3 (20)

#The number of data in each temperature is shown in parenthesis.
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stainless steel pipe. While, the initial distortion would be
smallest when the glass pipe of 1.0 mm in diameter is
used and intermediate when the glass pipe of 0.5 mm is
used. The initial distortion induced to vapor bubbles at
the detachment from heated surface is not clear, so that
it is investigated from the bubble rise characteristics
after the detachment.

In the case of air bubbles, the experiments are con-
ducted in normal temperatures about 15 °C and in high
temperatures about 90 °C to reveal the temperature ef-
fect on bubble motion. While, in the case of vapor
bubbles, the liquid should be almost saturated. The
temperature and the number of data in each experiment
are also summarized in Table 1.

2.2. Measurement method

To measure the sizes, shapes, rise velocities and rise
paths of bubbles, the stereo-images of rising bubbles are
obtained by carefully positioned two high-speed video
cameras. The elevation of the cameras is approximately
200 mm above the bubble injection point. From exist-
ing experimental data [14], the detachment of a bubble
from an injection nozzle can result in its strong defor-
mation that is followed by a series of shape oscillation,
but it rapidly decays after a few cycles by the bri-
dling effects of viscous forces and surface tension. It is
hence considered in the present experiments that the
bubble motion is measured after the bubble rises up
sufficiently long distance. The video images are captured
every 4 ms with the shutter speed of 1 ms; the frame
resolution adopted is 1024 x 1024 (approximately 12 x
12 pixels are included in the square region of 1 mm?).
Though single bubbles are to be created in the controlled
injection, multiple bubbles are created at the same time
in the direct injection and boiling. Since the leading
bubbles often affect the behavior of trailing ones when
multiple bubbles exist [15,16], the data for the trail-
ing bubbles are not used to avoid the effects of other
bubbles.

Since the pixel size of video image is less than 0.1
mm, the positions and velocities of bubbles are to be
measured with reasonable accuracy; the estimated mea-
surement errors of bubble position and rise velocity are
less than +0.1 mm and +2 mm/s, respectively. However,
in the measurement of bubble size, some difficulty arises
from the bubble distortion. When the bubble is suffi-
ciently small, bubble size is accurately to be measured
since the bubble is almost spherical shape. However,
when the bubble size is larger, the bubble shape is
changed from spherical to ellipsoidal. To evaluate
the size of ellipsoidal bubble, we assumed that the
bubble has ideal ellipsoidal shape whose minor (vertical)
axis is the axis of symmetry. In the evaluation of the
sphere-equivalent diameter d of an ellipsoidal object, the
lengths of minor axis # and major axis w are needed. To

accurately measure these two lengths, the bubble should
be observed along its major axis. Thus, further assuming
that the bubble moves in the direction of its minor axis
[12], the two lengths are measured when the bubble rise
path is expected to be parallel to the lens of camera.
Under the above assumptions, this condition is satisfied
at the following instant: (1) If the rise path is straight,
the rise path is always parallel to the lens. (2) If the rise
path is zigzag, it becomes parallel at the top of oscilla-
tion. (3) If the rise path is spiral, it becomes parallel at
the center of two successive tops of oscillatory motion
captured in the video image. The size of each bubble was
measured twice using the two video images captured by
the camera A and camera B; the two measured sizes of
air bubbles are compared in Fig. 2. If the present as-
sumptions are correct, the bubble size measured from
the image by the camera A should agree with that by the
camera B. As indicated in Fig. 2, most data agree with
each other within the error of 10%. The above as-
sumptions on the bubble shape are hence expected to be
reasonably right and the measurement error in the
bubble size is estimated to be less than 10% in the case of
air bubbles.

It should however be noted that the accuracy of
measurement is deteriorated in the experiments of vapor
bubbles. In this case, a number of bubbles were created at
the same time and the correspondence between the two
bubble images captured by cameras A and B was not to be
taken. Thus, the rise characteristics of vapor bubbles were
evaluated from the video image by one camera. Also, in
this case, natural circulation formed in the vessel might
not be negligible comparing with the bubble rise velocity,

Normal temperature
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L U Direct
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L ,&/Q’/ 4
- /}///// -
////II
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Fig. 2. Comparisons of bubble sizes measured by two cameras.
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so that the measured rise velocities of vapor bubbles
should be slightly higher than the true rise velocity in
stagnant medium. Hence, in the following chapter, the
results for air bubbles are primarily shown and the results
for vapor bubbles are additionally described.

3. Results and discussion
3.1. Bubble shape

The bubbles in the present experiments were spheri-
cal or ellipsoidal, so that the bubble shape is charac-
terized by the aspect ratio Ra. Since the buoyancy and
surface tension are important parameters in the deter-
mination of bubble shape, R is plotted against the
Eotvos number Eo in Fig. 3. As indicated in the figure,
R monotonously decreases with Fo, but the dependence
on the method of bubble formation is clearly seen. This
implies that the bubble shape is significantly affected
by the condition at the detachment. The aspect ratio
becomes smaller when the initial distortion is more
prominent. The upper boundary of R, is roughly given
by the following correlation by Wellek et al. for con-
taminated systems [17]:

1

Ry = 101638007

(1)
Paying the attention to the data for the bubbles from the
largest-diameter tube, it is found that the above corre-
lation provides reasonable predictions for smaller bub-
bles but it over-estimates the aspect ratio for larger

Wellek's Eq.
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Fig. 3. Aspect ratio of bubble shape as a function of Eotvos
number.

bubbles. Since the tube diameter is 1.0 mm and the range
of bubble size is 0.6-3.5 mm, larger bubbles would suffer
notable distortion at the detachment even if the largest-
diameter tube is used. It is hence considered that the
bubble shape in clean water is significantly affected by
the method of bubble formation but the shape is similar
to that in contaminated liquid if the initial distortion at
the detachment is sufficiently small. While, within the
present experimental conditions (Eo < 1), the following
correlating line is recommended for the lower boundary:

: @)

Ry=—
AT 1 ¥ 1.97E013

The measured aspect ratio is next compared with the
correlation by Moore [18] in Fig. 4. This correlation is
derived from the theoretical investigation of the force
acting on an ellipsoidal bubble and given by

2
4(R} + R — 2)[R2sec™' R — (R% — 1)‘/2]

We =
R (R - 1)°

3)

where Rg is the eccentricity defined as the inverse of
aspect ratio. Though significant scattering still remains,
Fig. 4 shows that the aspect ratio is roughly correlated
as a function of the Weber number. This implies that
inertia and surface tension play an important role in
determining the bubble shape.

3.2. Rise velocity

The bubble rise velocity uy, in still liquid is an im-
portant parameter in the numerical simulation of bubbly

Moore's Eq.
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Fig. 4. Comparison of measured aspect ratio with the corre-
lation of Moore.
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two-phase flow since it is often used as the basis of the
correlation for the drag coefficient. First, the measured
bubble rise velocities in normal-temperature water are
compared with several correlations for pure liquid and
impure liquid in Fig. 5(a) and (b), respectively [10,12,19];
the details of these correlations are given in Appendix A.
These figures reveal that the rise velocities of bubbles
generated by direct injection agree with the correlations
for pure liquid and the bubble rise velocities for con-
trolled injection from the largest-diameter tube corre-
spond to those for impure liquid; the rise velocities for

05 N T T T T
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C O  direct 1
0.4F — Fan (pure) ]
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Fig. 5. Bubble rise velocity in normal-temperature water: (a)
comparisons with the correlations for bubbles in pure liquid, (b)
comparisons with the correlations for bubbles in impure liquid.

0.5 mm diameter pipe are intermediate. It is hence con-
firmed that the bubble rise velocity depends on the initial
distortion as well as liquid purity, which agrees with the
observation by Tomiyama et al. [13].

The measured rise velocities of air bubbles in high-
temperature water are compared with the same corre-
lations in Fig. 6(a) and (b). Though the rise velocity is
higher when the initial distortion is largest, the effect of
the method of bubble formation is markedly reduced. In
particular, the high rise velocity corresponding to the
correlation for pure liquid is not measured and the rise
velocities for all the three bubble injection methods
roughly agree with the correlations for impure liquid.
Hence, as the first approximation, the use of the cor-
relation for impure liquid is recommended from the
present experimental data to estimate the bubble rise
velocity in high-temperature water. The primary reason
for the slower rise velocity in high-temperature water is
not clear, but the possible mechanism is described as
follows. When the fluid temperature is near the satura-
tion temperature, the phase change rate would not be
negligible due to the increased vapor pressure. It is hence
probable that the phase change through phase interface
affects the interfacial condition and consequently the rise
velocity. In the correlation of Fan and Tsuchiya [12], the
parameter n is used to account the liquid purity. The
standard value of n is 1.6 and 0.8 for clean and con-
taminated liquids, respectively, but a smaller value is
recommended for hot tap water. As indicated in Fig.
6(c), the values of 1.35 and 0.55 approximate the upper
and lower boundaries of measured rise velocities in the
present experiments.

3.3. Rise path oscillation

When the bubble size is sufficiently small, the bubble
rise path is almost rectilinear; while, as the bubble size
increases, the rise path oscillation is triggered and the
rise path becomes zigzag or spiral. Since the diffusive
property of void distribution in bubbly two-phase flow
depends on the oscillatory bubble motion [7,20], the
rise path oscillation is investigated. From the existing
knowledge [21], the onset of oscillation takes place at
the constant bubble Reynolds number in contaminated
liquid:

Re, =202 (4)
While, in clean liquid, the critical Reynolds number is
expressed in terms of the Morton number:

Re. = 9.0Mo"'™ (5)

According to these correlations, the rise path oscilla-
tion is more easily induced in contaminated liquid. The
onset of rise path oscillation is compared with these
correlations in Fig. 7(a)—(c). In normal-temperature water
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Tsuchiya.

(Mo = 3 x 10~'1), the condition for the onset of oscilla-
tion is roughly approximated by the correlation for clean
liquid when the bubbles are directly injected and it agrees
with the correlation for contaminated liquid in other in-
jection methods. While, in high-temperature water (Mo ~
5% 1071%), it was difficult to create a small-diameter
bubble whose Reynolds number is less than 202 due to
reduced viscosity. Thus, the critical Reynolds number is
not determined from the measured data. However, the
oscillatory motion is observed under the critical bubble
Reynolds number evaluated by Eq. (5). Also, when a
bubble is injected from the largest-diameter nozzle, the
boundary agrees with the prediction by Eq. (4). It is hence
expected in the high-temperature water that the onset of
rise path oscillation is approximated by the correlation
for contaminated liquid (Eq. (4)). These results of the
onset of rise path oscillation correspond to the measured
results of rise velocity shown in Figs. 5 and 6. Namely, an
appropriate correlation for the bubble motion in normal-

temperature water depends on the injection method;
while, the bubble motion in high-temperature water is
roughly predicted by the correlation for contaminated
liquids.

The frequency and amplitude of rise path oscillation
are investigated. First, the Strouhal number St is com-
pared with the following Tsuge’s correlation [22] in
Fig. 8:

St =0.1C%™ (6)

As shown in the figure, the present experimental data
agree with the above correlation within the error of
+30%. This implies that the oscillation frequency is
roughly to be predicted if the size and rise velocity of a
bubble are given. Next, a new correlation for the am-
plitude of rise path oscillation is developed since widely
accepted correlation is not available in literature. If the
bubble velocity in the horizontal direction u, is propor-
tional to its vertical component u;,, the dimensionless
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amplitude of the oscillatory motion o/d should be in-
versely proportional to Sz. For this reason, o/d is plotted
against St in Fig. 9(a). As shown in the figure, most data
of a/d are proportional to St~!; however, the amplitude
is significantly smaller in some experimental conditions.
If the results shown in Fig. 9(a) are carefully investi-
gated, it is found that the dimensionless amplitude is
small when the bubble Reynolds number is near the
critical value for the onset of oscillation Re.. It is hence
expected that a/d is to be correlated by

g — CrSt! (7)

where the coefficient Cy is given as a function of Re. The
relation between Re — Re. and Cr is shown in Fig. 9(b)
where Re. is set at 450 from experimental data in the
direct injection at the normal temperature and estimated
by Eq. (4) in other experimental conditions. Though
scattering still exists, the general trend is captured by

Cr = 0.1 x {1 _ e—0.00él(Re—Rec)}

(8)

Substituting the above equation to Eq. (7), the ampli-
tude of rise path oscillation is evaluated.

3.4. Rise characteristics of vapor bubbles

The bubble number density could not be kept suffi-
ciently low when vapor bubbles were created by the
heater. Consequently, weak natural circulation was
formed in the vessel; also, the bubble image corre-
sponding to the bubble captured by the other camera
could not be distinguished. It should hence be noted that
the measured bubble rise characteristics contain larger
errors in this case. However, qualitative examination
would still be possible. The measured rise velocities of
vapor bubbles are compared with the correlations for
contaminated system in Fig. 10. Since there existed
multiple bubbles in the experiment, the bubbles not
strongly affected by the leading ones were selected to
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Fig. 8. Relation between drag coefficient and Strouhal number.

derive the rise velocity. As shown in Fig. 10, the rise
velocities of vapor bubbles reasonably agree with the
correlations for contaminated system. Though the cor-
relations slightly under-predict the present experimental
data, it would primarily be because the bubble rise ve-
locity was increased by the natural circulation flow.
Next, the existence of rise path oscillation is plotted in
Mo—Re map in Fig. 11. Since all the measured bubbles
exhibited oscillatory motion, the lower boundary of
oscillation is not determined from the present data.
However, since the oscillatory motion is observed below
the condition estimated by Eq. (5), the correlation for
the contaminated system Eq. (4) would be appropriate
for vapor bubbles. These results of the rise velocity and
the onset of rise path oscillation of a vapor bubble agree
with those for air bubbles in high-temperature water. It
is hence expected that the initial distortion at the de-
tachment from heating surface is not prominent to alter
the rise characteristics and the correlations for the air
bubbles in high-temperature water are applicable to
describe the rise characteristics of vapor bubbles.

4. Summary and conclusions

Bubble behavior in high-temperature water is of
significant importance in many industrial applications;
however, most experiments on bubble motion have
been conducted in normal-temperature liquid. In view of
this, single bubble rise characteristics in distilled water
were experimentally investigated in high- as well as
normal-temperature conditions. Since the bubble rise
characteristics could depend on initial distortion, several
methods were tested for the formation of bubbles. Using
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Fig. 9. Correlation for the amplitude of rise path oscillation: (a)
relation between Strouhal number and dimensionless ampli-
tude, (b) dependence of coefficient Crx on bubble Reynolds
number.

the two high-speed video cameras, the sizes, shapes, rise
velocities and rise paths of single bubbles were precisely
measured. The range of sphere-equivalent bubble dia-
meter was 0.6-3.7 mm; the bubble shape was spherical
or ellipsoidal. The main conclusions derived from the
present experimental observations are summarized as
follows:

(1) In normal-temperature water, the rise velocity and
the condition for the onset of rise path oscillation
are affected by the method of bubble formation.
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The available correlations for pure liquids are ap-
propriate when the initial distortion is sufficient,
but those for contaminated liquids are preferable
even in distilled water if the initial distortion is small.
(2) The dependence of bubble rise velocity on the injec-
tion method was observed even in high-temperature
water. In the present experiments, however, all the
rise velocities were roughly predicted by the correla-
tions for contaminated liquids and the correlation
for pure liquids was not applicable to the onset of

rise path oscillation. The same results were also ob-
tained in the case of vapor bubbles created by hea-
ter. It could hence be said that the effects of initial
distortion are reduced and the correlations for con-
taminated liquids are recommended as the first
approximation for the bubble motion in high-tem-
perature water.

(3) The frequency of rise path oscillation is satisfactorily
correlated in terms of drag coefficient in high-tem-
perature as well as normal-temperature conditions.
If the bubble Reynolds number is sufficiently larger
than the critical value for the onset of oscillation,
the lateral component of bubble velocity is almost
proportional to the vertical component and the am-
plitude of oscillation is correlated in terms of the
Strouhal number. When the bubble Reynolds num-
ber is near the critical value, the lateral component
and consequently the amplitude of oscillation are
reduced; a new correlation was proposed to accu-
rately predict the amplitude of rise path oscillation
in whole range of Reynolds number above the criti-
cal value.

(4) The bubble shape is significantly affected by the in-
jection method. The maximum aspect ratio is ob-
served when the initial distortion is small and it is
approximated by the correlation by Wellek for con-
taminated systems. The increase of initial distortion
results in the smaller aspect ratio and the faster rise
velocity. It was found that the lower boundary of as-
pect ratio is correlated in terms of the Eotvos num-
ber and the relation between the bubble shape and
bubble rise velocity is roughly described by Moore’s
theory.

Appendix A. Correlations for terminal bubble rise velocity

The three correlations for terminal bubble rise ve-
locity used in the present study are described. In the
correlation by Fan and Tsuchiya [12], the rise velocity is
correlated by

—n _n\—1/n
up = (U’ + 1) (A1)
where
pigd’
= A2
ot = (A2)
2co gd
==+ A3
Up id + 5 (A.3)

The three parameters Ky, ¢ and n are included in these
equations. If the liquid is water, K, is given by

Ky, = max[12, 14.7Mo %] (A.4)
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The value of ¢ is 1.2 for mono-component liquids; the
standard value of » is 1.6 and 0.8 for clean and con-
taminated systems, respectively, but a smaller value is
suggested for hot tap water.

The other two correlations are for the drag coeffi-
cient. Using the drag coefficient Cp, the bubble rise ve-
locity is expressed by

|4gd

The three correlations have been proposed by Tomiy-
ama for different contamination levels [19]:

Cp = max min{lle—6(1+0.15Re°'687)ﬁ} 8 Lo ]
e

"Re ['3 Eo+4
for clean liquid (A.6)
[ 24 721 8 Eo
— . : g 15R 0.687\ = e
Cp = max _mm{Re( +0.15Re )’Re}’SE—o+4]
for slightly contaminated liquid (A7)
[ 24 8 Fo
— max | =2 (1 + 0.15R"657) S
Cp de_Re( +0.15Re )’3Eo+4}
for fully contaminated liquid (A.8)

The correlation by Ishii and Chawla is for contaminated
liquids and given by [10]

B 24 075 . ]2 [pgd® 8
Cp = max Re(l+0.1Re ),mln{3 pa—r

(A.9)
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