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A theoretical model for the process of bubble and drop formation in flowing 
liquids, applicable for both terrestrial and microgravity environments, has been 
developed by using a force balance. The contact angle variation at the nozzle due 
to the bubble motion and the added mass coefficient of the bubble moving through 
a pipe have been theoretically analyzed, considering bubble motions during its 
expansion and detachment stages. Predictions of bubble size of the model show 
satisfactory agreement with available experimental results in the case of normal 
gravity. The effects of the nondimensional variables on bubble and drop size are 
evaluated in microgravity conditions. In microgravity, the bubble is detached from 
the nozzle only by the liquid flow drag, and in the region of low liquid velocity the 
bubble size becomes much larger than that in normal gravity. 

Introduction 
The power demands of spacecraft are expected to grow as 

high as one megawatt within the next 20 years (Mahefkey, 
1982). The high operating power levels for future space ap- 
plications require more efficient thermal transport techniques. 
Eastman et al. (1984) proposed the replacement of conven- 
tional single-phase flow systems with two-phase flow systems 
to obtain more effective thermal transport in space. Two-phase 
systems including gadliquid and liquid/liquid contacting sys- 
tems are common phenomena encountered in space applica- 
tions, such as propulsion systems, power generation systems, 
cryogenic transfer and storage systems, life support systems, 
and other chemical/material process engineering systems. The 
design of two-phase systems for space applications requires a 
knowledge of heat- and mass-transfer processes under micro- 
gravity conditions. The distribution and size of the dispersed 
phase are very essential for the analysis of heat and mass 
transfer, pressure drop and flow pattern in two-phase systems. 
Therefore, there is a great need to study how the bubble size 
and frequency can be controlled in microgravity. 

Under microgravity conditions, the body force becomes neg- 
ligible and surface tension effects become more important, 
thus very large and more spherical bubble or drop formation 
is expected. For control of bubble size and frequency, an ad- 
ditional force is needed for detachment of the bubble or drop. 

Correspondence concerning this article should be addressed to Y.  Kamotani. 

One practical way to obtain this additional force is to use the 
drag force of a flowing liquid near a confined solid boundary 
(such as the wall of a pipe). Compared to research in the field 
of nucleate pool boiling under reduced-gravity conditions, the 
formation of bubbles and drops in flowing liquids does not 
appear to have been previously systematically studied, in spite 
of its potential importance in two-phase systems related to 
space applications. 

There have been numerous experimental and theoretical 
studies of bubble and drop formation in a quiescent continuous 
phase in normal gravity. In spite of the fact that in most 
industrial equipment applications, bubbles and drops are 
formed in the continuous phase moving past nozzles or orifices, 
the formation of bubbles and drops in a flowing continuous 
phase has received much less attention. Sullivan et al. (1964) 
investigated the effect on bubble size of the velocity of a liquid 
flowing past a horizontally submerged orifice. Chuang and 
Goldschmidt (1970) proposed a model for bubble formation 
in a coflowing liquid based on correlations using the tube 
diameter and bubble frequency. Kumar and Kuloor (1970) 
suggested that the reduction in bubble volume due to the con- 
tinuous phase velocity is attributed to an extra upward drag 
force which adds to buoyancy. Clift et al. (1978) suggested 
that the additional drag of the continuous fluid causes earlier 
or later detachment according to whether the drag force assists 
or impedes detachment. Sada et al. (1978) reported a decrease 
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in bubble size formed in flowing liquid and developed an em- 
pirical correlation for bubble size. ltoh et al. (1980) investigated 
drop formation in a flow parallel and normal to a nozzle and 
obtained empirical correlations based on the experimental data. 
They found that the drop size is smaller for a flow normal to 
the nozzle than for a flow parallel to it. Tsuge et al. (1981, 
1983) investigated the effect of the velocity of a horizontal 
liquid flow on the size of a bubble and extended their model 
for bubble formation in a quiescent liquid to consider the effect 
of a flowing liquid velocity. Al-Hayes and Winterton (1981a, 
b) measured bubble diameter at detachment into a flowing 
liquid in a tube and developed a modified surface tension force 
using the equilibrium contact angle. They also investigated the 
bubble growth in flowing liquids to study mass transfer to air 
bubbles adhering to the inside wall of a tube with supersatu- 
rated liquid flowing past them. Kawase and Ulbrecht (1981) 
developed an empirical model of the process when bubbles 
and drops are formed at a nozzle submerged vertically in a 
continuous phase flow by simulating the influence of the con- 
tinuous phase flow by a virtual inclination of the nozzle. 
Rabiger and Vogelpohl(l982, 1983) proposed a model of bub- 
ble formation valid for the whole gas-flow rate in stagnant 
and flowing liquids. Ghosh and Ulbrecht (1989) developed a 
theoretical analysis for the process of bubble formation under 
the influence of an external drag imposed by a flowing polymer 
solution. However, all the empirical correlations developed in 
normal gravity cannot be applied directly to a microgravity 
environment by simply setting "g" equal to a low value. 

Bubble and drop formation in flowing liquids is a three- 
dimensional, unsteady process involving a moving interface 
and a complex flow field. In this study, a theoretical model 
using a macroscopic force balance, applicable for both normal 
and microgravity conditions, is developed for the formation 
of bubbles and drops in a uniform flowing liquid normal to 
the nozzle by using nondimensional parameters. The predic- 
tions of this model are compared with available experimental 
results in case of normal gravity. The effects of the nondi- 
mensional variables on bubble size are evaluated under mi- 
crogravity conditions. 

Theoretical Development 
A schematic diagram of bubble formation is shown in Figure 

1. Liquid or gas is injected normal to a uniform liquid flow 
in a pipe to generate drops or bubbles. It is the basic config- 
uration in many two-phase systems. The present model is based 
on a force balance for the bubble or drop (hereafter simply 
called bubble). Although the bubble is attached to the nozzle, 
its shape is assumed to be approximately spherical when ana- 
lyzing the liquid flow around it. 

Important forces in the formation of a bubble are as follows: 

x 
Buoyancy force; Fs = 6 D&p, - pd)g (la) 

which acts vertically upward. 
Surface tension force at the nozzle; 

wheref,(4) represents the fact the bubble motion is not in the 
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Figure 1 .  System for bubble and drop formation. 

direction of the nozzle axis, as described below. The bubble 
is attached to the nozzle by this force and the direction of the 
force will be discussed later. 

which is associated with the momentum of the injected fluid 
and acts in the injection direction. 

Inertia of bubble; 

which is associated with the momentum of the surrounding 
liquid motion induced by the bubble and opposes the bubble 
penetration. 

1 
Liquid drag force; FD = CD 2 p,U ,ZfrAeff (le) 

which acts in the downstream direction. 

found from a force balance at that moment: 
The bubble diameter at the instant of detachment will be 

Several analytical forms of a drag coefficient for bubbles 
and drops rising or freely falling through a continuous phase 
are available. In this study, the following correlations as well 
as the correlations for a solid sphere suggested by Bird et a]. 
(1960) are used as the drag coefficient in Eq. le. 

for R e , s 4  (Hadamard, 1911) (3a) 

3.05(783/; * + 2,142 F + 1,080) c, = (60+29F) (4+3F) Re,-0.74 

for 4 < R e B s  100 (Hamielec and Johnson, 1962) (3b) 
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Figure 2. Variation of contact angle around the circum- 
ference of nozzle. 

for 100cReBs 1,OOO (Clift et al., 1978) (3c) 

where ReB = ~ , L I , ~ ~ D ~ / ~ ,  is the bubble Reynolds number, and 
B, and Bz of Eq. 3c are functions of Fi; as given in Clift et al. 
(1978). In the bounded continuous phase in a pipe, the above 
drag coefficients would be changed by the wall effects. The 
wall boundary changes the boundary conditions of the external 
and internal flows and eventually changes the drag forces. 
Based on the empirical expression for the terminal velocity 
including the effect of the confining wall by Clift et al. (1978), 
Kim (1992) suggests the following correction of CD for the wall 
effect, 

The added mass coefficient, which is needed in Eq. Id, of 
the bubble either moving through an infinite continuous phase 
or expanding at a plate orifice is usually taken as 112 and 
11/16, respectively. For a bubble moving through a bounded 
liquid in the pipe diameter of diameter Dp, the added mass is 
affected by the wall. In the Appendix, the added mass coef- 
ficients in that situation are derived based on potential flow 
theory. 

Bubbles during growth are connected to the nozzle by a 
small neck. The bubble center moves normal to the liquid flow 
direction by the expansion process, as well as parallel due to 
the drag force of the flowing liquid. Thus, the bubble neck 
would be inclined with respect to the nozzle as shown in Figure 
2. This fact was clearly observed in the experiments of Tsuge 
et al. (1981) and Ghosh and Ulbrecht (1989). The magnitude 
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Figure 3. Expansion and detachment stages. 

of the angle of inclination + is taken to be the angle between 
Y axis and the line S connecting the nozzle center with the 
bubble center. 

To calculate the surface tension force one has to know the 
contact angle (the angle between the Y axis and the bubble 
surface) at the nozzle. The contact angle (q)  is not constant 
around the nozzle circumference. Referring to Figure 2b if one 
approximates the bubble neck shape as a circular cylinder with 
its axis in the 4) direction, one gets 

q = +  at 8=0, ir and q = O  at 8=u/2 ,  3u/2 

Based on that, it is assumed for simplicity that q(8)=4)(1- 
28/$ in the range 0s 8 s ~ / 2 .  

The surface tension force acts in the contact angle direction. 
Then, it can be easily shown that the X and Y components of 
the force are equal to u sin 7 cos 8 and u cos q ,  respectively, 
at a given 8. By integrating those components around the nozzle 
circumference the functionf,(+) of Eq. l b  can be determined 
for the X and Y directions as follows: 

Equations of Motion 
In this model, the bubble formation is assumed to take place 

in two stages, the expansion stage and the detachment stage, 
which was proposed by Kumar and Kuloor (1990) and agrees 
well with experimental data. During the expansion stage the 
bubble base remains attached to the nozzle tip (Figure 3a). The 
center of the bubble moves in the Y direction with a radial 
expansion velocity (1/2)dDB/dr. Also, the center of the bubble 
is shifted to the X direction with a certain velocity dX/dr due 
to the drag force of the flowing liquid. At the beginning of 
the detachment stage, the upward force becomes greater than 
the downward force in the Y direction and the bubble base is 
lifted off from the nozzle (Figure 3b). During the detachment 
stage, the bubble is connected to the nozzle through a neck 
and the bubble center moves with a velocity dS/dt in the di- 
rection which is determined from the vector sum of the re- 
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sultant forces in X and Y direction until the neck is broken 
off. 

Based on the basic fluid flow equations and the boundary 
conditions it can be shown that the following dimensionless 
parameters are important during the expansion and detach- 
ment stage. 

where 

Then, the nondimensional bubble diameter at the instant of 
detachment can be expressed in the following general form: 

where the reference Froude number, Fr, becomes infinity under 
microgravity conditions, For typical gas-liquid and liquid-liq- 
uid systems, I_he maxima of 5 and ji are approximately unity. 
The value of DN should be less than unity in the present model. 
The range of Re, and We, are related to the dependability of 
the predictions of the present model based on the spherical 
shape assumption. 

During the expansion stage, a set of force balance equations 
is needed for the X and Y directions. The component of surface 
tension in each direction can be obtained from Eqs. l b  and 5 .  
The inertia masses in the X and Y directions are given by: 

The effective liquid velocities in the X and Y directions are: 

dX 1 dDB ueii,, = ULS - - 9  Udi,Y = - - dt 2 dt 

And the effective projection area is Aeff= aD2/4. 

based on the reference force FR =pcULsD; are given by: 
The nondimensional forms of important forces of Eq. 1 

- s l -  s - - 2  1 
F ~ = -  - D;, FM=- p uGs = 

6 Fr 4 DL 

where 

A L 
sin 4 = 

The nondimensional form of Eq. 2 in the X direction then 
becomes: 

The nondimensional form of Eq. 2 in the Y direction becomes: 

During the detachment stage, the inertia mass is approxi- 
mately taken as: 

The nondimensional forms of the buoyancy force and the 
momentum flux of the dispersed phase are the same as those 
in Eq. 9. The nondimensional form of the surface tension force 
is the same as that in Eq. 9, but sin 9 and cos 4 in their expres- 
sions are given by: 

sin 9 = x/ (x2  +Y2)1'2, cos I$ =?/(x2 +Y2)"2 (13) 
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where x and 
tachment stage. 

is the bubble center position during the de- 

The nondimensional forms of other forces are given by: 

where S = S/Dp and S is the bubble center position. 

Eq. 2 becomes 
During the detachment stage, the nondimensional form of 

1 1 / 2  

As a detachment condition, two possible cases are considered 
(see Figure 4). For low liquid velocity, the bubble center would 
be moved in the X direction but would not be swept away. In 
this case, the bubble base is lifted off the nozzle at the end of 
the expansion stage and begins to rise vertically until the bubble 
neck breaks off (Figure 4a). For high liquid velocity, the bubble 
center would be severely shifted to the X direction and even- 
tually be swept away from the nozzle even during the expansion 
stage (Figure 4b). In the former case, it is assumed the bubble 
will detach when the length of the bubble neck is equal to the 
nozzle diameter (Kumar and Kuloor, 1970). In the latter case, 
it is assumed the bubble will detach when the distance traveled 
by the bubble in the X direction is greater than or equal to 
the sum of the bubble radius and the nozzle radius (Kawase 
and Ulbrecht, 1981). Then, the nondimensional forms of the 
above two detachment conditions are given, respectively, by: 

During the bubble growth, the X direction force balance of 

(a) Detachment condition (1) (b) Detachment condition (2) 

Figure 4. Detachment conditions of bubble. 

Eq. 10 is computed by using the fourth-order Runge-Kutta 
method to determine the new position of bubble center in the 
X direction. The new position in the Y direction can be easily 
obtained from the simple expansion process. From this new 
position of bubble center, the angle of inclination d is obtained 
and the force balance of Eq. 11 in the Y direction is checked. 
If the lefthand side is greater than the righthand side in Eq. 
11, then the bubble is still in its expansion stage. This procedure 
is repeated by increasing 7 until either the force balance of Eq. 
11 in the Y direction or the detachment condition of Eq. 16b 
is satisfied. If Eq. 16b is first satisfied, this means the bubble 
detaches during its expansion stage. Otherwise, the bubble goes 
into the detachment stage. During this detachment stage, Eq. 
15 is solved to decide the new position of the bubble center 
and the detachment conditions are checked. 

Bubble and drop formation in microgravity 
As the Froude number in Eq. 6 approaches infinity in mi- 

crogravity , the buoyancy force becomes negligible compared 
to other forces. The nondimensional bubble diameter at the 
instant of detachment is given by: 

With negligible buoyancy the bubble size tends to be large 
especially when the speed of the continuous phase is small. 
Therefore, one has to consider the limiting conditions when 
the bubble diameter becomes comparable with the pipe di- 
ameter. Consistent with the assumption made to facilitate the 
computation of the added mass, the limit of the bubble di- 
ameter is taken as the maximum diameter of a sphere within 
the square channel with the same cross-sectional area as the 
pipe of diameter Dp. 

For large bubbles, the size of which approaches that of the 
pipe diameter, it was speculated by Dukler et al. (1988) that 
the average void fraction E ranges from 0.4 to 0.5. In the present 
study, 0.45 is taken as the value of void fraction, E ,  applicable 
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1 L  for the single bubble formation within a pipe. Then, the max- 
imum nondimensional superficial gas velocity becomes: 

If the bubble does not detach until its size reaches the limit of 
Eq. 18, it is speculated that the bubble would take the form 
of a large Taylor bubble the length of which is greater than 
the pipe diameter, but the analysis of this Taylor bubble is 
beyond the present model. It is known that deformation from 
the spherical shape for bubbles and drops rising or falling freely 
in systems of practical importance occur for Re,r600 from 
the result of Grace et al. (1976). Also, to satisfy the spherical 
shape assumption, the dynamic pressure of the flowing liquid 
should be less than the surface tension pressure at the interface 
of bubbles or drops. Then the maximum bubble Weber number 
should be approximately less than 8. The approximated max- 
imum Re, and We, are taken as 600 and 3,  respectively, to 
assure the assumption of spherical shape. In terms of Re, and 
We, the maximum values are taken to be as follows in the 
present analysis. 

Results and Discussion 
Comparison with experimental results in normal gravity 

To test the predictive capability of our model, we have com- 
pared the drop size computed using the present model with 
the experimental data taken by Itoh et al. (1980). We computed 
the drop sizes for various experimental conditions, and it was 
found that the predictions agreed well with the data if the drag 
coefficient for a solid sphere was used (Kim et al., 1992). The 
fact that the internal circulation in the drop does not reduce 
drag as predicted by the various models for C, is mainly be- 
cause the fluid motion due to injection overwhelms the flow 
induced by the surrounding liquid in the liquid-liquid system 
used by Itoh et al. 

ltoh et al. (1980) and Kawase and Ulbrecht (1981) obtained 
empirical equations for any fluid combination for drop size 
prediction based on the experimental data by Itoh et al. Both 
correlations contain two adjustable constants which were de- 
termined from the data. The experiment by Itoh et al. was 
conducted in a large container, so the important parameters 
are We,, Fr, 5, T; according to Eq. 6. The effect of Fr and 5 
is considered to be negligible in the liquid-liquid experiment, 
SO We, and ji are two parameters. However, Itoh et al. tried 
to correlate the data by the Weber number alone despite the 
fact that ji varied by a factor of 6 in the experiments. Con- 
sequently, the data shows a noticeable scatter around the cor- 
relation curve. 

Figure 5 shows the comparison of the predictions of our 
model using the drag coefficient for a solid sphere with Itoh’s 
and Kawase and Ulbrecht’s correlations for the specific con- 
tinuous and dispersed phase fluids. In the region of low and 
high continuous phase velocities, the results of our model match 
well with both correlations. In the region of intermediate con- 
tinuous phase velocity, the prediction of our model is larger 
or smaller than those values correlated by Itoh et al. and 
Kawase and Ulbrecht. Our model as well as their correlations 
show a reduction of drop diameter with increase of the con- 

24 January 1994 

Present computation; Qd=6.95X1 0-%m ’/s 
- Water-Benzene; D,=0.102 cm 

.-.- Glycerine aq-Benzene; D,=0.058 cm 

Empirical results; 
7 0.6 0 ltoh et al. 

A 0 Kawase and Ulbrecht 

n u 
“ 0  5 10 15 20 25 

Uniform liquid velocity (cmls) 
Figure 5. Comparison of present predictions with ex- 

perimental correlations. 

tinuous phase velocity beyond a certain value. Our results show 
that this reduction is related to the change of the detachment 
condition from Eqs. 16a to 16b. The specific continuous phase 
velocity at which this reduction starts is higher in our model 
than Itoh’s and Kawase’s correlations. This discrepancy is 
believed to be due to the nonspherical bubble shape in the 
experiment. 

There are still some discrepancies between Itoh’s and 
Kawase’s correlations as seen in Figure 5 ,  even though they 
used the same set of experimental data and contain two ad- 
justable parameters. Considering that our model does not in- 
clude any adjustable parameter and provides good agreement 
with the experimental results, the prediction of our model is 
satisfactory for the estimation of the bubble and drop size in 
a flowing liquid system. 

Bubble and drop formation in microgravity 
Our model is applied to an air-liquid system to estimate the 

bubble size for various conditions in microgravity. The effects 
of the nondimensional parameters and the reference variables 
on the bubble size are examined. Figure 6 shows the variation 
of nondimensional bubble diameter, BE, in an air-water sys- 
tem. The bubble tends to occupy a large portion of the pipe 
diameter and in some cases it becomes nearly as large as the 
pipe diameter (limiting BE given by Eq. 18). Generally, BE, 
decreases with increasing reference Weber number, We,, and 
with decreasing reference Reynolds number, Re,. For fixed 
Re, and We,, BE increases with increasing nondimensional 
superficial gas velocity, uGs, and with increasing nondimen- 
sional nozzle diameter, BN. Figure 6a shows 0, reaches its 
limit at a certain value of uGs for 0, greater than about 0.1. 
- This is because the inertia of a bubble increases with increasing 
UGs and the superficial liquid velocity for high Re, and low 
We, is so low that the drag force of liquid is not enough to 
make the bubble detach even if BE reaches its limit. The value 
of this DGS increases with increasing We, for a fixed Re, and 
with decreasing Re, for a fixed We,. This means the relative 
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Figure 6. Variation of nondimensional bubble diameter 
in air-water system in microgravity. 

magnitude of liquid drag force to the surface tension force at 
the nozzle increases with decreasing Re, and with increasing 
Wep. In the region of uGs, greater than this value, an elongated 
large Taylor bubble is expected to be formed. However, Figure 
6b shows that DB increases monotonically with uGs without 
reaching its limit for all range of We, and even for EN greater 
than 0.1. For low Re,, the superficial liquid velocity becomes 
high and the pipe diameter is so small that the liquid drag 
force compared to other forces becomes dominant and the 
bubble is swept away from the nozzle even in the region of 
high uGs. The effect of BN on the bubble size decreases as a,, 
increases because the relative magnitude of the surface tension 
force to the inertia of the bubble decreases as uGs increases. 
If the nozzle diameter is less than 0.1 and We, is high, Figures 
6a and 6b show that EB increases with increasing uGs up to a 
certain value and then sharply decreases with further increase 
in uGs. This is due to the gas momentum flux in the region of 
high ucs. The gas momentum flux is inversely proportional 
to the square of EN and the relative magnitude of that mo- 
mentum to the surface tension force increases with increasing 
Wep. Thus, for small BN and high We,, momentum is enough 
to make the bubble detach even in the region of high aGs. In 

0.9 t . 

A Wep=8 
Wep=3 

- Rep=400, P=O.Ol 
L ..-. Rep=800, P=0.02 

0 0.2 0.4 0.6 0.8 1 

Nondimensional superficial gas velocity 
Figure 7. Variation of nondimensional bubble diameter 

for liquids of different viscosities in micro. 
gravity 
( 5 = 0.0012, B, = 0.1). 

this situation, the bubble detaches before it is swept away by 
the flowing liquid and the detachment condition of the bubble 
has been changed from Eqs. 16b to 16a, which is responsible 
for the discontinuities in Figure 6 and other figures. Similar 
discontinuities can be seen also in Figure 3. If We, is low, this 
phenomena disappears regardless of the value of BW This 
means the effect of the gas momentum flux in the range of 
low We, is not great even if BN is small and uGs reaches its 
maximum value. 

Figure 7 shows the effect of the liquid viscosity, pC, on the 
bubble size, in which the liquid viscosity of the dotted line is 
twice that of the solid line. For a fixed We,, BB for the more 
viscous liquid is smaller than that for the less viscous in the 
entire range of aGs, because the drag force of the liquid in- 
creases with increasing viscosity of the liquid. For the same 
variation of We, from 3 to 8, the reduction of EB is larger for 
the more viscous liquid than for the less viscous at any fixed 
UGs. This means the effect of the superficial liquid velocity on 
bubble size is greater for the more viscous liquid compared to 
that for the less viscous liquid. This result is believed to be 
due to the nonlinearity of the drag coefficient. For any fixed 
superficial liquid velocity, the Reynolds number of the more 
viscous liquid is lower than that for the less viscous and the 
variation of the drag coefficient is greater in the region of low 
Reynolds number than in the high region. The reduction of 
EB decreases with increasing uGs because the inertia of bubble 
increases with increasing uGs. Ghosh and Ulbrecht (1989) found 
that the size of a bubble formed in a shear flow decreased with 
increasing the superficial liquid velocity and the reduction of 
bubble size is greater for the more viscous liquid than that for 
the less viscous. Our results show the same trend. 

Figure 8 shows the effect of the pipe diameter on the bubble 
size, in which the pipe diameter for the dotted line is twice 
that for the solid line and the nozzle diameter maintains con- 

- 
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Figure 8. Variation of nondimensional bubble diameter 
for different pipe diameters in microgravity 
( p = 0.0012, 7; = 0.02). 

stant. For a given We,, BE, the bubble size for the pipe of 
larger diameter is smaller than that for the smaller diameter 
in the region of low uGs. This is because the bubble size is 
determined from the force balance between the surface tension 
force and the liquid drag force and the surface tension force 
for the pipe of smaller diameter is greater than that for the 
larger pipe diameter. Thus, the liquid drag force, which is 
necessary for the bubble detachment, should be larger for the 
smaller pipe than for the larger pipe. As uGs increases, the 
difference between BE of the two different pipe diameters 
decreases and that difference becomes zero at a certain value 
of uGs, and then further increases in DIGS reverses the situation, 

t I 
0.9 

8 0.8 
-5 0.7 
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E 
0.6 Rep=1200 ..-. 1 g 

0 Rep=800 - 0 g  
BN=O.l 

r 

0.1 1 
0 0.2 0.4 0.6 0.8 1 

Nondimensional superficial gas velocity 
Figure 9. Difference in bubble size between normal grav- 

ity and microgravity ( Wep = 1). 

that is, 0, for the pipe of larger diameter is greater than that 
for the smaller pipe, and the difference between ZB for the 
two different pipe diameters increases as uGs increases. This 
can be explained as follows. As EGs increases, the inertia of 
bubble increases and the relative magnitude of the surface 
tension force at the nozzle decreases. Then, at a certain value 
of uGs, the magnitudes of BE of the two different pipe di- 
ameters reach the same value. However, the wall effect at the 
same superficial liquid velocity is more significant for the pipe 
of smaller diameter than for the larger pipe. Thus, for the 
same size of BE, the relative magnitude of the drag force of 
the liquid to the inertia of the bubble is larger for the smaller 
pipe than for the larger pipe. Therefore, BE for the larger pipe 
becomes greater than that for the smaller pipe beyond a critical 
value of uGs. This value of uGs, as well as the magnitude of 
BE at this value of uGs, increases with decreasing superficial 
liquid velocity, because the relative magnitude of the surface 
tension force at the nozzle to the other forces likewise increases. 
For the larger pipe diameter, BE increases with increasing UGs 
up to a certain value, and then sharply decreases and asymp- 
totically approaches a constant at large UGS. This is due to the 
gas momentum flux in the region of high uGs. In this situation, 
the bubble detaches before it is swept away by the flowing 
liquid and the detachment condition of the bubble has been 
changed from Eqs. 16b to 16a. 

Figure 9 shows the difference in the bubble size of an air- 
water system between normal gravity and microgravity for low 
Wep. D, in microgravity becomes nearly equal to the pipe 
diameter at a certain value of uGs, but the bubble size remains 
relatively small in normal gravity. Whereas the bubble detaches 
with the detachment condition of Eq. 16b in microgravity, the 
bubble detachment in normal gravity is determined by Eq. 16a. 
This is due to the fact that the bubble detachment depends 
only on the liquid drag force in microgravity, while the de- 
tachment in normal gravity depends both on buoyancy force 
and the liquid drag force. Thus, the major difference in the 
bubble size between normal and microgravity is expected in 
the region of low liquid velocity in which the liquid drag is 
much smaller than buoyancy in normal gravity. As the liquid 
velocity increases, the liquid drag force becomes dominant and 
the difference of the bubble size decreases. 

Conclusion 
A purely theoretical two-stage model for bubble and drop 

formation, applicable for terrestrial and microgravity envi- 
ronments, has been developed and the model was found to 
provide a satisfactory representation of the mechanism of a 
bubble formation process in flowing liquids. The predictions 
of the model are in good agreement with the experimental 
results in normal gravity. Based on the model, the bubble sizes 
are computed under various conditions in microgravity. In the 
region of low liquid velocity, the bubble becomes much larger 
than that in normal gravity. It is believed that the drag coef- 
ficient, as well as the effective cross-sectional area, are very 
important in the modeling, and more study of these parameters 
are necessary for a better predictive model formulation. 
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Notation 
A,,, = effective cross-sectional area of bubble, cm2 
CD = drag coefficient in infinite liquid 

CDw = drag coefficient in bounded liquid 
C, = added mass coefficients 
D, = bubble or drop diameter, cm 
D, = nozzle diameter, cm 
Dp = pipe diameter, cm 
F, = buoyancy force, dyne 
FD = drag force, dyne 
F, = inertia of bubble, dyne 

F, = momentum flux of dispersed phase, dyne 
FR = reference force, dyne 
Fs = surface tension force, dyne 
F,, = surface tension force per unit length, dyne.cm-’ 
Fr = reference Froude number 

g = gravitational field, cm.s-’ 
I ,  = travel distance of bubble, cm 

LN = length of bubble neck, cm 
M = inertia mass of bubble, g 
ti = normal unit vector from surface of sphere 
N = number of spheres 
Qc = flow rate of continuous phase, cm3.s1’ 
Qd = flow rate of dispersed phase, cm3.s-’ 

Re, = bubble Reynolds number 
Re, = reference Reynolds number 

S = distance, cm 
S = surface of bubbles 

S, = surface of (i, j),,, bubble 
t = time, s 
ts = bubble formation time, s 
T = total kinetic energy of liquid, dyne.cm 

U = uniform liquid velocity, cm-s-’ 
Tch = kinetic energy of liquid within one channel, dyne.cm 

U,,, = effective velocity of continuous phase, cm.s-’ 
U,, = superficial velocity of dispersed phase, cm.s-’ 
U,, = superficial velocity of continuous phase, cm.s-’ 
Us = superficial velocity of mixture, cmss-’ 
Ur = terminal velocity in infinite liquid, cm.s-’ 
U,, = terminal velocity in bounded liquid, cm.s-’ 

V = drop volume in flowing liquid, cm3 
V, = Drop volume in quiescent liquid, cm3 

We, = bubble Weber number 
We, = modified Weber number of Itoh (1980) 
We, = reference Weber number 

X = position of bubble center in X direction, cm 
Y = position of bubble center in Y direction, cm 

Greek letters 
c = void fraction 
q = contact angle of interface, radian 
6 = azimuthal angle, radian 

pc = viscosity of continuous phase, dyne.s.cm-2 
pd = viscosity of dispersed phase, dyne.s-cm-2 

pe = density of continuous phase, g.cm-’ 
pd = density of dispersed phase, g-cm-’ 
5 = density ratio, &/pr 
u = surface tension coefficient, dyne.cm-’ 
6 = angle of inclination, radian 
8 = velocity potential of liquid 

= viscosity ratio, pd/pc 

Special symbols 
- = nondimensional variable - = vector 
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Appendix 
The kinetic energy of a fluid induced by the passage of a 

body through it is given by (Currie, 1974): 

where S is the surface of the moving body and is the velocity 
potential. If there are confining walls for the fluid, the wall 
effect on the fluid motion can be taken into account by the 
method of images in which the mirror images of the body are 
placed to simulate the walls (Milne-Thompson, 1968). Since 
the method is applicable to straight walls, the flow in a pipe 
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in the present problem is approximated by that through a 
square channel with the same cross-sectional area as the pipe. 
Then, the kinetic energy of the flow within the channel due 
to a moving sphere can be obtained by considering an infinite 
array of spheres of the same size moving with the same velocity 
in an infinite medium. 

In the present problem, the bubble moves in both X and Y 
directions, so we need to compute the added mass coefficient 
for a sphere moving normal or parallel to the channel. The 
procedure to obtain the velocity potentials for those two cases 
is very lengthy. It is described in detail in Kim et al. (1992), 
so only the major results are given herein. 

In the case of a sphere moving parallel to the channel, the 
kinetic energy of the fluid within the square channel of side 
length L, is given by: 

1 1 3 R 3 3  R3 T =- -+- - +- 
ch 2 [ 2  2 ( L )  2 

MsU2 (A2) 1 3 R3 3 R3 +- 4 ( 2 ~ ~ -  ~ ) 3  + z ( ( 2 ~ ~ -  ~ ) 2 +  ~ y 3  

where M,= ($/3)pc7rR in the mass of the fluid replaced by the 
sphere, R the sphere radius, H the  distance to the sphere center 
from the channel bottom, and Uthe speed of the sphere. Then, 
the added mass coefficient is obtained as CMx = Tch/(1/2) MsU2 
by definition. 

For a sphere moving normal to the channel the kinetic energy 
in the channel is: 

1 1  3 R  T - _  -+- - +- - 
ch-2 [ 2 2 ( H ) 3  3 (  2 2L, -H )'+$j3 

MsU2 (A3) 1 1 R 3 ( L , + 6 H )  1 R3(11Lc-6H)  +- 2 ( L ; + H ~ ) Z  +i ( ( ~ L , - H ) ~ + L : )  

and then the added mass coefficient is C,, = T,h/(1/2)MsU2. 
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