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Experiments conducted quantifi the macroscopic hydrodynamic characteristics of 
mrious scale 2-0 bubble columns, which include dispersed and coalesced bubble regimes 
characterized by two jlow conditions (4- and 3-region flow) with coherent flow struc- 
tures. Hydrodynamic behavior is analyzed based on flow visualization and a particle 
image velocimetry (PIP? system. Columns operated in the 4-region flow condition com- 
prise descending, vortical, fast bubble and central plume regions. The fast bubble flow 
region moues in a wavelike manner, and thus the flow in the viciniiy of this region is 
characterized macroscopically in terms of wave properties. In columns greater than 20 
cm in width, the transition from the dispersed bubble flow regime to the 4- and then to 
3-region flow in the coalesced bubble regime occurs progressively with gas velocities at 1 
and 3 cm/s, respectively. The demarcation of jlow regimes is directly related to measur- 
able coherent flow structures. The instantaneous and time-averaged liquid velocity and 
holdup profiles provided by the PIV system are presented in light of the macroscopic 
flow structure in various 2-0 bubble columns. Numerical simulations demonstrate that 
the volume of fluid method can provide the time-dependent behavior of dispersed bub- 
bling flows and account for the coupling effects of pressure field and the liquid velocity 
on the bubble motion. Comparison of computational results with PIV results for two 
different bubble injector arrangements is satisfactory. 

Introduction 
Experimental bubble column studies 

Bubble columns are widely adopted in industry for chemi- 
cal, petrochemical, biochemical, and environmental applica- 
tions (Fan, 1989). Although there have been significant re- 
search efforts concerning the fundamental characteristics of 
bubble columns (Shah et al., 1982; Deckwer and Schumpe, 
1987; Fan, 1989), the scale effects on the flow structure of 
the columns is still not fully understood. Tarmy and 
Coulaloglou (1992) indicated that the scale-up of bubble col- 
umn reactors requires a knowledge of virtually all aspects of 
reaction engineering and the underlying core chemical engi- 
neering technologies. Sound understanding of the hydrody- 
namic behavior in bubble columns (e.g., the flow regimes, 
phase holdup, bubble characteristics, interfacial phenomena, 
backmixing, and interphase transport) is therefore clearly es- 
sential in designing and scaling up bubble column reactors. 

Correspondence concerning this article should be addressed to L.4. Fan. 

There are three different flow regimes commonly identi- 
fied in bubble column systems: dispersed bubble, churn- 
turbulent, and slugging (Muroyama and Fan, 1985). A gross 
circulating flow of liquid is observed for these systems under 
both the dispersed bubble and churn-turbulent (coalesced 
bubble) regimes (De Nevers, 1968; Freedman and Davidson, 
1969; Hills, 1974). In general, the gross circulation comprises 
an upward flow in the column core and a downward flow 
along the wall with the inversion point (zero axial liquid ve- 
locity) located at about 0.5 to 0.7 radius of the column (Walter 
and Blanch, 1983). This nonuniform velocity distribution is 
significant in characterizing the column hydrodynamics, phase 
mixing characteristics, heat transfer, and mass transfer. Due 
to limitations in experimental techniques, most of the previ- 
ous studies were concerned with the gross flow circulation in 
a bubble column rather than detailed local flow structure and 
its associated governing mechanisms. 

Previous studies on the flow structures of bubble columns 
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have mostly involved measurement of the time/volume-aver- 
aged flow properties with the assumption that the flow is 
steady-state and one-dimensional (Hills, 1974; Miyauchi and 
Shyu, 1970; Yang et al., 1986; Devanathan et  al., 1990). These 
studies have provided much insight into the overall averaged 
flow field, which reveals the existence of the gross circulation 
flow field mentioned previously. Among the most useful data 
for model verification are those provided by Hills (19741, who 
used a pitot tube to measure the liquid velocity and voidage 
profiles. Attempts have also been made to study the instanta- 
neous, microscopic flow phenomenon and relate this phe- 
nomenon to the overall or macroscopic behavior. Franz et al. 
(1984) used hot-film ancmometry (HFA) to  analyze the “in- 
stantaneous” axial, tangential, and radial velocities, and the 
turbulent intensity. They postulated a spiral upward 
macrovortex flow model consisting of three zones. This work 
provides important experimental evidence rcgarding the dy- 
namic nature of the flow structure. More recently, Chen et 
al. (1994) studied the instantaneous behavior of bubble 
columns by using a nonintrusive particle image velocimetry 
(PIV) technique. Based on the instantaneous full-field flow 
results provided by the PIV technique, they quantified the 
flow characteristics underlying the instantaneous macro- 
scopic flow structure. Chen et al. (1994) also showed that by 
averaging the instantaneous data from the PIV, they were 
able to obtain results (upward liquid flow in column center 
and downward liquid streams adjacent to the walls of the ves- 
sel) similar to those obtained by time-averaged techniques. It 
is clear that when the gross circulation occurs the instanta- 
neous flow structures are different from those inferred by uti- 
lizing time/volume-averaging procedures. 

Ulbrecht et al. (19851, by using viscous and non-Newtonian 
liquids, visualized three instantaneous flow patterns, and 
concluded that the flow structure and governing mechanisms 
depend on the column dimensions, gas distributor design, flow 
rate of the gas, and the physical properties of gas and liquid. 
Shah et al. (1982) pointed out that the most important “ad- 
justable” parameter that can affect “non-adjustable parame- 
ters,” namely, the phase holdup, gas-liquid interfacial area, 
and heat and mass transfer coefficients, is the diamcter of 
the column. Chen et  al. (1989) also found that if the aspect 
ratio of the liquid hcight to column diameter is over unity, 
the flow structure will change from “gulf circulation” to  mul- 
tiple circulation cells. Due to the limitation of the measuring 
techniques and the complicated mechanisms of the system, 
there is still a lack of detailed understanding of the hydrody- 
namics of bubble columns, such as the effects of scaling and 
gas velocity on the hydrodynamics (the gas holdup and liquid 
distribution in the bubble columns), the effects of gas and 
liquid properties on the scale-up, and the relationship be- 
tween hydrodynamics and mass and heat transfer. 

Two-dimensional (2-D) systems have been employed to 
yield important qualitative information in gas-liquid systems 
(Chen et al., 1989; Tzeng et al., 1993). Tzeng et al. (1993) 
used a 2-D column to investigate the macroscopic flow struc- 
tures and mechanisms of liquid circulation. Based on the 
bubble dynamics and local liquid flow patterns, they found 
that when the gross flow circulation occurs in the system, 
there are four distinct flow regions, namely central plume re- 
gion, fast bubble flow region, vortical flow region, and de- 
scending flow region, as shown in Figure la .  Reese et  al. 
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(1993) and Chen et al. (1994) found through qualitative flow 
visualization that the flow structures in 2-D and three-dimen- 
sional (3-D) bubble columns are similar, as shown in Figure 
I .  The studies have indicated that similar flow regions exist in 
the 2-D and 3-D bubble columns. Howcver, the wavelike mo- 
tion of the fast bubble flow region in 2-D bubble columns 
becomes a spiral motion in 3-D bubble columns. This type of 
instantaneous flow phenomenon gives rise to time-averaged 
flow field of the liquid phase consisting of the previously dis- 
cussed pair of gross circulating cells. 

Conrputational studies 
In order to  obtain the time-averaged flow structure, the 

integral time length has to be much longer than the charac- 
teristic time length of the system. Therefore, when numerical 
simulations of these systems are based on time-averaged ap- 
proaches, this special requirement of the integral time length 
will result in unrealistic prediction of the dynamic transport 
in actual bubble column systems. Many previous computa- 
tional studies of thc macroscopic behavior of bubbling flows 
have been associated with this time-averaged behavior in 
bubble columns. For instance, Geary and Rice (1992) used 
the separated-flow method to  simulate the gas-liquid flow in 
a bubble column. The bubbling flow was assumed to be steady 
state, and any variations occur only in the radial direction. By 
neglecting end effects, typical time-averaged velocity and 
voidage profiles in the fully developed region were obtained. 
Svendsen et a]. (1992) attempted to simulate bubbling flows 
in bubble columns using a two-fluid model. The turbulent 
effects were considered by employing the k-E turbulent 
model. These time-averaged simulations all yielded a flow 
structure with a pair of overall circulating flows as discussed 
previously. Sokolichin et al. (1993) also used the two-fluid 
model to simulate the tiny bubble flow in a 2-D bubble col- 
umn. In their study, Stokes’ law was used to model the drag 
force between the bubble phase and the liquid phase. Lapin 
and Lubbert (1994) used both the two-fluid model and the 
bubble phase trajectory model to simulate tiny bubble flows 
in a 2-D column. They revealed that the Langrangian ap- 
proach of the bubble phase can ovcrcome the numerical dif- 
fusion effects on the gas phase computation encountered in 
the two-fluid model approach. Celik and Wang (1994) simu- 
lated the overall circulation flow pattern in bubble columns 
operated under the laminar, dispersed bubble regime. In their 
study, Celik and Wang (1994) used the two-fluid model with 
an empirically defined gas velocity field and a gas holdup 
profile that had an assumed shape or was calculated from the 
gas phase continuity equation. They used an empirical rela- 
tion that only considers the viscous drag force of the gas phase 
to account for the momentum exchange between phases. 
Considering the discrete nature of the bubble phase, Webb 
et  al. (1992) simulated the flow in a 2-D bubble column using 
the stochastic trajectory model to trace the movements of in- 
dividual bubbles. The flow field of the liquid phase was de- 
termined by using the Eulerian approach. Their model yields 
a flow structure similar to  that obtained from time-averaged 
approaches. Since the pair of circulating cells deviates signifi- 
cantly from the actual bubbling flow, time-averaged computa- 
tions cannot provide a rational explanation of the transport 
processes of mass, momentum, and energy between the bub- 
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Figure 1. Classification of regions accounting for the macroscopic flow structures: (a) 2-D bubble column (Tzeng et 
al., 1993); (b) 3-D bubble column (Chen et al., 1994). 

bles and liquid. Thus, a computation of the transient or in- 
stantaneous flow behavior is necessary. 

This article studies the macroscopic hydrodynamic proper- 
ties of 2-D bubble columns of varying width and gas velocity. 
These hydrodynamic properties are found to be related to 
the regime transition and the scale effects of 2-D bubble 
columns. A conceptual analogy of the wavelike motion is pos- 
tulated based on the observations. In addition, the velocity 
distribution and gas holdup profiles are quantified by a PIV 
system to substantiate the macroscopic flow structure in vari- 
ous sizes of 2-D bubble columns. Numerical simulations of 
2-D shallow beds are conducted under the dispersed bubble 
flow conditions to provide full field information including ve- 
locity and pressure distributions around the bubbles as well 
as their variations with respect to time. The transient numeri- 
cal results are investigated and discussed in relation to the 
experimentally observed macroscopic hydrodynamic proper- 
ties. 

Experimental Apparatus 
Figure 2 shows the experimental system. Three 2-D 

columns made of transparent Plexiglas sheets are used as the 
test columns. Column A is 48.3 cm in width, 1.27 cm in depth, 
and 160 cm in height and consists of two movable partitions 
between the Plexiglas sheets that allow the width of the bed 
to be varied. The viewing section of column B is 60.96 cm in 
width, 228.6 cm in height, and 0.64 cm in depth. Table 1 sum- 
marizes the dimensions for these two columns. Below the 
viewing section is the gas distributor, which consists of 0.016- 
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cm-ID tube injectors, flush mounted on the column wall, 10 
cm above the liquid inlet. The gas flow through each injector 
is individually regulated by a solenoid valve and a needle valve 
that are connected to the plenum compartment outside the 
bed. The distance between two adjacent bubble injectors is 
5.08 cm and the distance from the end injector to the side- 
wall is 3.81 cm. When the width of column A is changed, 
there is no liquid and gas flow through the region outside the 
partitions. Column C is a small column, 24 cm in width, 0.635 
cm in depth, and 30 cm in height and also consists of two 
movable partitions between the Plexiglas sheets. The column 
can be operated with two- or three-bubble injectors. Figure 3 
demonstrates the experimental dimensions of column C. 

For columns A and B, tap water is used as the liquid phase. 
The liquid phase is operated under batch conditions for all 
studies. Neutrally buoyant Pliolite particles of 200-500 pm 
are used as the liquid tracer. To ensure that the seeding par- 
ticles follow the flow closely and have virtually no effects on 
the flow structure, the concentration of the seeding particles 
is maintained around 0.1% and the Stokes number of the 
seeding particles is much smaller than 1. Air is used as the 
gas phase. The gas pressure is maintained within 4 to 10 psig 
(128-170 kPa) upstream of the gas plenum. The superficial 
gas velocity ranges from 0.1 to 6.1 cm/s. Acetate particles 
( d p  = 0.15 cm, ps = 1.25 g/cm3> are used as the solids phase 
in the study of gas-liquid-solid fluidization systems. Column 
C is operated under gas-liquid conditions. Both water and 
80% glycerine solution are used as the liquid phase. In the 
following discussion, results from columns A and B are pre- 
sented, as well as the results from column C, which are dis- 
cussed in conjunction with the computational fluid dynamic 
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Figure 2. Two-dimensional fluidized bed. 
1. The 2-D column: 2. liquid distributor; 3. the plenum com- 
partment; 4. needle valve; 5. solenoidal valve; 6. gas flowme- 
tcr; 7. air sourcc; 8. water reservoir; 9. make-up water; 10. 
liquid pump; 11. liquid flowmetcr; 12. camera system; 13. 
imagc analyzer; 14. partitionb. 

work. All the gas velocities described in the text refer to the 
superficial velocities unless otherwise stated. 

A high-resolution (800 x 490 pixel) CCD camera equipped 
with variable electronic shutter ranging from 1/60 to l/S,OOO 
s is used to record the image of the flow field. A PIV system 
developed by Chen and Fan (1992) is applied to measure lo- 
cal flow structures in the 2-D bubble columns. The PIV sys- 
tem is a nonintrusive technique that provides quantitative re- 
sults on a flow plane including instantaneous velocity distri- 
butions of different phases, velocity fluctuations, accelera- 

Table 1. Dimensions of the Test Columns 

Height of 
Viewing Total Height 

Column Width Section Depth of Bed 
A 10.16 160 1.27 240 

15.24 160 1.27 240 
20.32 160 1.27 240 
30.48 160 1.27 240 
48.26 160 1.27 240 

B 60.96 229 0.64 300 
~~ ~ 

Note: Unit = cm. 

t t  t t t  
Figure 3. Dimensions of the 2-D bubble column for two- 

and three-bubble injector setups. 

tions, gas and solid holdups, bubble sizes and their distribu- 
tions, and other statistical flow information. 

Results and Discussion 
Quantitative analysis (experimental) 

Figure 4 shows a sample of 
the bubbling behavior in the dispersed bubble regime and 
coalesced bubble regime including 4-region flow and 3-region 
flow in a 2-D bubble column. This bubbling behavior corre- 
sponds to  flow conditions of increasing gas velocity. The dis- 
persed bubble flow regime exists up to a gas velocity of 1 
cni/s. This regime is characterized by a relatively uniform gas 
holdup profile, uniform bubble size, and a rather flat liquid 
velocity profile. The bubbles in this regime are observed to 
rise rectilinearly in the form of bubble streams. No coales- 
cence or clustering of the bubbles in the individual bubble 
streams or with adjacent bubble streams occurs. The liquid 
phase is carried upward in the region of the bubble streams 
by the wake motion and the liquid drift effects associated 
with the bubble motion. The liquid falls downward between 
adjacent bubble streams with continuous downward streams 
adjacent to  the sidewalls. This descending motion of the liq- 
uid coupled with the rising motion of the adjacent bubble 
stream generates small vortices in the liquid streams between 
the rising bubble strcams and the region adjacent to the side- 
walls. The vortices located adjacent to the sidewalls are ob- 
served to increase in size as the gas velocity increases in the 
dispersed bubble regime due to the migration of bubbles away 
from the sidewalls. In this regime, the induced liquid flow is 
dominated by the drift effects of the rising bubble streams. 

The 4-region flow condition exists for gas velocities be- 
tween 1 and 3 cm/s. This condition is characterized by a gross 
circulation of the liquid phase, wherein the liquid rises in the 
middle portion of the column and descends adjacent to  the 
sidewalls. The four flow regions (Figure l a )  and the resulting 
flow phenomena were reported by Tzeng et  al. (1993). In 
columns of width less than 20 cm the central plume region 

Macroscopic Flow Structure. 
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Figure 4. Flow regimes in a two-dimensional bubble column. 

becomes indistinguishable from the fast bubble flow region 
yielding a 3-region flow. 

The 3-region flow condition occurs at gas velocities greater 
than 1 cm/s for small columns ( < 20 cm width) and at 3 cm/s 
for larger columns ( > 20 cm). In the 3-region flow condition 
the two fast bubble flow regions merge together to form one 
central fast bubble region in the center of the column. The 
gas flow in this regime is dominated by bubble coalescence 
and breakup. The liquid flow is dominated by the wake ef- 
fects from the large bubbles rising in the central part of the 
column. The vortical flow region and descending flow regions 
are still observable. It is noted that in a column of very small 
width, this flow commonly leads to the slugging condition. 

In a previous study, Tzeng et al. (1993) 
found that when the gross circulation of the liquid phase oc- 
curs, the migration of the bubbles away from the sidewalls 
causes bubble coalescence and the creation of the fast bubble 
flow region which strengthens the vortical flow and the de- 
scending flow regions. The vortical flow region consists of 
multiple vortices located along the sidewalls in the axial di- 
rection. For a large column, the vortices on either side of the 
column exist independent of each other at low to moderate 
gas velocities. However, at high gas velocity the vortices be- 
come staggered similar to those in a small column. The inter- 
action between the vortical flow region and the fast bubble 
flow region leads to the existence of crests (when vortices are 
present) and troughs (in the absence of vortices) in the fast 
bubble flow region. Therefore, the fast bubble flow region 
moves in a wavelike manner and can be said to follow a wave 
motion similar to a string. 

Figure 5 shows the definition of vortex size and wavelength 
considered in this study. From flow visualization, the bound- 

Wuuy Phenomena. 
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ary of a vortex can be identified by the outermost closed loop 
of tracer trajectories and the size of a vortical circulation is 
herein defined as the lateral length of this boundary. In Fig- 
ure 5, it can be seen that the vortex size is approximately 
equal to twice the amplitude of the wave. The wavelength is 
defined as the distance between two crest (or trough) points 
of the outermost closed loop of the tracer trajectories. 

Figure 6 shows the variation of the vortex size with respect 
to the gas velocity in 2-D columns of different width. From 
the figure, it can be seen that, independent of the column 
width, the vortex size increases with gas velocity up to 1 cm/s, 
beyond which the vortex size remains constant. Figure 6 im- 
plies that when the gas velocity is about 1 cm/s, the bubbles 
near the sidewalls start to migrate at the onset of gross circu- 
lation and generate the multivortices to form the vortical flow 
region. At this gas velocity, the bubbles move in clusters and 
no bubble coalescence is observed. As the gas velocity in- 
creases beyond the transition velocity, 1 cm/s, bubble coales- 
cence and breakup take place to form the fast bubble flow 
region. This fast bubble flow region will strengthen the vorti- 
cal flow, but confine the growth of the vortex size between 
the sidewalls and the concavity of the fast-moving coalesced- 
bubble streams. This fast bubble flow region, which acts as a 
barrier for the radial mass transfer for both the solids and 
the liquid phase, is observed for both 2-D and 3-D columns 
(Chen et al., 1994). As mentioned, the vortex size remains 
constant for gas velocities above 1 cm/s, therefore, the fast 
bubble flow region grows inward, swinging in a wavelike man- 
ner while the central plume region progressively diminishes. 
Figure 6 also shows that the maximum vortex size increases 
as the column width increases. However, when comparing the 
ratio of vortex size to column width in columns of varying 
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Figure 6. Variation of vortex size with gas velocity in 
columns of different width. 

is, the entire vortex flow region is swinging laterally back and 
forth corresponding to the wave motion of the neighboring 
fast bubble flow region. Therefore, the frequency of the wave 
motion can be obtained by counting the number of vortices 
that pass a specific location near the sidewall. Figure 9 shows 
the variation of frequency with gas velocity in columns of dif- 
ferent width. The frequency increases with the gas velocity in 
any 2-D bubble column. This is because at high gas velocities, 
bubbles coalesce to form larger bubbles, which impart higher 
kinetic energy to  the liquid phase and thus, increase the fre- 

Figure 5. Definition of vortex size and wavelength. 

width (Figure 7), it is seen that the ratio in a smaller column 
is larger than that in a larger column. This indicates that as 
the column width increases, the outer shell, including the 
vortical flow and the descending flow regions, occupies a 
smaller portion of the column than the inner part, including 
the fast bubble flow and central plume regions. 

In Figure 8, the wavelength of the fast bubble flow region 
decreases with gas velocity up to 3 cm/s, beyond which it 
remains relatively constant. When the gas velocity increases 
to  around 3 cm/s, the two fast bubble flow regions merge 
together to form one central bubble stream that moves in a 
wavelike manner and the central plume region disappears. 
The new central bubble stream has a constant wavelength as 
the gas velocity increases. From Figure 8 it is also found that 
the wavelength in a small column is less than that in a large 
column at  the same gas velocity. 

The multiple vortex cells that are continually generated in 
the vortical flow region become confined by the wave motion 
of the fast bubble flow region. The behavior of these vortices 
is dynamic in nature and the formation of these vortices a t  
each sidewall appears to be independent of each other. That 
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Figure 7. Ratio of maximum vortex size to column width 
vs. column width. 
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Figure 8. Variation of wavelength with gas velocity in 
columns of different width. 

quency of the wave motion. Higher frequency also occurs in 
smaller bubble columns at the same gas velocity. 

Since the fast bubble flow region moves in a wavelike man- 
ner, the rising velocity of the fast bubble flow region, and 
thus the vortex descending velocity, can be accounted for by 
the wave velocity. As described, the vortices stagger with the 
fast bubble flow region and descend along the sidewall. From 
wave theory, the wave velocity, which defines the vortex de- 
scending velocity, is equal to the generation frequency times 
the wavelength, given by 

- + 1816 

0.3 - 

- 

0.2 - 

- 

0.1 I 
0 1 2 3 4 S 6 7 

gas velocity (cdsec)  

Figure 9. Variation of frequency with gas velocity in 
columns of different width. 
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Figure 10. Variation of vortex descending velocity with 
gas velocity in columns of different width. 

where V,, W ,  and f are vortex descending velocity, wave- 
length, and frequency, respectively. Figure 10 shows the vari- 
ations of vortex descending velocity with gas velocity in 
columns of varying width. The figure indicates that the vortex 
descending velocity is determined by the gas velocity rather 
than the width of the column. This trend may provide a qual- 
itative link to the 3-D scale effect. 

In studying the particle effects on a 2-D 
gas-liquid-solid fluidization system Tzeng et al. (1993) found 
that at solids holdup Less than 20%, the general macroscopic 
flow structure for these systems is well represented by that 
for bubble column systems. In the present study, 1.5-mm ac- 
etate particles are used to elucidate the particle effects at low 
solids holdup ( < 10%) on the various wave-related phenom- 
ena discussed earlier. In Figures 6, 8, 9 and 10 the particle 
effects in a 30.48-cm column on the vortex size, wavelength, 
frequency, and vortex descending velocity are shown. As seen 
from the figures, the system operated with particles demon- 
strates similar trends as the bubble column systems. How- 
ever, the quantitative results differ due to a change in the 
rheological properties of the mixture attributed to an in- 
crease in the apparent viscosity of the mixture when the solid 
phase is present. In this system with low-density particles, an 
increase in the apparent viscosity leads to a larger bubble 
size, and thus an increase in the rate of bubble coalescence. 
An increase in the rate of bubble coalescence affects the de- 
marcation of the flow condition in a three-phase system. From 
Figure 8, it can be seen that the wavelength levels off quicker 
in the presence of a solid phase, indicating that the transition 
from 4-region flow to 3-region flow occurs at a lower gas ve- 
locity. 

Figure 10 shows that the descending vortex velocity of the 
three-phase system deviates from the gas-liquid systems es- 
pecially at high gas velocity. This deviation can be further 
understood by considering the frequency in Figure 9. The de- 
creased rate of increasing frequency shown in Figure 9 for 
the three-phase system directly affects the vortex descending 

Particle Effects. 
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Figure 11. Operating regimes of 2-D bubble columns. 

velocity. The results demonstrate that, although the parame- 
ters associated with the wave-related phenomena are af- 
fected by the presence of a solid phase, the general macro- 
scopic behavior of a 2-D gas-liquid-solid fluidization system 
at low solids holdup is similar to that for a bubble column 
system. 

Based on flow visualization and the descrip- 
tion of the flow regimes given earlier, the approximate de- 
pendency of the flow regimes on gas velocity and column 
width can be determined. Figure 11 shows that in columns 
less than 20 cm in width, by increasing the gas velocity, the 
flow regime will change directly from the dispersed bubble 
flow regime to 3-region flow. However, in larger columns, the 
flow regime will change from dispersed bubble flow, to 4-re- 
gion flow, and then to 3-region flow. In large columns when 
the gas velocity reaches 1 cm/s the vortex size does not in- 
crease. Therefore, by continuously increasing the gas velocity 
the fast bubble flow regions will gradually grow and merge to 

Scale Effects. 
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Figure 12. Variation of overall gas holdup with gas ve- 
locity in columns of varying width. 

form a central fast bubble region in which the bubbles coa- 
lesce and break up violently. However, in small columns, the 
bubbles merge together quickly to form a central bubble flow 
region that occupies the central plume region directly. Figure 
11 shows that 1 cm/s and 3 cm/s are the demarcations be- 
tween the dispersed bubble flow regime to the 4-region flow, 
and 4- to 3-region flow, respectively. Figure 11 is compared 
with the regime classification for 3-D systems reported by 
Shah et al. (19821, the two figures (Figure 11 and Figure 2.2 
of Shah et al., 1982) bear considerable resemblance for dis- 
persed bubble regime and coalesced bubble regime. Thus, it 
is apparent that the 2-D column results obtained in this study 
reveal that the coalesced bubble regime (or churn-turbulent 
flow) can be subdivided into 4-region flow and 3-region flow. 

Dispersed Bubble Regime Coalesced Bubble Regime 
(4-region flow) 

Coalesced Bubble Regime 
(3-region flow) 

Figure 13. Instantaneous velocity vectors of liquid and gas (shown with bubble size) at L, = 80 cm for left half of a 
48.3-cm column for gas velocities of 0.26, 1.54 and 3.34 cm/s. 
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Figure 14. Radial gas holdup distribution in 15.24-cm 
column for LJL, = 0.5 and U, = 0.81, 1.63, 
2.4 cm/s. 

In a 3-D system the flow will change from the dispersed bub- 
ble flow regime at lower gas velocities, to the coalesced bub- 
ble regime that has been found to consist of the vortical spi- 
ral and turbulent flow conditions at high gas velocities (Chen 
et al., 1994). Here, the 3-region flow in a 2-D system, which 
exhibits coherent flow structures, will transform to the turbu- 
lent flow condition in the 3-D system when the gas velocity 
continues to increase. Even though the flow field in a 2-D 
column deviates to some extent from that in a 3-D column, 
the present results provide the qualitative and quantitative 
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similarities of dynamic flow structure between 2-D and 3-D 
bubble columns. 

The overall gas holdup of a bubble 
column is defined by 

Overall Gas Holdup. 

where L f  and L ,  are the bubbling bed height and the static 
liquid height, respectively. Measured values of E , ~  in columns 
of varying width are shown in Figure 12. The figure indicates 
that E,, does not strongly depend on the column width. 
However, it can be seen that the slope of the curves change 
at gas velocities around 1 cm/s and 3 cm/s. The first change 
marks the onset of the coalescence of bubbles near the side- 
wall to form the two fast bubble flow regions in large columns 
(or one central fast bubble flow region in smaller columns) 
that occurs at a gas velocity around 1 cm/s. Thus, the bubble 
size increases, which reduces the rate of the increase of ea0. 
When the gas velocity increases to 3 cm/s in large columns, 
E,, undergoes another prominent change, which is caused by 
the two fast bubble flow regions merging together to form 
one central fast bubble flow region. Therefore, the rate at 
which E,, increases will again decrease. The phenomena of 
changing E,, corresponding to column width and gas velocity 
match the division of operating regimes as shown in Figure 
11. Although E, ,  measured in 2-D columns is different from 
that in 3-D columns, the results yield important qualitative 
and quantitative relevance of scale effects on gas holdup. 

The PIV 
technique employed in this study is capable of providing the 
instantaneous gas holdup and liquid velocity profiles at any 
location in the column without disturbing the flow. Figure 13 
shows representative examples of the instantaneous flow phe- 
nomena occurring in the dispersed bubble regime, and the 
coalesced bubble regime (4-region flow and 3-region flow) for 
the left half of a 48.3-cm column. The figure illustrates the 
instantaneous velocity vectors of the liquid and gas phases 
(shown with the bubble size) over a time interval of 1/30 s. 
These instantaneous data can be time and volume averaged 
to yield the averaged gas holdup and liquid velocity distribu- 
tions in the system. 

As previously mentioned, the flow regime transition, and 
subsequently the gas holdup distribution, in small columns 
differs from that in large columns. In small columns, the bub- 
bles coalesce at the bottom of the column right above the 
bubble injectors, and therefore the flow structure develops 
quickly in the axial direction. Thus, the gas holdup distribu- 
tion remains constant through the entire region above the 
injector. Figure 14 shows the effect of the gas velocity on the 
radial distribution of the gas holdup measured at L ,  = 80 cm 
(L,/Ls = 0.5, where L ,  is the height above the bubble in- 
jectors) in a 15.24-cm-wide bubble column. The figure illus- 
trates that the shape of the radial gas holdup distribution 
shifts from a uniform bubbly distribution at low gas velocity 
to a central bubble distribution at higher gas velocities. This 
result asserts that in small columns the flow regime trans- 
forms directly from the dispersed bubble flow regime to the 
3-region flow condition. 

In large columns, as noted, the flow structure changes with 
gas velocities from the dispersed bubble flow to 4-region flow, 
and from 4-region flow to 3-region flow. Figure 15 shows the 
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Figure 15. Radial gas holdup distribution in 48.3-cm 
column, demonstrating that the holdup be- 
havior in the column is symmetric. 

radial gas holdup distribution in the entire 48.3-cm column 
for a gas velocity of 1.54 cm/s; the figure reveals the radial 
symmetric behavior of the gas holdup. 

At a low gas velocity, the bubble streams are observed to 
rise rectilinearly with relatively uniform size distribution along 
the column radius and axis. Thus, in the dispersed bubble 
regime, the radial and axial gas holdup distributions are uni- 
form, except near the sidewalls, as shown in Figure 16a for a 
48.3-cm column. A typical radial liquid velocity profile in this 
dispersed bubble regime is shown in Figure 16b. The liquid is 
carried up by the bubble-driven motion in the vicinity of the 
ascending bubble streams. Although some liquid flows down- 
ward between these bubble streams, the averaged liquid ve- 

locity is upward in this region. The liquid is seen to  descend 
in the region near the sidewalls. 

When the gas velocity is increased to 1 cm/s, bubble clus- 
tering or coalescence occurs that is induced by the migration 
of bubble chains near the sidewalls and by the presence of 
the growing vortices near the gas distributor in the vortical 
flow region. The coalesced or clustered bubbles form the fast 
bubble flow region that has the highest gas holdup in the 
radial distribution, as shown in Figure 17a. Figure 17b shows 
the time and volume averaged axial liquid velocity profiles at 
different axial locations in the 48.3-cm column for a gas ve- 
locity of 1.54 cm/s. This figure shows that the axial liquid 
velocity, induced by the bubble wake and bubble carriage 
motion, moves uniformly upward in central plume region. The 
upward velocity increases to a maximum when the liquid is 
carried upward by the large bubbles in the fast bubble flow 
region. Then, the upward velocity decreases sharply with ra- 
dial direction and becomes zero at the location between 60% 
and 70% of the column half width. After the inversion point, 
the downward velocity increases with the radial distance to 
the location at 90%. The results are similar to the 3-D re- 
ported previously (Hills, 1974). In addition to moving upward 
in the axial direction, the fast bubbles grow and migrate lat- 
erally toward the center of the column. This is due to the 
gradual increase in bubble size in the axial direction, with the 
vortex size remaining constant. Therefore, the central plume 
region decreases near the top of the column. Figures 17a and 
17b show this behavior in the upper part of the column. The 
PIV results again reveal that the gross circulation flow pat- 
tern includes the upward flow in the column center and 
downward flow in column wall. 

Increasing the gas velocity yields the 3-region flow condi- 
tion. In the region immediately above the gas injector, the 
radial gas holdup is uniform, as shown in Figure 18a. How- 
ever, the large bubbles coalesce and form a central fast bub- 
ble flow region that yields a gas holdup in the center higher 
than that in the other regions. There is no central plume re- 
gion in the 3-region flow condition. Due to the interaction 
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Figure 16. Radial gas holdup (a) and axial liquid velocity (b) distribution in 48.3-cm column at low gas velocity 

(Us = 0.26 cm/s). 

310 February 1996 Vol. 42, No. 2 AIChE Journal 



4.0 
g 
2 E 
8 

2.0 

e.0 11 

6.0 1 
f 4.0 m--- 

I&=Ql 

0. 
100 80 60 40 20 

radial location (YO) 

10 

3 
2 0 0  v 

3 

2. .a 
-10 

.- - 
-20 

10 

T o  
% W 

'% 7 -10 

3 
0 

1 

-20 

10 

T 0. 

b W 

.i? 
8 7 -10 

3 .s - 
-20 

10 

p 0. 

B 

3 3 -10 

3 
.F - 

3 
0 

-20 

1 

f4- 

J I-,&= 0.5 

i 
I 

J LJLs= 0.1 

I 80 60 40 20 
raidal location (YO) 

(b) 
Figure 17. Radial gas holdup (a) and axial liquid velocity (b) distribution in 48.3-cm column at various axial locations 

and U, = 1.54 cm/s. 

AIChE Journal February 1996 Vol. 42, No. 2 311 



8.0 I- 

-+----- 

6.0 

4.0 

2.0 

100 80 60 40 20 
radial location (YO) 

-20 

10 /-- 

100 80 60 40 20 
radial location (YO) 

@) 
Figure 18. Radial gas holdup (a) and axial liquid velocity (b) distribution in 48.3-cm column at various axial locations 

and U, = 3.34 cm/s. 

312 February 1996 Vol. 42, No. 2 AIChE Journal 



6.U 

4.0 
h 5 
B 
B 
3l 
s 

2.0 

o.a I I I 1 I I I I 

20 40 60 80 100 
axial location (YO) 

Figure 19. Axial gas holdup distribution in 48.3-cm col- 
umn for Ug = 1.54 cm/s and 3.34 cm/s. 

between the vortices and fast bubble flow region, small bub- 
bles are trapped into the vortical and descending flow re- 
gions. Thus, the gas holdup near the sidewalls at high gas 
velocities is higher than that at lower gas velocities. Figure 
18b presents the axial liquid velocity profile in the radial di- 
rection at different axial locations. The figure shows that the 
maximum axial liquid velocity is in the central region that 
differs from that in the 4-region flow condition, as the bub- 
bles coalesce immediately above the distributor region. As a 
consequence of the larger wake effects generated by larger 
bubbles in this flow, the maximum axial liquid velocity in 3- 
region flow is greater than that in 4-region flow. The position 
of the inversion point is almost the same as that in 4-region 
flow. This is due to the vortex size remaining constant when 
the gas velocity is over 1 cm/s. Due to the increased bubble 
wake effects, the mass flux of the liquid in the vortical and 
descending flow regions is greater than that in the 4-region 
flow condition. 

The cross-sectional average axial gas holdup distributions 
in the 48.3-cm column operated in the 4- and 3-region flow 
conditions are also measured, as shown in Figure 19. This 
figure shows that the flow at high gas velocity develops more 
rapidly than at low gas velocity. This is reflected by the con- 
stant value of the gas holdup observed throughout most of 
the column at high gas velocity. In this study, data obtained 
on the wavelength, vortex size, and holdup are typical for the 
bulk region of the bed. 

Computation 
Numerical technique 

In this study, the 2-D behavior of a 
gas-liquid flow in a bubble column is simulated. The differ- 
ential equations are expressed in Cartesian coordinates (x, 
z ) .  The motion of the liquid phase is simulated by solving the 
instantaneous Navier-Stokes equations with appropriate 
boundary conditions. The liquid phase is assumed to be in- 
compressible, giving the mass conservation equation as 

Liquid Phase Motion. 
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all aw -+ -=o ,  
dx d z  (3) 

where u and w are the liquid phase velocities in the x and z 
directions, respectively. The liquid phase momentum equa- 
tions are expressed by 

au du du  1 ap p d*U d2u 
- + u - + w - = - - - + -  -+- 
d t  dx d z  p dx p [ d X 2  az2] (4) 

where p is the density of the liquid, p is the liquid phase 
pressure, p is the viscosity of the liquid, and g is the gravita- 
tional acceleration. Equations 3, 4, and 5 are solved to pro- 
vide the liquid phase velocity field and the liquid phase pres- 
sure distribution. 

Across a gas-liquid 
interface, the physical properties change drastically from one 
phase to the other. The simulation of such an interface in 
multiphase flows has been a challenging problem since the 
beginning of large-scale computational studies. So far, two 
simulation approaches, the front-capturing method and the 
front-tracking method, have been developed to deal with this 
type of interface. The basic idea of the front-capturing ap- 
proach is to discretize the whole computational domain in 
terms of the finite volume method, and at the same time, to 
use a higher order scheme and artificial viscosity around the 
interface to prevent the numerical solution from oscillating. 
Although well applicable for shock fronts, the front-capturing 
methods generally do not work as well for material interfaces 
(Boris, 1989). Other major drawbacks of this method include 
the requirement of relatively fine grids as well as associated 
technique complexities. The front-tracking method, mean- 
while, considerably reduces the requirement of resolution to 
keep the front sharp and effectively eliminates the numerical 
diffusion. The volume of fluid (VOF) technique (Hirt and 
Nichols, 1981) is one of the front-tracking methods. The VOF 
method provides a simple and economical way to track the 
gas-liquid interface with reasonable accuracy and minimum 
storage requirements. 

The VOF method is used in this study to track the sharp 
front between the bubble and liquid. The treatment of the 
gas phase in the VOF method differs from trajectory models 
or multifluid models in that each bubble is simulated by 
tracking the movement of its surface, that is, the gas-liquid 
interface. In order to maintain adequate resolution, the grid 
system has to be fine enough to provide a sufficient number 
of cells to represent a bubble as well as its surface. The mo- 
tion, shape, volume, and inside pressure of a bubble are de- 
termined by the motion of the bubble surface. Unlike other 
methods, in the VOF method there is no assumption about 
the gas-liquid momentum transfer, and the gas-liquid inter- 
actions are directly determined by the simulated motion of 
the gas-liquid interface. Therefore, the factors affecting the 
gas-liquid interaction (i.e., surface tension effect, pressure 
distribution, and local liquid velocity fields) can be directly 
investigated. 

The movement of a gas-liquid interface is tracked based 
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on the distribution of function, F ,  defined as the volume 
fraction occupied by the liquid phase in a computational cell. 
In the pure liquid region, F is equal to one and inside a 
bubble, F is equal to zcro. The gas-liquid interface exists in 
cells where F lies between 0 and 1. Therefore, if the distribu- 
tion of F is known at every moment, the location and shape 
of the bubbles are known. Due to the mass conservation of 
the liquid phase, the time-dependent governing equation of 
F is 

dF dF 
- - f f - - w - .  (6) 

dF _ -  
at J X  az 

At each time step, after the velocity field of the liquid phase 
is computed, Eq. 6 is used to update the F distribution, so 
that the location and shape of the bubbles at each time step 
can be obtained. 

The present computational scheme ignores the transfer ef- 
fects of the motion of gas inside the bubble on the interfacial 
gas-liquid momentum and thus the applicability of the 
scheme is limited only to gas bubble flow situations involving 
low pressure or low gas density conditions. The deformation 
of a bubble is assumed to be isentropic so that the pressure 
insidc the bubble, p K ,  can be related to its volume, u, by 

pKuY = constant, (7) 

where y is the ratio of the specific heats. 
Using the bubble shape determined by the F distribution, 

the surface curvature at any point along the bubble surface 
can be determined. The surface tension of the liquid together 
with the surface curvation determines the pressure difference 
across the bubble surface, A p ,  from the Laplace-Young 
equation 

2a 
A p = -  

R ’  

where u is the surface tension of the liquid and R is the 
radius of surface curvature. By adding the pressure differ- 
ence across the bubble surface (Ap) and the pressure inside 
the bubble ( p , ) ,  the pressure distribution along the bubble 
surface on the liquid side can be determined. This liquid 
phase pressure distribution adjacent to the bubble is used as 
a boundary condition while solving the momentum equation 
of the liquid phase adjacent to the bubble. The liquid flow 
field is then used to recalculate the F distribution, the bub- 
ble volume, the internal pressure, and the bubble shape. In 
this way, the momentum transfer between a bubble and its 
surrounding liquid is implicitly simulated. It is assumed that 
on the bubble surface there is no friction drag, which is rea- 
sonable since the gas motion inside the bubble is ignored and 
the gas phase viscosity is several orders or magnitudes lower 
than that of water. 

In the simulation, the nonslip condition is used on the two 
sidewalls and the bottom of the column. On the top of the 
column the free boundary condition is used, except that, for 
simplicity, the axial liquid velocity (w) at the top boundary is 
assumed to be zero. The bubbles introduced are spherical in 
shape near the bottom of the column, and they leave the col- 
umn when they reach the top of the computational domain. 
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Initially, the liquid phase inside the column is in a static state. 
The simulation considers only the dispersed bubble flow. 

In this study, the finite difference method is used for the 
numerical solution. The solution algorithm of Harper et al. 
(19911, which is based on the MAC method (Harlow and 
Welch, 19651, used in the well-known SOLA code (Hirt e t  al., 
1975) is adopted in this study. It is noted that in this kind of 
solution algorithm, the numerical stability requires very short 
time steps, and a large amount of computational time is 
needed. The simulation is conducted on a CRAY Y-MP8/864 
supercomputer at the Ohio Supercomputer Center. 

Computational results 
Due to grid limitations, only a shallow bed ( L J D  = 1) por- 

trayed by column C (see Figure 3 for experimental arrange- 
ments) is simulated in this study. The grid system is set up to  
provide 98 grids in the z (vertical) direction and 93 grids in 
the x (horizontal) direction for the two-bubble injector case, 
while for the three-bubble injector case 98 grids are used in 
both the x and z directions. In these computations, no bub- 
ble collisions are considered. The computation of the 2-D 
geometry is conducted by considering the third dimension to 
be infinite. In the computation, two- and three-bubble injec- 
tors are set up in air-glycerine and air-water systems, as 
shown in Figure 3 for column C. In both injector systems, 
bubbles are simultaneously injected into the flow domain at a 
time interval ( t g )  of 0.18 s for the two-bubble injector case 
and at  a time interval ( t , )  of 0.10 s for the three-bubble in- 
jector case. The initial bubble diameter for all cases is 0.5 cm. 
A typical time step for the computations is 3.0X s. The 
computations are run for about ten CRAY CPU hours for 
each condition to yield the complete dynamic characteristics 
of the system. 

For air bubbles in 80 wt. % glycer- 
ine solution, Figures 20 and 21 show the computational re- 
sults together with experimental results from the PIV and 
photographs of the experimental system in the two different 
injector setups. The computational conditions precisely match 
the experimental conditions regarding system dimensions, 
height-to-width ratio, bubble injector locations, and bubble 
frequency. In Figure 20, the time interval between the lower 
two frames is approximately 1/10 s for all three sets of data 
shown, while the time interval between the middle and top 
frames is approximately 1/15 s. The time interval between 
each frame shown in Figure 21 is about 1/15 s for all three 
sets of data. From Figures 20 and 21, it can be seen that the 
computations demonstrate a relatively stable flow pattern 
through the liquid velocity vectors and by the observation that 
no pressure gradients are seen to exist in the x direction. The 
pressure drop between two adjacent pressure contour lines 
shown in the computational results is approximately 97 N/m2. 
The bubble size and shape are also seen to remain uniform 
throughout the column. The overall averaged flow patterns 
observed from both the computation and PIV results are 
shown in Figure 22. The liquid ascends in the region close to 
the bubble chains and descends between two bubble chains 
and near the sidewalls. Based on such flow patterns, it can be 
seen that there are four and six circulation cells in the two- 
and three-bubble injector cases, respectively. The bottom 
corners of the column are observed to be relatively stagnant 
regions. 

Air-Glycerine System. 
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Figure 20. Comparison of computational results, PIV re- 
sults and photographs taken from experi- 
mental setup for air-glycerine system in 
two-bubble injector case (U, = 0, f, = 0.18 s). 

The instantaneous phenomena provided by the computa- 
tions and the PIV results show that there are two vortices 
located beneath each bubble, illustrating the wake region. The 
simulations demonstrate the wake motion beneath each bub- 
ble but show no signs of wake shedding, which is confirmed 
by the PIV results by showing that the only vortices present 
are in the wake region directly beneath the bubbles. There- 
fore, in both the two- and three-injector cases the bubbles 
rise upward in a rectilinear manner with no rocking motion. 
Vortices observable just below the free surface are the result 
of bubbles that have left the free surface coupled with the 
overall motion of the liquid phase discussed earlier. 

The flow phenomena obtained from the computations ex- 
hibit the same qualitative trends as observed from flow visu- 
alization and the PIV results. In order to ascertain the accu- 
racy of the computational results, several local liquid veloci- 
ties and vortex sizes below the free surface are used to com- 
pare between the computational and experimental results. 
The local liquid velocities obtained from the computational 
and PIV results for a region in front of the bubbles are within 
5% of each other. The vortex sizes below the free surface are 
about 0.5 cm in both the experimental and computational re- 
sults. Figures 20 and 21 demonstrate that the computational 
technique is able to qualitatively and quantitatively simulate 
the air-glycerine dispersed bubbly flow quite accurately. 

Based on the results obtained in the 
air-glycerine system, the computations are extended to simu- 
late air-water dispersed bubbly flow using the same geomet- 
rical parameters given previously. Figure 23 shows three rep- 
resentative examples of the computational results together 

Air-Water System. 

Figure 21. Comparison of computational results, PIV re- 
sults and photographs taken from experi- 
mental setup for air-glycerine system in 
three-bubble injector case (U, = 0, t, = 0.1 
S) . 

with the PIV results and the photographs of the experimental 
flow system for the two-bubble injector case. The three frames 
in Figure 23 are separated by 1/15 s. The computational re- 
sults demonstrate, as expected, that the air-water flow is 
much more transient than the air-glycerine case. Pressure 
gradients are seen to exist not only in the z direction but also 
the x direction for the air-water flow. The pressure differ- 
ence between two pressure contour lines from the computa- 

.X 

(a) (b) 
Figure 22. Overall flow pattern of the air-glycerine sys- 

tem in two- (U, = 0, t ,  = 0.1 s) and 
three-bubble injector cases (U, = 0, t ,  = 0.1 
S) . 
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tional results is about 82 N/m2. The bubbles are observed to 
be more ellipsoidal in shape than in the glycerine system and 
are observed to be of similar shape in the simulation results 
and in the photographs taken from the experimental setup. 
The bubbles are seen to  change shape as well as direction 
throughout the column due to the complicated nature of the 
pressure field. The overall averaged flow pattern is similar to 
that of the air-glycerine system in the two-bubble injector 
case with the liquid rising in the vicinity of the bubbles and 
descending along the sidewalls and in the middle of the col- 
umn. The bottom corners of the flow field are again observed 
to be quite stagnant. 

In the air-glycerine system, vortices only exist beneath the 
bubbles and below the free surface. In the air-water system, 
however, wake or  vortex shedding is observed to occur be- 
hind the rising bubbles, as shown in Figure 24. The vortex 
shedding causes the bubbles to  move upward in a zigzag pat- 
tern, introducing strong interactions between the existing liq- 
uid flow field and the bubble motion. A vortex that has been 
shed becomes a part of the local, transient flow pattern. This 
local flow pattern or structure then directly affects the mo- 
tion as well as the vortex shedding of the following bubbles. 
The new local flow structure created by the shed vortex can 
be reinforced or  destroyed during its interaction with the fol- 
lowing bubbles. In the former case the new local structure 
can grow into a large coherent flow structure in the bubble 
column such as the vortices in the vortical flow region dis- 
cussed previously, while in the latter case the structure is dis- 
sipated into the surrounding flow. Since the vortex shedding 

process is transient in nature and every shed vortex intro- 
duces a new change in the flow field, the overall dispersed 
bubbly flow becomes unstable and highly transient. 

In the three-injector case, the interaction between the bub- 
bles becomes enhanced as shown in Figure 25.  The bubbles 
in this case are influenced not only by the leading bubble 
from the same injector but also by leading bubbles from the 
other injectors and by adjacent bubbles injected at the same 
time. When the bubbles come within a certain distance of 
each other, as in the three-injector case, the bubble motion is 
affected by the lower pressure known to exist in the wake of 
the surrounding bubbles (Fan and Tsuchiya, 1990) causing 
the bubble to  accelerate toward the lower pressure area. This 
is demonstrated in Figure 26, where the wake effects influ- 
ence the bubbles not only in the z direction as in the two-in- 
jector case, but also in the x direction. A bubble may be in- 
fluenced in the x direction if one of the three simultaneously 
injected bubbles slows down slightly causing it to fall into the 
wake of an adjacent bubble. This can result in a change of 
the bubble shape and the bubble will accelerate in the x di- 
rection as well as in the z direction due to the lower pressure 
in the wake of the leading bubble. This transient behavior 
causes the pressure distribution to become more complicated 
and the numerical convergence more difficult to achieve. 

Figure 27 shows the overall averaged flow pattern of the 
three-bubble injector case. It can be seen that the bubbles 
rise in the center of the column carrying the liquid upward in 
this region. Due to the mass conservation of the liquid phase, 
the direction of the liquid motion near the top of the column 
shifts toward the sidewalls and at  the bottom of the column 
the liquid motion is directed toward the center. This liquid 
motion forms the overall liquid circulating motion and pro- 
duces two circulation cells in the flow field. The bubbles tend 

- 18.6cm/s J 

z 

0 0  1 42 2 84 4 27 5 69 7 11 

X 

Figure 24. Example of the computational results for the 
two-bubble injector case air-water system 
(U,  = 0, t, = 0.18 s). 
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Figure 25. Comparison of computational results, PIV re- 
sults, and photographs taken from experi- 
mental setup for air-water system in 
three-bubble injector case (U,  = 0, t ,  = 0.1 
4. 

to follow the liquid motion resulting in the familiar cooling 
tower bubble distribution in the z direction (Field, 1981). The 
wake effects of the leading bubbles influence the trailing 
bubbles adequately to further reinforce the cooling tower 
motion but not enough to cause any bubble coalescence. 

The instantaneous phenomena of the air-water simulation 
(Figures 23 and 25) associated with the bubble wake motion 
is much more pronounced than previously observed for the 
air-glycerine system (Figures 20 and 21). As shown in Figure 
27, at the neck of the cooling tower, bubbles are so close that 
some of the vortices created by different bubbles may inter- 
act with each other and enhance the vortex shedding from 
the bubble, or may interfere with each other to cancel the 
vortical liquid motion. Therefore, in this region the fluid mo- 
tion is highly irregular and transient. These qualitative results 
are confirmed from the data provided by the PIV technique 
and from flow visualization of the experimental system. 

From the PIV data shown in Figures 23 and 25, the vor- 
tices are observed to be more random and larger than in the 
air-glycerine case. In the two-bubble injector case, the vortex 
size just beneath the free surface is around 1.78 cm, which is 
in very good agreement with the experimental value 1.74 cm. 
Also the large vortex size measured from the experimental 
results in the three-bubble injector case is about 1.42 cm, 
which matches the computational results of 1.48 cm very well. 
For the two-bubble injector case, typical measurements by 
the PIV system for the local liquid phase velocity near the 
sidewalls and in front of the bubbles are around 12 cm/s and 
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Figure 26. Example of the computational results for the 
three-bubble injector case air-water system 
(U,  = 0, t ,  = 0.1 s). 

22 cm/s, respectively, which compare well with 11.5 and 21 
cm/s obtained from the computation. This confirms that the 
computation for the air-water system is quantitatively com- 
parable with the experimental results. 

The results of both the air-glycerine and air-water com- 
putations when compared with the experimental data, 

z 
t x  

. - .  . . .  

Figure 27. Overall flow pattern of the air-water system 
in the three-bubble injector case (U, = 0, t ,  
= 0.1 s). 
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demonstrate that the V O F  method of solution is of promise 
for further study of larger scale 2-D and 3-D computations. 
The technique is unique in providing time-dependent flow 
field information around individual bubbles by tracking the 
gas-liquid interface without involving assumptions on the 
gas-liquid momentum transfer. Furthermore, the technique 
is able to provide insight into the coupling effects of the liq- 
uid and bubble motion. 

Concluding Remarks 
The quantitative analysis based on data obtained using the 

PIV technique provides insight into the instantaneous flow 
behavior and regime transition in two-dimensional bubble 
columns. The analysis indicates that the observed coherent 
flow structures can be characterized by such macroscopic 
properties as vortex size and wavelength of the fast bubble 
flow region. Specifically, the two flow regimes, that is, the 
dispersed bubble regime and coalesced bubble regime can be 
demarcated based on the behavior of the vortex size while 
the variation of the wavelength can differentiate between the 
4-region and 3-region flow conditions that underlie the coa- 
lesced bubble regime. The behavior of the radial and axial 
profiles of gas holdup and liquid velocity signifies the differ- 
ences between the instantaneous and time/volume averaged 
flow structures and reflects the scale effects on the regime 
transition. Numerical simulations of dispersed bubbly flows 
are conducted based on the VOF method. The computa- 
tional results indicate the unsteady nature of the flow due to 
the coupling effects of the pressure field, liquid velocity, and 
bubble motion. The numerical results compare well both 
qualitatively and quantitatively with the experimental results 
obtained by the PIV technique and from flow visualization. 
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Notation 
d ,  =particle diameter (cm) 
D =column width (cm) 
U, =superficial liquid velocity (crn/s) 
Ug =superficial gas velocity (cm/s) 
p, =solid density (g/cm3) 
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