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Abstract t 

Thiss chapter develops the link between the single large bubble rise velocity and the rise 
velocityy of large bubble swarms operating in the churn-turbulent flow regime. The latter 
velocityy is estimated by introducing a correction factor into the Davies-Taylor-Collins 
relation.. This correction is the acceleration factor (AF), which accounts for the increase in the 
risee velocity of a bubble because of its interaction with the wake of the bubble preceding it. 

Individuall  coalescence and break up events are essentially impossible to observe in a 
swarm.. This motivated us to divide the experimental study in two parts: first an extended 
studyy for the two-bubble system was performed and secondly the real swarm was 
investigated. . 

Analysiss of video recordings of the interactions between two bubbles, both in-line and off-
line,, proved that AF increases linearly as the vertical distance of separation between the 
bubbless decreases. The wake acceleration effect in the churn-turbulent regime of operation 
decreasess as the viscosity of the liquid phase increases. The variation of the AF with liquid 
propertiess is considered to be caused by the drastic change of the characteristics of the bubble 
wake,, such as its volume and the liability of vortex shedding from the bubble. Bubbles rising 
inn viscous media have closed laminar or transitional wakes. The rise trajectory of the trailing 
bubblee hardly deviates from a straight line. Turbulent open wakes are present when two 
bubbless coalesce in low viscous liquids. This kind of wakes induces dynamic meandering 
trajectoriess for the following bubble. However, the effect of such a wake changes drastically 
inn case of swarms of bubbles. The restraining "wake-side" caused by the neighbouring 
bubbless minimises the wakes dissipation, leading to more intensive wakes. Correlations for 
thiss acceleration factor for low and high viscous systems were developed using an extensive 
sett of experimental data on the large bubble swarm velocity in columns of 0.051, 0.1, 0.174, 
0.19,, 0.38 and 0.63 m in diameter. The large bubble swarm velocity is found to be much 
higherr than that of a single, isolated bubble (up to six times higher!). 

35 5 



ChapterChapter 3 Bubble-bubbleBubble-bubble interaction. Bubble swarm velocity 

3.11 Introductio n 

Inn the previous chapter we have studied the single bubble rise behaviour as a function of 
scalee and liquid properties. The real industrial picture reminds us that in the churn-turbulent 
regimee one bubble will never be completely alone or isolated in the column. Bubble 
coalescencee and break up play an important role in determining the performances of gas-
liquidd contactors. They control the interfacial area and the mass transfer rate in bubble column 
andd gas-sparged chemical and biochemical reactors. 

Largee gas bubbles get accelerated when they are sucked into the wake of the bubbles 
precedingg them. After understanding the scale dependence on single bubbles, presented in 
Chapterr 2, one should proceed further and model the bubble-bubble interaction. 
Consequently,, a reliable and detailed knowledge on two-bubbles system will be useful for 
buildingg up an understanding of bubble swarms. 

Thee bubble wake is the driver for interaction. Wake-induced collisions occur between pairs 
off  large spherical cap bubbles. Quite the contrary happens between small spherical or 
ellipsoidall  bubbles. They tend to repel each other except under very specific conditions 
(Stewart,, 1995). This fact was also in accordance with our visual observations and it was 
mentionedd in the previous chapter. Therefore this chapter focuses on interactions between 
large,, spherical cap bubbles. 

BubbleBubble wake structure 

Duringg the free rise of gas bubbles through a liquid an amount of liquid is inevitably 
carriedd up behind the bubbles, and this is known as the wake. The wake structure and the 
velocityy of the wake have a direct effect on the behaviour of neighboring bubbles. The wake 
geometryy has long been disputed and historically grouped in three categories: (a) closed 
laminarr wake; (b) closed transitional wake and (c) open turbulent wake. The behaviour of 
wakess depends on Reynolds number (Reb), which is determined mainly by the liquid viscosity 
inn the present experiment. The velocity of the bubble is the one in isolation (Vb°). A short 
descriptionn of each wake category is given further: 

(a)) closed laminar/toroida l wake 
Thiss type of wakes has been observed behind large spherical-cap bubbles rising in viscous 
liquids.. The limits for this category are 10 < Reb < 90 (Komasawa et at, 1980). Bhaga and 
Weberr (1980) found the closed steady wakes for Reb not exceeding 110. The wake is 
hydrodynamicallyy stable and consists of a well defined toroidal vortex and a streaming 
cylindricall  tail extending along the rise path. There are no exchanges between the liquid in the 
vortexx and the external flow (Coppus et al, 1977; Bhaga and Weber, 1980). The toroidal 
vortexx consists of a pair of symmetrical oblate vortices. Between the vortex and the long 
cylindricall  tail, there is a point where the liquid is apparently stagnant. 
(b)) transitional wake 
Increasingg the Reynolds number up to approximately 500, the wake becomes less stable. This 
iss caused by the internal vortices which become less symmetrical and therefore a rocking 
motionn appears in the cylindrical tail. For Reb < 250, the wake is still closed. On the whole, 
thee wake still consists of a toroidal vortex and a cylindrical tail. At Reh around 300-500 
(Narayanann et al., 1974; Komasawa et al., 1980) transition to open wake occurs. The wake 
becomess less stable, a certain rolling motion appears on the toroidal vortex as well as on the 
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cylindricall  tail. The wake begin to elongate irregularly and shedding of the vortex boundary is 
oftenn seen. 
(c)) turbulent wake 
Thiss type of wake have been observed behind large spherical cap bubbles rising in low 
viscouss liquids (Re  ̂> 500). Wake shedding phenomena are now magnified and small scale 
irregularr vortices are formed under the bubble. The streamlines of the wakes move side to 
side.. The near wake region is followed by a vortex street and extends far behind the bubble. 
Thee circulating flow pattern behind the bubble is rather irregular. 

Inn addition to the literature in this field cited until now, more information about the wake 
characteristicss and the interaction between spherical cap bubbles can also be found in: 
Crabtreee and Bridgwater (1971), Otake et al. (1977); Clift et al. (1978), Walter and Blanch 
(1986),, Fan (1989), Prince and Blanch (1990b), Chabot et al. (1992), Stewart (1995). 

3.22 Experimental 

Inn order to study the interaction between bubbles in swarms, two types of experiments 
weree carried out: (a) experiments to study the in-line and off-line interactions of isolated 
bubblee pairs and (b) large bubble swarm velocity of bubbles in columns operated in the churn-
turbulentt regime. 

In-lineIn-line and off-line interactions between bubble pairs 

Thee in-line interaction of two bubbles was studied by injecting pairs of bubbles with pre-
determinedd volumes in quick succession in the 0.051 and 0.1 m diameter columns. The 
columnss have the same characteristics as described in Chapter 2. The systems studied for the 
in-linee interactions are: air - water and air - viscous Tellus oil. For the air - water system in the 
0.0511 m column the "syringe injection system" was used, while in the 0.1 m column a quick 
rotaryy valve made it possible to introduce two equal bubbles, without break up. The syringe 
injectionn system was again present for the experiments performed with the air - Tellus oil 
systemm in the 0.1 m column. Experimental set-up details and operating conditions about the 
in-linee interaction experiments performed can be found in Table 3.1. 

Thee off-line interactions were studied in the larger column, i.e. 0.63 m diameter column 
(Fig.. 3.1). The column was equipped with two identical ladles (see Fig. 2.5) mounted in a 
horizontall  plane, at 120°. In this case each of the two ladles were filled with pre-determined 
gass volumes. The ladles were reversed to release these bubbles at either the same moment or 
withh a pre-set time delay. Table 3.2 presents the experimental set-up details and operating 
conditionss for all off-line interaction experiments. 

Thee rise trajectories of the two bubbles in both kinds of experiments were monitored and 
recordedd on video at 25 frames/s. Subsequently, accurate determination of the bubble rise 
trajectoriess was obtained using frame-by-frame analysis. The same analysis procedure was 
used,, as described in Chapter 2 for the single bubble rise behaviour. In this way in-line and 
off-linee interactions, of various combinations of sizes, could be studied. Additional to the 0.51 
mm diameter column presented before in Fig. 2.4, the rest of the columns used are shown in 
Fig.. 3.1. 
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Tablee 3.1 

In-linee interaction 

Column n 
diameter r 
£>T/[m] ] 
0.051 1 
0.051 1 
0.051 1 
0.051 1 
0.051 1 
0.051 1 
0.051 1 
0.051 1 
0.051 1 
0.051 1 
0.100 0 
0.100 0 
0.100 0 
0.100 0 
0.100 0 

experiments:: operation 

Systemm studied 

airr - water 
airr - water 
airr - water 
airr - water 
airr - water 
airr - water 
airr - water 
airr - water 
airr - water 
airr - water 
airr - water 

airr - Tellus oil 
airr - Tellus oil 
airr - Tellus oil 
airr - Tellus oil 

conditionss and expen 

Injectionn system 

syringe e 
syringe e 
syringe e 
syringe e 
syringe e 
syringe e 
syringe e 
syringe e 
syringe e 
syringe e 

rotaryy valve 
syringe e 
syringe e 
syringe e 
syringe e 

mentall  set-up details 

Leading g 
bubblee size 

44 leading / [m] 

0.034 4 
0.034 4 
0.034 4 
0.034 4 
0.031 1 
0.031 1 
0.031 1 
0.027 7 
0.027 7 
0.022 2 
0.031 1 
0.034 4 
0.031 1 
0.027 7 
0.022 2 

Trailing g 
bubblee size 

dbdb trailine/ [ m ] 

0.034 4 
0.031 1 
0.027 7 
0.022 2 
0.031 1 
0.027 7 
0.022 2 
0.027 7 
0.022 2 
0.022 2 
0.031 1 
0.034 4 
0.031 1 
0.027 7 
0.022 2 

0.11 m 0.633 m 

r^ -- r*--

9 9 
syringe e 

J)) rotary 
valve e 

& & 

syringe e 

Fig.. 3.1. Experimental set-ups used for studies on in-line and off-line bubble interactions. 
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Tablee 3.2 

Off-linee interaction experiments: operation conditions and experimental set-up details 

Column n 
diameter r 
Dr/[m] Dr/[m] 

System m 
studied d 

Bubblee sizes 

ddbb/[m] /[m] 

Horizontall  separation 
distance e 

/[m] ] 

Initiall  vertical 
separationn distance 

/[m] ] 
0.63 3 
0.63 3 
0.63 3 

airr - water 
airr - water 
airr - water 

0.0477 - 0.047 
0.0477 - 0.O47 
0.055 - 0.04 

0.12 2 
0.10 0 
0.10 0 

0.00 0 
0.07 7 
0.00 0 

Thoughh there is distortion of the bubble shapes due to the cylindrical columns used, the 
quantitativee analysis of the bubble rise velocities is not affected because only the information 
withh respect to the position of the bubble nose are used. 

LargeLarge bubble swarm velocities in the churn-turbulent regime 

Distinctionn between the two bubble classes hydrodynamics was effectuated using dynamic 
gass disengagement (DGD) experiments. The experimental procedure and the data analysis 
techniquee is described in detail in section 4.3 of the thesis, since the same experiments were 
alsoo used for the gas hold up data. In addition to the large bubble swarm velocity data 
obtainedd with the air - Tellus oil system in particular for this study (see Table 3.3 for detailed 
experimentall  conditions), the present analysis includes also data selected from earlier work 
carriedd out in the group (Krishna and Ellenberger, 1996, De Swart, 1996). From the complete 
dataa bank we selected a data set measured with relatively low-viscous liquids. Physical 
propertiess of the studied systems are given in Table 3.4. 

Tablee 3.3 

Largee bubble swarm velocity experiments performed with Tellus oil 

Columnn diameter 
Dj/[m] Dj/[m] 

Totall  height 
H/[m] H/[m] 

Systemm studied 

0.1 1 
0.19 9 
0.38 8 

Superficiall  gas 
velocityy UQl [m/s] 

airr - Tellus oil 
airr - Tellus oil 
airr - Tellus oil 

Number r 
off  experiments 

0.0002 2 
0.0006 6 
0.0007 7 

0.2 2 
0.5 5 
0.5 5 

67 7 
76 6 
57 7 

Totall  number of experiments: 

Tablee 3.4 

Physicall  properties of the phases (at atmospheric conditions) 

200 0 

Phase e 

Water r 

Tetradecane e 
Paraffinn oil -

Paraffinn oil -

Telluss oil 32 

Air r 

A A 

B B 

Shell l 

Density y 

PL/[kg/m3] ] 

998 8 

763 3 

795 5 

795 5 

862 2 

1.29 9 

Physicall  property 

Dynamicc viscosity 

HL/[Pas] ] 

0.001 1 

0.0022 2 

0.0023 3 

0.0029 9 

0.075 5 

0.000017 7 

Surfacee tension 

(7// [N/m] 

0.07275 5 

0.027 7 

0.028 8 
0.028 8 

0.028 8 
--
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3.33 Results and discussion 

Thee present chapter proposes a quantified interpretation of the interactions between large 
bubbles,, which is used further to develop a model for the large bubble swarm velocities in 
loww and high viscous media. In an earlier work on video image analysis of large bubble 
swarmss (De Swart et al., 1996), the authors have visualised a wide distribution of bubble 
sizes,, ranging from 0.02 to 0.08 m in diameter. The behaviour of large bubbles in a swarm 
wass shown to be governed by frequent coalescence and break up. They interpreted the results 
ass a function of a "refreshment rate" used for birth or death rate of bubble classes (6 different 
bubblee classes were considered). This refreshment rate ranged from 2 to 20 s"1, increasing 
withh the size of the bubble class. This is to be expected since larger sized bubbles are 
refreshedd more often, due to the coalescence and break up than smaller sized bubbles. Before 
ann understanding of bubble swarms can be developed, the interactions between bubble pairs 
shouldd be studied. 

Off-lineOff-line interactions between bubble pairs 

Alll  experiments were carried out in the big column, of 0.63 m in diameter. The first set of 
retracedd pictures is shown in Fig. 3.2. The two bubbles are 47 mm in diameter, and they are 
releasedd simultaneously. A distance of 0.12 m separates the bubbles horizontally. Their 
startingg vertical positions are in the same horizontal plane. 

N N 

OO 2.4 s 

2.00 s 

£ ^^  1.6 s 

1.22 s 

0.88 s 

<4^^  0.4 s 

tt = 0.0 s 

Fig.. 3.2. Rise trajectories of two 47 mm diameter bubbles in water, separated by a 
horizontall  distance of 0.12 m. Both bubbles are released simultaneously. Column 

diameterr is 0.63 m. 
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Thee bubbles are not influenced by each other; they rise with the same velocity 
correspondingg to the one they would have when injected individually in the column. 
However,, when the starting vertical position between these two bubbles is slightly different, 
thee trailing bubble quickly gets sucked in the wake of the leading bubble getting accelerated. 
Thiss experiment is presented in Fig. 3.3. The vertical separation distance is of 0.07 m. 

tt = 0.0 s 0.22 s 0.44 s 0.66 s 

e e 

0.88 s 

£^> > 

1.00 s 

Fig.. 3.3. Rise trajectories of two 47 mm diameter bubbles in water, separated by a 
horizontall  distance of 0.1 m. Initial vertical separation between the two bubbles is 0.07 m. 

Columnn diameter is 0.63 m. 

Thee last experiment presents the interaction between two simultaneously released bubbles 
butbut different in size. The bubbles are 0.04 and 0.05 m in diameter, respectively. As expected, 
thee larger bubble rises faster and in this way a vertical separation is obtained. The small 
bubblee is accelerated in the wake until coalescence occurs (see Fig. 3.4). 

1 1 
a d d 

ff = 0.0 s 

C5 C5 

0.44 s 

o o 

0.88 s 

£=. . 

1.22 s 

> > 

1.66 s 

--

1.766 s 

e> > 

2.00 s 

crs s 

2.22 s 

Fig.. 3.4. Rise trajectories of two bubbles in water, 40 and 50 mm in diameter, separated 
byy 0.1 m horizontally. Both bubbles are released simultaneously. 

Columnn diameter is 0.63 m. 

Beforee coalescence takes place, the trailing bubble aligns itself vertically in the wake of the 
leadingg bubble. From this point on, the collision can be examined as an in-line interaction. In 
orderr to get more information about the bubble-bubble interaction, we studied vertical in-line 
interactionn of different sized bubbles in different liquids and columns of various diameters. 
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In-lineIn-line interactions between bubble pairs 

Low-- and high-viscous systems were investigated. Relatively low Reynolds numbers were 
achievedd by using the high viscous Tellus oil (Reb = 75 - 130). Water measurements assured 
highh Reynolds numbers (Reb > 5000) for characterisation of the bubble coalescence in the 
rangee of low - viscous liquids. Typical rise trajectories are shown in Fig. 3.5. The two bubbles 
aree 34 and 31 mm in diameter, and they rise in a water column of 0.051 m diameter. 

0.7 7 

0.6 6 

0.5 5 

- 0 . 4 4 

-- 0.3 
N N 

0.2 2 

0.11 I-

00 -

0.2 2 0.4 4 0.66 0.8 

f / [8] ] 

1.0 0 1.2 2 1.4 4 

Fig.. 3.5. Retraced video images of in-line interaction between two air bubbles (34 and 31 
mmm in diameter) rising in a 0.051 m column filled with water. 

Ass a first observation, it can be easily seen that both the shape and the rise velocity of the 
leadingg bubble are essentially unaffected by the second bubble during the coalescence 
process.. The trailing bubble accelerates as it approaches the first one. In other words, the 
accelerationn of the second bubble is based on a decreasing drag force with smaller distance. 
Risee trajectories of air bubbles in Tellus oil show a similar behaviour; see Fig. 3.6. 

Coalescencee of two bubbles is likely to occur in three steps. The first step is the approach 
off  the trailing bubble, from a distance of several diameters behind the leading one, until it 
reachess the toroidal vortex region (if present) or more general - the wake of the leading 
bubble.. Some authors use the term "critical distance" to describe the minimum separation 
distancee necessary for two bubbles to coalescence. Quantification of this coalescence criterion 
cann be found in literature (Narayanan et al., 1974; Otake et al. 1977; Bhaga and Weber, 1980). 
Inn the second step the trailing bubble, once having entered the wake completely, starts rising 
withh an additional unsteady velocity. This additional velocity component, which increases as 
thee bubble gets closer to the upper one, originates from the fluid velocity, which has an 
upwardd orientation in the bubble wake region. In the same time, the trailing bubble begins to 
elongatee in the vertical direction (see Figures 3.5 and 3.6). The liquid then drains until the 
liquidd film separating the bubbles reaches a critical distance. This thin liquid layer has a 
thicknesss of some micrometers. In the last step the rupture of the liquid film occurs resulting 
inn coalescence. 
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ddbb== 0.034 m 

00 0.16 0.32 0.48 0.64 0.8 0.96 
f/[s] ] 

Fig.. 3.6. Retraced video images of in-line interaction between two 34 mm air bubbles 
risingg in a 0.1 m column filled with viscous Tellus oil. 

InfluenceInfluence of the wake structure on the trailing bubble rise velocity 

Thee structure of the wake plays a very important role in the way the two bubbles are 
coalescing.. In the beginning of this chapter the three categories of bubble wakes were 
conciselyy characterised. By variation of the liquid properties, all three categories of wakes 
weree successfully covered in our experiments. 

Thee 21 mm spherical cap bubble rising in the viscous Tellus oil has a closed laminar wake 
(Reb(Reb = 75). The acceleration of the trailing bubbles occurs "silently" in the way that the rise 
trajectoryy does not deviate from a straight line. This is caused by the hydrodynamic stability 
off  such a wake. The second bubble enters the long cylindrical tail formed behind the leading 
bubblee and then the egg-shaped toroidal vortex; the upward oriented liquid streamlines guide 
thee bubble to catch and collide with the first one. Since the wake is well defined and closed, 
bothh bubbles rise vertically along the same axis. The coalescence sequence between the two 
211 mm bubbles rising in the 0.1 m column filled with Tellus oil is sketched in Fig. 3.7 (a). 
Thee next three pairs of bubbles experimented using the viscous oil are all showing a 
transitionaltransitional wake. The Reynolds numbers are Reb = 100, 118 and 132, respectively. The less 
symmetricall  vortices make the wake less stable and affects the trajectory of the trailing 
bubble.. The following bubble does not rise in a straight path anymore, but in a oscillatory 
rockingg movement. The deviation from a straight line trajectory is not very accentuated. 
However,, the wake is considered to be still closed and structured in the same two parts: the 
toroidall  vortex and the cylindrical tail. This type of wake is roughly drawn in Fig. 3.7 (b). 

Al ll  experimented pairs of air bubbles in water exceed Reynolds numbers of 5000. In all the 
cases,, the wakes of the bubbles are definitively turbulent. The wake turbulence accentuates 
thee uneven rocking movement of the trailing bubble, since the vortices are quite magnified 
andd intermittent. This movement gives the impression that the trailing bubble is "dancing" 
continuouslyy until coalescence occurs. The trailing bubble also deforms extensively as it runs 
intoo these irregular eddies. Sometimes spontaneous break up of the following bubble can also 
takee place. The street of vortices extends far behind the bubble. In other words, the wake for 

43 3 



ChapterChapter 3 Bubble-bubbleBubble-bubble interaction. Bubble swarm velocity 

low-viscouss systems is larger than for high-viscous systems. However, since in case of low 
viscouss systems the wake of the bubble is open, it is likely to be influenced by the column 
walls.. Figure 3.8 (a) shows the wake influence of a 31 mm bubble exercised on another 31 
mmm bubble in a 0.1 m column. 

ddbb = 0.021 m 
ReRebb = 75 

(b) ) 
DTT = 0.1 m 

ddbb = 0.031 m 
fleflebb = 118 

DTT = 0.1 m 

Fig.. 3.7. Bubble wake structure and its influence on bubble coalescence for high viscous 
systems,, (a) two 21 mm bubbles in a 0.1 m column - closed laminar wake; (b) two 31 mm 

bubbless in a 0.1 m column - transitional wake. 

Thee coalescence sequence of those two bubbles was also retraced from video images and it 
iss shown in Fig. 3.9. Roughly speaking, a 31 mm leading bubble is occupying a third of this 
columnn (of the transversal area). In this case the wake is not restrained by the column walls. 
Thee trailing bubble meander up the column with large lateral movements. When the same two 
311 mm bubbles are rising in a more narrow column (DT = 0.051 m) a completely different 
picturee of the bubble wake arises. The vortices are less spread in the radial direction, 
controlledd by the column walls; see Fig. 3.8 (b). The motion of the bubble is less meandering 
thann in the previous case. The last drawing in Fig. 3.8, is the case of two 21 mm bubbles in 
thee narrow 0.051 m diameter column. The picture is similar with the first one again, since the 
bubbless are not fillin g completely the column transversal surface. 
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(a) ) 

ddbb = 0.031 m 
tfetfehh « 7600 

OT-OT-
(b) ) 

DTT = 0.1 m 

ddbb = 0.031 m 
fleflebb = 10000 

DTT = 0.051 m 

(C) ) 

ddbb = 0.021 m 
fiefiehh = 5100 

ÖJQtU U 

DTT = 0.051 m 

Fig.. 3.8. Bubble wake structure and its influence on bubble coalescence for low viscous systems, (a) 
twoo 31 mm bubbles in a 0.1 m column - turbulent wake; (b) two 31 mm bubbles in a 0.051 m column -
turbulentt wake controlled by the walls; (c) two 21 mm bubbles in a 0.051 m column - turbulent wake. 

Fig.. 3.9. Retraced video images of in-line interaction between two air bubbles (31 mm in 
diameter)) rising in a 0.1 m column filled with water. 
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Typicall  rise trajectories for coalescence sequences are indicated in Fig. 3.10 for air - water 
systemm as well as for air - Tellus oil system. The nose coordinates for both leading and trailing 
bubbless presented in this diagram are derived from retraced video images. 

0.5 5 

0.4 4 

0.3 3 

 air - water 
DTT = 0.051 m 
ddbb = 0.034 m 

Fig.. 3.10. Typical rise trajectories of leading and trailing bubbles, retraced from video 
images,, for air - water and air- Tellus oil systems. 

Thee slope of the rise trajectory at any instance of time yields the rise velocity. We define 
ann acceleration factor for the trailing bubble, AF, as the ratio between the actual velocity of 
thee trailing bubble and the velocity of the same bubble as it would have been uninfluenced by 
otherr bubbles. This latter velocity was presented in Chapter 2 by Eqs. (2.2) and (2.3). In Fig. 
3.11,, the experimentally obtained acceleration factor is plotted against the distance of 
separationn between the bubbles, Az. The comparison is made between three pairs of equally 
sizedd bubbles, rising separately in the two different liquids. 

Thee acceleration factor AF is seen to increase as Az decreases in a more or less linear 
fashion.. For a given separation distance between the two bubbles, the value of the 
accelerationn factor decreases with increasing the liquid viscosity. For example, if we compare 
thee experiments with the 34 mm bubble-pairs, the value of AF is 3.6 for water and 2.9 for 
Telluss oil. We compare now results from two different columns performed with the same 
system.. Figure 3.12 shows the comparison between two 31 mm bubble-pairs injected in two 
differentt columns: 0.051 and 0.1 m in diameter, both filled with demineralised water. 
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4 r r 

•• • • air - water (r/L = 0.001 Pa s) 
OO • o air - Tellus oil (r/L = 0.075 Pa s) 

AF AF 

11 -

AF AF 

0344 m 
0344 m 

TT 4 

-- 3 

AF AF 

-- 2 

== 0.027 m 
== 0.027 m 

0.05 5 0.1 1 

Az/[m] Az/[m] 

0.15 5 0.2 2 

Fig.. 3.11. The acceleration factor for the trailing bubble as a function of its distance of 
separationn from the preceding bubble. The measurements performed with Tellus oil (open 
symbols)) were made in a 0.1 m diameter column and those performed with water (closed 

symbols)) in a 0.051 m column. 

Thiss effect arises from the differences in the wake structure for the two cases. Concerning 
thee two situations compared here, one should keep in mind the wake structures schematically 
drawnn in Fig. 3.8 (a) and (b). As we have seen in the case of low-viscous liquids, the wake 
cann be influenced by the column walls and therefore the ascension of the second bubble is 
affected.. In the case illustrated in Fig. 3.8 (a), the irregular boundary layer of the wake 
extendss more in the radial direction than in the case (b). This results in a larger extent in the 
laterall  motion. The movement of the trailing bubble gets too sinuous, in this way the upward 
orientedd motion decreases and the acceleration effect is reduced. 
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Fig.. 3.12. The acceleration factors obtained from experiments performed with 31mm 
bubblee pairs, in two columns (0.051 and 0.1 m in diameter). 
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Fig.. 3.13. The restraining wake effect for low-viscous liquids shown in comparison with 
thee non-affected closed wakes in case of high viscous systems. 

However,, the situation in a real swarm of bubbles is quite different. No industrial operation 
wil ll  be similar with the one outlined in Figures 3.8 (a) or (c). The reason for this is the 
restrainingg "wake-side" effect. Neighbouring bubbles are also affecting each others wake. The 
situationn wil l be such that the bubbles and therefore the wakes of the bubbles are so close to 
eachh other that they wil l not allow such spread (dispersed) wakes. The wakes wil l limit each 
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other.. This implies the existence of more intensive wakes, if we look at the individual bubble 
interactionn process, but then in the complex system. Figure 3.13 shows the comparison 
betweenn customary wakes (similar ratios db/Dj are compared) and column-suppressed wakes. 
Thee resulted acceleration factor for those three cases are also compared with in-line bubble 
interactionn of equal sized bubbles in the high-viscous system. 

Inn the system air-Tellus oil, the size of the bubble has no effect on the acceleration induced 
too the trailing bubble. The acceleration factor has a maximum value of about 3. The 
restrainingg wake effects on the rise of the trailing bubble in the air-water system is clearly 
seen.. The same 31 mm bubble gets more accelerated by a 31 mm leading bubble in a smaller 
columnn {AF = 3.5 compared with AF = 2,5). The same increased acceleration effect can be 
comparedd with the pair of 21 mm bubbles travelling in the 0.051 column, since the wake of 
thee leading bubble is also not influenced by the walls of the column. We can conclude by now 
thatt the movement of the "captured" bubble in the wake of the leading one is governed 
completelyy by the characteristics of the wake, thus depends drastically on liquid properties. 
Thee open wake, typical for low viscous systems, restrained by other wakes, present in the 
churnn turbulent regime results in a larger acceleration effect than for high viscous systems. 
Thee same result is also found in our large bubble swarm experiments, presented further in this 
chapter. . 

ModelModel for the rise velocity of large bubble swarms 

Whenn bubble-bubble interaction mechanisms are understood, we can proceed to describe 
thee rise velocity of bubble swarms. Large bubbles coalescence and break up very frequently 
duringg their rise in the swarm through the column. This repeated coalescence and break up 
mechanismm significantly enhances mass transfer rates in the churn turbulent regime. The large 
bubbless tend to concentrate in the centre of the column (see Fig. 2.2). For steady state 
operation,, every large bubble is in fact a trailing bubble. The rise velocity of the bubble 
swarmm is expected to be much larger than that of a single, isolated bubble, Vb°. We can assert 
thatt the rise velocity of a swarm of bubbles is given by the rise velocity of the single bubble, 
multipliedd by the acceleration factor, corresponding to the system considered and the 
operatingg conditions. 

VVbb=V=Vbb°AF°AF = V~SFAF (3.1) 

Fromm the preceding section of this chapter we observed that the acceleration of the trailing 
bubblee increases in a more or less linear fashion with decreasing the distance of separation 
betweenn the bubbles. This separation distance is reduced when increasing the superficial gas 
velocityy through the dilute phase, (UG - ! /„„ ,) . Therefore, the following expression for the 
accelerationn factor was found to yield the best results: 

A F - a.. + A f c / c - c O (3.2) 

Dataa from earlier work performed in our laboratory were used to obtain the quantified 
correlationss for the average large bubble diameter and the acceleration factor for low viscous 
media.. Bubble break up controls the maximum stable bubble size. In multi-bubble system, a 
meann bubble size is usually used to describe the system. For this average bubble size, a power 
laww dependence was assumed: 

ddbb=a=a22{U{U cc-U-Utianstianstt (3.3) 
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Fig.. 3.14. Average bubble size of large bubble swarms correlated with Eq. (3.4); comparison with 
experimentall  data for air-water and air-parrafin oil from De Swart (1996), obtained in a 2D column of 

0.33 m width at different heights h above the distributor. 
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Fig.. 3.15. The acceleration factor for large bubble swarm velocity in high viscosity 
liquidss (Tellus oil). 

Thee four fit parameters in the models described by Eqs (3.2) and (3.3) were determined 
usingg standard multiple regression solver routine in which the mean square deviation between 
thee experiments and the model predictions was minimised. In this way we obtained for low 
viscouss systems: a, =2.73, £ ,=4 .505, a2 =0.069 and /J2 =0.376; The viscosity of all 
thesee systems was relatively low, less than 0.0029 Pa s. In order to ensure that only the large 
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bubblebubble class is present in obtaining the fits, the data were selected with values (i/G -Uaani) 

largerr than 0.05 m/s. 
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Fig.. 3.16. The developed link between the single bubble rise velocity and the rise velocity 
off  a swarm of large bubbles. 

Usingg the measurements with the system air-Tellus oil, the corresponding fits for the 
bubblee size and the acceleration factor are: a, = 2.31, /J, = 3.82 , a2 = 0.076 and p2 = 0.438. 
Thee fitted parameters for the bubble size relation for both systems are remarkably close. This 
wass the reason to refit the experimental data choosing a common bubble size relationship for 
bothh low- and high-viscous liquids: 

^=0.069(f/ G-t/ wns ) (3.4) ) 
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Remarkablee agreement is found between the fitted bubble size correlation and the 
measuredd data performed earlier in the group for the systems air-water and air-paraffin oil. 
Thee experiments were carried out in a 2D rectangular column of 0.3 m width (De Swart, 
1996;; De Swart et al., 1996), as shown in Fig. 3.14. 

Forr low-viscous liquids the following expression is recommended for the acceleration 
factor: : 

AFAF = 2.73 + 4.505 (Uc-Un ) 
vv O trans ' 

andd the refitted relation used for Tellus oil will be: 

AFF = 2 . 2 5 + 4 X » & /0 - l O 

(3.5) ) 

(3.6) ) 

Figuree 3.15 provides quantitative verification of the accuracy of the refitted model [Eq. 
(3.6)]]  with the measured experimental data. 

Thee link between the single large bubble rise velocity and the rise velocity of large bubble 
swarmss is now completed. Figure 3.16 schematically illustrates this link. 
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Fig.. 3.17. Comparison of the predictions of the rise velocity of large bubble swarms using 
thee developed model with the experimental data generated for the air-water system. 

Thee rise velocity of bubble swarms is now predicted from the rise velocity of the single 
largee bubbles. The inter-relationship is given by the set of Eqs. (2.2), (2.3), (3.4), (3.5) for low 
viscouss systems and (2.2), (2.3), (3.4), (3.6) for high viscous Newtonian liquids. The scale 
correctionn factor (SF) accounts for the influence of the column diameter and the acceleration 
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factorr (AF) for the increase in the large bubble swarm velocity over that of a single, isolated 
bubble. . 

Figuress 3.17 and 3.18, which compare the measured data with the model predictions for 
threee column diameters and two extreme liquids, water and viscous Tellus oil respectively, 
testifyy to the predictive capability of the model. 

Lookingg at the problem with a scale up view, the column diameter becomes the important 
variable.. For a given problem, like the one outlined in the introduction chapter, we assume the 
gass velocity through the large bubbles to be (Uc - UUMS) = 0.2 m/s. The average bubble 
diameter,, given by Eq. (3.4) is db = 0.038 m. The single bubble rise velocity, derived from 
Eqs.. (2.2) and (2.3), presented in the previous chapter, is not influenced by the liquid phase 
viscosity,, as it rises in inviscid flow. Both rise swarm velocities in water and Tellus oil can be 
nicelyy predicted using the models developed in this work. The rise velocity of a swarm of 
largee bubbles is thus given by the single average bubble velocity multiplied by the 
accelerationn factor, corresponding to the system considered (see Fig. 3.19). Data from the 
0.051,, 0.1, 0.174, 0.19, 0.38 and 0.63 m columns are used for this experimental validation. 
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Fig.. 3.18. Comparison of the predictions of the rise velocity of large bubble swarms using 
thee developed model with the experimental data generated for the air-Tellus oil system. 
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Fig.. 3.19. Scale up validation of the developed link between the rise velocity of single 
largee bubbles and rise velocity of large bubble swarms with the experimental data. 

Ass one can see from Fig. 3.19, the swarm velocity reaches also a plateau for column 
diameterss larger than 0.3 m. From a scale up point of view, there is still a question mark 
regardingg columns of industrial scale units, i.e. larger than 1 m in diameter. Therefore, we 
shouldd proceed further and try to understand the liquid behaviour in a bubble column as well. 

54 4 



ChapterChapter 3 Bubble-bubbleBubble-bubble interaction. Bubble swarm velocity 

3.44 Conclusions 
Thee main results presented in this chapter are: 

 A swarm of large bubbles rises much faster than single, isolated bubbles. The rise velocity 
off  bubble swarms can be modelled by introducing an additional correction factor (AF) into 
thee classical Davies-Taylor (1950) relation, accounting for the interaction between the 
bubbless [Eq. (3.1)]. 

 Experimental analysis of video recorded in-line and off-line interactions of bubble pairs 
showedd that the trailing bubble rise velocity increases as the distance of separation 
betweenn the bubbles decreases, more or less in a linear way. 

 The nature of the bubble wake is the key to explain the coalescence phenomena and it is 
basicallyy determined by the liquid viscosity. 

 The liquid properties influence the acceleration factor. For operation in churn turbulent 
regime,, the lower the viscosity, the higher the acceleration effect. 

 The empirically fitted relations (3.4), (3.5) and (3.6) allow the estimation of the average 
largee bubble size and the acceleration factor in low- and high-viscous media. 

 The rise velocity of large bubble swarms can be modelled using Eqs. (2.1), (2.3), (3.4) and 
(3.5)) when low viscous media are used and Eqs. (2.1), (2.3), (3.4) and (3.6) for high 
viscouss media. 

Thee development of a model to describe the rise velocity of "large" bubble swarms is the 
cornerstonee of this thesis. We will use this model to estimate the gas hold up in the next 
Chapterr 4. This swarm velocity model is also implemented into the CFD code in the 
companionn thesis of van Baten (2000). 
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