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ChapterChapter 2 

BubbleBubble rise in liquids 

Abstract t 

Descriptionn of the hydrodynamics of bubble columns starts with understanding single 
bubblee behaviour as a function of scale and liquid properties. Single bubble hydrodynamics, 
togetherr with bubble-bubble interaction, determines to a large extent the overall 
hydrodynamicss of the column. 

Thee motion of intermediate-size bubbles was analysed using video image analysis in a 
two-dimensionall  column. The rise behaviour of four bubbles confirms qualitatively the recent 
findingss of Krishna and van Baten (1999a/1999b). A new shape of bubble is for the first time 
observedd experimentally. 

Thee wall effect on the single bubble rise velocity was investigated through 2714 single 
bubblee experiments. Air bubbles in the size range db = 3 - 80 mm were injected in columns 
withh inside diameters: DT = 0.01, 0.02, 0.03, 0.051, 0.1, 0.174 and 0.63 m. The column 
diameterr was found to have a significant effect on the rise velocity of the bubbles. The 
velocityy of single bubbles rising in cylindrical vessels is estimated by introducing the scale 
correctionn factor (SF) to the single bubble rise velocity in an infinite medium; Vb° = Vb" SF. 

Whenn the ratio of the bubble diameter to the column diameter, dtJDT, is smaller than 0.125 
thee influence of the column diameter on the rise velocity is negligible. In this case the rise 
velocityy is described well using the relation of Mendelson (1967). The rise velocity of the 
bubbless reduces significantly with increase in the ratio d\JDj. For the range of small bubbles, 
thee scale factor is given by an empirical relation, suggested by Clift et al. (1978). The wall 
effectt for spherical cap bubbles (Eö > 40) is satisfactorily described by the Collins (1967) 
relation.. For the range of large bubbles, this correction is successfully introduced into the 
classicall  Davies-Taylor (1950) relation for rise of single spherical cap bubbles in a liquid. 
Additionall  experiments with a more viscous liquid (Tellus oil 32, Shell) were performed in 
thee 0.1 m column in the range of large bubbles. They confirm the validity of Davies-Taylor-
Collinss relations for inviscid flow. When the diameter ratio d\JLh exceeds 0.6, the tube 
diameterr becomes the controlling length governing the velocity and the frontal shape of the 
bubble. . 
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2.11 Introduction 

Thee complex hydrodynamic behaviour of the two phases in bubble columns is closely 
relatedd to the bubble dynamics. Consequently, a fundamental understanding of the bubble 
characteristicss provides the basis for a mechanistic approach to the analysis of the various 
hydrodynamicc phenomena occurring in the industrial bubble column. 

ClassificationClassification of bubbles 

AA rising bubble can be characterised in terms of rise velocity, shape and motion behaviour. 
Al ll  three features are related to the physical properties of the system, in particular the 
viscosityy of the liquid phase, the flow and the interfacial bubble particularities (given by the 
possiblee presence of surfactants). The rise velocity of bubbles is the most important and 
apparentlyy also the most critical parameter in describing the hydrodynamics and transport 
phenomenaa in bubble columns. Therefore, it can be considered as a starting point in the study 
off  such a complex system. The bubble rise behaviour has been extensively studied by various 
investigators:: Dumitrescu (1943), Davies and Taylor (1950), Haberman and Morton (1953), 
Peebless and Garner (1953), Harmathy (1960), Mendelson (1967), Clift et al. (1978), Fan 
(1989),, Fan etal. (1999). 

Thee bubble size is an important variable for determining the bubble rise velocity and the 
bubblee shape. For bubbles rising in infinite media, a generalised graphical correlation in terms 
off  Eötvös number (Eö), Morton number (M) and Reynolds number (Re) is presented in Fig. 
2.1.. The figure is adapted from Clift et al. (1978) and it is also valid for drops motion. 

Thee bubbles can be grouped in the following three categories: 
(a)) spherical bubbles 
Inn this category the smallest possible bubbles are present. They are approximated with perfect 
spheress because the interfacial forces and/or viscous forces are much more important than 
inertiaa forces. Moreover, internal circulation is essentially absent. Their terminal velocity is 
limitedd by viscous drag and they obey the Stokes law. 
(b)) ellipsoidal bubbles 
Thiss term is generally used for a variety of shapes that bubbles of intermediate size can 
assume.. Depending on the exact size, some of them are oval with a convex interface (viewed 
fromm inside) around the entire surface. Sometimes the actual shapes covered in this regime 
mayy differ considerably from true ellipsoids. Moreover, ellipsoidal bubbles undergo marked 
shapee oscillations and random wobbling which makes characterisation of shape particularly 
difficult.. In this range of bubbles, both the effects of liquid inertia, surface tension and 
viscosityy are important; also surface-active contaminants affect strongly the rise velocity. The 
motionn of intermediate bubbles can be notably complex (Clift et al. 1978). A secondary 
shape-fluctuationn motion is often superimposed to the zig-zag or spiral trajectory of the rising 
bubble. . 
(c)) spherical cap bubbles 
Thee shape of the bubbles in this range can be closely approximated with a segment of a 
sphere.. They tend to adopt flat bases. In case of large bubbles, the effects of surface tension 
andd viscosity are negligible and the rise velocity is given by the equation of Davies and 
Taylorr (1950). The bubbles in this range are characterised by Eö > 40. Large spherical-cap 
bubbless may also trail thin envelopes of dispersed fluid referred to as "skirts". 
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Fig.. 2.1. Shape regimes for bubbles in unhindered gravitational motion through liquids 
(adaptedd from Clift et al., 1978). 

Figuree 2.1 may be used to estimate the shape regime, as well as the rise velocity. While the 
boundariess between the principal shape regimes are somewhat arbitrary, it is clear that 
bubbless are ellipsoidal at relatively high Re and intermediate Eö, while the spherical-cap 
regimee requires both Re and Eö to be large. 

Whenn bubbles rise in delimited media their shape and rise velocity is affected by the walls 
off  the container. If the bubble is sufficiently large, it fill s most of the container cross section 
andd it generates "slug flow". 

Bubblee columns are often operated in the heterogeneous regime. The rise of the bubbles 
inducess large motion in the column. Following the two-class bubble model (Krishna, 1981), 
wee divided the real swarm into "small" and "large" bubbles which are co-existing in this 
regime.. Spherical and ellipsoidal bubbles are combined in the same "small bubble" category. 
Thee idea of the reactor model is presented in section 4.1 of this thesis, and also sketched in 
Fig.. 4.3. The division of the swarm for the churn-turbulent regime into two classes of bubbles 
iss portrayed in Fig. 2.2. 

Thee small bubbles are in the size range d  ̂= 3 to 6 mm for low-viscous systems and they 
aree slightly larger for viscous systems (maximum 12 mm). The large bubbles are typically in 
thee range of 20 - 80 mm. The analysis of their behaviour proved that the small bubbles are 
"ignoring""  each other while the large ones are suffering frequent coalescence and break up. 
Krishnaa and van Baten (1999b) simulated swarms of small bubbles in liquids. They also 
foundd the small bubbles trying to "avoid" each other when they rise in a swarm. This 
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"hindrance""  effect, described by R ic hard son-Zak i relationship for rise of a swarm of gas 
bubbless in a liquid is presented later in Chapter 4 of this thesis. 
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Fig.. 2.2. Division of the swarm of bubbles into small and large bubbles, following the 
extendedd two-phase flow model (Krishna, 1981). 

Experimentall  examinations on the role of bubbles of different sizes indicate the importance 
off  large bubbles in dictating the macroscopic hydrodynamics of bubble columns. Basically, 
thee bubble hydrodynamics is governing all process hydrodynamics. Therefore, a careful study 
off  the rise behaviour of the bubbles as a function of size, scale and liquid properties should be 
performedd as a starting point. 

2.22 Exper imental 

Forr this chapter two types of experiments were carried out: (a) experiments to study the 
qualitativee rise behaviour together with the shape of air gas bubbles in liquids, (b) 
experimentss to quantify the influence of column diameter on the rise velocity of small and 
largee bubbles. The experimental set-ups and methods are explained further, successively. 

Too study the motion of gas bubbles in liquids, experiments were performed in a two-
dimensionall  column. The column consists of two parallel 0.007 m thick glass plates of 4 m 
heightt and 0.3 m width, placed at a distance of 0.005 m. Figure 2.3 shows the experimental 
set-upp schematically. The measurements were performed with the air - water system. The gas 
wass fed into the column from the compressed air mains. Bubbles were successively formed 
throughh an orifice, placed in the centre of the column. The range of bubble sizes was chosen 
visuallyy by adjusting the flowmeters. At very low flow rates the frequency of bubble 
formationn was low and for this reason the bubbles did not interact with each other. 
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Fig.. 2.3. Experimental set-up for the two-dimensional column. 

Thee motion of the bubbles was studied using video-image analysis. A Panasonic DSP 
colourr CCD camera was placed at a height of 0.5 m from the gas distributor and it focussed 
onn a 15 cm section-height of the column. The ambient light level was improved using a 1250 
WW halogen lamp. The video signal produced by the camera was digitised at a rate of 25 
framess per second using a Miro VIDEO DC1 digitizer board placed inside a PC. The captured 
images,, of the Tagged Interchange File Format (TIFF), were transferred to a PC and 
processedd further. Accurate determination of the bubble shape was obtained by retracing 
manuallyy the bubble contours of each video image captured. Since the column used was flat 
(2DD column with 0.005 m thickness), no optical distortion could influence the retraced bubble 
shape.. The diameter of the bubble (calculated from the 2D area) was approximated relating 
thee bubble surface with two graduated rulers. The rulers were attached externally on the 
column,, in both 2D coordinates, and always recorded in the captured video-image. 

Too quantify the rise velocity of small and large bubbles in liquids, a comprehensive 
experimentall  work was carried out. The study covers a large bubble size range: db = 3 - 80 
mm.. In total seven cylindrical columns were used, with different inner diameter: DT = 0.01, 
0.02,, 0.03, 0.051, 0.1, 0.174 and 0.63 m. Four of these columns, 0.01, 0.02, 0.03 and 0.051 m 
insidee diameter were glass made. The remaining three columns, 0.1, 0.174 and 0.63 m inside 
diameter,, were made of polyacrylate sections. Figure 2.4 shows three typical experimental 
set-ups. . 
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Fig.. 2.4. Experimental set-ups for studies on rise velocity of single bubbles. 

Inn all the experiments the top of the column was operated at atmospheric pressure. 
Demineralisedd water (viscosity 77, = 0.001 Pas; density p, = 998 kg/m3; surface tension c = 

0.0722 N/m) was used as liquid phase and air as gaseous phase. A set of experiments was also 
carriedd out with high viscous Tellus oil (viscosity r/L = 0.075 Pas; density p, = 862 kg/m3; 

surfacee tension o = 0.028 N/m) as liquid phase. The experimental conditions are specified in 
Tablee 2.1. 

Tablee 2.1 

Experimentall  set-up details and operating conditions for gas-liquid single bubble experiments 

Column n 

diameter r 

D T / [ m ] ] 

0.01 1 

0.02 2 

0.03 3 
0.051 1 

0.100 0 

0.100 0 

0.174 4 

0.630 0 

Totall  numbe 

Total l 

height t 
H1H1 [m] 

1 1 

1 1 

1 1 

4 4 

6 6 

2 2 

4 4 

4 4 

Distance e 

between n 

markerss / [m] 

0.9 9 
0.9 9 

0.9 9 

3.5 5 

5 5 

1 1 

3.15 5 

2.84 4 

off  experiments: 

System m 
studied d 

airr - water 
airr - water 

airr - water 

airr - water 
airr - water 

air-Tellus s 

airr - water 

airr - water 

Injection n 

system m 

syringe e 

syringe e 

syringe e 
syringe e 

ladle e 

syringe e 

ladle e 

ladle e 

Bubblee diameter 
range e 

ddbb 1 [mm] 

3 - 6 6 
3 -11 1 

3 -- 16 

3 - 49 9 

3 - 48 8 

11 -3 
13 -72 2 

3 - 47 7 

11 -3 

3 - 79 9 

Number r 

of f 

experiments s 

60 0 
106 6 

140 0 
494 4 

331 1 
89 9 

147 7 

841 1 

225 5 

595 5 

3028 8 
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Inn every experiment one single air bubble was injected at the bottom of the column using a 
standardd medical syringe. Syringes of different capacities were used in order to cover a wide 
rangee of bubble diameters. The columns 0.1, 0.174 and 0.63 m in diameter were equipped 
withh a ladle, which was mounted above the injection system, to allow bigger and more 
accuratee gas volumes (see Fig. 2.5). To obtain the desired bubble volume the air was added 
intoo the spoon by injecting air repeatedly with the small syringe. The bubble was released by 
invertingg the ladle. The injection system made it possible to obtain bubbles with the 
equivalentt diameter in the range 3 to 80 mm. 

Ladlee used in the: 

0.633 m column 

00.0955 m 

0.0444 m 

00.0833 m 

0.100 m column 0.0444 m 

00.055 m 

0.1744 m column 
0.033 m 

Fig.. 2.5. Details about the ladles used for the injection of bubbles. 

Thee time elapsed for the single bubble to rise between predetermined markers was 
measuredd using a stopwatch. The distance between the two markers differed from column to 
column.. In order to see the bubble passing the upper marker, a Sony colour video monitor was 
used.. The Panasonic DSP colour CCD camera was facing the upper marker. The ambient light 
levell  was improved using a 1250 W halogen lamp. Corrections were applied for the real 
bubblee size, accounting for the bubble volume change due to the hydrostatic head differences 
duringg bubble rise. The size reported in the study is the average bubble diameter at the half-
wayy position between the vertical markers. 
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2.33 Results and discussion 

QualitativeQualitative interpretation of the motion of gas bubbles in liquids 

Thee motion of four bubbles, with different sizes, was analysed. The bubble rise trajectories 
aree shown in Fig. 2.6. 

Fig.. 2.6. Rise trajectories of gas bubbles in a two-dimensional column filled with water: 
retracedd experimentally recorded video images. 

Thee bubble diameters are: a 9.7 mm; b 12.3 mm; c 13.7; d 15.5 mm. 

Thee 9.7 mm diameter bubble can be referred to as an oval bubble, oscillating from side to 
sidee when rising in the column. Increasing the bubble size, the bubble tends to become flatter. 
Suchh a shape was observed in case of a 12.3 mm bubble. This bubble undulates laterally less 
andd changes its aspect ratio drastically moving up in the column. The next bubble recorded is 
13.77 mm in diameter. The base of the bubble is not yet flat and the rise trajectory not yet 
straight,, as in the case of a spherical cap bubble. The extremities are waving continuously up 
andd down. The 15.5 mm bubble behaves almost as a spherical cap bubble. Visualisation in the 
laboratoryy of these bubbles are confirming the recent simulation findings of Krishna and van 
Batenn (1999a) and (1999b). The first three bubbles observed in this work can be nicely 
comparedd with the 7, 9 and 12 mm respectively from their simulations. The middle bubble is 
theree behaving rather like a "jellyfish" and the last one is referred to as a "bird flapping its 
wings".. The shape of the 13.7 mm bubble from this work is for the first time observed in 
experiment.. The 15.5 mm bubble can be placed somewhere before the 20 mm bubble 
simulatedd by these authors. The sizes of the compared bubbles are slightly different, since the 
simulationss were carried out in a truly two-dimensional way. In the computations the depth of 
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thee column is "'infinite"'. In our experimental set-up the column depth is finite (5 mm deep). 
Nevertheless,, the qualitative comparison is remarkably good. 

BubbleBubble shape regimes in our work 

Al ll  bubbles experimented in this work fit  nicely in the Clift diagram (Fig. 2.1). For the two 
differentt systems, all air bubbles rising free of wall effects are grouped in Fig. 2.7. Additional 
experimentss were performed in the range of very small bubbles (//h = 1 - 3 mm) for the air-
waterr system in order to cover also the range of spherical bubbles. These measurements, were 
conductedd only in the 0.1 and 0.174 m diameter columns. 

1 055 = . . -
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E E 
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Fig.. 2.7. Bubble shape regimes in our work: air bubbles in water (log M = -10.58) and air 
bubbless in Tellus oil (log M = -1.78) 

WallWall effects on rise of single gas bubbles in liquids 

Inn total 2714 single bubble experiments were carried out. The rise velocity of a single 
bubblee not only depends on the bubble diameter, but is also influenced by the column 
diameter.. According to the criterion discussed in Clift et al. (1978) we may expect the bubble 
risee velocity to be independent of wall effects when the ratio of the bubble diameter to the 
columnn diameter is smaller than 0.125. Based on this, the measurements of the bubble rise 
velocitiess for all the range of bubble sizes experimented in the column with the largest 

experimentall data 
airr - water 
logg M= -10.58 

experimentall data 
airr - Tellus oil 
logg M= -1.78 
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diameter,, 0.63 m, can be expected to be free of wall effects. The measured rise velocities can 
bee nicely predicted (see Fig. 2.8) using Mendelson (1967) equation: 

V77 = 
2(77 , gd, 

Pi.dt Pi.dt 
(2.1) ) 

small l 

bubbles s 

largee bubbles 

Eö>40 0 

Thee measurements performed in smaller columns could not be satisfactorily predicted by 
thee same model. The rise velocities were found to be significantly lower than that predicted 
byy Eq. (2.1), suggesting the existence of a strong wall effect. 

0.7 7 

0.6 0.6 

ÊÊ 0.4 

i ee o.3 

0.22 f-

0.11 -

oo - L 

—— Mendelson, 1967 
OO experimental data 

DTT = 0.63 m 
airr - water system 

00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 

dj dj m m 

Fig.. 2.8. Rise velocity of bubbles in a 0.63 m diameter column; comparison of the 
experimentall  data with the predictions of the Mendelson (1967) equation. 

Inn order to quantify these wall effects we first consider the regime in which the bubbles 
havee a spherical cap shape. As mentioned before, in this regime the bubbles are also referred 
too as "large bubbles". The regime is characterised by values of Eö (Eötvös number) larger 
thann 40 (see Clift et al., 1978). For the air-water system, the criterion Eö > 40 collects bubbles 
largerr than 17 mm in diameter. To describe the rise velocity of a single spherical cap bubble 
inn a infinite medium, Davies and Taylor (1950) developed the following relation: 

K~=0.71, , (2.2) ) 

Thee difference between the velocity of a bubble rising in a infinite medium (for instance an 
imaginaryy lake) and the same bubble rising in a finite vessel (narrow column) is exactly the 
scalee effect. The significance of this influence is shown in Fig. 2.9, for the air-water data. For 
instance,, a 4 cm diameter bubble is rising with 0.25 m/s in a 0.05 m column and about 0.45 
m/ss in the 0.63 m column. 
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Fig.. 2.9. Significance of scale on single large bubble rise velocity in air-water system. 

Collinss (1967) studied large bubbles in inviscid liquids corresponding to the "large bubble" 
category.. He has derived empirically this correction, called "scale factor" (SF) in this work, as 
aa function of the ratio of the bubble diameter db to the column diameter DT: 

v:=y; v:=y; 

SFSF = \ 

SF SF 

SFSF = \A3exp *-

forr ^ < 0.125 

forr 0.125 < - ^ < 0.6 
(2.3) ) 

for i i >0.6 6 

Whenn the diameter ratio d\JDj exceeds a value of about 0.6, the tube diameter becomes the 
controllingg length governing the velocity and the frontal shape of the bubble. Bubbles are 
calledd then slugs (or Taylor bubbles) and tend to look like bullets. Since the slug flow is of 
interestt especially for applications of boiling heat transfer and fluidised beds, the work 
performedd for this thesis does not include measurements in this range of bubbles. 

Thee Froude number, defined as Vb° /-Jg~d~b is plotted against 4/DT in Fig. 2.10 for all 
experimentall  measurement of bubbles with Eö larger than 40. As can be seen from Figures 
2.99 and 2.10 (a), the rise velocity data in cylindrical columns for all bubbles larger than 17 
mmm diameter agree well with the estimation of the Davies-Taylor-Collins relations. 

Thee strong influence of the column diameter on the bubble rise velocity reproduced by Eq. 
(2.3)) is also demonstrated by comparing the retraced video recordings of the rise of a 34 mm 
diameterr bubble in the 0.051 and 0.1 m column (Fig. 2.11). 
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(a)) air - water; db > 17 mm 
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Eqs.. (2.2), (2.3) 

(b)) air - Tellus oil; cL > 13 mm 
DDTT = 0.1 m 
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Fig.. 2.10. Scale effects on rise of single gas bubbles in cylindrical columns. Comparison 
off  data for (a) air-water and (b) air-Tellus oil systems with the Davies-Taylor-Collins 

model. . 
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Fig.. 2.11. Comparison of the rise trajectories of a 34 mm gas bubble rising in two 
columnss filled with water: 0.051 and 0.1 m in diameter; retraced video images obtained 

experimentally. . 

Thee same bubble rises faster in a wider column. The reason for this is the restraining wall 
effect.. The bubble in the 0.1 m wide column is less influenced by the wall than the same 
bubblee placed in a 0.051 m wide column. In other words, the drag between the bubble and the 
liquidd is higher in the column of smaller width due to the higher downward liquid velocity in 
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thee vicinity of the bubble. It is also to be noted that the bubble appears to be flatter in the 0.1 
mm column. Volume-of-Fluid (VOF) simulations of the rise of a 33 mm spherical cap bubble 
risingg in two columns of 0.051 and 0.1 m, respectively, are presented by Krishna et al. 
(1999a).. Visualisation of the liquid streamlines for these two rising bubbles shows the same 
effect,, i.e. the drag acting downwards on the bubble is larger in a column of smaller diameter. 

Forr small bubbles (db=  3 - 17 mm) the deviation between the measured rise velocity and 
thee predictions given by Mendelson (1970) equation is also considered to be caused by the 
wallss effects. Using all small bubble experimental rise velocities, we found that: 

v:v: = v~ SF = p.. A 
«e* «e* 

2 2 
SF;SF; SF = 

, - i3 /2 2 

1--
o, , 

(2.4) ) 

iss a reasonable correlation of the data (see Figures 2.12 and 2.13). This scale factor is the one 
suggestedd by Clift et al. (1978). 

DTT = 0.01 m 
DTT = 0.02 m 
DjDj  = 0.03 m 
DTT = 0.051 m 
DDTT = 0.100 m 
DTT = 0 .174m 
DjDj  = 0.630 m 

0.55 - l 

dL/a a 

Fig.. 2.12. Experimentally measured small bubble (diameter range 3-17 mm) rise 
velocitiess corrected by the influence of the wall (modified Mendelson equation (2.4)). 

InfluenceInfluence of liquid properties on bubble rise velocity 

Thee rise velocity of small bubbles, depends strongly on liquid properties, such as surface 
tensionn and liquid density. This was already observed in the first part of this chapter [Eq. 
(2.1)].. It is notable that the rise velocity of large bubbles is insensitive to the properties of the 
liquid.. This fact was pointed out before, as seen from the Davies-Taylor relationship for 
predictingg the rise velocity of spherical cap bubbles. The only variable present in the Davies 
andd Taylor (1970) relation is the bubble size. In order to investigate the effect of liquid 
propertiess on the large bubble rise velocity, the present study includes a highly viscous liquid: 
air-Telluss oil in addition to the air - water system. 
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Fig.. 2.13. Small bubble rise velocity in the 0.01 m column. Comparison of experimental 
dataa with Eqs. (2.1) and (2.4), the last one accounting for walls influence. 

Inn the air-Tellus oil system the criterion Eö > 40 is met for bubbles larger than 13 mm in 
diameter.. In this case the Davies-Taylor-Collins relations also describe the data accurately; 
seee Fig. 2.10 (b). It comes out that large bubbles rise with the same velocity, independent of 
liquidd properties. Measurements in the 0.1 m column are presented in Fig. 2.14 and prove this 
point. . 
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Fig.. 2.14. Liquid properties effect on single large bubble velocity. Experiments with air-
waterr and air- viscous Tellus oil in a 0.1 m column are compared. 

Krishnaa and van Baten (1999b) also found rise of spherical cap bubbles as being in 
mviscidd flow, in other words the rise characteristics of the bubble not being influenced by the 
liquidd phase viscosity. 
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2.44 Conclusions 

Thee main results presented in this chapter are: 
 Qualitative interpretation of the rise motion of intermediate-size bubbles in a 2D column 

confirmm the recent findings of Krishna and van Baten (1999a/1999b). A new shape of 
bubblee is for the first time observed in experiments. 

 The results of the experiments performed on bubble rise velocity over a large range of 
bubblee sizes, i.e. d  ̂ = 3 - 80 mm, in columns of varying diameters, underline the 
significantt influence of column diameter on the rise velocity. 

 For the rise velocity of spherical cap bubbles (meeting with the criterion Eö > 40), the 
Davies-Taylor-Collinss relations [Eqs. (2.2) and (2.3)] were found to be of excellent 
accuracy.. The relations were confirmed by experimental data in both air - water and air -
Telluss oil systems. 

 The wall effect on large bubble rise velocity is a unique function of the ratio of the bubble 
diameterr to the column diameter, dJDj. For values dJDi > 0.6, the bubble rise velocity is 
independentt of bubble size and is only a function of column diameter [Eq. (2.3)]. The 
maximumm effect of the wall is to reduce the rise velocity by a factor of 0.496. 

 For small bubbles, db = 3 - 17 mm, the Mendelson (1967) relation corrected for the 
columnn influence is recommended [Eqs. (2.1) and (2.4)]. The scale factor for this range of 
bubbless is presented in Fig. 2.12. For a ratio of d\JDj = 0.6, the cylindrical boundary 
effectt is to reduce the velocity of the bubbles by a factor of 2. 

 The rise velocity of large bubbles is insensitive to liquid properties for inviscid liquids. 
Comparisonn between air-water results and measurements performed with an extremely 
differentt system (air-Tellus oil: viscosity 7]L =0.075 Pa s; density pL =862kg/m3; surface 
tensionn a = 0.028 N/m) confirm this idea. 
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