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ChapterChapter 7 

ConclusionsConclusions of this thesis 

Thee objective of this thesis was to develop a strategy for scaling up bubble column 
reactors.. Our main focus has been on the churn-turbulent flow regime of operation because 
thiss is the regime of major interest to industry. 
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Fig.. 7.1. The developed link between the single bubble rise velocity and the rise velocity 
off  a swarm of large bubbles. 
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Inn the churn-turbulent regime, the liquid circulations are mainly driven by fast-rising 
"large""  bubbles. One of the major contributions of this thesis has been to derive a 
fundamentallyy based model for determining the rise velocity of a swarm of "large" bubbles. 
Thee development of this model is summarised in Fig. 7.1. 

Thee first step is to understand, and quantify, the bubble rise velocities as a function of 
scale.. For a single "large" bubble, which correspond of Eö > 40 we have the spherical cap 
regime.. Our extensive experimental data on rise of single air-bubbles in water and Tellus oil 
systemss confirmed the validity of the Davies-Taylor-Collins relations. An illustration of this 
agreementt is available in Fig. 7.2. The results show that, from our experimented columns, 
onlyy the 0.63 m diameter column is entirely free of wall effects. Therefore, the scale effect no 
longerr persists for larger columns. It must be borne in mind that a major portion of the 
publishedd literature on bubble column hydrodynamics have been studied in columns smaller 
thann about 0.3 m in diameter. In all such studies wall effects affect the bubble rise. 
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Fig.. 7.2. Rise velocity of single spherical cap bubbles. The lines have been drawn with 
thee Davies-Taylor-Collins model. 

Inn an industrial churn-turbulent regime one bubble will never be completely "alone" in the 
column.. Large gas bubbles get accelerated when they are sucked in the wake of the bubbles 
precedingg them. So the next step in the strategy is to model bubble-bubble interaction. 

Thee velocity of the second bubble (the trailing bubble) increases as the bubble gets closer 
too the first one (the leading bubble). We define the acceleration factor as the ratio between the 
velocityy of the trailing bubble and the single bubble rise velocity. This acceleration factor 
(AF)(AF) has a maximum value when the trailing bubble reaches the leading one. On the basis of 
ann extensive and careful study of in-line and off-line interactions between pairs of "large" 
bubbles,, we were able to determine an expression for the acceleration factor. In Fig. 7.3 the 
accelerationn factor is plotted against the distance between the two bubbles. As we can see, one 
bubblee can be accelerated almost 4 times in the air-water system. The acceleration factor does 
dependd on the liquid properties, because the liquid viscosity, for example, determines the size 
off  the wake. From experimental data on rise velocity of "large" bubble swarms, determined 
byy the dynamic gas disengagement technique we were able to develop an expression for the 
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accelerationn factor for large bubble swarms; this expression is summarised towards the right 
off  Fig. 7.1. 
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Fig.. 7.3. The acceleration factor as function of the separation distance between the 
leadingg and the trailing bubble. 

Fig.. 7.4. Extension of the two-phase model for gas-solid fluid beds to bubble columns 
operatingg in the heterogeneous regime (adapted from Krishna et al.,1993). 
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AA simplified picture of the hydrodynamics of bubble columns operating in the churn-
turbulentt flow regime is shown in Fig. 7.4. 

Thee model shown in Fig. 7.4 was used in Chapter 4 to describe the measured gas hold up 
dataa for air-water, air-Tellus oil and air-water systems to which small quantities of ethanol 
weree added. It was shown in Chapter 4 that the scale effects on the gas hold up could be 
modelledd very well using the large bubble swarm velocity relationship developed in Chapter 
3.. However, the superficial gas through the small bubbles UAt is an important parameter which 
needss to be estimated. Some estimation procedures have been suggested in Chapter 4. 

Thoughh we were able to "predict" the gas hold up for our own experimental columns, with 
diameterss ranging from 0.051 to 0.63 m diameter using the model sketched in Fig. 7.1, the 
extrapolationn to larger column diameters can only be done if one takes account of the inter-
actionn between the bubbles and the liquid phase. As discussed in the Introductory Chapter 1, 
thee various extrapolation schemes for gas hold up and centre-line velocity yield vastly 
differentt values when predicting the performance of say a 6 m diameter column operating in 
thee churn-turbulent regime. We should also remind ourselves that we have yet to provide a 
clearr unambiguous answer to the "scale up puzzle" posed in the Introduction and reproduced 
beloww in Fig. 7.5. 
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Fig.. 7.5. Extrapolation problem: what is the gas hold up for a 6 m column operated at 0.2 
m/ss superficial gas velocity? 

Wee believe that for extrapolation to commercial units CFD techniques are the only reliable 
proceduree for scaling up. But before CFD techniques can be used with confidence, they need 
too be validated. The extensive experimental data generated in Chapters 4, 5 and 6 have been 
usedd to validate the CFD model which is based on the model sketched in Fig. 7.4. Details of 
thee CFD simulations are given in the companion thesis of van Baten (2000). 
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Forr the air-Tellus oil system, CFD simulations of the large bubble gas hold up (which 
equalss the total gas hold up because there are practically no small bubbles present in the 
system)) as a function of column diameter are shown in Fig. 7.6 for UG = 0.16 m/s and UQ = 
0.33 m/s. 
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Fig.. 7.6. Use of CFD for estimation of the large bubble gas hold up for commercial scale 
reactors. . 

Thee CFD simulation results show a much stronger scale dependence than anticipated by 
sayy the correlation of Krishna and Ellenberger (1996). Furthermore, as shown in Chapter 5, 
CFDD simulations of large diameter columns helps us to "choose" the proper correlation to use 
forr predicting the centre-line velocity VL(0). It has been shown that the Riquarts (1981) 
correlationn (with kinematic viscosity of water!) is the most reliable correlation [Eq. (5.42)]. 
Thee prediction of the centre-line velocity is important because it allows us to estimate the 
axiall  dispersion coefficient using our simple correlation Dax,L = 0.31 VL(0) DT, which was 
developedd in Chapter 6. 

Thee work presented in this thesis provides a rational approach to scale up of bubble 
columnn reactors in commercial practice. 
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