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Summary Summary 

Summary Summary 

Despitee their simplicity in construction, operation and maintenance, gas-liquid bubble 
columnn reactors are notoriously difficult to scale up. The hydrodynamics is strongly affected 
byy column geometry, system properties, pressure, presence of surface active agents, etc. The 
objectivee of this thesis is to develop a systematic scale up strategy which takes such effects 
intoo account. The key, distinguishing, feature of this approach is that the overall column 
hydrodynamicss is described in terms of single bubble rise velocities and bubble-bubble 
interactions.. Once the bubble hydrodynamics is properly described as a function of scale and 
systemm properties then the column hydrodynamics is fully determined. The scale up strategy, 
whichh constitutes the subject of this thesis, is outlined in Fig. 0.1. 
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Fig.. 0.1. Strategy for scaling up bubble column reactors. 

Risee characteristic of single gas bubbles 

Thee bubble swarm is divided into two classes: "small" and "large" bubbles. For each 
bubblee class the scale effects have been studied experimentally. The large bubbles, typically 
largerr than 20 mm, which dictate the hydrodynamics in the churn-turbulent regime are 
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Summary Summary 

stronglyy scale dependent. Bubbles tend to rise faster in columns of larger diameter, due to the 
factt that "wall effects" are reduced. This is demonstrated by the comparison-experiment 
employingg a 34 mm diameter bubble for two different column diameters (see Fig. 0.2). 
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Fig.. 0.2. Comparison of the rise trajectories of a 34 mm diameter bubble in columns of 
0.0511 and 0.1 m diameter (obtained using video-image analysis). 

Hundredss of different size bubbles were injected in columns of various diameters in order 
too measure the bubble rise velocity. For instance a 4 cm diameter bubble rises with 0.25 m/s 
inn a 0.05 m column and the rise velocity is 0.45 m/s in the 0.63 m column (see Fig. 0.3). This 
iss a significant scale dependence! This scale effect persists to a certain dimension of the 
columnn from where onwards the wall influence is no longer present. 

Ourr experiments also showed that the liquid viscosity does not influence the single "large" 
bubblee rise velocity. The regime of bubble rise is "inviscid" flow and a bubble in water rises 
justt as fast in Tellus oil (liquid viscosity 75 times that of water). 
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Fig.. 0.3. Rise velocity of single spherical cap bubbles. 

2 2 



Summary Summary 

Bubble-bubblee interaction 

Inn an industrial churn-turbulent regime one bubble wil l 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. In Fig. 0.4 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. 
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Fig.. 0.4. The acceleration factor as function of the separation distance between the 
leadingg and the trailing bubble. 

Risee velocity of large bubble swarms 

Forr operation in churn-turbulent regime every large bubble is in fact a trailing bubble. The 
bubblee swarm velocities were measured using the gas disengagement technique. We have 
developedd a model for estimating the average bubble size and the bubble swarm velocity as a 
functionn of the operating gas velocity and system properties. This model is a key to the scale 
upp strategy and is summarised in Fig. 0.5. This model is based on the Davies-Taylor-Collins 
relationshipp for the rise of single spherical cap bubbles. We introduce an acceleration factor 
(AF)(AF) to account for "swarm" effects. This AF is dependent on the superficial gas velocity 
throughh the large bubbles and also depends on the physical properties of the liquid. Typical 
calculationss of the large bubble swarm velocity are presented in Fig. 0.6 for a superficial gas 
velocityy of 0.2 m/s and a bubble of size db = 0.038 m. We note bubble swarm reaches a 
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plateauu from a certain dimension of the column onwards. One could think that from this point 
onwards,, there are no more problems in scaling up. In this thesis it is demonstrated that this is 
nott necessarily the case! 
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Fig.. 0.5. The developed link between the single bubble rise velocity and the rise velocity 
off  a swarm of large bubbles. 
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Fig.. 0.6. Rise velocity of swarms obtained using the single bubble rise velocity and the 
quantifiedd acceleration factor. 

Liqui dd circulation velocity: scale dependence 

Inn the churn-turbulent regime, large bubbles tend to concentrate in the centre of the 
column.. These bubbles draw liquid upward and when the bubbles escape at the top, the liquid 
flowss down the sides of the column. This generates a radial profile of the liquid velocity. 
Sincee the bubble swarm velocity is affected by scale, we would also expect the liquid velocity 
too be influenced by scale. 

Inn Fig. 0.7 the experimental results, obtained by means of a modified "Pavlov tube" are 
plottedd in a "half-column graph" for three columns: 0.174, 0.38 and 0.63 m in diameter. 

Thee maximum upwards liquid velocity is the one in the centre of the column (also called 
"centre-linee liquid velocity") and is significantly affected by scale. Comparing the exact 
values,, this velocity is about 0.5 m/s for the 0.174 m column and 1.25 m/s for the 0.63 m 
column.. This is a very big difference and we still have to extrapolate for our given problem up 
too 6 m! Taking the ratio between the axial liquid velocity and the centre-line velocity, the 
normalisedd graph (Fig. 0.8) is obtained. The normalised profile is column diameter 
independent.. This is a useful scale up rule for it means that the strength of liquid circulations 
cann be related to a single parameter - the centre-line velocity. 

Thee column hydrodynamics is thoroughly inter-linked and all the phenomena appears to be 
inducedd by the gas bubbles. The bubble swarm velocity is compared in Fig. 0.9 with the 
liquidd velocity at the centre of the column. The experimental data for the centre-line liquid 
velocityy are plotted together with two literature correlations, extended up to 6 m column 
diameters.. The difference between 1.5 m/s predicted by Zehner (1982) and 4 m/s predicted by 
Riquartss (1981) is significant and cannot be ignored. 
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Fig.. 0.7. Liquid velocity radial profile. 
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Fig.. 0.8. Normalised liquid velocity profiles. 
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Fig.. 0.9. Extrapolation for the centre-line liquid velocity. 
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Fig.. 0.10. Influence of scale on the centre-line liquid velocity for the air-water system. 
CFDD simulations of van Baten (2000). 
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CFDD simulations, carried out in the companion thesis of van Baten (2000) is the only 
properr means for scaling up to large column diameters. The CFD simulation results for the 
centre-linee velocity is shown in Fig. 0.10 for column diameters ranging to 6 m. On the basis 
off  the CFD simulations we can conclude that the Riquarts (1981) con-elation is the proper 
correlationn to use. 

Gass hold up: scale dependence 

Thee liquid circulation velocity increase strongly with scale, as can be seen in Fig. 0.10. 
Thiss liquid circulation has the effect of reducing the gas hold up because the gas bubbles will 
bee accelerated by the liquid. CFD techniques, developed in the companion thesis of van Baten 
(2000)) allow us to determine the gas hold up as a function of a column diameter. For air-water 
systemm operating at a superficial gas velocity of 0.3 m/s, the CFD simulation results are 
shownn in Fig. 0.11. 
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Fig.. 0.11. Use of CFD for extrapolation to commercial scale. 

Axiall  dispersion in the liquid : scale dependence 

Thee last step in the scale up strategy outlined in Fig. 0.1 is the liquid-phase backmixing. 
Whenn the bubbles escape at the top of the column, the liquid returns down the sides of the 
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columnn (in the wall region). The downflowing liquid generates backmixing. The radial 
distributionn of the liquid velocities is related with the axial dispersion coefficient of the liquid 
phase.. A large number of experiments using the pulse-response method were performed. The 
onee dimensional axial dispersion model was applied in order to obtain the axial dispersion 
coefficientt for different columns and a specific range of superficial gas velocities. 
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Fig.. 0.12. Extrapolation for the axial dispersion coefficient in the liquid phase. 

Thee axial dispersion coefficients can be predicted in terms of liquid circulation velocity, as 
aa characteristic velocity and column diameter, as a characteristic length. This model was 
obtainedd by making use of the dimensionless analysis and the simple, linear relation presented 
inn Fig. 0.12 allows us to predict easily the axial dispersion coefficient for large columns. 

Thee constant 0.31 was found taking into account the whole experimented range of 
superficiall  gas velocities. The experimental measurements for the backmixing experiments 
wass performed with air-water system. Since the centre-line liquid velocities appeared to be 
thee same for the viscous Tellus oil, the model presented for the axial dispersion coefficient is 
validd also for such systems. 

Inn Fig. 0.13 the results for the centre-line velocity and the axial dispersion coefficients are 
plottedd together, for a certain superficial gas velocity of 0.2 m/s. Once again, the limited 
laboratoryy conditions confine us in a relatively small area far from the real industrial 
dimensions.. One can see that the model presented is close to the widely accepted Baird and 
Ricee (1975) model. 
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Fig.. 0.13. Liquid phase backmixing. 
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Thee work presented in this thesis provides a rational approach to scale up of bubble 
columnn reactors in industrial practice. 
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