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Summary Summary 

Summary Summary 
Thee major objective of this thesis was to develop CFD tools for design and scale up of 

multiphasee reactors: (a) bubble columns, (b) gas-solid fluidized beds, (c) sieve tray columns 
andd (d) structured packed columns. The major portion of the research effort was directed to 
developingg CFD as a scale up tool for bubble columns. 

Forr validation of the CFD models I relied heavily on experimental work generated within 
ourr group at the Department of Chemical Engineering of the University of Amsterdam. The 
experimentall  work was carried out in the doctoral studies of Ellenberger (1995), De Swart 
(1996)) and Urseanu (2000). In addition I performed experiments myself on distillation sieve 
trays,, structured packed columns and bubble columns. 

Thee major conclusions and findings of my research work are summarised below. 

(a)) Bubble columns. 
1.. The Volume-of-Fluid (VOF) simulation technique is a powerful tool for studying the 

risee characteristics of single air bubbles in a column of liquid. The bubble morphology 
andd rise characteristics, pictured in Fig. 1 for a size range of air bubbles in water, are in 
qualitativee conformity with experiment. 

2.. VOF simulations of rise of spherical cap bubbles (corresponding to Eö > 40) in 
columnss of circular cross-section are in excellent quantitative agreement with 
experiment.. This is illustrated in Fig. 2. 

3.. VOF simulations of the rise of circular cap bubbles in 2D rectangular columns are in 
excellentt agreement with experiment; see Fig. 3. 

4.. A comparison of the VOF simulations and the Kinetic Theory of Granular Flow for 
fluidizedd solids, show remarkable similarities in the rise characteristic of bubbles in 
liquidss and beds of powders; see Fig. 4. 

5.. VOF simulations provide a powerful tool to study in-line interactions of pairs of 
sphericall  cap bubbles; see Fig. 5. This insight leads to the development of appropriate 
relationss to predict the rise velocity of a swarm of large bubbles. 

6.. 2D axi-symmetric Eulerian simulations give a good representation of gas holdup and 
centre-linee liquid velocity for both air-water and air-Tellus oil systems for a range of 
columnn diameters; see Fig. 6. 

7.. The predictions of 2D axi-symmetric simulations for the liquid velocity are in good 
agreementt with experiment; see Fig. 7. 

8.. The predictions of 2D axi-symmetric simulations for the radial distribution of gas 
holdupp are not realistic. The assumption of 2D axi-symmetry gives rise to an off-centre 
maximumm in the gas holdup. For realistic predictions fully three-dimensional 
simulationss are required; see Fig. 8. 

9.. 2D axi-symmetric Eulerian simulations are useful for predicting the scale dependence 
off  the centre-line VL(0). Simulations show that VL(0) can approach values of about 4 -
55 m/s when the column diameter is increased to 6 m; see Fig. 9. Thee strong increase in 
VL(0)) with scale has the effect of accelerating the gas bubbles leading to significant 
reductionn in the gas holdup. The reduction in holdup is significantly stronger than that 
anticipatedd by published literature correlations. 

10.. The liquid phase axial dispersion coefficients D^L predicted from 3D simulations are 
inn good agreement with experiment. 2D axi-symmetric simulations lead to 
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Summary Summary 

significantlyy lower predictions. Mixing processes are not properly captured when the 
constraintt of axi-symmetry is imposed. 

11.. In the churn-turbulent regime, the total gas phase RTD is not amenable to 
interpretationn in terms of an axial dispersion model. The individual bubble phase 
RTDss have to be fitted separately. 

12.. The small bubble Dax,G,Smaii was found to be remarkably close in value to A ^ L 
suggestingg that the small bubbles are "entrained" with the liquid phase and have 
similarr backmixing characteristics. The dispersion of the large bubbles is significantly 
smaller. . 

(b)) Gas-solid fluidized beds. 
Wee have shown that the scale effects of gas-solid fluidized beds with fine Geldart A 

powderss can be described with the same approach as for gas-liquid bubble columns. The 
Euleriann simulation code is analogous and the influence of column diameter on the centre-line 
"densee phase" velocity and gas holdup is remarkably similar to that of bubble columns. A 
unifiedd approach to scaling up will save experimental effort. 

(c)) Distillatio n sieve trays. 

Ourr CFD simulations have shown that sieve tray hydrodynamics are intrinsically three-
dimensionall  and there are recirculatory flows in several dimensions. We obtained very good 
qualitativee agreement for the clear liquid height with varying operating parameters. However, 
theree is a need for better drag relations between the gas and liquid phases. This requires 
additionall  experimental effort. We can state, however, that CFD simulations are potentially 
powerfull  design tools for distillation columns. 

(d)) Structured packed column. 
Wee have used CFD to describe the flow of liquid through packed channels of complex 

geometryy found in KATAPAK-S. CFD techniques are useful tools to study dispersion 
phenomena. . 

Thee final conclusion of this thesis is that CFD is an invaluable design and scale up tool for 
multiphasee reactors. 
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Fig.. 1. VOF simulations: bubble morphology and rise characteristics of air bubbles in 
water. . 
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Fig.. 2. VOF simulations of rise of spherical cap bubbles (corresponding to Eö > 40) 
inn columns of circular cross-section. Comparison with experiment. 
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Fig.. 3. VOF simulations of the rise of circular cap bubbles in 2D rectangular columns. 
Comparisonn with experiment. 
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Fig.. 4. Comparison of the VOF simulations and simulations using the Kinetic Theory 
off  Granular Flow for fluidized solids. The bubble contours are drawn at various time 

steps.. For a gas-solid system the contours of a bubble are defined by the requirement that 
thee voidage is greater than 0.85. 
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Fig.. 5. VOF simulations of in-line interactions of pairs of spherical cap bubbles. 
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OO Experimental data 
•• CFD simulations (7= 0.034 m/s 
•• CFD simulations U,„s= 0.045 m/s 

D,, = 0.174m 
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Fig.. 6. 2D axi-symmetric Eulerian simulations of air-water systems with two 
transitionn velocities: gas holdup and centre-line liquid velocity for a range of column 

diameters.. Comparison with experiment. 
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Fig.. 7. 2D axi-symmetric simulations: comparison of liquid velocity with experiment. 
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Fig.. 8. 2D axi-symmetric vs 3D simulations: comparison of radial holdup distribution 
withh experiment. 
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Fig.. 9.. Scale effect on the radial distribution of liquid velocity 
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