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ChapterChapter  7 

2D2D vs.  3D simulations  of  bubble  columns 

Abstract t 
Fullyy three-dimensional (3D) transient simulations using computational fluid dynamics 

(CFD)) have been carried out for bubble columns operating in the churn-turbulent flow 
regime.. The bubble column is considered to be made up of three phases: (1) liquid, (2) 
"small""  bubbles and (3) "large" bubbles and the Eulerian description is used for each of these 
phases.. Interactions between both bubble populations and the liquid are taken into account in 
termss of momentum exchange, or drag, coefficients, which differ for the "small" and "large" 
bubbles.. Water and Tellus oil, with a viscosity seventy-five times that of water, were used as 
liquidd phase and air as gaseous phase. The transient tracer responses in the gas and liquid 
phasess were monitored at three different stations in the column and the results analysed in 
termss of a one-dimensional axial dispersion model. 

Thee 3D simulation results for radial distribution of liquid velocity VL(r), centre-line liquid 
velocityy VL(0), Dax.t and Dax,G, for columns of 0.174, 0.38 and 0.63 m in diameter were 
comparedd with experimental data generated in our laboratories and also literature correlations. 
Theree is good agreement between the values of V\J.r), VL(0) and A^.L from 3D simulations 
withh measured experimental data. 2D simulations on the other hand predict values of Daxx 
whichh are about one order of magnitude smaller. The axial dispersion coefficient of the small 
bubblee population was almost the same as that of DM .L, whereas the dispersion of the large 
bubbless is significantly lower in magnitude. 

Itt is concluded that 3D transient Eulerian simulations are potent tools for investigating the 
gass and liquid residence time distributions and have potential use as scale-up tools. 

1.. Introductio n 
Inn this Chapter we use fully three-dimensional Eulerian simulations to describe the 

hydrodynamicss of bubble columns reactors operating in the churn-turbulent flow regime. In 
particularr we attempt to obtain information on the dispersion of gas and liquid phases. 
Euleriann simulations are used to estimate the gas and liquid phase dispersion characteristics. 
Validationn of the Eulerian simulations is sought by comparison with the extensive data set 
generatedd by Urseanu (2000). The basic philosophy of our approach is that once Eulerian 
simulationss have been validated on a variety of scales for a variety of systems, these could be 
usedd with some confidence as predictive tools for commercial scale reactors. 

2.. Development of CFD model 
Forr the homogeneous regime of operation of bubble columns a more or less uniform 

bubblee size is obtained and many CFD approaches have been successfully developed to cater 
forr this homogeneous regime of operation using the Eulerian description for the gas and liquid 
phasess (Jakobsen et al. 1997, Sanyal et al. 1999, Sokolichin and Eigenberger 1999). 

Inn the churn-turbulent regime of operation the bubble sizes vary over a wide range between 
11 mm and 50 mm depending on the operating conditions and phase properties (De Swart et 
al.,, 1996). The rise characteristics of the bubbles depend on their size and on liquid phase 
properties.. Our approach for modelling purposes is to assume that in the churn-turbulent flow 
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Tablee 1. Model equations for bubble column reactors operating in the churn-turbulent flow regime-
Equationn description Equation n 

Euleriann simulation model 
Volume-averagedd mass conservation equation ^ J + v . & w O -o o 

^ ^^  + V.(paea„ ttu0-pa£a(vU„ +(V»JT 

(1) ) 

Volume-averagedd momentum conservation 
equation n 

Cu=0.09,, Cic=1.44, C2E=1.92, gk = I and at ~ 1.3 

(2) ) 

k-ek-e turbulence parameters (3) ) 

Inter-phasee momentum exchange between large 
bubblee phase (b) and liquid (L) M , , == -rPL-rCD(uh-uL}ih-nL\ 

44 dh 
(4) ) 

Dragg coefficient 
cc _*PL-PC J _L 

DD 3 PL
 gd*v; 

(5) ) 

"Small""  bubbles 
Harmathyy (I960) correlation for rise velocity of 
smalll  bubbles == 1.531- -̂ (6) (6) 

Mendelsonn (1967) correlation for rise velocity 
off  small bubbles 

VVkjkj^=p<T/^=p<T/PLPLddbb + gdt/2 (7) ) 

"Large""  bubbles 
Velocityy of large bubble swarms VVhh=OJ\J^{SFlAF) =OJ\J^{SFlAF) (8) ) 

Scalee factor SFSF = l l for dh/DT< 0.125 

SFSF =1.13exp(-dh/DT) for 0.125 < rffc / DT < 0.6 

SFSF = 0A96^DT/dh for dh/DT> 0.6 
(9) ) 

Accelerationn factor AA F = 2.73 + 4.505 (U - U,rmt) for water 

/4FF = 2.25 + 4.09(t/-t/r f / ) for Tellus oil 
(10) ) 

Averagee size of large bubbles for both air-water 
andd air-Tellus oil systems 

ddhh=o.m{u-u,=o.m{u-u,raraJJu u 
( i i ) ) 

Axiall  dispersion of tracer within liquid phase 
One-dimensionall  conservation equation for 
(transient)) tracer mass concentration cL in the 
liquidd phase 

dtdt J ,x di (12) ) 

Analyticall  solution, given in Deckwer (1992), 
forr tracer concentration CL at distance x from 
thee point of tracer injection (Dirac delta 
function)) in a column of length L 

^ ^ = ll  + 2Ytcos(n/rjr/L)exp| -D„ L ( -
cL(°°)) t? \ L 

rt rt 
(13) ) 

Axiall  dispersion of tracer within gas phase 
One-dimensionall  conservation equation for 
(transient)) tracer mass concentration cG in the 
gass phase 

dc, dc, 

dt dt 

dd22CCr r 

dx dx (14) ) 

Analyticall  solution, given in Westerterp et al. 
(1984),, for tracer concentration cL at distance x 
fromm the point of tracer injection (Dirac delta 
function) ) 

cG(0)) Vrt0CXPI 

(( 1 
—Pe( \ -ey y 

4 4 

erfc c 

Peexp(Pe) Peexp(Pe) 

i+e i+e 
2 2 

(15) ) 

-,e=^--,e=^-

Physicall  properties used in the simulations 
Air :: (density, pG = 1.29 kg/m3; viscosity, / i G = 0.000017 Pa s) 
Water:: (density, p^ = 998 kg/m3; viscosity, nL = 0.001 Pa s) 

Telluss oil: (density, PL = 862 kg/m3; viscosity, pL = 0.075 Pa s) 
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bubbles s 

Fig.. 1. Three-phase model for bubble columns operating in the churn-turbulent 
regime. . 

regimee we have two distinct bubble classes: "small" and "large"; see Fig. 1. The model 
developmentt is the same as discussed in Chapter 5; a convenient summary of the equations 
hass been presented in Table 1. A short description follows. For each of the three phases 
shownn in Fig. 1 the volume-averaged mass and momentum conservation equations in the 
Euleriann framework are given by eqs (1) and (2) in Table 1. For the continuous, liquid, phase, 
thee turbulent contribution to the stress tensor is evaluated by means of k-z model, using 
standardd single phase parameters given in eq. (3). The applicability of the k-E model has been 
consideredd in detail by Sokolichin and Eigenberger (1999). No turbulence model is used for 
calculatingg the velocity fields inside the dispersed "small" and "large" bubble phases. 

Thee momentum exchange between either bubble phase (subscript b) and liquid phase 
(subscriptt L) phases is given by eq. (4). The liquid phase exchanges momentum with both the 
"small""  and "large" bubble phases. No interchange between the "small" and "large" bubble 
phasess have been included in the present model and each of the dispersed bubble phases 
exchangess momentum only with the liquid phase. The neglect of the interactions between the 
smalll  and large bubble populations is due to the conclusion reached by Vermeer and Krishna 
(1981).. The inter-phase drag coefficient is calculated from eq. (5) where Vb is the rise velocity 
off  the appropriate bubble population. We have only included the drag force contribution to 
ML,b,, in keeping with the works of Sanyal et al. (1999) and Sokolichin and Eigenberger 
(1999).. The added mass force has been ignored in the present analysis. The reason for this 
neglectt is because the focus of the simulations and experiments in this work is on the churn-
turbulentt flow regime. The distinguishing feature of this regime is the existence of large fast-
risingg bubbles. These large bubbles do not have a closed wake and the concept of added mass 
iss not applicable. The small bubbles on the other hand do have a closed wake. However, in the 
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churn-turbulentt flow regime these bubbles suffer strong recirculations, moving downwards 
nearr the wall region. Inclusion of the added mass contributions to the small bubbles led to 
severee convergence difficulties. The added mass contributions were therefore omitted. Lif t 
forcess are also ignored in the present analysis because of the uncertainty in assigning values 
off  the lif t coefficients to the small and large bubbles. For the large bubbles, for which Eö > 40 
holds,, literature data suggest the use of a negative lif t coefficient, whereas for small bubbles 
forr which typically Eö = 2, the lif t coefficient is positive (Jakobsen et al., 1997). 

Fromm visual observations of bubble column operations with the air-water system, the small 
bubbless were observed to be in the 3 - 6 mm size range. The diameter of the "small" bubbles 
wass chosen to be 4 mm in all the simulations for the air-water system. The rise velocity of air 
bubbless is practically independent of bubble diameter in this size range and the Harmathy 
(1960)) equation for the rise velocity, eq. (6), is used in the simulation results presented in this 
paper.. An alternative, comparable correlation for the small bubble rise velocity is that of 
Mendelsonn (1967), eq. (7). 

Forr the air-Tellus oil system, our dynamic gas disengagement experiments carried out 
earlierr in our group (Krishna et al., 1999a) showed that the holdup of the small bubble 
populationn was less than 2% and so we decided to ignore this presence of the small bubbles 
altogetherr in the CFD calculations. This neglect is achieved by setting (/trans = 0. The 
hydrodynamicss of air-Tellus oil system corresponds roughly to a situation in which large 
(sphericall  cap) bubbles rise through the column in a chain. 

Fromm the Reilly et al. (1994) correlation it was determined that the superficial gas velocity 
att the regime transition point for air-water £/trans = 0.034 m/s. For air-water operation at 
UU < 0.034 m/s, homogeneous bubbly flow regime was taken to prevail. Therefore, only two 
phases,, small bubbles and liquid are present. For churn-turbulent operation at U > 0.034 m/s, 
thee complete three phase model was invoked. Following the model of Krishna and 
Ellenbergerr (1996) we assume that in the churn-turbulent flow regime the superficial gas 
velocityy through the small bubble phase is Utrans = 0.034 m/s (see Fig. 1). The remainder of 
thee gas (U - UtIans) was taken to rise up the column in the form of large bubbles. This implies 
thatt at the distributor the "large" bubbles constitute a fraction (U - tAmns) I U of the total 
incomingg volumetric flow, whereas the "small" bubble constitute a fraction (UlvlnJ U) of the 
totall  incoming flow. Strictly speaking, £/(rans is a model parameter and its choice has a 
significantt increasing effect on the small bubble holdup but its influence on the centre-line 
velocityy is negligible (see Chapter 5). 

Thee large bubble rise velocity was modelled using the approach developed in Chapter 3, 
whichh introduces an acceleration factor AF into the Collins (1967) relation for the rise of a 
singlee spherical cap bubble. The expressions developed in Chapter 5 for the large bubble size 
andd acceleration factor for air-water and air-Tellus oil systems, summarised in eqs (8) - (11) 
aree used in this work for estimation of the drag coefficient for the large bubble phase. 

AA commercial CFD package CFX 4.2 of AEA Technology, Harwell, UK, was used to 
solvee the equations of continuity and momentum. This package is a finite volume solver, 
usingg body-fitted grids. The grids are non-staggered and all variables are evaluated at the cell 
centres.. An improved version of the Rhie-Chow algorithm is used to calculate the velocity at 
thee cell faces. The pressure-velocity coupling is obtained using the SIMPLEC algorithm. For 
thee convective terms in eqs (1) and (2) hybrid differencing was used. A fully implicit 
backwardd differencing scheme was used for the time integration. 

Thee computational grid used for the 0.38 m diameter column, 3 m tall column, is shown, as 
ann example, in Fig. 2. Anticipating steeper velocity gradients near the wall region and in the 
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Gridd front view 

300 cells 

Fig.. 2. Grid for 3D simulations. 

bottomm portion of the column, a non-uniform grid was used. In the radial direction 30 grid 
cellss were used, 10 grid cells in the central core and 20 grid cells towards the wall region. In 
thee axial direction the first 0.2 m bottom portion of the column consisted of 10 mm cells and 
thee remainder 2.8 m height consisted of 20 mm cells. The total number of cells in the 
azimuthall  direction was 20. The total number of cells was 30x160x20 = 96000. An identical 
gridd was used for the 0.174 and 0.63 m diameter columns. In some simulations two-
dimensionall  (2D) axi-symmetry was assumed. 

Thee large bubbles were injected in the central core of the column, in the central 13 of the 
300 cells in the radial direction. The small bubbles were distributed over the central 24 of the 
300 cells in the radial direction. 

AA number of fully 3D simulations and 2D axi-symmetric simulations were carried out for 
thee 0.1, 0.14, 0.174, 0.19, 0.38 m and 0.63 m diameter columns operating with air-water and 
air-Telluss oil systems. Table 2 gives the list of 2D and 3D simulations carried out. 
Simulationss in which the gas and liquid phases were traced have been indicated in Table 2 in 
thee column marked superficial gas velocity. The column was initial filled with pure liquid up 
too a height of say 1.8 m and the transient simulations were started with gas injection at time 
tt = 0 s at the distributor plate. A typical time-stepping strategy for a 3D simulation was: 100 
stepss at 5X10"4 s, 100 steps at lxlO"3 s, 19800 steps at 5xl0"3 s. Running on a Silicon Graphics 
Powerr Challenge machine and employing three R10000 processors in parallel, this simulation 
tookk about 8 weeks to complete 20000 time steps. At the end of 11000 time steps, sufficient 
too attain quasi-steady state conditions, tracer was injected into the entering gas phase, 
uniformlyy over the whole cross-section, just above the bottom grid. At the same time step, 
liquidd tracer was injected near the top of the dispersion, typically 2 m above the distributor 
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plate.. The transient responses of the gas and liquid phases were monitored over the entire grid 
cross-sectionn at three monitoring stations, h = 0.4, 1.0 and 1.6 m above the distributor plate; 
seee Fig. 3. 

Tablee 2. 
Columnn configurations, systems, operating conditions and grid details of CFD simulations. For 
operationn at U < t/tnins, homogeneous bubbly flow regime was taken to prevail. For operation at 
UU > tArans, the complete three phase model was invoked. The large bubble phase was injected over the 
centrall  13 of the 30 grid cells. The small bubble phase was injected over the central 24 of the 30 grid 
cells.. The reported liquid velocity profiles are at the observation heights reported below. The reported 
valuesvalues of the total gas holdup refer to the fractional gas volume below this observation height. The 
simulationss in which gas and liquid phases were traced are indicated in the column marked superficial 
gass velocity. 

Systemm Column Column Initial Observation Number of Superficial gas velocity, Ua3n* 2D 
diameterr Height Liquid height grid cells, U/[m/s] /[m/s] or 
DT/[m]]  /[m] Height /[m] (radial) x (tracer) indicates that the 3D 

/[m]]  (axial) x particular run was traced 
(azimuthal)) both in the gas and liquid 

phase e 
Air--
water r 
Air --
water r 
Air --
water r 
Air --
water r 

Air --
water r 
Air --
water r 

Air --
water r 

Air --
water r 

Air --
water r 
Air --
Tellus s 
oil l 
Air --
Tellus s 
oil l 
Air --
Tellus s 
oil l 
Air --
Tellus s 
oil l 

0.14 4 

0.14 4 

0.14 4 

0.174 4 

0.174 4 

0.38 8 

0.38 8 

0.63 3 

0.63 3 

0.1 1 

0.19 9 

0.38 8 

0.38 8 

1.3 3 

1.3 3 

1.3 3 

3 3 

3 3 

3 3 

3 3 

3 3 

3 3 

2 2 

2 2 

2 2 

2 2 

0.9 9 

0.9 9 

0.9 9 

1.8,2 2 

1.8 8 

1.8,2 2 

1.8 8 

1.8,2 2 

1.8 8 

1.4 4 

1.4 4 

1.4 4 

1.4 4 

0.6 6 

0.6 6 

0.6 6 

1.6 6 

1.6 6 

1.6 6 

1.6 6 

1.6 6 

1.6 6 

1.4 4 

1.4 4 

1.4 4 

1.4 4 

30x150 0 

30x150x10 0 

30x150x20 0 

30x160 0 

30x160x20 0 

30x160 0 

30x160x20 0 

30x160 0 

30x160x20 0 

30x110 0 

30x110 0 

30x110 0 

30x110x20 0 

0.019,0.038,0.064, , 
0.095,0.169 9 
0.019,0.038,0.064, , 
0.095,0.169 9 
0.169 9 

0.02,, 0.034 (tracer), 
0.099 (tracer), 0.16, 
0.233 (tracer), 0.27, 0.30 
0.233 (tracer) 

0.022 (tracer), 0.034,0.09, 
0.166 (tracer), 0.23, 
0.2855 (tracer), 
0.300 (tracer), 0.35 
0.0344 (tracer), 
0.233 (tracer), 
0.2855 (tracer), 0.30 
0.02,, 0.034, 0.09, 
0.166 (tracer), 0.23,0.27, 
0.2855 (tracer), 0.30, 0.35 
0.233 (tracer), 
0.2855 (tracer), 0.30 
0.05.0.09,0.125,0.16 6 

0.05,0.09,0.16,0.23, , 
0.30,, 0.35 

0.05,0.09,0.125,0.16, , 
0.23,, 0.30, 0.35 

0.233 (tracer) 

0.034 4 

0.034 4 

0.034 4 

0.034 4 

0.034 4 

0.034 4 

0.034 4 

0.034 4 

0.034 4 

0 0 

0 0 

0 0 

0 0 

2D D 

3D D 

3D D 

2D D 

3D D 

2D D 

3D D 

2D D 

3D D 

2D D 

2D D 

2D D 

3D D 
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Fig.. 3. Liquid and gas phase tracer injection strategies in Eulerian simulations. The 
tracerr concentrations are monitored at three stations over the entire cross-section. 

3.. Experiments vs. 2D and 3D Eulerian simulations 
Thee start-up dynamics of a typical 3D simulation are shown in Figs 4 (a) and (b) for VL(0) 

andd e(0). The system evolves to a quasi-steady state. The variation of the time-averaged VL(0) 
andd cumulative (time-averaged) e along the dispersion height is shown in Fig. 4 (c) and (d). 
Thee most remarkable thing to note is the non-constancy of VL(0) along the dispersion height. 
Furthermore,, the 3D simulation shows chaotic behaviour and this is illustrated by the 
snapshotss of the liquid velocity and bubble holdup profiles, at an arbitrary vertical plane, at 
thee three monitoring stations for three time steps, separated by 2.5 s; see Fig. 5. The liquid 
sloshess from left to right and the chaotic motions can best be appreciated by viewing the 
animationss on our web site, http://ct-cr4.chem.uva.nl/oil-water. Figure 6 shows snapshots of 
thee liquid velocity vectors at a height 1.6 m above the distributor for the same three time 
steps.. The non-monotonic character of the liquid circulations is evident. The time- and 
azimuthal-averagedd profiles for h = 1.6 m are shown in Fig. 7. The time-averaged VL(r) is in 
goodd agreement with the measurements of Krishna et al. (1999a). We note in Fig. 7 that the 
smalll  bubbles tend to concentrate near the wall region whereas the large bubbles predominate 
inn the central core. 

Thee radial distribution of gas holdup obtained with 2D and 3D simulations are compared in 
Figuress 8 (a) - (e) with experimental data of Hill s (1974) obtained in a 0.14 m diameter 
column.. We note that the assumption of cylindrical axi-symmetry prevents lateral motion of 
thee dispersed bubble phases and leads to an unrealistic gas bubble holdup distribution wherein 
aa maximum holdup is experienced away from the central axis. The 3D simulations, on the 
otherr hand, in which lateral motion in both radial and azimuthal directions are catered for 
(cf.. Fig 6), yield physically realistic distribution of gas holdups, and are in reasonably good 
agreementt with experiment. Recent work of Bauer and Eigenberger (1999) has underlined the 
impactt of lateral fluxes of mass and momentum, resulting from 3D simulations, in the proper 
simulationn of tracer dispersion. We come back to this point later in this chapter. 

Figuree 9 (a) compares the gas holdup averaged over the cross-section at a height of 0.6 m 
abovee the distributor, from the simulations with the experimental values of Hill s (1974). We 
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seee that though the 2D axi-symmetric simulation predicts an unrealistic radial distribution of 
gass holdup, there is practically no difference between the 2D and 3D simulation results with 
respectt to cross-section averaged holdups. The agreement with the experimental data of Hill s 
(1974)) is reasonable, though the simulations tend to systematically under-predict the gas 
holdup.. In order to emphasise the need for the including both "large" and "small" bubbles, we 
carriedd out simulations of the Hill s experiments in which the "large" bubbles were ignored, 
i.e.. assuming that the dispersion was made up only of small bubbles. The simulated values of 
thee gas holdup are seen to be extremely high, at variance with the experiments; see Fig. 9 (a). 
Thee cumulative values of the gas holdups (large + small) are plotted in Fig. 9 (b) as a function 
off  the height above the distributor of a 0.38 m diameter column operating at U = 0.3 m/s. The 
cumulativee gas holdup values of the 2D and 3D simulations do not differ significantly and for 
aa dispersion height of 1.6 m these values agree well with the experimentally determined 
value. . 

Heightt above the gas distributor/[m] 

0.00 0.5 1.0 1.5 2.0 

Heightt above the gas distributor/[m] 

Fig.. 4. (a) and (b) show start-up dynamics for the centre-line liquid velocity and the 
centre-linee gas holdup for air-water simulation in a 0.38 m diameter column running with 

UU = 0.23 m/s. (c) and (d) show the variation along the dispersion height. 

78 8 



ChapterChapter 7 2D vs. 3D simulations of bubble columns 

3.22 -0.2 0.0 0.2 -0.2 

Radiall distance, r/[m] 

0.22 -0.2 0.0 0.2 -0.2 

Radiall distance, r/[m] 

Fig.. 5. Radial profiles of liquid velocity, total gas holdup, large bubble holdup and 
smalll  bubble holdup. Snapshots at three time steps and at the three monitoring stations in 
Fig.. 3. Column diameter = 0.38 m; air-water system, U = 0.23 m/s. Animations of this 

simulationn can be viewed on our web site: http://ct-cr4.chem.uva.nl/oiI-water. 

(a)) f = 35.2 s (b)) f = 37.7 s 

\ \ 
:\ \ 

i i 
;/ / 
/ / 

A'' A'' 

;:: : : 

(c)) t = 40.2 s 

\\ \ i I i I I 1 
v \ \ \ \\ i I i I I > 

Fig.. 6. Snapshots of the liquid velocity vectors at a height 1.6 m above the distributor 
forr three time steps for the 3D simulation of a 0.38 m diameter column with the air-water 
systemm operating at a superficial gas velocity of 0.23 m/s. Animations of the column start-

upp dynamics for the 2D and 3D simulations can be viewed on our web site: 
http://ct-cr4.chem.uva.nl/oil-water. . 
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0.00 0.2 04 06 0. 000 02 04 0 6 0 00 0 0 2 0 4 0 6 0.8 10 

Dimensionlesss radial distance, IrlDj 

Fig.. 7. Time- and azimuthal-averaged radial profiles of liquid velocity (triangular 
symbolss denote experimental data), total gas holdup, large bubble holdup and small 

bubblee holdup. Column diameter = 0.38 m, air-water system, U = 0.23 m/s. 

UU = 0.038 m/s 

0.100  __ 

BB 0.05 

0.00 0.2 0.4 0.6 0.8 1 

Dimensbntesss radial distance, 2r/Dj 

0.00 0.2 0.4 0.6 0.8 1.0 

Dimensiontesss radral distance, 2t/D\ 

0.00 0.2 0.4 0.6 0.8 1.0 

Dimensiontesss radial detance, 2r/Di 

0.00 0.2 0.4 0.6 0.8 1.0 

Dimenstanlesss rada! distance, 2/VDT 

0.00 0.2 0.4 0.6 0.8 1.0 

Dimensbnlesss radial detance, 2r/Dj 

OO Hills (1974) experiments 
2DD axi-symmetric simJation 

3DD simulation 

Fig.. 8. Comparison of radial profiles of gas holdup obtained from 2D and 3D 
simulationss of a 0.14 m diameter column for air-water system with experimental data of 
Hill ss (1974). Animations of the 2D and 3D simulations can be viewed on our web sites: 

http://ct-cr4.chem.uva.nl/euler2DD and http://ct-cr4.chem.uva.nl/euler3D. 
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oo Experimental data 
ott Hills (1974) 

11 r 

COO JO 

Q.. '£= 

OO o cc > 
coo o 
COO J 3 

aa ra 

0.8 8 

0.6 6 

0.4 4 

0.2 2 

0 0 

(a)DT=0.14mm / 

/ '' Neglecting 
44 large 

// ^ - bubbles 

3DD simulations 2D axi-symmetric 

Experiment,, this work 

CO O 
COO > 

** 50.1 
(33 co 

00 0.05 0.1 0.15 0.2 
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Fig.. 9. (a) Comparison of gas holdups obtained from 2D and 3D simulations of a 
0.14mm diameter column with air-water system with experimental data of Hill s (1974). 
Alsoo shown are simulation results in which the dispersion is assumed to consist only of 

smalll  bubbles. The gas holdup value corresponds to the average at a height of 0.6 in 
abovee the distributor, (b) Cumulative gas holdup for a 0.38 m diameter column operating 
att a superficial gas velocity of 0.3 m/s. The 2D and 3D simulation results are compared 
withh each other. Also indicated in the figure is the experimentally measured value below 

aa dispersion height of 1.6 m. 

Figuree 10 compares the radial distribution of the axial component of the liquid velocity, 
normalisedd with respect to the centre-line velocity, VL(0), obtained from the 2D and 3D 
simulationss with experiments of Urseanu (2000) in columns of 0.174, 0.38 m and 0.63 m in 
diameterr with air-water and air-Tellus oil. We see that both 2D and 3D simulated profiles are 
reasonablyy close to each other and are able to reproduce the experimental trends very well. 
Forr the larger diameter columns, 0.38 m and 0.63 m in diameter, operating at higher 
superficiall  gas velocity (U = 0.3 m/s) there are differences in the 2D and 3D simulated 
profiless of liquid velocity. The experiments show that the 3D simulations have a better 
predictivee character, as might be expected. The value of the centre-line liquid velocity 
predictedd by the 2D and 3D simulations, monitored at a height 1.6 m above the distributor, are 
howeverr close to each other. For example for the 0.38 m column operating at U - 0.3 m/s, 
VL(0)) = 0.88 and 0.89 m/s for the 2D and 3D simulations respectively. 

Figuree 11 compares the experimental VL(r) profile for air-water and air-Tellus oil, 
measuredd by Urseanu (2000) with the 3D simulations. Though the two liquids differ in 
viscosityy by a factor 75, both experiments and 3D simulations show almost no influence of 
thiss on V\J,r). 

Figuree 12 (a) shows a typical response to the liquid tracer injection from a 3D simulation. 
Thee responses at the three monitoring stations can be fitted to a one-dimensional model (eqs 
(12)) and (13) in Table 1) to obtain the value of Dax,L. Figure 12 (b) compares the response in 
thee homogeneous flow regime (U = 0.034 m/s) with that in the heterogeneous flow regime. 
Thee latter shows a much stronger dispersion. The values of Dax,L obtained by fitting the 
responsee curves shown in Fig. 12 (a) are compared with experimental data of Urseanu (2000) 
inn Fig. 13. There is reasonably good agreement between the experimental data and the 3D 
simulations.. Both conform to a simple empirical formula 

Dax,LL = 0.31 VL(0)DT (16) 

whichh was derived earlier by Krishna et al. (1999b). 

81 1 



ChapterChapter 7 2D2D vs. 3D simulations of bubble columns 

OO Experiments 

2DD axi-symmetric simulation 
3DD simulation 

0.22 0.4 0.6 0.8 1.0 0.0 

Dimensbnlesss radial distance. 2r/Dr 

0.20.2 0.4 0.6 0.8 1.0 

Dmensbntesss radal distance, 2r/Di 

0.00 0.2 0.4 0.6 0.8 1.0 

Dimenstontesss radral distance, 2r/DT 

Fig.. 10. Comparison of normalised radial profiles of liquid velocity obtained from 2D 
andd 3D simulations with experimental data with air-water system and air-Tellus oil by 

Urseanuu (2000). 
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Fig.. 11. Time-averaged radial distribution of liquid velocity. Experimental data for 
air-waterr and air-Tellus oil compared with 3D Eulerian simulations. 
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Fig.. 13. Axial dispersion coefficient of the liquid phase. Comparison of experimental 
dataa of Urseanu (2000) with 2D and 3D Eulerian simulations. 
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Fig.. 14. Dimensionless gas phase tracer concentrations a three monitoring positions. 
Euleriann simulations for 0.38 m diameter column, (a) Large bubble response, (b) small 

bubblee response and (c) total gas response. 
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Fig.. 15. Axial dispersion coefficient of the liquid phase and gas phase 
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Thee 2D simulations, however, yield Dax,L values about one order of magnitude lower than 
thosee found experimentally. This limitation of the 2D simulations to represent the mixing 
characteristicss in bubble columns has been underlined earlier by Bauer and Eigenberger 
(1999). . 

Thee response to the gas tracer experiments is shown in Fig. 14, separately for (a) large 
bubbles,, (b) small bubbles and (c) total gas. In the churn-turbulent regime the total gas RTD 
showss a camel-hump shaped curve, reported earlier in the experiments of Vermeer and 
Krishnaa (1981). Such a curve is not amenable to interpretation in terms of an axial dispersion 
model,, eqs (14) and (15) of Table 1. Figure 14 (c) shows clearly the differences between the 
gass phase RTD in the homogeneous (U = 0.034 m/s) and churn-turbulent flow regime. The 
responsess of the large and small bubble populations, fitted separately to obtain Z)ax,G,iarge and 
Dax,G,smaii,, are compared with the simulated Dax,L values in Fig. 15. The Dax,G,smaii values are 
remarkablyy close to Dax.L; this assumption has been incorporated into the bubble column 
slurryy reactor model of Maretto and Krishna (1999). The dispersion of the large bubbles is 
significantlyy lower. 

4.. Concluding remark s 
1.. For reasonable predictions of radial distribution of liquid velocity and gas hold-up we 

mustt resort to fully three-dimensional Eulerian simulations 
2.. For estimation of average gas hold-ups in the dispersion and circulating liquid 

velocities,, typified by the centre-line velocity VL(0), 2D and 3D simulations are 
comparable. . 

3.. Both experiment and 3D simulations show a negligible influence of liquid viscosity on 
theVL(r). . 

4.. The liquid phase axial dispersion coefficient £>ax.L predicted from 3D simulations are 
inn good agreement with experiment. 2D axi-symmetric simulations lead to 
significantlyy lower predictions. 

5.. 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. 

6.. The small bubble Dax,G,sma]i was found to be remarkably close in value to Dax,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. . 
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Inn view of the success achieved in the modelling the dispersion characteristics of columns 
off  three different diameters we venture to suggest that Eulerian simulations could be used for 
scalee up purposes for commercial reactor design. 
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