
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

CFD: a design and scale-up tool for multiphase reactors

van Baten, J.M.

Publication date
2000

Link to publication

Citation for published version (APA):
van Baten, J. M. (2000). CFD: a design and scale-up tool for multiphase reactors. [Thesis,
fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/cfd-a-design-and-scaleup-tool-for-multiphase-reactors(9ab58e3b-660c-46a4-9a4b-2a3e033cf3b6).html


ChapterChapter 5 2D2D axi-symmetric Eulerian bubble-column simulations 

ChapterChapter 5 

2D2D axi-symmetric  Eulerian  simulations  of  bubble  columns 

Abstract t 
Computationall  Fluid Dynamics (CFD) is used to model the hydrodynamics of bubble 

columnss operating in the churn-turbulent flow regime. The bubble column is considered to be 
madee up of three phases: (1) liquid, (2) "small" bubbles and (3) "large" bubbles and the 
Euleriann description is used for each of these phases. Interactions between the gas phases and 
thee liquid are taken into account in terms of momentum exchange, or drag, coefficients, which 
differr for these two gas phases. The drag coefficient between the small bubbles and liquid is 
estimatedd using the Harmathy correlation (Harmathy, 1960). The drag relation for interactions 
betweenn the large bubbles and the liquid is based on the model presented in Chapter 3. The 
interactionss between the large and small bubble phases are ignored. The turbulence in the 
liquidd phase is described using the k-z model. 

Thee three-phase description of bubble columns was implemented within the Eulerian 
frameworkk of a commercial code CFX 4.1c of AEA Technology, Harwell, UK. Cylindrical 
axi-symmetryy has been assumed in the simulations. Comparison of the experimental data of 
Hill ss (1974) and Urseanu (2000) with the Eulerian simulations shows good agreement. It is 
concludedd that the three-phase Eulerian simulation approach developed here could be a 
powerfull  design and scale up tool. 

1.. Introductio n 
Theree is considerable interest in developing reliable scale up procedures for bubble column 

reactorss operating in the churn-turbulent flow regime because of many industrial applications 
suchh as the Fischer-Tropsch synthesis of hydrocarbons (Krishna et al. 1996, Krishna and 
Marettoo 1998). Bubble column reactors are invariably chosen as the reactor type for carrying 
outt relatively slow liquid phase reactions and where the liquid phase backmixing is a 
desirablee feature in order to achieve temperature equalisation that is important for exothermic 
reactions.. The radial distribution of liquid phase velocities and the residence time 
distributionss of the liquid phase are therefore important design parameters that need to be 
estimated.. Though there is a considerable number of published papers in this area (see the 
comprehensivee survey of literature in Urseanu, 2000), there is a considerable difference in the 
predictionss of these correlations, especially for large diameter columns. 

Thee major objective in this chapter is to develop a CFD model to describe the scale 
dependencee and validate the model using experimental data of Hill s (1974) and that generated 
inn the companion thesis by Urseanu (2000). 

2.. Development of CFD model 
Muchh attention has paid in recent times to the use of Computational Fluid Dynamics 

(CFD)) for the development of more fundamentally based models for simulating bubble 
columnn performance. A hierarchy of models exist for such simulations: (a) Eulerian-Eulerian 
modell  for the two, inter-penetrating, phases (Boisson and Malin 1996, Grevskott et al. 1996, 
Grienbergerr and Hofmann 1992, Jakobsen et al. 1997, Krishna et al. 1998, Kumar et al. 1995, 
Lapinn and Lubbert 1994, Sokolichin et al. 1994, Torvik and Svendsen 1990) (b) Eulerian-
Lagrangiann discrete bubble models (Delnoij et al. 1997a, Devanathan et al. 1995, Jakobsen et 
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al.. 1997, Sokolichin et al. 1997) and (c) the Volume-of-Fluid model (Delnoij et al. 1997b, 
Hirtt and Nichols 1981, Krishna et al. 1999a). From considerations of computer load, only the 
Eulerian-EulerianEulerian-Eulerian two-phase model is suitable for the purpose of design and scale up of 
industriall  reactors. 

Kumarr et al. (1995) attempted to simulate the experimental data of Hill s data (Hills, 1974) 
obtainedd in a 0.14 m diameter air-water bubble column operating at a superficial gas velocity 
UU - 0.169 m/s by assuming that the entire bubble population has a uniform size of 3 mm. 
Thoughh the agreement with the measured radial liquid velocity profile was good, they 
calculatee much too high values of the gas holdup. This is not unexpected because for air-water 
systemss we would expect transition from homogeneous to heterogeneous regime to be at 
0.0344 m/s based on the estimation of the Reilly et al. (1994) correlation and therefore at U = 
0.1699 m/s we would expect a significant proportion of the bubble population to be large and 
inn the 20 - 80 mm size range. 

Wee develop a CFD model for chum-turbulent operation of bubble columns in which we 
identifyy three phases: (1) liquid, (2) "small" bubbles and (3) "large" bubbles; see Fig. 1. This 
iss the model used by us earlier to develop empirical correlations for the holdups (Krishna and 
Ellenberger,, 1996). In conformity with the Krishna-Ellenberger model we assume that the 
superficiall  gas velocity through the small bubble phase corresponds to that at the regime 
transitionn point, £/tranS; this velocity is estimated using the Reilly et al. (1994) correlation. 
Strictlyy speaking UlTani must be considered to be a model parameter. Each of the three phases 
iss modelled within the Eulerian framework. 

U U 

smalj. . 
bubbles s 

Fig.. 1. Three-phase model for bubble columns operating in the churn-turbulent regime. 
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Forr each of the three phases shown in Fig. 1 the volume-averaged mass and momentum 
conservationn equations are given by: 

%£^+V.(pae„uJ=00 (O 
at at 

^ # ^ + V . ( paeauaua- / x aEa( V u a +( V u JT ) ) = - ^ ^ + M ^^ + pag (2) 
at at 

wheree pa, ua, £a and //« represent, respectively, the macroscopic density, velocity, volume 
fractionn and viscosity of any phase a, p is the pressure, Map, the inter-phase momentum 
exchangee between phase a and phase ($ and g is the gravitational force. The added mass force 
hass been ignored in the present analysis. The reason for this neglect is that the concept of 
addedd mass is not applicable for the large bubbles, which do not have a closed wake. 
Furthermore,, the focus of this paper is the modelling of the churn-turbulent flow regime 
whereinn the gas holdups are high and there is evidence to suggest that the added mass 
coefficientt decreases with increasing gas holdup (Jakobsen et al., 1997). Lif t forces are also 
ignoredd in the present analysis because of the uncertainty in assigning values of the lif t 
coefficientss to the small and large bubbles. For the large bubbles, for which Eö > 40 holds, 
literaturee data suggest the use of a negative lif t coefficient, whereas for small bubbles for 
whichh typically Eö = 2, the lif t coefficient is positive. For the continuous, liquid, phase, the 
turbulentt contribution to the stress tensor is evaluated by means of k-E model, using standard 
singlee phase parameters Cn=0.09, CUFI.44, C;>£=1.92, crk = 1 and <Te = 1.3. No turbulence 
modell  is used for calculating the velocity fields inside the dispersed "small" and "large" 
bubblee phases. The momentum exchange between either bubble phase (subscript b) and liquid 
phasee (subscript L) phases is given by: 

M^^p^^K-uJu.-u.ll  (3) 
AA dh 

Thee liquid phase exchanges momentum with both the "small" and "large" bubble phases. 
However,, each of the dispersed bubble phases exchange momentum only with the liquid 
phase.. The inter-phase drag coefficient can be calculated from 

CCDD gdbgdb\\ (4) 

Thee key to the Eulerian simulations is the estimation of the bubble size and the bubble rise 
velocityy in eq. (4) for both "small" and "large" bubble populations. 

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 rise velocity of air bubbles is 
practicallyy independent of bubble diameter in this size range and the Harmathy (1960) 
equationn for the rise velocity 

V « = 1 . 5 3 ( < r s / pL rr <5> 

iss used in the simulation model developed here. 
Forr the large bubble population, the rise velocity takes the form (see Chapter 3 for details 

off  model) 

WW = Wjsd^JSFXAF) (6) 
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wheree we introduce two correction factors into the classical Davies-Taylor (Davies and 
Taylor,, 1950) relation for the rise of a single spherical cap bubble in an infinite volume of 
liquid.. Equation (6) is valid for bubble sizes and system properties for which the Eötvös 
number,, Eö > 40 (see Clift et al., 1978). The scale correction factor (SF) accounts for the 
influencee of the column diameter and is taken from the work of Collins (1967) to be: 

SFSF = l forrfWai£e/DT<0.125 

SF=lA3exp(-dSF=lA3exp(-dhMgehMge/D/DTT)) fov0A25<dh^e/DT <0.6 (7) 

SFSF = 0A96^DT/dhJmte for dhJmteID, >0.6 

Fromm the model for the acceleration factor developed in Chapter 3 we expect AF to 
increasee linearly with decreasing distance of separation of the bubbles. With increasing values 
off  (U - f/trans) we should expect the average distance of separation between the large bubbles 
too decrease. The experimental data on the large bubble swarm velocity Vb as a function of (U -
f/trans)) reported in Krishna and Ellenberger (1996) comprising of more than 1000 measured 
pointss with liquids of relatively low viscosity (less than 0.0029 Pa s) were used to obtain the 
followingg expressions for the average large bubble diameter: 

ddhh=0.069(U-U=0.069(U-Ulrillril J™J™ (8) 

andd the acceleration factor, AF: 

AFAF = 2.73 + 4.505 (U - Ulruns); for low viscosity liquids (9) 

Fromm the large bubble swarm velocity measurements made with the system air-Tellus oil 
(seee Chapter 3), the corresponding fit for the acceleration factor is: 

AFAF = 2.25 + 4.09 (U-Ulranx); forTellusoil (10) 

whilee the fit for the bubble size a\ remains the same as for "low" viscosity liquids, i.e. eq. (8). 
Thee fitted bubble size correlation (8) matches very well with the measured bubble size data 

off  De Swart et al. (1996); see Fig. 2. In Fig. 3 we compare the experimental values of the 
largee bubble swarm velocity Vb for the air-water and air-Tellus oil systems measured in three 
differentt columns with the predictions of eqs (6) - (10). 

AA commercial CFD package CFX 4.1c of AEA Technology, Harwell, UK, was used to 
solvee the equations of continuity and momentum for the two-fluid mixture. This package is a 
finitee volume solver, using body-fitted grids. The grids are non-staggered and all variables are 
evaluatedd at the cell centres. An improved version of the Rhie-Chow (Rhie and Chow, 1983) 
algorithmm is used to calculate the velocity at the cell faces. The pressure-velocity coupling is 
obtainedd using the SIMPLEC algorithm (Van Doormal and Raithby, 1984). For the 
convectivee terms in eqs (1) and (2) hybrid differencing was used. A fully implicit backward 
differencingg scheme was used for the time integration. 

Wee simulated the following three sets of experiments. 
1)) Air-water experiments of Hill s (1974) carried out in a column of 0.14 m diameter, and 
2)) Air-water experiments of Urseanu (2000) carried out in columns of 0.174, 0.38 and 

0.633 m diameter, and 
3)) Air-Tellus oil (fiL = 0.075; pL = 862; o = 0.028) in columns of 0.1, 0.19 and 0.38 m 

diameter. . 
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0.077 r 

33 0.06 - ddbb = 0.069 (U-Ü t ransp76 

O O 
A A 
D D 
O O 

Dataa of De Swart (1996) 
inn 2D rectangular column 

Air-water,, H= 0.65 m 
Air-water,, H= 1.15 m 
Air-paraffinn oil, H= 0.65 m 
Air-paraffinn oil, H= 1.15 m 

- i i 

00 0.1 0.2 0.3 0.4 0.5 
Superficiall gas velocity through large bubbles, (U- tVtrans)/[m s-1] 

Fig.. 2. Comparison of correlation for average size of large bubbles with experimental 
dataa of De Swart et al. (1996). 

0.11 0.2 0.3 0.1 0.2 0.3 
Superficiall gas velocity through large bubbles, (U - (^„.J/lm/s] 

Fig.. 3. Comparison of model for large bubble swarm velocity given by eqs (6) - (10) 
withh air-water measurements (left figure) and air-Tellus oil measurements (right figure) in 

columnss of 0.1, 0.19 and 0.38 m diameter. 
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Tablee 1. 
Columnn configurations, systems, operating conditions and grid details of CFD simulations. For operation at 
VV < {/„„„J , homogeneous bubbly flow regime was taken to prevail. For operation at U> fAim,, the complete three 
phasee model was invoked. The large bubble phase was injected over the central 13 of the 30 grid cells. The small 
bubblee phase was injected over the central 24 of the 30 grid cells. The reported liquid velocity profiles are at the 
observationn heights reported below. The reported values of the total gas holdup refer to the fractional gas volume 
beloww this observation height. 

Liquid d 
Phase e 

Water r 

Water r 

Water r 

Water r 

Telluss oil 

Telluss oil 

Telluss oil 

Column n 
Diameter r 
ZV[m] ] 

0.!4 4 

0.174 4 

0.38 8 

0.63 3 

0.1 1 

0.19 9 

0.38 8 

Column n 
Height t 
/[m] ] 

1.3 3 

3 3 

3 3 

3 3 

2 2 

2 2 

2 2 

Initial l 
Liquid d 
Height t 
/[m] ] 
0.9 9 

1.8,2 2 

1.8,2 2 

1.8,2 2 

1.4 4 

1.4 4 

1.4 4 

Observation n 
Height t 
/[m] ] 

0.6 6 

1.6 6 

1.6 6 

1.6 6 

1.4 4 

1.4 4 

1.4 4 

Numberr of 
gridd cells 
(radial) ) 
x(axial) ) 
30x150 0 

30x160 0 

30x160 0 

30x160 0 

30x110 0 

30x110 0 

30x110 0 

Superficiall  gas 
velocity, , 
U/[m/s] U/[m/s] 

0.019,0.038, , 
0.064,, 0.095, 
0.169 9 
0.02,, 0.034, 0.09, 
0.16,0.23,0.27, , 
0.3 3 
0.02,, 0.034, 0.09, 
0.16,0.23,0.285, , 
0.3,0.35 5 
0.02,0.034,0.09, , 
0.16,0.23,0.27, , 
0.285,, 0.3, 0.35 
0.05,0.09,0.125, , 
0.16 6 
0.05,0.09,0.16, , 
0.23,0.3,0.35 5 
0.05,0.09,0.125, , 
0.16,0.23,0.3, , 
0.35 5 

tArans s 

/[m/s] ] 

0.034 4 

0.034, , 
0.045 5 

0.034, , 
0.045 5 

0.034, , 
0.045 5 

0 0 

0 0 

0 0 

Tablee 2. 
Physicall  properties used in simulations 

Air r 
Water r 
Tel luss oil 

Density y 

p / [ k g / m3 ] ] 

1.29 9 
998 8 

862 2 

Viscosity y 

jUU / [Pa s] 

0.000017 7 
0.001 1 
0.075 5 

Axi-symmetricc cylindrical coordinates were assumed in the simulations. Table I gives a 
completee list of the simulations reported in this Chapter. The grids used for the three sets are 
shownn in Fig. 4 and are also detailed in Table 1. For all three sets of simulations 30 grid cells 
weree used in the radial direction, 10 grid cells in the central core and 20 grid cells towards the 
walll  region. Also, smaller sized cells were used in the bottom 0.2 m of the total column 
height.. The reason for use of non-uniform cells is that we expect recirculatory liquid flows in 
thee wall region and at the column bottom. 

Bothh homogeneous and heterogeneous flow regimes were simulated. From the Reilly et al. 
(1994)) correlation it was determined that the superficial gas velocity at the regime transition 
pointt for the air-water system, (/trans = 0.034 m/s. For operation at U < 0.034 m/s, 
homogeneouss bubbly flow regime was taken to prevail. For operation at U > 0.034 m/s, the 
completee three phase model was invoked. Following the model of Krishna and Ellenberger 
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(1996)) we assume that in the churn-turbulent flow regime the superficial gas velocity through 
thee small bubble phase is Umm = 0.034 m/s. The remainder of the gas (D - Ulrans) was taken to 
risee up the column in the form of large bubbles. This implies that at the distributor the "large" 
bubbless constitute a fraction (U - f/,rans) I U of the total incoming volumetric flow, whereas 
thee "small" bubble constitute a fraction (C/,rans I U) of the total incoming flow. To test the 
sensitivityy of the results to assumption of the regime transition velocity, some simulations 
weree also carried out taking (7Irans = 0.045 m/s. 

Gridd top view 

2DD axi-symmetric 

Gridd front view Grid front view Grid front view 

<< > g < > 3 * > o 
DT/22 ~ DT/2 Dj/2 

300 cells 30 cells 30 cells 

Hillss (1974) air-water Urseanu (2000) air- Urseanu (2000) air-
,, . water simulations Tellus oil simulations 

simulations s 
Fig.. 4. Computational grid for 2D axi-symmetric simulations. 

AA further assumption made is that the formation of the large bubbles takes place 
immediatelyy at the distributor; this is essentially a simplification and the justification for this 
iss that our experimental studies show that the "large" bubbles equilibrate within a distance of 
0.11 m above the distributor (Ellenberger and Krishna, 1994). The diameter of the "small" 
bubbless was chosen to be 4 mm in all the simulations. The injection of the small bubble phase 
wass uniformly done over the central 24 of the 30 bottom grid cells. Based on visual 
observationss of bubble column operation in the churn-turbulent flow regime, the large bubbles 
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tendd to concentrate in the central core. In order to reflect this the large bubble phase was 
injectedd over the central 13 of the 30 grid cells. 

Wee also carried out 2D axi-symmetric simulations for the air-Tellus oil system. For the air-
Telluss oil system, our dynamic gas disengagement experiments showed that the holdup of the 
smalll  bubble population was less than 2% and so we decided to ignore this presence of the 
smalll  bubbles altogether in the CFD calculations. This neglect is achieved by setting 
t/transs = 0. The hydrodynamics of air-Tellus oil system corresponds roughly to a situation in 
whichh large (spherical cap) bubbles rise through the column in a chain. 

Thee time stepping strategy used in the transient simulations for attainment of steady state 
wass typically: 20 steps at 5xl0~4 s, 20 steps at lxlO"3 s, 460 steps at 5xlO"3 s, 4500 steps at 
1x10""  s. The simulations were carried out on a Silicon Graphics Power Indigo workstation 
withh the R8000 processor. Each simulation was completed in about 36 h. In all the runs steady 
statee was reached within 40 s. 

Furtherr details of the Eulerian simulations, including animations of the column start-up 
dynamicss are available on our web site: http://ct-cr4.chem.uva.nl/euler2D. 

1.5 5 

1.0 0 

0.5 5 

0.0 0 

-0.5 5 

-1.0 0 

(a) ) (b) ) 

( ( 
2.0 0 

1.5 5 

1.0 0 

0.5 5 

10 0 

(c) ) 

200 30 40 5C 

Time/Is] ] 

UU = 0.23m/s; 
DTT = 0.38 m; 
air-water r 

0.55 1.0 1.5 2.0 

Heightt above the gas distributor/[m] 

ffff 0.1 

E E 
oo o.o 

200 30 

Timers] ] 

(d) ) 

0.00 0.5 1.0 1.5 2.0 

Heightt above the gas distributor/[m] 

Fig.. 5. (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. 
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Thee simulations were started as follows. The column was initially filled with liquid to a 
specifiedd height (see Table 1) and at time t = 0, the gas was injected through the bottom 
distributor.. The parameters such as velocities of phases and volume fractions were monitored 
att a specified height (in Fig. 5 this height was 1.6 m above the distributor). A typical transient 
approachh to steady-state is shown in Fig. 5 for the 0.38 m diameter column operated with air-
waterr at U = 0.23 m/s. When steady-state has been reached, the parameters at the end of the 
runn were taken as steady-state values. The volume fractions and velocities were determined 
bothh at the monitoring height and along the column height. As can be seen in Fig. 5, the 
centre-linee liquid velocity VL(0) and cumulative gas holdup e do vary along the column 
height.. In all cases the aspect ratios used in the simulations were about 5 or more and there 
wass no significant difference between the cumulative gas holdup below the monitoring height 
andd that at the monitoring height itself. In the following, the distribution of velocities and 
volumee fractions of the phases are reported at the monitoring height. 

U=U= 0.019 m/s 

0.00 0.2 0.4 0.6 0.8 1.0 

Dimensionlesss radal distance, 2 r/Dj 

JJ 0.10 

0.00 0.2 0.4 0.6 0.8 1.0 

Dimensiontesss radial distance, 2 r/Dj 

0.00 0.2 0.4 0.6 0.8 1.0 

Dimensionlesss radial distance, 2 r/Dj 

0.00 0.2 0.4 0.6 0.8 1.0 

Dimensionlesss radial distance, 2r/Dr 

0.00 0.2 0.4 0.6 0.8 1.0 

Dimensiontesss radial dislance, 2 i/Ch 

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

DTT = 0.14 m; air-water; 
U „ „ ,, = 0.034 m/s 

Fig.. 6. Comparison of radial profiles of gas holdup obtained from 2D simulations of a 
0.144 m diameter column for air-water system with experimental data of Hill s (1974). 
Animationss of the 2D can be viewed our web site: http://ct-cr4.chem.uva.nl/euler2D. 
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oo Experimental data of Hills (1974) 

to o 
n n 
3 3 
O O 
O O 

-C C 
c/) ) 
m m 
u> u> 
m m 
n n 
H H 

I I 

0.8 8 

OH H 

0.4 4 

0.2 0.2 

n n 

Onlyy small bubbles model 

0.055 0.1 0.15 
Superficiall gas velocity, L//[m/s] 

Fig.. 7. Comparison of experimental data of Hill s (1974) for total gas holdup 
comparisonn with Eulerian simulations fora range of superficial gas velocities: U = 0.019, 

0.038,, 064, 0.095 and 0.169 m/s. Also shown with dotted line are simulation results in 
whichh the dispersion is assumed to consist only of 4 mm sized small bubbles. The 
simulatedd values of the gas holdup were determined by averaging the radial holdup 

profilee over the column cross section at a height of 0.6 m above the distributor. 

U=U= 0.019 m/s 

Dimensionlesss radial distance. 2r/DT 

U== 0.095 m/s 

tp tp 

^ ^ 
8 8 

o o 

-6 6 

0,4 4 

0.3 3 

02 02 

01 1 

0.0 0 

-m m 
-0.2 2 

17=0.0388 m/s 

0.00 0.2 0.4 0.6 0.8 

Qmenstonlesss radial distance, 2r/DT 

Dimensionlesss radial distance, 2r/Dr 

0.00 0.2 0.4 0.6 0.8 

Dimensiontesss radial distance, 2fDT 

!_ _ 
^ ^ 
& & 
S S 
> > 
H H 

~ ~ 
*i i 
E E 

s s 
m m 

? ? 

0.4 4 

0.2 2 

no o 

-02 -02 

U-U- 0.064 m/s 

~̂~'CK\Q Q 

\ \ 

o~ ~ 

0.00 0.2 0.4 0.6 0.8 

Dimensionlesss radial distance, 2r/DT 

Hillss (1974) experiments 
-- 2D axi-symmetric simulation 

== 0.14 m; air-water; 
„ - 0 . 0 3 44 m/s 

Fig.. 8. Radial distribution of liquid velocities at a height of 0.6 m above the distributor. 
Comparisonn between Eulerian simulations with experimental data of Hill s (1974). The 
simulatedd values of VL(r) were determined at a height of 0.6 m above the distributor. 
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3.. Simulations of Hill s (1974) air-water  experiments 
Thee radial distributions of gas holdup obtained with 2D simulations are compared in 

Figuree 6 with the experimental data of Hill s (1974). We note that the assumption of 
cylindricall  axi-symmetry prevents lateral motion of the dispersed bubble phases and leads to 
ann unrealistic gas bubble holdup distribution wherein a maximum holdup is experienced away 
fromm the central axis. In Chapter 7 we shall see that a fully three-dimensional simulation will 
bee required to get a proper representation of the gas holdup distribution. 

Figuree 7 compares the gas holdup averaged over the cross-section at a height of 0.6 m 
abovee the distributor from the 2D simulations with the experimental values of Hill s (1974). 
Wee see that though the 2D axi-symmetric simulation predicts an unrealistic radial distribution 
off  gas holdup, the prediction of the average gas holdup is reasonably good. In order to 
emphasisee the need for the including both "large" and "small" bubbles, we carried out 
simulationss of the Hill s experiments in which the "large" bubbles were ignored, i.e. assuming 
thatt the dispersion was made up only of small bubbles. The simulated values of the gas 
holdupp are seen to be extremely high, at variance with the experiments; see Fig. 7. 

Figuree 8 compares the radial distribution of the axial component of the liquid velocity, 
obtainedd from the 2D simulations with experimental data of Hill s (1974). The agreement must 
bee considered to be very good when we realise that no fit parameters (expect perhaps LAnms) 
hass been employed. In contrast the simulations of Kumar et al. (1995), ignoring the large 
bubbless altogether, gives poorer agreement. 

4.. Simulations of Urseanu (2000) air-water  experiments 
Figuree 9 compares the experimental data on total gas holdup, and small bubble holdup, 

withh those from the simulations. We have shown simulation results both for U^s - 0.034 and 
0.0455 m/s. Firstly, the right trends are followed by the simulations. Furthermore, it is clear 
thatt with a proper choice of £/trans a good match with experimental data can be obtained. 

Thee predictions of VL(0) from Eulerian simulations reflect the strong column diameter 
dependence,, observed experimentally; see Fig. 10. It is interesting to note that the choice of 
UtransUtrans has littl e or no impact on the calculated VL(0) values. The match between simulated 
Vi£0)Vi£0) and experimental data with varying U is reasonable and more accurate than most of the 
literaturee correlations (see Urseanu (2000) for a discussion on literature correlations). The 
Riquartss (1981) correlation 

VL(0)) = 0 . 2 l ( g Dr r ( f / 3 / g v ,r (11) 

representss the experimental data as well as our Eulerian simulations do. 
Thee measurements of Urseanu (2000) of the radial distribution of liquid velocity (axial 

component)) Vi£r), reflect the strong influence of the column diameter; see Fig. 11. This 
columnn diameter influence is also reflected in the Eulerian simulations, shown on the right of 
thee same figure. Figure 12 compares the normalised liquid velocity profile V\jj) I VL(0) from 
2DD simulations with the experimental data of Urseanu (2000) with air-water for a range of 
conditionss for three columns. The CFD predictions are good, and certainly far superior to that 
off  literature correlations (see thesis of Urseanu for this) for the normalised liquid velocity 
profilee VL(r) / VL(0). 
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Fig.. 9. Comparison of experimental values of gas holdup (total and small bubbles) 
withh 2D Eulerian simulations with experimental data with air-water obtained by Urseanu 

(2000). . 
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Fig.. 10. Comparison of experimental values of centre-line velocity VL(0) with 2D 
Euleriann simulations with experimental data with air-water obtained by Urseanu (2000). 

Alsoo shown for comparison purposes is the Riquarts (1981) correlation. 
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Fig.. 11. Comparison of radial profiles of liquid velocity obtained from 2D simulations 
(right)) with experimental data (left) with air-water system at U = 0.23 m/s for three 

differentt columns obtained by Urseanu (2000). 
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Fig.. 12. Normalised liquid velocity profiles VL(r) I VL(0). Comparison between 
experimentss of Urseanu (2000) on the left with Eulerian simulations on the right. 
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Fig.. 13. Comparison of experimental values of gas holdup with air-Tellus oil system 
obtainedd by Urseanu (2000) with Eulerian simulations. The simulated values of the gas 

holdupp are cumulative values below 1.6 m dispersion height. 
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Fig.. 14. Comparison of experimental centre-line liquid velocity VL(0) and radial 
distributionn VL(r) for air-Tellus oil and air-water with Eulerian simulations for air-Tellus 

oil. . 

5.. Simulations of Urseanu (2000) air-Tellu s oil experiments 

Thee 2D simulations also give good agreement with the gas-holdup and centre-line velocity 
dataa of Urseanu (2000) for air-Tellus oil systems in three different columns; see Figs 13 and 
14. . 

Urseanu'ss experiments in the 0.38 m diameter column with water and Tellus oil show very 
littl ee influence of liquid viscosity on VL(0). The Eulerian simulations of VL(0) for water and 
Telluss oil systems give practically the same results for VL(0) over the superficial gas velocity 
rangee of 0.05 - 0.35 m/s, in broad agreement with experiment. Interestingly, the correlation of 
Riquartss (1981) predicts a significantly lowering of VL(0) when the liquid viscosity is 
increasedd by a factor of 75, as is the case when we switch from water to Tellus oil. Use of 
Riquartss (1981) correlation with the dynamic viscosity of water gives a much better 
representationn the air-Tellus oil data. 

Thee radial distribution of liquid velocity VL(r) is practically identical for air-water and air-
Telluss oil both in the experiments and in the 2D simulations. 

6.. Conclusions 
1.. The three phase Eulerian simulations give a good representation of gas holdup, centre-line 

liquidd velocity, radial distribution of liquid velocity for both air-water and air-Tellus oil 
systemss for a range of column diameters. 

2.. The predictions of the radial distribution of gas holdup are not realistic and the assumption 
off  2D axi-symmetry gives rise to an off-centre maximum in the gas holdup. We shall see 
inn Chapter 7 that a fully three-dimensional simulation wil l be required for a good 
description. . 
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3.. Switching from water to Tellus oil as the liquid phase, with a factor 75 increase in the 
liquidd viscosity, does not significantly affect either VL(0) or V\Xr). This is found both 
experimentallyy and in simulations. 

Basedd on the good agreement between simulations and experiments, we can now be 
confidentt of using Eulerian simulations as a predictive and scale up tool. This is the topic of 
thee next Chapter. 
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