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ChapterChapter 5 LiquidLiquid velocity profile 

ChapterChapter  5 

LiquidLiquid  velocity  profile 

Abstract t 

Thee radial distribution of the liquid velocities has been measured for the air-water in 
bubblee columns of 0.174, 0.38 and 0.63 m. Additionally, measurements with air - viscous 
Telluss oil system were performed in the 0.38 m column. A more comprehensive set of 
experimentall  work was performed to measure centre-line liquid velocities in the same 
columns,, for a range of superficial velocities up to 0.35 m/s. The experimental results 
emphasisee the significant influence of the scale on the hydrodynamics of bubble column 
reactors,, especially for operation in the churn turbulent regime. Experimental results were 
comparedd with CFD simulations, performed in the same group in a parallel research, by van 
Batenn (2000). The good agreement between the simulations and the experiments allow us to 
considerr CFD as a predictive and scale up tool for bubble column reactors. 
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5.11 Introductio n 

Sincee operation in bubble columns does not require any other additional mechanical 
mixingg device - all dispersing energy is introduced by the gas phase - movement of fluids 
occurss only by natural dynamics of the phases. 

Industriall  applications involve large scale reactors and high superficial gas velocities. In 
thesee cases the flow pattern is usually highly turbulent and very complex. Due to this fact, it is 
obviouslyy of practical importance to describe turbulent motion in terms of averaged 
quantities.. A detailed description of the flow regimes encountered in bubble columns has 
alreadyy been given in section 4.1 of this thesis. In the churn-turbulent regime a large fraction 
off  the gas introduced rises in the central region of the column. The gas hold up profile will 
changee from flat profile, characteristic for homogeneous regime, in a parabolic one (Fig. 5.1). 

Fig.. 5.1. Flow regimes in bubble column reactors. 

Thee rising gas bubbles draw liquid upward and when the bubbles escape at the top, the 
liquidd flows down the sides of the column. This leads to a radial distribution of liquid 
velocity,, as shown in Fig. 5.2. The fluid dynamics description of bubble columns is mainly 
basedd on the liquid circulation velocity field, considered the most important "fluid-dynamic 
quantity""  to which several other variables of the process can be correlated (e.g. axial 
backmixingg properties, heat and mass transfer coefficients). The gas bubbles "churn up" the 
liquidd phase and cause an intense mixing in the column. The "small" bubbles are entrained in 
thee liquid phase and have the same backmixing characteristics as the liquid phase. 
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Fig.. 5.2. Gas hold up and liquid velocity profiles in churn turbulent regime. 
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Fig.. 5.3. Liquid flow pattern in a bubble column. 

Thee pronounced liquid circulation pattern produced by the rise of the gas bubbles results in 
thee following aspects and considerations: 

 In the central zone of the bubble column the liquid rises upwards, having at column axis 
(<j>(<j>  = 0) a maximum value. This velocity will be referred to further in this work as "centre-
linee velocity". 
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 Near the wall of the column (<j>  = w), the liquid is flowing downwards with a maximum 
downwardd oriented velocity positioned in the close vicinity of the wall; the small bubbles 
aree also entrained by the liquid, being carried in the same way as the liquid, downwards 
alongg the walls. 

 Between these two regions there is an inversion point (0 = $), in which the flow changes 
direction,, therefore the net velocity is zero. 

 At the wall, the liquid is supposed to have a zero velocity; there is no slip. 
Figuree 5.3 shows all notations and nomenclature used further in this chapter for the 
characteristicc parameters. 

Inn the last two or three decades a number of hydrodynamic models and relations for 
describingg liquid phase flow in bubble columns have been developed. The first part of this 
chapterr presents a detailed survey on literature correlations collected in this area. After 
discussionss on the literature correlations we present details of our experimental work. 

5.22 Literatur e survey on liqui d velocity 

Thee modelling of turbulent processes in bubble columns in early work has been somewhat 
empirical.. Miyauchi and Shyu (1970) were the first to look into this area. They assumed the 
existencee of a laminar sublayer near the wall and of a turbulent core in the rest of the region. 
Thee buffer layer was considered to be absent. According to the universal velocity profile they 
estimatedd the thickness of the laminar sublayer. They obtained the following equation for the 
walll  shear stress: 

TWW = ( Ï I ^ K L C W ) | V L ( W , ) | ( 5- ° 

wheree VL(w), the maximum downward velocity, was taken as the experimentally measured 
valuee nearest to the wall (the laminar sublayer is very thin in comparison with column 
diameter).. Equation (5.1) was used to estimate TW . 

Ueyamaa and Miyauchi (1979) further developed the model of Miyauchi and Shyu (1970). 
Initiallyy they performed a wide range of experimental measurements for the gas hold up. The 
internall  liquid circulation is driven by a radial gas hold up profile assumed to be of the form: 

£c(*)£c(*)  = eJ^\-r)  (5.2) 

inn which 0 is the radial coordinate, 0 = rlR. After examining the nature of the gas hold up 
profiles,, they set a simplified form of the liquid-profile obtained for m = 2 : 

^ ( 0)) = (vL(O) + |KL(w)|)(l-02)2-|^(w)| (5.3) 

wheree the liquid velocity at the centre of the column and the maximum downward velocity 
nearr the wall are given by the following formulas: 

192vtt 1-£G i-eG
 {DA) 

11 L ' I92vt l -eG l-eG
 K } 
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Thee value of the parameter m in Eq. (5.2) indicates the steepness of the gas hold up profile 
andd hence the intensity of liquid circulation. Ueyama and Miyauchi (1979) considered the 
valuee m = 2, as being independent of the gas velocity and the column diameter. Some other 
researcherss put some effort in studying this m parameter (Kojima et al., 1980; Walter and 
Blanch,, 1983; Kawase and Moo-Young, 1986; Clark et al., 1987; Menzel et al. 1990; Rice 
andd Geary, 1990; Gharat and Joshi, 1992; Kumar et al. 1994). The value of m was found to be 
dependentt on column diameter, superficial gas (and liquid) velocity and physical properties of 
thee system. A discussion over the parameter m will be presented later in this chapter. 

Joshii  and Sharma (1979) and Joshi (1980, 1983) developed a model based on energy 
balance,, extending the approach of Whalley and Davidson (1974). The velocity profile in the 
absencee of liquid flow is given by the following equation: 

VL(0)) 2Y 

Inn the presence of liquid flow (Joshi, 1990) the equation takes the following form: 

VLL (0) = f 1 "  | 0 V L C0> + FLI (0> 

(5.6) ) 

(5.7) ) 

wheree VLl(<j>)  is the local liquid velocity in the absence of gas. 
Joshii  (1980) also calculated the centre-line liquid velocity, VL(0), and the average 

circulationn liquid velocity, Vc: 
x-ll' 3 3 

VL(0)) = U 8 «A A * / 0 --
l -£« « 

-e^u. -e^u. 
M M 

(5.8) ) 

VLL =1.31 gDgDT T ^ G --
l -e« « 

- e ^ « v v 

M M 
(5.9) ) 

Thee author has demonstrated the favourable ability of the equation in the range of 
0.11 <DT<  5.5 m and 0.02 < UG < 0.71 m/s. It must be underlined that experimental input is 
requiredd for the prediction of velocity profile using Eqs. (5.6) and (5.8). However, the model 
iss difficult to use, because of the presence in the relationship of the two terms ec and u^ 
whichh need to be computed separately or given as experimental input data. 

Riquartss (1981) found insufficient agreement between measured data and theoretical data 
predictedd with Ueyama and Miyauchi (1979) model for VL(<j>)/V L(0) over dimensionless radial 
distance,, 0, especially in the high 0 range. Therefore he suggested an approximation of 
experimentall  data based on a polynomial regression: 

V.V. (<t>) , , 
(5.10) ) 

Forr the regression, Riquarts used data produced by Hill s (1974), Pavlov (1965) and 
Ueyamaa and Miyauchi (1979) in bubble columns of 0.138, 0.172 and 0.6 m in diameter. The 
valuess of the coefficients used in Eq. (5.10) can be found in Table 5.2. 

Ulbrechtt et al. (1985) modified and extended the mode! of Ulbrecht and Baykara (1981) 
forr liquid velocity profile in the turbulent regime. The model assumes a certain flat zone in 
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thee core of the column for the liquid's axial velocity. The final form was obtained assuming 
thee transition point at 8 = 0.7 and the thickness of the flat zone being OAR from the centre. 

Inn 1992 Gharat and Joshi proposed a new model for the flow structure in bubble columns. 
Thee model is supposed to satisfy the mass balances for both gas and liquid phase, force 
balancee and energy balance. Based on simulation data they developed simple correlations for 
thee turbulence parameter / and for the hold up parameter m. The authors also suggested 
empiricall  simplified correlations for quick calculations of the velocity profile. These 
correlationss are based on the hold up parameter m, which is dependent on column diameter, 
superficiall  gas velocity and liquid properties. 

Somee authors analysed the velocity profile in terms of turbulent viscosity (v,). For constant 
vtt models, the turbulent kinematic viscosity was fitted empirically, as a function of the system 
geometryy and operating conditions. Later, the additional turbulence generated by the presence 
off  bubbles was considered to be important. Gharat and Joshi (1992) concluded that the value 
off  eddy viscosity in the presence of gas is much higher than in the case of single phase flow 
andd they considered it as a crucial point for modelling the flow pattern in two-phase flow. 

Thee correlations for turbulent kinematic viscosity, v„  used for constant v, models, are 
givenn in Table 5.1. 

Tablee 5.1 
Turbulentt viscosity correlations 

Author r 

Miyauchii  and Shyu, 1970 

Ueyamaa and Miyauchi, 1979 

Kojimaa et al., 1974 

Miyauchii  et al., 1981 

Riquarts,, 1981 

Kawasee and Moo-Young, 1989 

— — 
Correlation n 
v,, = 0.0199 Z>;8 

V,, =0.0322Z>;7 

V,, =0.0133/J}7 

v,, = 0.0345 f / ^ D f 

ReRett =90.9Re-mFr lil 

^ W ^ 3 3- 9 ^ ^ 
Kawasee and Moo-Young (1986) proposed a model for turbulent Newtonian and non-

Newtoniann fluids. The velocity profile was used to estimate the characteristic average mixing 
lengthh and virtual kinematic viscosity. They approximated the liquid distribution in a bubble 
column,, for high Reynolds numbers, by the following simple correlation: 

^ Ö T 1 " 22  (5.11) 

withh a value of N = 2. Franz et al. (1985) also suggested the above velocity profile. 
Furthermoree they observed that liquid velocity profile data for non-Newtonian fluids obtained 
byy Walter and Blanch (1983) can be also correlated by Eq. (5.11). 

Thee same parabolic distribution is also assumed by Tobajas and Garcia-Calvo (1996) with 
aa new fit for the N parameter. 

AA summary of the literature velocity profiles is given in Table 5.2. Most of them require 
somee experimental input (for centre-line velocity or/and velocity near the wall), before 
velocityy profile can be fully predicted. 
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Tablee 5.2 
Literaturee correlations for liquid velocity radial profiles 

1. . 

2. . 

3. . 

4. . 

5. . 

6. . 

7. . 

Author r 

Ueyamaa and 
Miyauchii  (1979) 

Linneweberr (1981) 

Riquarts(198I) ) 

Nottenkamperr (1983) 

Walterr and Blanch 
(1983) ) 

Joshi(1983) ) 

Ulbrechtetal.. (1985) 

Velocityy profile 

VVLL((vv)) = {vL(0)+\VL(w)\)(l-^f -\VL(W)\ 

D>D> TgTgee004-3e4-3eG+G+UUL L 

I92v,, \-e0 l-eG 

11 n 192vt l - eG l -£c 

^ ^^ = I + O.190-4.3702 + 2.6903 for O<0<O.95 
VL (0)) r Y Y Y 

V,V, (0) , , . 
v ( 0 )) =a<y+aiy+aiY +aiY +<**Y 

forr 0 < <t>  < 0.7 a0 = I ; a, = a3 = 0; a2 = -0.5; at = -3 

forr O.7<0<O.9 a0=  -234.397; a, =1166.379; a2 =-2142.483; 

a33 =1723.390; a4 =-513.702 

vL(0)) i_(i_5^)r 

aa = 1.184+0.385£/c 

55 = V0.51 + t/L 

KL(0)) S2 

~{\-25~{\-2522\m\m + 4) 

.[4-{m+4)52f , , 
fc~fc~22-$V) -$V) 

inn the absence of the liquid flow: 

^ > = l - 3 0 0 
VL(0)) 2V 

inn the presence of liquid flow (Joshi, 1990): 

VL(0)) = f l - | ^V L (O) + VL1(0) 

^ ^ -- = -I.3730* -O.981n0 +0.323 
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8. . 

9. . 

10. . 

11. . 

12. . 

13. . 

Author r 

Kawasee and Moo-
Youngg (1986) 

Yangg etal. (1986) 

Wachietal.. (1987) 

Bernemann(1989) ) 

Tobajass and Garcfa-
Calvoo (1996) 

Gharatt and Joshi 
(1992) ) 

Velocityy profile 

V L ( 0 ) = II  2 f f , y r ; t f ' = 2 
VVLL(0) (0) 

VL(0) ) 

VVLL((I>)((I>)  _vL«t» 

VL(0)) VL(0) 

d"**  —4 

++ (/L for£/L * 0 
t/L -o o 

YfYfuu-)--)-
UU^^ X"R 3 _ 4 ^ g* 2£G2-3f0 

eeLL 12v,pL 1-£G 48vt l - e0 

^ MM =-0.72 Infl - O.7502)-2.53^2 +1 
VL(0)) v ' 

VL(0) ) 

£ ^^ = 4 W»**)! " +A3[exp(0)p 

^=2.156-0.175mI+0.024m3 3 

A 2=-1.03+0.137m2-0.019m3 3 

Ajj  = 0.09-0.14m*+0.0019m3 

mm = 11.01D°34t/£61 

Inn Fig. 5.4 the literature correlations for liquid velocity radial profiles presented in Table 
5.22 are plotted together with the experimental data from this work (details of experimental 
workk will be presented later, but here we will be content with a "preview"). One can see that 
inn the upflow region of the column all models are more or less "comparable", showing a small 
differencee in predicting the liquid circulation. Exceptions make the models of Ulbrecht et al. 
(1985),, Yang et al. (1986), Riquarts (1981) and Joshi (1983). In the downflow region, the 
differencess between the predictions of the models become considerable. The most interesting 
andd also intriguing point described by the models is the maximum downward velocity. Most 
off  the models are giving a higher value than observed in our experiments. 
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Fig.. 5.4. Liquid velocity radial profiles. Comparison between literature correlations 
presentedd in Table 5.2 and experimental data from this work. 

AA statistical comparison between our experimental data with the predictions of the 
literaturee models was further performed. For our complete data set of experiments with air-
waterr operated in the churn-turbulent regime we compared the measured data, consisting of 
NDND = 102 data, with the predictions of the liquid velocity radial profile using all mentioned 
literaturee models. The values of the standard deviation calculated for all i data points 
measuredd experimentally, S, are compared in Table 5.3. 

SS = 
l£(pred,.-exp,.)2 2 

ND ND 
(5.12) ) 

Alll  the above mentioned models consider the value of eddy difusivity to be constant. 
Besidee these, several other one dimensional models have been proposed, considering v, not to 
bee constant (Sato et al., 1981; Clark et al., 1987; Menzel et al., 1990; Luo and Svendsen, 
1991;; Geary and Rice, 1992; Kumar et. al, 1994). For all these models the governing 
equationn of motion represents a common characteristic. When the modelling of the turbulence 
parameterss from Reynolds shear stress equation is taken into account, significant differences 
appearr between these models, both in terms of eddy viscosity or Prandtl's mixing length. The 
eddyy diffusivity or mixing length varies in radial direction, while it was assumed to be 
constantt on axial location. The radial dependence was expressed in terms of local gas hold up 
andd bubble characteristics (size and shape). Some authors used an averaged value for the 
mixingg length, most frequently expressed in terms of column diameter and of superficial gas 
velocity.. Some examples will be presented later in this chapter. 

107 7 



ChapterChapter 5 LiquidLiquid velocity profile 

Tablee 5.3 
Standardd deviation of literature correlations for liquid velocity profile from experimental data from 
thiss work 

Referencee Standard deviation, SI [m/s] 

Ueyamaa and Miyauchi (1979) 0.149588 
Linneweber(198I)) 0.101877 
Riquarts(1981)) 0.263098 
Nottenkamperr (1983) 0.104925 
Walterr and Blanch (1983) 0.210127 
Joshi(1983)) 0.128604 
Ulbrechtt et al. (1985) 0.267015 
Kawasee and Moo-Young (1986) 0.205073 
Yangg etal. (1986) 0.520222 
Wachietal.(I987)) 0.071073 
Bernemannn (1989) 0.057662 
Tobajass and Garcfa-Calvo (1996) 0.286246 
Gharatt and Joshi (1992) 15.86325 

Satoo et al. (1981) considered the single phase flow case and introduced an additional 
turbulencee generated by the presence of bubbles in order to compute the turbulent viscosity. 
Therefore,, the overall turbulent viscosity is given by: 

ItIt  =Vm+n^+^ (5.13) 

Forr the additional term they proposed the following correlation: 

l ^ ^ l y " ^^ (5.14) 

Thee value of fc, parameter was adjusted empirically to 1.2 on the basis of velocity and hold 
upp profiles at very high gas velocities. The resulting flow pattern does not show a good match 
overr the usual encountered range of superficial gas velocities and column diameters in bubble 
columns. . 

Clarkk and Atkinson (1987) developed a model for the distribution of axial velocity at half 
thee height of a bubble column. The axi-symmetric gas void fraction profile was supposed to 
bee described by a radial power law equation, such as that due to Bankoff (1960): 

£G ( 0 ) = £G ( l - 0 rr (5.15) 

assumingg that the p value is typically 7. They also mention some other profiles proposed in 
thee literature and they consider their theory being general applicable to all void distributions. 
Ass boundary condition they assume a zero value for liquid velocity at a finite distance from 
thee wall, 5W. 

5-omFA r r 
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Theyy compared their predictions with experimental data of Hill s (1974) and they found good 
agreement.. However, for this comparison the range of data was not wide and only one column 
diameterr was used. 

Andersonn and Rice (1989) made an important contribution. They were the first to develop 
aa complete analytical solution for time averaged liquid velocity profiles. The voidage 
distributionn was treated simply as a two-zone function, with a higher voidage in the upflowing 
coree region and a lower one in the buffer zone. Further, the thin boundary layer near the wall 
wass considered free of bubbles (since a finite bubble has a very limited degree of freedom to 
residee near the wall). Using von Karman model for Reynolds stress they obtained the velocity 
profilee for the upflow region with the boundary condition VL(5) = 0. For the downflow 
regionn they assumed Prandtl's mixing theory representing the Reynolds stress. They 
establishedd not only mass balance, but also energy balance in order to close the system and 
findd the unknown variables. 

Inn 1990, Rice and Geary developed a velocity profile in terms of an elementary integral 
function.. The model is based on the premise that two distinct zones exist: a mainly turbulent 
coree zone and a thin viscous wall layer. The velocity profiles were obtained extending the 
conceptss introduced by Clark et aL (1987) and Anderson and Rice (1989). These authors 
developedd the basic model of Ueyama and Miyauchi (1979) introducing Prandtl and von 
Karmann turbulent stresses, respectively, to solve the locally varying turbulence properties. 

Thee development of momentum balances in two-phases flow is still being debated, 
yieldingg similar but slight variations to the resulting balances (Ishii, 1975; Rietema, 1982; 
Ishiii  and Zuber, 1979; Wallis, 1969). The most popular development of the equations has 
beenn formulated with the aid of the so-called "separated flow model" (Ishii, 1975; Rietema, 
1982)) which gives the following ^-directed momentum balances for the liquid (continuous 
phase)) and gas (dispersed phase): 

( l - £ G ) P L ^ -^^ = -V . ( l - f G) r L - ( l - f G)Vp- ( l -Ê G)pL g+F I (5.17) 

eGPG^G-^^ = -V£G7:L -£GV/>-£GpGs-Fs (5.18) 

wheree Rice and Geary considered the radial variation for the gas hold up as follows: 

£G(0>> = £G -N«- f £T T 
mm Jw I wJ 

forr <f><w  (5.19) 

M 0 )) = ° for <j)>w  (5.20) 

Thee position of the maximum downward velocity, w, is expressed in dimensionless form. 
Theyy indicate a thin layer near the wall (1 -2 mm) which is entirely bubble-free. The mixing 
lengthh in terms of bubble diameter db is given as: 

lQ)lQ) = db5W (5.21) 

Inn 1991 the same authors modified the last equation, introducing a correction for deformed 
bubblee size. This came out after a constructive debate between the authors and Hill s (1991). 
Thee mixing length scale under these conditions then becomes: 
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m=-m=-bb--£G(0) ) 

a' ' 
(5.22) ) 

Thee bubble shape correction factor, a, is defined for an ellipsoidal bubble as ratio of its 
heightt and its breadth (Fan and Tsuchiya, 1990): 

11 Ta < 1 

aa = < [0.81+0.206tanh(2(0.8-log7a))f 1 < Ta < 39.8 (5.23) 

0.244 Ta>39.8 

Clarkk et al. (1987) and Devanathan et al. (1990) recommended the use of a single phase 
lengthh scale, as measured by Nikuradse (1932). In contradiction with this, Geary and Rice 
(1990,, 1991) proposed a mixing length proportional to the bubble size, as seen in Eqs. (5.22) 
andd (5.23). The same authors extended in 1992 they their own model in order to include the 
naturall  turbulence originating at the wall. Based on the premise of energy minimisation they 
proposedd for the core region: 

/(0)) = Max[/b,/*(0)] forO<0<w (5.24) 

Inn the region near the wall they consider the behaviour of the liquid phase analogous to 
single-phasee pipe flow and they suggest the mixing length determined experimentally by 
Nikuradsee (1932): 

r (0)) = JR(o.l4-O.O8^2-O.O604) (5.25) 

Thee final aspect of their model is the manner by which the two possible length scale are 
incorporated.. The original closure relations are therefore modified, in order to include the 
turbulencee created at the wall. The final equations for the liquid velocity profile in the two 
regions,, obtained by Rice and Geary (1992) are: 

d<t>d<t> 2[ / (0) ]2 I-.II+^W^ ) ) forr 0 < 0 < w (5.26) ) 

dK_dK_ vLR 
1 -11 + 2**r,--

d<!>d<!>  2[ / ' (0)f . 

wheree the f}(<j>)  and y(0) are: 

[/>)]V(0) ) forr <f>  > w 

W )) = ̂ H > >-ii ï ï 

(5.27) ) 

(5.28) ) 

7(0)) = - ^ 
022 — w 2~\ 2~\ 

Forr the maximum downward velocity the following expression was derived: 

VVLL(w)=^^-(w(w)=^^-(w22 -l-2w2lnw) LL 4vLiv
2 v ' 

(5.29) ) 

(5.30) ) 
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Accordingg with Rice and Geary (1992), for small columns the bubble scale dominates, and 
forr larger diameters the single phase mixing length predominates. Following the choice of a 
rightt scale, they obtained the eddy diffusivity according with Prandtl's equation and Eqs. 
(5,26)) and (5.27) were numerically integrated. Performing the overall mass balance the 
positionn of the maximum downward velocity, the value of w was calculated. 

Burnss and Rice (1997) suggested a flat profile in the central core, driven by a voidage 
definedd as a staircase function. They divided the column into three different zones: a central 
core,, an annular buffer region and a thin layer free of bubbles near the wall. Furthermore, the 
distributionn of hold up profile is assumed to be constant in each region, but varies between 
regionss as a "staircase", being zero in the wall region. The proposed voidage staircase profile 
givess by averaging: 

eecc=2\e=2\eGG(<p)<t>d<l>(<p)<t>d<l>  = ecö
2+eB{w2-S2) (5.31) 

0 0 

eecc and eB are the hold up in the central and buffer zone, respectively. 
Thee following expression was given for the velocity profile, valid for all three zones: 

it^vMbit^vMb (5-32) 

Thee functions f(<j>)  and x are given in Table 5.4. 

Tablee 5.4 
Definitionss for the factors ƒ (̂ ) and % used in Eq. (5.32) 

Regionn /(0) X 

core e 

buffer r 

walll  w2-<tt2 gD2 £ 
8vLL w2 

Thee length scales for turbulent mixing were taken to be equal to the bubble diameter for 
bubblyy flow and to the column diameter for churn turbulent regime. Analysis performed on 
thee experimental data lead to two averaged values for the proportionality constant, one for the 
homogeneouss bubbly flow and one for the churn turbulent regime: 

vvttmm = 2S\(UGgrd?b-*mT3 (5.33) 

vt(0)) = O.O242(f/G^)'/3Df(l-0'"f 3 (5.34) 

Kawasee and Tokunaga (1991) estimated a characteristic mixing length as a lumped 
hydrodynamicc parameter, averaged over the flow cross-sectional area: 

' = M \\ (5.35) 
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Minimisingg the difference between their model predictions and the experimental data for the 
liquidd profiles they adjusted the constant k2 and the mixing length becomes: 

II =0.0450™ DT (5.36) 

Menzell  et al. (1990) have directly estimated the eddy viscosity from their experimental 
data.. The authors used two different bubble columns in order to measure the Reynolds shear 
stresss profiles along with the velocity and void fraction profiles. The columns were 0.15 and 
0.66 m in diameter. The calculated eddy viscosity distribution was described using the 
followingg function derived from the Reichardt distribution (1951) for single phase pipe flow: 

v l ( «« = y ^ - > ( l ^ ' I l - ^ (5.37) 
6 6 

Thee constant kN was adjusted to a value of 1.13 for air-water systems and 1.8 for viscous 
flows. . 

Reichardt'ss relationship for describing the turbulent viscosity profiles proved to be valid 
andd useful also for Luo and Svendsen (1991). They compared the predictions from their one 
dimensionall  model with a wide range of data available in the literature. Their conclusion was 
quitee straightforward: for low Reynolds numbers the differences between velocity profiles for 
differentt values of &N were obvious, while becoming insignificant as the Reynolds number 
increased.. For Reynolds numbers larger than 1000, the velocity profiles were found to be 
independentt of )tN. 

Kumarr et al. (1994) performed various kind of comparison of the different mixing length 
scalee distributions available in the literature. These mixing length distributions were 
introducedd in the equations of liquid velocity profile developed by Rice and Geary (1990). As 
holdd up distribution they used the following relation (Kato et al. 1975), allowing in this way a 
nonzeroo value in the vicinity of the wall: 

££ G (0) = ̂  G m**A  ~ W ) (5.38) 
mm — LD + 2, 

Ass reference system the authors used the experimental data reported in the literature by 
Hill ss (1974), Yu and Kim (1991), Yao et al. (1991), Nottenkamper et al. (1983) and Menzel et 
al.. (1990). Using an original procedure, Kumar et al. (1994) computed the mixing length 
radiall  distribution from the experimental data for liquid velocities and void fraction. The 
authorss described as finally the resulting profile: 

Thee constants b0-bt were obtained using nonlinear regression procedure. Remodelling the 
velocityy profiles they checked the estimated mixing length scale. The authors have not found 
anyy consistent dependence of mixing length on column diameter and superficial gas velocity. 
Theyy finally reached the conclusion that any attempt to gather experimental data from various 
sourcess in the same framework is totally inefficient. This is acceptable if one is interested in 
simulatingg the hydrodynamics of a laboratory column but for scaling up to commercial sizes, 
itt is essential to have information on the variation with column diameter. 
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TheThe "m"parameter 

Thee predictions of the liquid velocity profile in Rice and Geary model are very sensitive to 
mm values and can lead to different magnitudes of the liquid velocities. 

DD O O experimental data 
airr - water system 

-0.6 6 

-1 1 

Ricee and Geary (1992); m = 6 
Ricee and Geary (1992); m = 8 

11 I I I I I L 
0 0 1 1 0.22 0.4 0.6 0.8 

radiall coordinate, 0 / [-] 

Fig.. 5.5. Simulated velocity profiles using Rice and Geary model (1992) for different m values. 
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Usingg Rice and Geary (1992) model with our own experimental values as input data we 
simulatedd the velocity profiles for different "m" values. Figure 5.5 represents the above 
mentionedd simulations for the three bubble columns we used experimentally. The position of 
thee maximum downward liquid velocity, w, was obtained applying a liquid mass balance (the 
volumetricc upflow rate must equal the volumetric downflow rate so that the net liquid flow is 
null): : 

{ ( l - eK WW + | ( l - f K > ^ = 0 (5.40) 
00 w 

Thee inversion point, S, between the downward and upward flow was obtained in all 
simulationss around the frequently mentioned value of 0.71. This inversion point also matches 
quitee closely our experimental values. From the comparisons presented in Fig. 5.5 we can also 
seee that the Rice-Geary approach works better for the 0.174 m column but not for the 0.63 m 
diameterr column. This suggests that scale up to commercial scale reactors is fraught with 
danger, , 

Thee data of Hill s suggest that m is large (rather flat profile) in the bubbly flow regime and 
uponn transition to churn turbulence, then m gradually takes values in the range 2 - 4 when 
increasingg the superficial gas velocity. Wachi et al. (1987), Ueyama and Miyauchi (1979) and 
Yangg et al. (1986) took a value m - 2. 

Centre-lineCentre-line liquid velocity 

Itt is of considerable interest to be able to predict the centre-line liquid velocity, V*L(0), in a 
bubblee column, operated in the chum turbulent regime (see Fig. 5.4). The complex flow 
togetherr with the mixing behaviour is crucially dependent on this parameter VL(0). The scale 
influencee on VL(0) has already been reported in the literature. Table 5.5 shows the collected 
literaturee models for the VL(0). 

Mostt of the authors have found that the time-averaged liquid velocity in the centre of the 
columnn depends on bubble column diameter and superficial gas velocity: VL(0) = f{DT,U0)-
Somee other researchers (Riquarts, 1981; Ulbrecht et al., 1985; Bernemann, 1989) derived the 
centre-linee liquid velocity also as function of the liquid viscosity. It is interesting to see that 
thee proportionality on the kinematic viscosity points is opposite: Ulbrecht et al. (1985) found 
aa direct proportionality on this variable and, on the contrary, Riquarts (1981) and Bernemann 
(1989)) an inverse one. 

Joshii  and Sharma (1979) and further Joshi (1980) derived an energy balance model, 
startingg from the one proposed by Whalley and Davidson (1974). The model corrects the 
deficiencyy of the previous model (the model was only suitable for a special type of column 
construction,, with a ratio H/Dj < 1) and applies for typical bubble columns (H/Dj > 3). They 
assumedd isotropic turbulence and a constant mixing length: 

// = 0.08£>T (5.41) 

Riquartss (1981) published a model for the maximum upwards liquid velocity, e.g. the 
velocityy in the centre of the column. This study is related with another paper, published in 
1980,, on backmixing in bubble columns, where he refers to the analogy with fixed beds and 
hee transforms Pe - 2 also for bubble columns. Based on the analogy between momentum 
transportt and mass transfer he gives the following expression for the liquid centre-line 
velocity: : 
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VVLL(Q)(Q) = 0.2\JD^> 

ff  , \I/B 

^ 88 J 
(5-42) ) 

Tablee 5.5 

Literaturee correlations for centre-line liquid velocity 

1. . 

2. . 

3. . 

4. . 

5. . 

6. . 

7. . 

8. . 

9. . 

Author r 

Ohkii  and Inoue (1970) 

Ueyamaa and Miyauchi (1979) 

Joshi(1980) ) 

Riquarts(1981) ) 

Zehner(1982) ) 

Nottenkamperr (1983) 

UlbrechtetaL(1985) ) 

Kawasee and Moo-Young (1986) 

Bernemann(1989) ) 

Centre-linee liquid velocity 

VL(0)) = 1.9t/G
6 

V L ( 0 ) = ^ ^ C 4 - 3 £ G ++ UL 

LL 192v, l - eG l - eG 

v,, = 0.0345Ul*D™ (Miyauchi etal., 1981) 

VL(0)) = 1.18 

VL(0)=0.2lVOrS S 

££ U ^ 

,, i-**  J. 

1/3 3 

1/8 8 

VL(0)) = 0.737gl/3öj/3(/G
/3 

VL(0)) = UL +0.66D™9 +1.1 \UG 

VVLL(0)(0) = 334U0
G

A6
g
023D0

T
,5v°L

0i 

VL(0)) = 0.787n"2'y/3D;'36^'3 

v L (0 )=022W™{DT+« ,< /,, f 5 6 ^ - v B 

Zehnerr (1982) has drawn up a concept for momentum, mass and heat transfer in bubble 
columnss which is much simpler than Miyauchi's circulation flow model and other models 
whichh are based on energy balance. He simplified the liquid flow pattern in superimposed 
rotatingg vortices, fully formed at a certain distance above the distributor. The velocity vectors 
off  the rising gas bubbles, also regarded as uniform, are superimposed on this flow profile, 
resultingg in a certain gas bubble flow pattern. The driving force for the fluid circulation is the 
staticc pressure difference generated by the difference in the gas hold up between the 
ascendingg flux and the descending one. 

App = (pL -pG)AeGg/i (5.43) 

Thiss pressure difference levels out in the vortex: 

Ap=C^V z
3 3 

Thee above two equations produce: 

(5.44) ) 
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A£G=C C v-v-

Onn the other hand Zehner (1982) proposed the following expression: 

U, U, 
Ae,= Ae,= __ V G 

2VL L 

(5.45) ) 

(5.46) ) 

Thee column diameter was introduced for the vortex height, after Joshi and Sharma (1979). 
Inn this way the liquid circulation velocity results: 

11 P L - PG 

CC PL 
**W W (5.47) ) 

Furtherr the author observed that the velocity calculated from Eq. (5.47) agrees sufficiently 
welll  with that measured in the centre of the column for low viscous liquids, provided the 
frictionn coefficient is £ = 2.5. 

Comparisonn of all found literature correlations for the centre-line liquid velocity Vl (0) is 
presentedd now. The comparison also includes experimental data from our work (details 
later!).. Figure 5.6 shows the variation of VL(0) with superficial gas velocity in a 0.38 m 
column,, for the air-water system. 

1.4 4 

1.2 2 

1 1 

ee o.6 

0.4 4 

0.22 h <** 2 

0.1 1 0.2 2 
UUGGII [m/s] 

0.3 3 0.4 4 

Fig.. 5.6. Comparison of literature models (numbered as in Table 5.5) and measured 
experimentall  data from this work for the centre-line liquid velocity, in air-water system. 

Variationn of VL(0) with superficial gas velocity for a column of 0.38 m diameter. 

Figuree 5.7 compares the variation of VL(0) with the column diameter for a superficial gas 
velocityy of 0.285 m/s. 
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2 r r 

1.55 -

11 -

0.55 -

UUrr.. = 0.285 m/s 

0.2 2 0.44 0.6 
Dj/[n>] Dj/[n>] 

0.8 8 

Fig.. 5.7. Comparison of literature models (numbered as in Table 5.5) and measured 
experimentall  data from this work for the centre-line liquid velocity, in air-water system. 

Variationn of VL(0) with column diameter for a superficial gas velocity of 0.285 m/s. 
Detail:: extrapolation up to 6 m column. 

Tablee 5.6 
Standardd deviation of literature correlations for centre-line liquid velocity from experimental data 

Columnn diameter, DT1 [m] 
Numberr of data points measured 
inn this work (air-water) 

Ohkii  and Inoue (1970) 

Ueyamaa and Miyauchi (1979) 

Joshi(1980) ) 

Riquarts(1981) ) 

Zehner(1982) ) 

Nottenkamper(1983) ) 

Ulbrechtetal.. (1985) 

Kawasee and Moo-Young (1986) 

Bernemann(1989) ) 

0.174 4 
8 8 

0.0505 5 

0.0176 6 

0.0579 9 

0.0212 2 

0.0029 9 

0.0060 0 

0.0322 2 

0.0045 5 

0.0024 4 

0.38 8 
24 4 

0.0687 7 

0.1853 3 

0.0102 2 

0.0091 1 

0.0958 8 

0.1532 2 

0.0458 8 

0.0718 8 

0.0250 0 

0.63 3 
35 5 

0.1903 3 

0.2079 9 

0.0143 3 

0.0186 6 

0.1564 4 

0.2198 8 

0.1180 0 

0.1213 3 

0.0186 6 

Summ of all measured data 
67 7 

0.3617 7 

0.4208 8 

0.1343 3 

0.1245 5 

0.3411 1 

0.4128 8 

0.2862 2 

0.2994 4 

0.1376 6 
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AA first analysis of this comparison between the literature models and our own results leads 
uss to the following conclusions: the difference between the predictions of the literature 
modelss is rather large and most of them tend to underestimate the centre-line liquid velocity, 
especiallyy when large scale bubble columns are involved. However, when we try to scale up 
fromm laboratory to industrial scale, this deviation between the models shown in Fig. 5.7, 
becomess even larger and can lead to differences of almost 4 m/s (see the detail in Fig. 5.7)! 

Wee performed further a statistical comparison, in the same manner we described before for 
thee liquid velocity profiles [Eq. (5.12)]. Table 5.6 shows the results of the standard deviations 
off  literature correlations from experimental data. The analysis takes into account ND = 67 
dataa points, representing the complete set of data points measured for the system air-water. 

Overr the statistical comparison of all existent literature models with our own experimental 
dataa the model of Riquarts (1981) "wins". We will see later in this chapter that the measured 
VL(0)) points can be reasonably well described using this model. 

Theree are multiple experimental techniques used to measure liquid velocity profiles: Hill s 
(1974)) used a Pavlov (or modified Pitot) tube; Ueyama and Miyauchi (1979) and Morooka et 
al.. (1986) used a tracer injection technique; Franz et al. (1984) employed a hot-film 
anemometerr and a laser-doppler anemometer technique. In our work we used the Pavlov tube 
introducedd by Hill s (1974) with some adjustments. The details concerning the experimental 
techniquee will be presented in the next section. 

5.33 Experimental 

waterr for 
purge e 

compressedd air 

11 - from purge system 
22 - to pressure sensor 

ADD card 

quickk shut-off valve 

Fig.. 5.8. Typical experimental set-up for the 0.38 m column. 
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Thee axial component of the liquid velocities along the radial positions at different 
superficiall  gas velocities were measured using a modified Pitot tube, named also "Pavlov 
tube""  (Hills, 1974). The experiments took place in three columns with different inner 
diameters:: 0.174, 0.38 and 0.63 m. All three columns were made up of four polyacrylate 
sectionss with the total height of 4 m. The top-ends of the 0.38 and the 0.63 m column were 
connectedd to the exhaust while the 0.174 m column was open to ambient conditions. In all 
threee columns the pressure at the top was considered to be nearly atmospheric (101.3 kPa). A 
typicall  experimental set-up is shown in Fig. 5.8 for the 0.38 m bubble column. 

Inn all the three columns experiments with demineralised water as liquid phase were 
performed.. Additional measurements with viscous Tellus oil 32 from Shell (see physical 
propertiess in Table 3.4) were carried out in the 0.38 m column. In all experiments, at the top 
off  the columns a bottle with liquid phase was placed. This bottle was connected with PVC 
tubess to the Pavlov tube, in order to purge the system. The gas phase (air) was introduced at 
thee bottom of the columns using different gas distributors. The 0.174 and 0.38 m diameter 
columnss were equipped with sintered bronze plate gas distributors with an average pore size 
off  50 u.m. The 0.63 m column was provided with a spider-shaped sparger, shown in Fig. 5.9. 

Thee spider-shaped sparger has the holes uniformly distributed with respect to the annular 
(circular)) surfaces. In order to do this, the cross-sectional area of the column was divided in 
annularr pieces and then the holes for each specific area were computed. 

[ÏUU stainless steel tube, 025 mm 

orificee hole diameter 
C/QQ = 2.5 mm 
(644 holes in total) 

gass inlet tube 

Fig.. 5.9. Spider-shaped sparger for the 0.63 m column. 

Thee gas inlet pipe at the bottom of the column (below the sintered plate, respectively the 
spiderr sparger) was equipped with a quick shut-off valve. Gas was taken from the compressed 
airr mains. The volumetric flow-rate was determined by a row of calibrated "Brooks" 
flowmeters,, placed in parallel, four for both 0.174 m and 0.38 m columns and seven for the 
0.633 m column. The velocity of the gas introduced into the column was carefully calculated at 
thee height of the position of the Pavlov tube. The gas hold up data have already been 
presentedd in Chapter 4 of this thesis. 

Thee operating conditions used in the three bubble columns are specified in Table 5.7. 
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Tablee 5.7 
Operatingg conditions used for the liquid velocity experiments 

Operatingg condition 

Liquidd height (range), H01 [m] 

Dispersionn height, //d / [m] 

Heightt of the Pavlov tube, //JT / 
[m] ] 

Columnn diameter 

Z>rr = 0.174 m 

airr - water 

1.97-2.55 5 

2.89 9 

2.15 5 

DjDj  = 0.38 m 

airr - water air - Tellus oil 

1.92-2.42 2 

2.89 9 

1.9 9 

1.84-2.33 3 

2.5 5 

1.9 9 

LhLh = 0.63 m 

airr - water 

2.011 - 2.55 

2.89 9 

1.82 2 

Detailss about the performed experiments for radial liquid velocity and for the extra centre-
linee liquid velocities are listed in Tables 5.8 and in Table 5.9, respectively. 

Tablee 5.8 
Detailss about the performed experiments for measuring the axial component of the liquid velocity 
alongg the radius of the column 

00 . . j - j Column diameter 
Systemm studied „ ,, , 

DjlDjl  [m] 

air-waterr 0.174 

0.38 8 

0.63 3 

airr - Tellus oil 0.38 

Totall  number of experiments: 

Superficiall  gas velocity 
UUQQf[mt&] f[mt&] 

0.23 3 

0.23 3 

0.285 5 

0.23 3 

0.285 5 

0.23 3 

GasGas hold up 

£G/[-] £G/[-] 

0.212 2 

0.246 6 

0.261 1 

0.257 7 

0.286 6 

0.174 4 

Numberr of 
experiments s 

14 4 

21 1 

21 1 

23 3 

23 3 

21 1 

123 3 

Tablee 5.9 
Detailss about the performed experiments for measuring the centre-line liquid velocity 

c.,^™™ „*  A- A Column diameter Systemm studied _ , . -
DjDj  1 [m] 

air-waterr 0.174 

0.38 8 

0.63 3 

airr - Tellus oil 0.38 

Totall  number of experiments: 

Superficiall  gas velocity 
range,, UG/ [nVs] 

0.049-0.331 1 

0.022 - 0.35 

0.049-0.331 1 

0.055 - 0.335 

GasGas hold up range 

£ G / H H 

0.111 -0.26 

0.0755 - 0.284 

0.12-0.306 6 

0.07-0.214 4 

Numberr of 
experiments s 

8 8 

24 4 

35 5 

19 9 

86 6 
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TheThe Pavlov tube 

Thee Pavlov tube consists of a cylindrical tube crossing the column, through two 
diametrically-opposedd holes; see Fig. 5.10. The two 1 mm holes were drilled as close as 
possiblee to each other, ensuring that the liquid velocity was measured exactly at half distance 
betweenn them. The radial liquid profiles were measured by moving the tube along the column 
radius.. The two holes were placed in two different planes, perpendicular (orthogonal) to 
another.. A very thin diaphragm separated the interior of the tube in two sections, midway 
betweenn the two holes. During operation of the column, bubbles can penetrate in the Pavlov 
tube,, influencing the measurements. To suppress or minimise the disturbance of the 
measurements,, a purge system was developed to remove the bubbles before each set of data 
acquisition.. The short measuring time of 1 minute that was chosen reduces the penetration 
chancess of the bubbles into the tube. After purging the Pavlov tube the membrane must 
stabilise.. Therefore a waiting time of 30 seconds was allowed before a new acquisition of data 
wass made. 

purge e purge e 

11 mm \\////////// sK/,/\^ 

4.55 mm 
- •ppp / < /„/ / / / / / / / /za 

ii / / / / / / / -F=^\K -F=^\K 

Kjj 65.0 ' m m 

[ ^ ^ 

33 mm 

// / / / / 7~/ / / / Zl 

44 mm 

Fig.. 5.10. Schematic diagram of the Pavlov tube. 

Thee extremities of the Pavlov tube were also connected with narrow PVC tubes to the 
differentiall pressure measuring system. This pressure sensor was previously described, since 
itt was also used to perform the gas hold up measurements (see Fig. 4.11). The complete 
measuringg system consists of a pressure sensor (Validyne DP 15 transducer), a display and a 
personall computer (see Fig. 5.8). The data acquisition was performed using a QBasic program 
(ADD interface). Before measurements the pressure sensor has been carefully calibrated for the 
membranee used. In this work one type of membrane was used, within the pressure range 0 -
5.488xl03Pa. . 
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DataData analysis 

Thee Pavlov tube made it possible to measure the difference in impact pressures between 
thee two holes drilled into the cylinder. For fluids in motion, the total pressure (also named 
impactt pressure) exercised in a plane perpendicular to the direction of movement is given by 
thee sum of static pressure and dynamic pressure. According to Bernoulli's law, for a single 
steadyy state incompressible flow, the measured pressure difference is equal to: 

APAP = -p.u' 
22 L 

(5.48) ) 

Inn our case, the instantaneous fluid velocity is given by the difference between the two 
locall  instantaneous velocities at the two holes (the static pressure cancels): 

^P^P = \px{<-<) (5.49) ) 

Inn turbulent flow, the velocity in one point of the fluid changes in magnitude and direction, 
oscillatingg around a mean value (see Fig. 5.11). 

30000 r 

\\ Ü fluctuating component 

steadyy state flow 

time,, t / [s] 

Fig.. 5.11. Time variation of the signal acquired. Instantaneous axial component of the 
liquidd velocity in turbulent flow is divided into velocity fluctuation and steady state flow. 

Therefore,, the axial velocity component is given by the sum of the steady flow, um and the 
fluctuatingg component u': 

",.. = u„  +u (5.50) ) 

Thee horizontal velocity component can also be split up into two components, the mean and 
thee fluctuating term: 

"KK =«>,„  +u (5.51) ) 

Thee Pavlov tube can be used for measurements of the liquid velocity in the direction 
pointingg to the impact pressure hole Because of the fluctuating liquid motion, two sets of 
measurementss have been carried out at each position in the column: one with the total head 
holee facing upwards, and the other with it facing downwards. In both sets of measurements 
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thee second hole was oriented horizontally, in order to have information about the horizontal 
liquidd movements as well. These horizontal velocities cause pressure differences opposite to 
thee main readings (Fig. 5.12). 

(2)) Tube facing downwards: AP2 

II "ax-

/ / 
"h 2 2 

Fig.. 5.12. The velocities measured with both orientations of the Pavlov tube: (1) head 
holee facing upwards; (2) head hole facing downwards. 

Forr both sets of measurements a sequence of 3000 data points has been recorded, in order 
too calculate the time averaged liquid velocity. The total measuring time was 1 minute and the 
frequencyy used was 50 Hz. The chosen measuring time must be large with respect to the mean 
timee of velocity fluctuation. The time interval should also be big enough to establish a 
representativee mean value invariable in time. The measuring frequency should be large with 
respectt to the mean time of velocity fluctuations. 

AA positive value of the axial velocity wil l be obtained as long as the amplitude of the 
fluctuationn u is smaller than the mean value um. The Pavlov tube does not pick up negative 
axiall  velocity components. Measurements with the hole of the Pavlov tube facing up and 
downn are combined in order to obtain the mean local axial velocity. More accurate results 
wouldd be obtained if the measurements with the hole in the Pavlov tube facing up and down 
couldd be performed simultaneously at the same position in the column. 

Understandingg the axial velocities perceived by the Pavlov tube for each orientation is very 
important.. A schematic representation of the positive axial velocities (M„ +) and negative axial 
velocitiess (wax.) perceived by the Pavlov tube is shown in Fig. 5.13. In this figure the mean 
resultingg liquid velocity was considered to be oriented upwards in the column (e.g. in the 
centrall  core of the column). Positive and negative fluctuations have arbitrarily been chosen in 
thiss example. The same explanation is given in Eq. (5.52). 

« «« if 
u.u. =< 

Sincee the pressure difference is proportional with u2, the Pavlov tube measures squared 
velocities.. The square root was extracted firstly in order to not alter the information obtained. 
Forr each orientation of the Pavlov tube a number of N} = 10 sets of N-, = 3000 data points were 
recordedd and analysed in a similar way. 
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" a x. . 

ii * ' 

i i 

ll " 

"ax--

off  the axial velc c 

» » 

>ciO O ('pe e 

> > 

rcei i 

. . " . . ' ' 

ved ved posi i 

u'>0 u'>0 

u'<0 u'<0 

tivee or negative by the Pavlov 
tube. . 

Therefore,, for the upward orientation we have: 

Mii  = 
2AP, , (5.53) ) 

Takingg into account that the differences in pressure could be positive (APia) and negative 
(APib),, the data have been divided into two rows. The square roots of negative pressure 
differencess have been calculated from the absolute values. The averaged time value has been 
calculatedd using the arithmetic mean. 

tl -- 2AP, 2AP, hi hi 

V V 

2(A/U U 
PL L 

NNi i 

2(A*U U -I -I 2(K|), , 
A^ ^ 

N: N: 
(5.54) ) 

Analogous,, for the downward orientation we have: 

( ( 
|2(AP2); ; 

HH = 2AP2 2 

PL L 

PL L 

A'. . 

£ £ 2(A^T1__ A ' 2(|AP2b|), , 

PL L 

A7. . 
(5.55) ) 

/> > 
Thee time averaged velocities for both orientations are considered to be (see Fig. 5.11): 

uuff = «L "«Al =ML-("hm + "" ) 

«22 = " L - «M = " L - ("hm + U'ï 

(5.56) ) 

(5.57) ) 

Comparedd with the ensemble-averaged axial velocities, the ensemble-averaged radial 
velocitiess are very low fluctuating around zero (Chen et al., 1999). Moreover, because of the 
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symmetryy in the column the terms containing the horizontal velocities can be expected to 
cancell  out: 

GlWV«rr -fV?\=f>L-(«hra+»')f -fV«--(«ta+«'̂  (5-58) 

Becausee the horizontal components of velocity are not zero, the values obtained for real 
axiall  liquid velocities are slightly too high. As long as these components in horizontal 
directionn are small in comparison to the axial ones, errors are supposed to be imperceptible. 

Thereforee Eq. (5.58) is simplified to: 

(^l=^](^l=^] rr^Z\^Z\ (5-59) 
Thee mean axial velocity measured at one position in the bubble column becomes: 

it] it] 
(5.60) ) 

Forr a two phase liquid flow with a local gas hold up £G, only a fraction (1-£G) of the 
liquidd phase contributes to the time averaged axial velocity measured in one point of the 
column. . 

«„,, =VL(l-fi G) 

Therefore,, the measured liquid velocity is: 

VLVL = 
0 - C G ) ) 

(5.61) ) 

(5.62) ) 

Thee radial distribution of the liquid velocities was obtained using the local gas hold up. The 
parabolicc radial gas hold up distribution given by Kato et al. (1975) is used in this work: 

fG(0)) = ̂ Gc( l -^m) (5-63) 

Thee average gas hold up £G over the cross sectional area of the column (A) is defined by: 

1 1 eeGG=-\Uo{W)<pd<l>de =-\Uo{W)<pd<l>de 
A A A 

Thee last two equations give: 

(5.64) ) 

£„„  = (5.65) ) 

Solvingg the integrals, Eq. (5.65) leads to: 

'm-2B'm-2B + 2\ 
£#•:: — t r 

mm + 2 
(5.66) ) 

Thuss the gas hold up in the centre of the column is given by: 
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e«.= = 
mm + 2 

m-2Bm-2B + 2 

andd the radial gas hold up distribution is: 
ff m + 2 

eG(0)) = ec 
m-2B+2 m-2B+2 

Thee values used for the constants were B = 0.8 and m = 2. 

(5.67) ) 

(5.68) ) 

TheThe "Pavlov tube " experimental method described step by step 

1.. The described experimental device was carefully placed at a well-known position in the 
column.. Before measurement, the pressure sensor has been calibrated for the used 
membrane. . 

2.. The superficial gas velocity at which the system was operated, was adjusted at the exact 
value,, using the procedure described above. For each experiment, before data acquisition, 
aa minimum time of one minute was necessary in order to achieve steady state in the 
column. . 

3.. Ten sets of measurements with the Pavlov tube facing upward and ten sets of 
measurementss with the Pavlov tube facing downward were carried out. The data were 
acquiredd for 1 minute with the frequency of 50 Hz. 

4.. Before each set of recorded data the purge system made it possible to remove the possible 
bubbless which penetrated the modified Pavlov tube during the operation. 

5.. The results (in Volts) for each set were transformed in pressure differences. Figure 5.14 
showss an example of the AP variation in time, for both orientations of the Pavlov tube. 
Thee data are typical for a measurement taken in the central core of the column (the 
resultedd liquid velocity is oriented upwards, thus has a positive value). 

30000 r 

t / [ s ] ] 

3000 0 

2000 0 

1000 0 

0 0 

-1000 0 

(2) ) 

t/[s] ] 

Fig.. 5.14. The pressure difference (AP) signal recorded by the Pavlov tube: (1) head hole 
facingg upwards; (2) head hole facing downwards. 

6.. The AP values were divided into positive and negative terms. The time averaged velocities u, 

andd w2 were obtained after the square root extraction from the AP data, using Eqs. (5.54) and 

(5.55).. In Fig. 5.15 the division into positive and negative values for the APi is shown. 
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30000 r 

-10000 - t / [ s ] ] 

^ i , , 

APAPn n 

Fig.. 5.15.. The division into positive and negative terms for AP\ (signal recorded for the 
upwardd orientation of the Pavlov tube), used for the calculation of the time averaged 

liquidd velocity w, . 

7.. Using Eq. (5.58) the axial velocity for experiment j has been calculated. Therefore, the 
arithmeticc mean for all Nj = 10 experiments resulted in the mean axial velocity measured 
att the position (p in the column. 

8.. For calculating the average liquid velocity, the local hold up was taken into account, as 
describedd by Eq. (5.68). 

Assumptions Assumptions 

Inn the experimental procedure described above, the following assumptions have been 
made: : 
•• The Pavlov tube is assumed to respond very rapidly to velocity fluctuations. This leads to 

aa true-recorded time - pressure difference in the column. 
•• The cylindrical column is considered to be perfectly symmetric, e.g. the horizontal 

componentss of velocity cancel out and the radial gas hold up distribution is independent of 
azimuthall position. 

•• The experiments recorded with the Pavlov tube facing downwards and the Pavlov tube 
facingg upwards are not performed simultaneously at the same position, but for calculating 
thee time mean velocities this fact doesn't influence the results. 
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5.44 Results and discussion 

Thee measured radial liquid velocity distributions for the air-water experiments are shown 
inn Fig. 5.16 (a) and (b). It is easy to observe the strong influence of column diameter on the 
liquidd velocity distribution. If we compare the values obtained for the maximum upward 
velocityy (e.g. the centre-line liquid velocity) in Fig. 5.16 (a), these are: about 0.5 m/s for the 
0.1744 m column and about 1.25 m/s for the biggest column experimented, the 0.63 m column. 
Thiss is a very large scale dependence - especially when we have to predict such values for 
industriall  reactors! 
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Fig.. 5.16. Radial distribution of the axial component of the liquid velocity. Air-water 
experimentss at superficial gas velocity: (a) UG = 0.23 m/s and (b) Uc = 0.285 m/s. 

Iff  the data are normalised with respect to the centre-line liquid velocity, VL(0), the radial 
distributionss become similar. Results from the three columns and two different superficial gas 

128 8 



ChapterChapter 5 LiquidLiquid velocity profile 

velocitiess prove this fact (see Fig. 5.17). Therefore the centre-line liquid velocity is a key 
parameterr in describing the liquid circulation of bubble columns. 
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Fig.. 5.17. Normalised radial velocity distribution profile for air-water system. 

AA comprehensive experimental study was dedicated to investigate the scale dependence on 
centre-linee liquid velocity. The measured centre-line velocities shown in Fig. 5.18 for the air 
waterr system reveal again the strong influence of column diameter. A big question marks 
arisee for bubble columns of industrial use, for example of 6 m in diameter: how to scale up? 
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Fig.. 5.18. Centre-line liquid velocities, VL(0), measured for the air-water system in three 
differentt columns, of 0.174, 0.38 and 0.63 m in diameter. 

129 9 



ChapterChapter 5 LiquidLiquid velocity profile 

Thee answer to this major problem is provided by CFD simulations, which are developed in 
thee companion thesis of van Baten (2000). 

ExperimentsExperiments vs. CFD simulations 

Itt is rather obvious that the experimental conditions limit at a certain moment for further 
experimentationn (in our research the biggest column was of 0.63 m in diameter). In our 
researchh group computational fluid dynamics (CFD) simulations were carried out (see 
companionn thesis of van Baten, 2000). Our parallel researches made it possible to develop a 
generall  theory for the so-desired "scale up strategy of bubble column reactors". The two 
thesess should be read together since they carefully complement each other. On one hand, the 
finalfinal answer for scaling up is given by CFD simulations and on the other hand, all the results 
presentedd in this thesis were used for the validation of the CFD models developed. The 
developedd CFD model is used further to simulate the behaviour of large-scale reactors. A very 
shortt enumeration of this parallelism by mentioning the exact overlapping fields between the 
twoo theses is now presented: 

1.. Investigation of rise velocity of single gas bubbles in liquids; 2D and 3D investigations. 
2.. Flow-visualisation studies of in-line interactions off  bubble pairs. 
3.. Investigations of gas hold up (also "small" and "large bubble" gas hold up) in columns 

off  various diameters. 
4.. Measurement of the centre-line liquid velocity in columns of three different diameters. 
5.. Measurement of the radial distribution of liquid velocity in columns of three different 

diameters. . 
6.. Measurement of the axial dispersion coefficient of the liquid phase in columns of three 

differentt diameters. 
Thee details of the computational models and the numerical approach used are given in van 

Batenn (2000). 
Inn the Eulerian simulation code for bubble columns the empirically determined models for 

largee bubble size and acceleration factor, developed in our Chapter 4, were used. With only 
thiss "empirical" input, and use of the two-bubble class model, the agreement between CFD 
simulationss and experiment can be considered to be very good. Consideringg the complexity of 
bubblee column hydrodynamics, the success of the CFD simulations is no mean achievement. 
Wee summarise the comparison between CFD simulations and our experimental data. 

Figuree 5.19 compares the measured centre-line velocities with the results of Eulerian 
simulations.. The agreement between simulated VL(0) and experimental data with varying i/G 

iss reasonable good and more accurate then most of the literature correlations (see Figs 5.6 and 
5.77 and Table 5.6). In this figure also the Riquarts (1981) correlation is shown, given in Eq. 
(5.42).. This model represents the experimental data as well as do the Eulerian simulations. 
Alsoo the standard deviations in Table 5.6 are the smallest with Riquarts (1981) model. 
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Fig.. 5.19. Comparison between measured centre-line velocity VL(0) with those from 
Euleriann simulations (van Baten, 2000). Also shown is the empirical correlation of 

Riquarts(1981). . 

Oncee the simulation code was verified with experimental results, the further prediction of 
largee scale reactors is given by CFD. However, we have also to keep in mind the time 
consumedd for simulating a 6 m column, which can be a few days even using a parallel 
computer!! A very illustrative example of CFD simulations of large column diameters is 
shownn in Fig. 5.20. The attempt is to simulate centre-line liquid velocities for columns larger 
thann 1 m in diameter. 

Thee CFD predictions of centre-line liquid velocities for large bubble columns agree 
strikinglyy well with the correlation of Riquarts (1981). The centre-line liquid velocity for a 6 
mm column operated at 0.3 m/s superficial gas velocity is Vi(0) = 4.5 m/s. This is a amazing 
result,, since all the other literature models are predicting values around 2 m/s. CFD 
simulationss help us to choose Riquarts (1981) as the reliable correlation for scale up. 
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Fig.. 5.20. Influence of scale on the centre-line liquid velocity for the air-water system. 
Experimentall  results in three columns compared with the CFD simulations of van Baten 

(2000)) and with Riquarts model (1981). 

InfluenceInfluence of the liquid properties on liquid circulation 

Additionall  to the air-water measurements, the system air-Tellus oil 32 (Shell) was also 
investigated.. Experiments were performed only in one column (D-p = 0.38 m). Figure 5.21 
comparess the experimental liquid profiles for air - water and for air - Tellus oil, measured in 
thee 0.38 m column. Although the difference in viscosity between the two liquids is very big 
(byy a factor 75) the results show almost no difference. Even the CFD simulations of van 
Batenn (2000) show the insensitivity of the radial velocity profile to the liquid viscosity. 

Thee centre-line experiments in the 0.38 m column with water and Tellus oil show very 
littl ee influence of liquid viscosity. The Eulerian simulations of van Baten (2000) for water and 
Telluss oil give practically the same results for VL(0) over the superficial gas velocity range UG 

==  0.05 up to 0.35 m/s. Surprisingly, the model of Riquarts (1981) predicts a lower trend for 
thee centre-line liquid velocity, when the Tellus oil viscosity is used in the formula. Since the 
centre-linee liquid velocity data give similar results for the two different liquids investigated, 
andd since Riquarts (1981) correlation describes quite well the water data, we also expect 
Riquartss correlation to predict Tellus oil behaviour, provided that the kinematic viscosity of 
waterr is used! The complete comparison is presented in Fig. 5.22. 
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Fig.. 5.21. Time-averaged liquid velocity distributions. Comparison between air-water and 
air-Telluss oil measured values in the 0.38 m column for UQ = 0.23 m/s. Experimental 

resultss from this work and CFD simulations from van Baten (2000). 
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Fig.. 5.22. Influence of liquid properties on centre-line liquid velocities. Comparison of 
experimentall  VL(0) results for air - water and air - Tellus oil system with Eulerian 

simulationss for air - Tellus oil system (van Baten, 2000). 
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Thee simulated extrapolations of VL(0) up to 6 m reactors for air - water and air - Tellus oil 
aree practically the same. Also in this case, the centre-line liquid velocity for a 6 m column, 
operatedd at 0.3 m/s superficial gas velocity is VL(0) = 4.5 m/s (see Fig. 5.23). So, the major 
conclusionn would be that the liquid viscosity has practically no effect on the centre-line liquid 
velocity,, VL(0). 
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air-Telluss oil experiments 
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Fig.. 5.23. Influence of scale on the centre-line liquid velocity for air-Tellus oil system. 
Experimentall  results compared with the CFD simulations of van Baten (2000) and with 

Riquartss model (1981). 
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5.55.5 Conclusions 

Thee main results presented in this chapter are: 
•• The column diameter has a strong influence on liquid circulation in bubble columns. 
•• Liquid properties have negligible influence on liquid velocity distribution and centre-line 

liquidd velocities. The two liquids studied differ in viscosity by a factor 75! 
•• If the velocity distribution data are normalised with respect to the centre-line liquid 

velocity,, VL(0), the radial distribution become similar for all systems analysed and is 
independentt of scale. This is a useful conclusion for scale up because all we need is to be 
ablee to predict the centre-line velocity VL(0). 

•• The experimental results on centre-line liquid velocities and radial distributions for both 
systemss studied (air - water and air - Tellus oil) are in good agreement with CFD 
simulationss performed in parallel with this research by van Baten (2000), 

•• CFD is a useful tool for scaling up bubble columns. Eulerian simulations of the scale 
dependencee on the centre-line liquid velocity predict velocities of 4 - 5 m/s for column 
diameterss increased to 6 m. 

•• On the basis of Eulerian simulations (van Baten, 2000) we can recommend the use of 
Riquartss (1981) correlation [Eq. (5.42)] provided that we use the kinematic viscosity of 
waterr for all systems. 
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