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ChapterChapter  6 

BackmixingBackmixing  of  the liquid  phase 

Abstract t 

Inn this chapter, the final step in our scale up strategy, outlined in Fig. 1.8, is presented. The 
linkk between the liquid circulation, in terms of centre-line liquid velocity, and the backmixing 
off  the liquid phase is developed. 

Thee liquid-phase axial dispersion coefficients have been measured for the air-water system 
inn bubble columns of 0.174, 0.38 and 0.63 m diameter. The experiments were carried out 
usingg a transient method (the pulse-response method). The dispersion coefficient was 
obtainedd by adjusting the experimental profiles of tracer concentration with the predictions of 
thee model. The experimental results show that the one-dimensional axial dispersion 
coefficient,, DaXiL, reveal strong scale dependence. Backmixing of the liquid phase increases 
withh the diameter of the reactor and with superficial gas velocity. Once the centre-line liquid 
velocityy is estimated, the axial dispersion coefficient for large column reactors can be easily 
predictedd from D!aL=0.3WL(Q)DT. Comparison of the model predictions with the 
experimentall  data shows that the model is capable of describing very well the liquid mixing 
behaviourr in bubble columns. The model can be extended also for highly viscous liquids, on 
basiss of the results obtained in Chapter 5 - practically equal liquid velocity distributions for 
thee two systems studied (the two liquids investigated differ in viscosity by a factor 75!). 
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6.11 Introduction 

Inn a gas liquid bubble column reactor the degree of backmixing is considerably different 
fromfrom one phase to another. The dispersion has the effect of reducing conversion in reactors. 
Dispersionn will also influence reaction selectivity. Mixing of the liquid phase has to be 
attributedd to various phenomena such as turbulent vortices, liquid entrainment in the wakes of 
risingg bubbles, large-scale liquid circulation and radial exchange flows. All these phenomena 
aree obviously interrelated and are primarily dependent on liquid circulation flow. The model 
describedd in this chapter simply gathers the different phenomena which contributes to mixing 
off  the liquid phase into a dispersion coefficient. The one-dimensional description based on the 
one-dimensionall  diffusion model is considered sufficient for interpretation of bubble column 
performance. . 

Whenn the considered systems are of gas-liquid type, dispersion can be defined as a 
stochasticc exchange process, which breaks down gradients of intensive quantities such as 
concentrationn and temperature. As a direct effect, the concentration in the reactor is reduced. 
Inn a bubble column reactor, the gas flow generates significant backmixing in the liquid phase. 
Afterr a thorough analysis it can be noticed that the backmixing of the dense phase is caused 
byy the eddies, which derive their energy from the large, fast-rising bubbles. The maximum 
sizee of the eddies, for vessels with H/Dr > 1, is limited by the column diameter DT. The 
inducedd circulation patterns have a profound effect on mass transfer and productivity of these 
systemss and they are especially important in eliminating concentration gradients within the 
vessel.. The design of a bubble column reactor always requires consideration of the 
backmixingg in the liquid phase. 

CFD CFD 

Fig.. 6.1. Strategy for scaling up bubble column reactors. 

138 8 



ChapterChapter 6 BackmixingBackmixing of the liquid phase 

Sincee the axial dispersion model characterises the backmixing by only a single parameter, 
itss simplicity makes it the most widely used representation of the non-ideal mixing behaviour 
forr each phase in bubble column reactors. The time variation of the liquid phase concentration 
off  a tracer is given by Fick's law: 

dCdC^n^n  a ^  «n 
att L 3z2 

wheree the axial dispersion coefficient, D t̂L, is the unique parameter which characterises the 
degreee of backmixing during the process. The term "axial" is used in order to mark clearly the 
differencee between the mixing in the direction of flow and the mixing in the lateral or radial 
direction.. In bubble columns these two quantities are quite different in magnitude; the axial 
dispersionn coefficient is significantly exceeding the radial dispersion coefficient. 

Hydrodynamicss of bubble columns can be described in a simplified way as follows: in the 
churnn turbulent regime, the large bubbles tend to concentrate in the middle of the column. The 
liquidd is drawn upwards in the centre region and when the bubbles disengage at the top, the 
liquidd returns down the column in the wall region. The radial distribution of the liquid 
velocitiess is related with the dispersion coefficient of the liquid phase. Therefore, the 
completee overview starts from bubble rise velocity, bubble-bubble interactions and bubble 
swarmm velocity, as presented in the previous chapters. An updated scale up scheme is shown 
inn Fig, 6.1. 

Bubblee column reactors are chosen as the reactor type to carry out relatively slow liquid-
phasee reactions (see Fig. 1.2), in which the liquid phase backmixing is a preferable feature in 
orderr to achieve temperature equalisation. Therefore, the radial distribution of liquid 
velocitiess and the residence time distributions of the liquid phase are very important design 
parameters. . 

Thoughh there is a large variety of experimental data on liquid phase backmixing available 
inn the literature for different column diameters and superficial gas velocities, it is difficult to 
comparee the results of one author with those of others for the scale up task. The reasons are: 
(I)) differences in the physical properties of the liquids used in various studies, (2) presence of 
impuritiess in the liquid phase, and (3) the fact that each published study is often restricted to 
onee column with a diameter often smaller than 0.3 m. 

6.22 Literatur e survey 

Wee have made a comprehensive study of literature correlations for Ö3X,L and these are 
summarisedd in Table 6.1. 

Thee dispersion coefficient is expressed in the dimensionless form as the Peclet number, its 
valuee signifying the degree of backmixing in the column. If Pe=0 backmixing is complete 
andd if Pe=<*>  plug flow prevails. 

Mostt of the reported empirical correlations indicate the dispersion coefficient to be 
dependentt on the gas velocity and column diameter. A significant influence of the flow 
directionn (i.e. co-current or counter-current) has not been pointed out. If the range of liquid 
velocitiess used in industrial operation is considered, the superficial liquid velocity C/L appears 
too have no influence on liquid-phase dispersion. Steady state measurements by Towell and 
Ackermann (1972), Deckwer et al. (1973) and Badura et al. (1974) confirm this fact. It is 
usuallyy assumed that the dispersion coefficient does not depend on the column height. 
However,, studies of Schugerl (1967) and Deckwer et al. (1973) show that dispersion 
coefficientss may differ along the column height, decreasing from top to bottom. 
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Vessell  internals and surface-active agents that delay the coalescence also affect the degree 
off  axial dispersion. Konig et al. (1978) demonstrated the effects of surfactants and sparger 
typee by experimenting with weak alcohol solutions using three different porous spargers. 
Theyy indicated that the interaction of surfactants and of the sparger could be very complex. 
Surfactantss can produce either much more or much less backmixing than surfactant-free 
systems,, depending on the bubble size, which, in turn, depends on the sparger used. 

Thee influence of the physical properties of the liquid on the dispersion coefficient has been 
investigatedd by several authors (Aoyama et ah, 1968; Hikita and Hikukawa, 1974; Riquarts, 
1981;; Walter and Blanch, 1983; Bernemann, 1989) but littl e effect has been observed. 

Somee authors (Tinge and Drinkenburg, 1986; Rice and Littlefield, 1987) underlined the 
disastrouss effect of small deviations from true verticality. The scatter in the literature data was 
attributedd to originate in very slight and unreported (or unmeasured) deviations from 
verticality.. They quantified this effect by the following correlation: 

A*,L, «« =D^dl+KaDT<xf (6.2) 

Forr reactor scale up purposes, the most reliable relation for vertical cylindrical vessels 
operatedd with pure liquids, without coalescence inhibitors, is considered to be the one of 
Bairdd and Rice (1975). Making use of Kolmogoroff s theory of isotropic turbulence, they 
proposedd the following equation: 

^ . L = 0 . 3 5 g "3 ^ X ' 33 (6.3) 

Furthermore,, the authors extended the correlation to fluidised beds and liquid-liquid spray 
columns,, which proved to be partially successful. Using an isotropic turbulence, the 
correlationn is dimensionally consistent even though the turbulence in a bubble column is not 
necessarilyy isotropic. 

Thee dependency of £>aXpL on DT and Uc expressed by Eq. (6.3) has been confirmed by 
manyy studies and can be also transcript in dimensionless terms of Pe and Fr criteria (where 
thee constant K has different values for different authors, as can be seen in Table. 6.1): 

A*,LL  _ JgD. 
DDTTUU{ { 

==  K 'j_ 'j_ 

UU2 2 

J/3 3 

(6.4) ) 

Inn 1996 Degaleesan et al. developed a phenomenological model for liquid mixing, mainly 
basedd on the monitored flow circulation and turbulent eddy diffusion. The model was called 
"recirculationn and cross flow with dispersion" (RCFD) and accounts for two mixing 
mechanisms.. The fust one is the convective recirculation, due to the large scale liquid motion. 
Inn this context, the column can be simply considered as a big recirculation cell, with liquid 
movingg upwards in the central core zone and descending along the annular region, near the 
wallss of the column. Besides this, fluctuated motion of the liquid elements superimposes, due 
too the bubble turbulence. This second mixing contribution takes into account the complex 
motionn of the gas bubbles, and therefore the random motion of fluid elements in axial, radial 
andd azimuthal direction caused by the wakes of fast-rising large bubbles. The upflow and 
downflow,, characterised by averaged interstitial velocities are connected to each end by two 
regions,, which are assumed well-mixed. The turbulent axial mixing is accounted for by an 
axiall  dispersion coefficient in each section; the radial mixing is incorporated into an exchange 
coefficientt between the two sections (i.e. the upflow region and the downflow region). The 
inputt parameters of the model (such as local liquid velocities and void fraction) were obtained 
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usingg Computer Automated Particle Tracking (CARPT) and Computed Tomography (CT) as 
experimentall  techniques. 

Thiss model was recently further developed and extended also for bubble columns slurry 
reactorss by Degaleesan et al. in 1997. The two-compartment convective-diffusion model has 
beenn formulated by considering a finite volume discretisation of the two-dimensional axis-
symmetricc con vective-dif fusion model developed for bubble columns flows. The same 
experimentall  techniques were used for the data base, together with data from literature. The 
existingg data-base was limited to air-water systems, certain column sizes and superficial gas 
velocities.. The methodology aimed to extrapolate the data giving the following cross sectional 

averagedd eddy diffusivities D  ̂ and Dn : 

—— 0.00584 i n i g o n / f W , w. DD*=*= —^§—+0.1689(/V/—^§—+0.1689(/V/GG) ) (6.5) ) 

—— 0.000879 - „ „ / . . .. \o DDnn = ^ ö i— + 0.0206{DTUa) (6.6) ) 

forr UG > 0.05 m/s. The authors limited the applicability of the above developed correlations 
onlyy to air-water systems in churn turbulent regime, at atmospheric pressure. When the axial 
termm is compared with experimental data from this work, they show a good agreement for low 
gass velocity only. This can not be attributed only to the fact that the radial contribution is also 
takenn into account, as long as this term is much smaller, but to the currently limited data base, 
ass is also mentioned by the authors. They advised that for higher gas velocities the equations 
presentedd above have to be verified in compliance with experimental data. 

Tablee 6.1 

Literaturee correlations for the axial dispersion coefficient 

Author r Axiall  dispersion coefficient 

Reithetal.. (1968) 
ftft LL=^=^LL = r=2üo+K l ) 

Ohkii  and Inoue 
(1970) ) 

forr 0 < Ua < 0.07 m/s (bubbly flow regime) 
D » ,LL =75.4DT

2(y£: + 17OOOrf0 

forr Uc > 0.1 m/s (coalesced bubble slug flow regime) 

(i-O2 2 

Katoo and Nishiwaki 
(1972) ) s s 

PePe = 
BFr, , 

\+6.5Fr™ \+6.5Fr™ 
;;  Ö . , L = 

13 3 

Towell  1 and 
Ackerman(1972) ) 

^ ,L=1.23D|5t / ° 5 5 
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Author r 

Akitaa and Yoshida 
(1973) ) 

Badura(1974) ) 

Axiall  dispersion coefficient 

0.066 + 0.55 
<< U„ ^ 

D*,L=VD*,L=V 00DDTT. . 
(( U, ^ 

yy,8D,8DTJ TJ 

D„D„ XX=0.692D<*U™ =0.692D<*U™ 

10. . 

11. . 

12. . 

13. . 

14. . 

15. . 

Deckwer(1974) ) Ö „ , L = 0 . 6 7 8 D ; V °3 J J 

Hikitaa and Kikukawa 
(1974) ) Ö M , L = ( 0 . 155 + 0 . 6 9 [ / °7 7) D |2 5 io--

\0.I2 2 

Bairdd and Rice 
(1975) ) z>aipL =o.33g" 3z>;x' 3 3 

Fieldd and Davidson 
(1980) ) 

KK =Vb{l-£0f
39{l  + 2.55el); v

b = a i 6 4 m/s 

Joshi(1980) ) 

16. . 

17. . 

18. . 

Z^,L=0.33£>TVC C 

VV((=\.3l[gD=\.3l[gD TT(U(Ucc-€-€ccujr ujr 
Miyauchii  et al. 
(1981) ) 

Riquarts(1981) ) 

Zehner(1982) ) 

Walterr and Blanch 
(1983) ) 

Kawasee and Moo-
Youngg (1986) 

Bernemann(1989) ) 

Kantak(1994) ) 

_ 7 , l / 4 r O / i i DD =U DJ 0.2911 + 
0.341 1 

V V (l-O.SW^f (l-O.SW^f 

Ö ^ O . O Ó S ^ Z J f V̂ V 

D i ï i L =0.368gl / 3Dft/ G'3 3 

D„, L=0.606DTV,;; V, = 

ff  \ui 

VVccgHgH0 0 

44 + -700 H0 

Re0255 DT 

forRe>>  1000and ^ . > 3 ; Re=ViDjpL 

DM L =0.343n-8 / 3g1 / 3D^f; ^ ^ 

DDixXixX=0.208Ur(D=0.208Ur(DT+T+nnttdJdJAiAiAlAliiv^ v^ 

D a x L=0 .632ü |2 5^ --
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Wee performed further a statistical comparison, in the same manner we described before for 
thee radial distribution of the liquid velocities and for the centre-line liquid velocity [Eq. 
(5.12)].. Table 6.2 shows the results of the standard deviations of literature correlations from 
ourr experimental data. The analysis takes into account ND - 92 data points, representing the 
completee set of data points measured in our laboratory and reported in detail later in this 
chapter.. We are using a "preview" of our experimental results in order to "rank" the literature 
correlations. . 

Tablee 6.2 
Standardd deviation of literature correlations for axial dispersion coefficient from experimental data 

Referencee Standard deviation, SI [m2/s] 

Reithetal.. (1968) 0.06595 

Ohkii  and Inoue (1970) 0.05776 
Katoo and Nishiwaki (1972) 0.03162 
Towel)) and Ackerman (1972) 0.04032 
Akitaa and Yoshida (1973) 0.03047 
Badura(1974)) 0.03280 
Deckwerr (1974) 0.03390 
Hikitaa and Kikukawa (1974) 0.03187 
Bairdd and Rice (1975) 0.03189 
Fieldd and Davidson (1980) 0.09577 
Joshi(1980)) 0.03479 
Miyauchii  et al. (1981) 0.05821 

Riquarts(1981)) 0.03225 
Zehner(1982)) 0.03529 
Walterr and Blanch (1983) 0.05105 
Kawasee and Moo-Young (1986) 0.03115 

Bernemann(1989)) 0.05186 
Kantakk 1994 0.05780 

Byy interpreting the correlations found in the literature it can be easily concluded that, from 
thee scale up point of view, data from larger columns are absolutely necessary. To correlate 
measuredd values for axial dispersion coefficient is not difficult, as it can be also seen from the 
largee amount of models published so far. Hence, the important and difficult task is to achieve 
thee capability to predict Dn-L values for a big reactor, operated at industrial conditions. A 
selectionn of the literature models from Table 6.1 is plotted in Fig. 6.2 together with our 
experimentall  data, revealing the magnitude of the discrepancies between their predictions. 
Thee large scatter in the predictions increases with the diameter of the column. 

Thee degree of backmixing is dictated by the strength of the liquid circulations, 
characterisedd by say VL(0). Since VL(0) is scale dependent, the axial dispersion coefficient 
£>ax,LL is also expected to be scale dependent. As can be seen in Fig. 6.3 scaling up to 
commerciall  sizes leads to great uncertainty. The correlations are more or less comparable in 
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thee range of laboratory experimented columns. Nevertheless, when we try to extrapolate the 
literaturee correlations up to industrial scale, we obtain values from 1 to 12 m2/s for D3X,L! 

0.45 5 

CO O 

Q S 0 . 1 5 5 

0 0 
0.25 5 

0.2 2 

^^ 0.15 

44 °-11-
0.055 -

00 -
0.1 1 

5,13,, 14 

Q Q 

0.08 8 

0.06 6 

55 0.04 h 

.. DT = 

0.022 -

0.1 1 0.2 2 

UUaa/[m/s] /[m/s] 

0.3 3 0.4 4 

Fig.. 6.2. Comparison of literature models (selection from Table 6.1) and measured 
experimentall  data from this work for the axial dispersion coefficient, in air-water system. 
Variationn of Dax,L with superficial gas velocity for the 0.174, 0.38 and 0.63 m diameter 

columns. . 

Thiss scatter in the predictions convinces us to start our own study regarding this variable. 
Thee experimental data were obtained in the same set-ups as used for the other variables 
presentedd in the previous chapters. The experimental details are presented further. 
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Q Q 

0.88 r 

0.6 6 

0.4 4 

0.22 -

00 -

 O O experimental data 

UUGG = 0.23 m/s 

00 1: 2 3 4 5 6 
Dj/[m] Dj/[m] 

00 0.2 0.4 0.6 0.8 1 

DT/[m] ] 

Fig.. 6.3. Comparison of literature models (selection from Table 6.1) and measured 
experimentall  data from this work for the axial dispersion coefficient. Variation of DaXiL 

withh column diameter for a superficial gas velocity of 0.23 m/s. Detail: extrapolation up 
too 6 m column. 

6.33 Experimental 

Thee experiments were carried out in three batch type bubble columns with internal 
diameterss of 0.174, 0.38 and 0.63 m, respectively. The general constructional details for these 
threee columns and the description of the gas distributors used can be found in the previous 
chapterss of this thesis (Chapters 4 and 5). All the experiments were performed at atmospheric 
pressure.. Air was used as the gas phase and demineralised water as liquid phase (see Table 
3.44 for physical properties of the phases). The gas was introduced at the bottom of the 
columns.. The experiments were carried out at various gas velocities, carefully adjusted and 
controlledd by using rows of flowmeters. For each gas flow rate and each position of injection 
threee measurements were performed. Before starting the data acquisition, for a given gas flow 
rate,, the system was given time to achieve steady state. A typical experimental set-up is 
shownn in Fig. 6.4 for the 0.63 m column. 

Forr determination of the liquid-phase residence time distribution a saturated solution of 
NaCll  was used as a tracer. The solution was injected into the batch liquid phase as a pulse just 
abovee the dispersion height. Different volumes of tracer were used, depending on gas 
velocity,, column diameter and injection position in order to obtain the optimal signal. In the 
0.633 m diameter column the tracer was injected both in the middle and near the wall. For the 
remainingg two columns a single injection position was used, near the wall. 
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quic kk shut-of f 
valve e 

Fig.. 6.4. Typical experimental set-up for the 0.63 m diameter column. 

Thee transient tracer concentration was monitored continuously by means of three Metrohm 
immersing-typee conductivity cells (Fig. 6.5) which were placed near the wall, at different 
locationss along the height of the column, as shown in Fig. 6.6. The distances from the 
injectionn to the measuring points, LA, LB, LQ and L are given in Table 6.3. 

433 mm 699 mm 422 mm 

<p<p  11.7 m m 019.66 mm 

Fig.. 6.5. The Metrohm immersing-type conductivity cell. 

Eachh of the three conductivity cells was connected to a Konsort K920 display unit and 
fromm there to the "PC-LabCard PCL-818L" data acquisition card. The data was acquired 
usingg a QBasic program. 
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I I 

I I 
'M M 

-- tracer 

; ; 

11 - -

= 33 - -
1 1 

<-B B 

Fig.. 6.6. Distances to the measuring points in the column. 

Thee total measuring time for each experiment was chosen large enough in order to reach 
thee final concentration in the column. Therefore the frequency was carefully chosen, 20 Hz 
forr the 0.63 m column and 50 Hz for the 0.174 and 0.38 m columns. This values were able to 
reproducee very accurate the concentration signal even for the very sudden changes in 
concentrationn (for example the sharp peak obtained with the top conductivity cell). 

Thee constructive details about the backmixing experiments, in the three bubble columns, 
aree specified in Table 6.3. The operating conditions used for the performed experiments are 
givenn in Table 6.4. 

Tablee 6.3 

Constructionall  details about the backmixing experiments 

Operatingg condition 

Liquidd height (range), H01 [m] 

Dispersionn height, //d / [m] 

Distancee to the measuring point (see Fig. 
6.6),LA ,LB,Lc/[m] ] 

Columnn diameter 

DTT = 0.174 m 

1.97-2.55 5 

2.89 9 

LA=0.59 9 

LBB =1.39 

/<;== 2.19 

DDTT = 0.38 m 

22 - 2.47 

2.89 9 

LA=0.59 9 

LBB =1.39 

Lc=2.19 9 

L»TT = 0.63 m 

2-2.55 5 

2.89 9 

LA=0.58 8 

LBB =1.38 

Lc=2.18 8 

Tablee 6.4 

Operatingg conditions used for measuring the axial dispersion coefficient 

Svstemm studied Column diameter Superficial gas velocity Gas hold up range 
DjDj  I [m] range,, UGI [mis] £c,/[-] £c,/[-] 

Numberr of 
experiments s 

airr - water 0.174 4 

0.38 8 

0.63 3 

0.0499 - 0.331 

0.049-0.331 1 

0.0499 - 0.33 

0.111 -0.26 

0.137-0.276 6 

0.12-0.306 6 

22 2 

22 2 

Totall  number of experiments: 92 2 
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DataData analysis 

Figuree 6.7 shows typical transient tracer concentrations from the 0.174 m column, operated 
att 0.144 m/s superficial gas velocity. These signals were fitted using the analytic solution to 
thee diffusion equation presented in Deckwer (1992). In this way, for a given experiment, only 
onee variable was adjusted, i.e. the axial dispersion coefficient, D3X,L-

CD D 

i JJ  2 
en n 
«33 o 
if)if)  . y 
** To 
CC £: 22 c 
GOO CD 
CC Ü 1 
.EE O 

DDTT = 0.174 m 
t/GG = 0.144 m/s 

t/[s] ] 
120 0 

Fig.. 6.7. Normalised liquid-phase tracer concentration measured at three different 
locationss along the height of the column in response to pulse tracer injection. The smooth 
curvess represent the fits to the curves from fitting a diffusion model presented in Deckwer 

(1992). . 

Fromm the literature investigation was found that there are two different measuring 
techniquess widely used along the time. Since the stationary method is rather time consuming 
andd expensive (Aoyama et a l, 1968; Reith et al., 1968; Badura et al., 1974; Deckwer et ah, 
1974)) it is convenient to use a non-steady-state technique, such as the pulse-response method 
(thee mixing time determinations). The mixing time is defined as time necessary to achieve the 
homogeneityy in the column, after all amount of tracer was completely mixed with the liquid. 
Siemenss and Weiss (1957) were the first using the pulse method for measuring the dispersion 
inn bubble columns. They were followed by Ohki and Inoue (1970), Kato and Nishiwaki 
(1970),, Hikita and Kikukawa (1974), Field and Davidson (1980), to name just a few. 

Thee partial differential equation based on the one-dimensional model has been solved 
analyticallyy by Siemes and Weiss (1957). The boundary conditions for this diffusion equation 
[Eq.. (6.1)] are: 

———— = 0 at z =0 and z = L (6.7) 

andd the initial conditions are: 

C,(z,0)) = C0 for 0 < z <A 

CL(z,0)) = 0 for z>X 
(6. . 
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wheree A is the height at which tracer is injected. The solution of Eq. (6.1) under 
considerationn of the corresponding boundary conditions gives: 

ff 2_2 Yl 

c, , == l + 2£ nil nil 
coss — L. 

LL ~ 

exp p 
nn K 

1} 1} 
D. D. (6.9) ) 

wheree Q is the final concentration achieved when / = °o and L- is the distance to the 
measuringg point (LA, LQ and Lc). 

Thee axial dispersion coefficient Dax-L was obtained by adjusting the experimental profiles 
withh the solution of the model, Eq. (6.9). A number of n = 20 terms were found to be 
sufficient.. As it can be seen, the evaluation of £>ax,L from the curves produced by the pulse 
methodd is fast and reasonable good. 

6.44 Results and discussion 

Thee last step in the scale up strategy outlined in this thesis is the liquid-phase backmixing. 
Whenn the bubbles escape at the top of the column, the liquid returns down the sides of the 
columnn (in the wall region). The downflowing liquid generates backmixing. The radial 
distributionn of the liquid velocities is related with the axial dispersion coefficient of the liquid 
phase.. Our experimentally measured axial dispersion coefficients for the liquid phase show a 
strongg function of the column diameter; see Fig. 6.8. Once again, the limited laboratory 
conditionss confine us in a relatively small area far from the real industrial dimensions. 

a a ax,L L 

[m2/s] ] 

0.35 5 

0.3 0.3 

0.25 5 

0.2 2 

0.155 h 

0.11 -

0.055 -

0 0 
0 0 

D D 
O O 

DDTT = 0.174 m 
DTT = 0.38 m 

OO DT = 0.63 m 

O O 
8 8 

o o 
o o 
o o 

o o 
o o o o 

ü ü 

0.1 1 0.2 2 

UUGGII [m/s] 

0.3 3 0.4 4 

Fig.. 6.8. Axial dispersion coefficient of the liquid phase measured in three columns, as a 
functionn of superficial gas velocity. 

Thee axial dispersion coefficients can be predicted in terms of liquid circulation velocity, as 
aa characteristic velocity and column diameter, as a characteristic length. This description as a 
functionn of the centre-line liquid velocity is possible only because the liquid profiles were 
successfullyy normalised, as shown in the previous chapter (Fig. 5.17). The model shown in 
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Fig.. 6.9 was obtained by making use of the dimensionless analysis. Our suggestion is thus to 
usee the following correlation for estimation of Dax,L: 

£>a,L=0.31VL(0)DTT ( 6 .1 0 ) 

oncee the centre-line liquid velocities are estimated either from using Eulerian simulations or 
sayy from the Riquarts (1981) correlation. The form of Eq. (6.10) was first suggested by Field 
andd Davidson (1980) and Joshi (1980) and can be derived by considering dispersion in single 
phasee turbulent flow. The constant 0.31 was found taking into account the whole 
experimentedd range of superficial gas velocities. However, the constant, 0.31, in the presented 
modell  does not give a different picture than some of the other published models. For instance, 
thiss constant is about 0.32 in the model of Riquarts (1981) and about 0.36 in the model of 
Joshii  (1980). The standard deviation of Eq. (6.10) from our experimental data set is 0.02 m2/s, 
whichh is significantly lower than those of the other literature correlations (see Table 6.2). 
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Oax.LL O"2 

[m2/s]] 0.15 
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0.05 5 

0 0 
00 0.2 0.4 0.6 0.8 1 1.2 

VL(0)DT/[m2/s] ] 

Fig.. 6.9. Comparison between the measured axial dispersion coefficient DM_ L and the 
predictionss of the model given by Eq. (6.10). 

Sincee we have established that VL(0) is not significantly influenced by the liquid viscosity 
(seee Chapter 5), we expect Eq. (6.10) to be valid for all systems. Following the conclusion 
reachedd in Chapter 5, we recommend the use of the Riquarts correlation, with water 
properties,, for estimation of the centre-line liquid velocity VL(0) for use in Eq. (6.10). This 
estimationn procedure works very well not only for our own experimental data but also for data 
culledd from the literature; see Fig. 6.10. Equation (6.10) presents a reliable and accurate 
methodd of predicting the axial dispersion coefficients in case of large diameter columns. 

Experimentall data: 
 DT = 0.174 m 

OO DT = 0.38 m 
OO DT = 0.63 m 
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Fig.. 6.10. Comparison between the measured axial dispersion coefficient DaXi L (our data 
andd from the literature) and the predictions of the model given by Eq. (6.10). The VL(0) is 

predictedd using the Riquarts (1981) correlation. 
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6.55 Conclusions 

Thee main results presented in this chapter are: 
 The column diameter significantly influences the backmixing of the liquid phase. The 

axiall  dispersion coefficient of the liquid phase increases with the diameter of the reactor 
andd with superficial gas velocity, 

 The measurements on the axial dispersion coefficient in the liquid phase show that this 
parameterr can simply be predicted as being proportional to the product of the centre-line 
liquidd velocity, VL(0), and the column diameter, DT [Eq. (6.10)]. One should keep in mind 
thatt the centre-line liquid velocity is also a function of column diameter! As already 
concludedd in Chapter 5, the Riquarts (1981) correlation is considered to be suitable for 
estimationn of VL(0) and extrapolation to commercial scale reactors [Eq. (5.42)]. 

 We assume the liquid properties to have negligible influence on the liquid-phase axial 
dispersionn coefficient. This hypothesis is indirectly obtained from the virtually equal 
resultss obtained in Chapter 5 for the liquid velocity distributions studied in two liquids, 
waterr and Tellus oil, which differ in viscosity by a factor 75. 
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