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ChapterChapter  4 

GasGas hold  up 

Abstract t 

Thee knowledge of gas hold up, eG, is of considerable importance in the design and scale 
upp of bubble columns as it characterises the gas phase retention in the column. 

Inn order to investigate the combined effects of column diameter together with the 
coalescingg nature of the liquid phase, three liquid systems were considered, namely water, 
viscouss Tellus oil (viscosity 7/L= 0.075 Pa s; density pL=862kg/m3; surface tension 
a=0.028N/m)) and aqueous solutions of different concentrations of ethanol. The dynamic 
gass disengagement method is used to characterise the contribution of the various bubble 
classess to the overall gas hold up in low- and high-viscous liquids. Total and dilute phase hold 
upp tend to decrease with increasing column size both for low- and high-viscosity liquids. 
Increasingg the viscosity of the liquid results in a pronounced decrease in the total gas hold up. 
Thiss is caused by the fact that the dense phase in high-viscous liquids is reduced to a 
significantt extent. The corresponding influence on the large bubble hold up is, however, 
almostt negligible. 

Thee addition of alcohols to water drastically changes the coalescence behaviour of the 
system.. In pure, demineralised water, there is a high degree of bubble coalescence. This 
coalescencee tendency is significantly reduced by addition of minute quantities of ethanol. 
Withh alcohol addition the small bubble hold up is increased significantly; this is primarily to 
bee attributed to the delay in the transition from homogeneous to heterogeneous regime. 
Beyondd an alcohol concentration of about 1 vol% there is no further influence. 

Forr the churn-turbulent regime, the total gas hold up is linked with the rise velocity of the 
bubblee swarm using the model suggested by Krishna and Ellenberger (1996): 
££cc =eb+£

a^Al~(^G -^transV^bl- For estimation of the large bubble swarm velocity Vb, the 
modell  developed in Chapter 3 has been used. The model can describe well all systems 
analysed,, providing that the transition parameters are correctly determined. A simple model 
forr predicting e ,̂ accounting for liquid properties and column diameter, has been 

developed.. For the superficial gas velocity at regime transition the correlation of Reilly et al. 
(1994)) is found to be of adequate accuracy. 
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4.11 Introductio n 

Thee total gas hold up, also known as total gas voidage, is defined as the percentage by 
volumee of the gas present in the two or three phase mixture in the reactor. From this fractional 
volumee the residence time of each phase can be determined readily. Moreover, the gas hold 
upp in conjunction with the mean bubble diameter, allows the determination of interfacial area 
andd thus leads to the mass and heat transfer rates between the gas and the liquid phase. Since 
bubblee columns are preferred for slow gas-liquid reactions, the volume of liquid must be 
sufficient,, thus the gas content must not be too large. 

Thee fractional gas hold up in bubble columns has been extensively investigated during the 
pastt fifty years and more than 250 papers are available in the literature. Review papers try to 
gatherr systematically the correlations developed: Shah et al. (1982), Shah et al. (1985), 
Schumpee and Deckwer (1987), Deckwer (1992), Saxena (1995), Koide (1996) and Sarrafi et 
al.. (1999). Although individual investigators have been reasonably successful in correlating 
theirr own results, the variation in the predictions of the various correlations is quite 
considerable.. One reason for this wide spread in the correlations is the complex nature of the 
hydrodynamics.. An additional reason for this is the use of different experimental set-ups, with 
differentt column diameters, distributor design etc, which causes different hydrodynamic 
characteristics.. Many investigators have developed correlations using only one column 
configuration.. Since scale up is our major focus we have used a variety of columns in the 
studyy reported in this chapter, with column diameters ranging from 0.051 to 0.63 m. 
Furthermore,, the same experimental technique has been used to study the influence of column 
diameterr with a variety of systems. 

Thee hydrodynamic behaviour of bubble columns is strongly dependent on the flow regime. 
Commerciall  reactors are usually operated at high gas velocities, i.e. in the churn turbulent 
regime.. A brief description of the flow regimes encountered in bubble columns and of flow 
regimee transitions is presented further. 

FlowFlow regimes 

Thee two phase flow regime depends on the gas velocity, the sparger type, the column size 
andd the liquid composition. When a gaseous phase is introduced into a liquid, bubbles are 
generated.. Different regimes can be distinguished as the gas velocity is gradually increased. A 
qualitativee representation of the observed flow regimes for the experimented range of 
columnss and superficial gas velocities is shown in Fig. 4.1. 

Inn the homogeneous regime (bubbly flow regime) the bubbles are "small" and roughly 
uniformm in size and they travel upwards with littl e interaction with one other. In this regime 
thee total gas hold up shows a nearly linear relationship with the superficial gas velocity. The 
sizee of the bubbles detaching from the distributor (called also primary bubbles) depends on 
thee diameter of the holes as well as on the gas and liquid properties. Compared to individual 
orifices,, the bubble formation at sintered, porous plates and sieve (perforated) plates is 
affectedd by the neighbouring holes. This is the reason for characterising the first regime in 
termss of the secondary bubble size. This equilibrium size is reached with a few centimetres 
abovee the distributor. 

Forr low viscous liquids the size range of these bubbles is 2 - 6 mm. As long as the bubbles 
aree not interacting with each other, they can be considered as single individual bubbles. Hence 
thee velocity of the swarm of bubbles can be approximated with the rise velocity of a single, 
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isolatedd bubble (Vb°) with the average bubble diameter of the swarm. Chapter 2 of this thesis 
describess thoroughly the behaviour of a single gas bubble in liquids. For viscous Newtonian 
liquidss the coalescence processes result in large secondary bubbles (Klug and Vogelpohl, 
1986).. The dimensions of such bubbles wil l be mentioned later, for the systems studied. 
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Fig.. 4.1. Qualitative representation of the flow regimes encountered in our research. 

Withh a further increase in the gas velocity, there is an increase in the bubble population and 
att a certain gas velocity, £/trans, the first "large" bubble appears generated by coalescence of 
smalll  bubbles. The transition regime is characterised by random bubble clusters, the resulting 
vortical-spirall  flow and local liquid circulation. A complex description of the transition 
regimee is given by Chen et al. (1994). They used advanced experimental techniques, such as 
thee particle image velocimetry (PIV) to elucidate the macroscopic flow structure and the laser 
sheetingg technique to visualise the bubble flow. In our laboratory, it is also possible to 
visualisee the fast rising clusters of bubbles or coalesced bubbles moving upwards in a spiral 
mannerr with high velocities, since all used columns were transparent. Obviously, starting with 
thiss regime, bubbles are no longer uniform in size. The hold up "picture" in the transition 
regimee depends on the gas distributor. Figure 4.2 shows typical hold up behaviours in the 
transitionn regime, for differently designed distributors. 

Inn case a sintered plate or a perforated plate with small orifices is used, the gas content 
increasess linearly with the superficial gas velocity, £/G. As UQ increases the total gas hold up 
reachess a peak and then rises again even though not so steeply this time. When a sparger is 
usedd (Fig. 4.2), the gas content is lower and no peak value in the hold up curve can be 
observed.. Moreover, the slope of the £G - UQ curve changes continuously in the lower gas 
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ratee range, indicating a continuous increase of the large bubble component. Ohki and Inoue 
(1970),, Bhavaraju et al. (1978), Zahradnik et al. (1996), Sarrafi et al. (1999) studied the effect 
off  the distributor hole diameter on the gas hold up and flow regimes. 

o o 
to o 

sintered,, porous plate 
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0.11 0.2 0.3 

UUGG I [m/s] 
0.4 4 

Fig.. 4.2. Gas hold up in the transition regime for different distributors. 

Thee heterogeneous regime (or churn turbulent regime) is the most important for industrial 
operation.. The extensive work described in this thesis focuses mainly on the heterogeneous 
regime.. This regime is characterised by vigorous mixing and non-uniform bubble sizes. As 
thee bubble size varies, the bubble shape and the bubble rise velocity also change. Larger 
bubbless rise faster through the liquid in complex patterns entraining other bubbles and liquid 
inn their wake. A large amount of gas introduced in the column rises in the central core of the 
columnn as chains and clusters of large bubbles. Close to the walls, the liquid is flowing down 
thee sides towards the bottom, entraining at the same time a big part of the small bubbles. The 
gass hold up profile changes from a flat profile, characteristic for homogeneous regime, to a 
parabolicc one. In this flow regime, large interactions between the phases take place, due to the 
turbulentt nature of the mixing processes. 

Thee bubble column operating in the churn turbulent regime is modelled considering the 
extensionn of the two-phase model proposed by May (1959) and Van Deemter (1961) for gas 
solidd fluidised beds. This extension was first suggested by Krishna (1981). Developments of 
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thesee models can be found for instance in Krishna (1993), Ellenberger and Krishna (1994) and 
Dee Swart (1996). Essentially, the model identifies the two-phases as follows: 

 the "dilute phase" depicts the "large" bubble fraction; the dilute phase travels up the 
columnn virtually in plug flow; 

 the "dense phase" is represented by the "small" bubble fraction, together with the 
liquidd (and eventually the catalyst particles in suspension in the case of slurry reactors); for 
operationn in the heterogeneous flow regime, the small bubbles have the backmixing 
characteristicss of the liquid phase. In large diameter columns, the dense phase can be 
consideredd to be completely backmixed. 

Inn Fig. 4.3, the generalised two-phase model is schematically adjusted for G-L bubble 
columns.. The two-headed arrows represent the interphase mass transfer process. 

t t UUrr. . 

Fig.. 4.3. Extension of the two-phase model for gas-solid fluid beds to bubble columns 
operatingg in the heterogeneous regime (adapted from Krishna et al.,1993). 

Inn this way it is essential to perceive the gas phase as being divided in two classes of 
bubbles:: small and large bubbles. The superficial gas velocity UG is also divided in two parts: 
aa part of the gas rises through the column in the form of "small" bubbles (UóS) and the 
remainderr part in the form of'large' bubbles {UG - f/df). 

Forr completeness, two other flow regimes can be found, when the superficial gas velocity 
iss increased further. The slug regime is highly unstable and of an oscillatory nature. The gas 
phasee passes through the liquid in intermittent plugs while the liquid near the wall 
continuouslyy pulses up and down. This regime can be obtained in laboratory range columns, 
notnot larger than 0.25 m or in columns with a high aspect ratio, to allow very high gas velocities 
withoutt flooding of the column. The annular flow regime is encountered when the column 
diameterr is relatively small and the gas velocity reaches very high values. The liquid travels 
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partlyy as a annular film on the walls of the column and partly as small drops distributed in the 
gass (like a fine spray) which flows in the centre of the tube. Figure 4.5 represents 
schematicallyy the sequence of typical flow patterns observed in gas-liquid vertical contactors. 
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Fig.. 4.4. Gas hold up in the homogeneous and heterogeneous regimes. 
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Fig.. 4.5. Flow regimes encountered in bubble columns. 
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Thee limits of the transition region between the homogeneous bubbly flow and the churn 
turbulentt flow, as well as those between the churn turbulent and the slug regimes are 
dependingg simultaneously on the superficial gas velocity, column diameter, liquid and gas 
propertiess and distributor design. No accurate general model, including all these attributes is 
availablee at this moment in the literature for calculating the transition parameters. An 
approximatee dependency of flow regime on gas velocity and column diameter is illustrated in 
Fig.. 4.6 for low viscosity systems at atmospheric pressure. 
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Fig.. 4.6. Approximate dependency of flow regime on superficial gas velocity and column 
diameterr for water and dilute aqueous solutions (adapted from Shah et al., 1982). 

4.22 Literatur e survey on gas hold up 

Thee importance of the gas hold up in bubble columns, combined with the relative ease of 
experimentation,, has led to extensive scientific work on this subject. Consequently, a large 
amountt of correlations for gas hold up have been reported in the literature (see Table 4.1). 
Lamentably,, the large scatter in the predictions, especially for high superficial gas velocities, 
doess not allow any choice between them. A selection of the literature models is plotted in 
Figuress 4.7 and 4.8, revealing the magnitude of the discrepancies between them. This scatter 
iss due to the sensitivity of the gas hold up to the experimental system used. Own study on gas 
holdd up is therefore required. These data are also used for other variables in the next chapters, 
inn order to get consistent results. None of the available literature correlations could describe 
ourr experimental data satisfactorily, accounting for the influence of both liquid properties and 
columnn diameter. Most of the models do not include the influence of the column diameter 
(mostt correlations have been set-up on the basis of studies in only one column!). 
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Fig.. 4.7. Gas hold up data as a function of column diameter; experiments versus literature 
correlationss (selection from Table 4.1). The experimental data plotted in the graphs are 

ourr measurements, reported later in this chapter. 
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airr - water 
hh DT = 0.38 m 

Fig.. 4.8. Gas hold up data as a function of superficial gas velocity; experiments versus 
literaturee correlations (selection from Table 4.1). The experimental data are from our 

workk reported later in this chapter. 
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Tablee 4.1 

Literaturee correlations for predicting the total gas hold up 

Author r Totall  gas hold up 

Hughmark(1967) ) 
£r.£r.  = 

22 + 
0.35 5 -11 1 

1212 J. 
Akitaa and Yoshida 
(1973) ) 'G 'G ^DfoV 'V-n^ W W 

( l -^o)4 4 

U, U, 

MM  ^  J 
cc{{  = 0.2 for pure liquids and non-electrolyte aqueous solutions 

c,, - 0.25 for electrolyte aqueous solutions 

Hikitaa and Hikukawa 
(1973) ) er.. =0.5051/; 

JJ 0.072 Y'Yo.OOp 

 J {1L J 

Gestrichh and Rahse 

(1975) ) ££rr.. = 0.89 
u, u, JL JL 4 L L G_ _ K f tW7-0.05 5 

4,, = 0.003 m; K

Kumarr etal. (1976) 
ccc = 0.728x10't/c-0.485x10s(t/G J2+0.0975xl012(t/G) ï 

\ i/ 4 4 

WW00=u=uG G 
a&pg a&pg 

{{ * 

Mersmann(1978) ) (( rt2 V 

(i-^ r r 
== 0.141/, 

O-Apg g 

// 2 3 V'2V Y/7V V'3 

PL<* * 

JltJltAAPS PS 
EL EL 

ApJ J 

Bachh and Pilhofer 
(1978) ) ÊGG = 0 . 1 1 5^ * Ï 

1-e, , VVL8L8 PL-PG 

Riquartss and Pilhofer 
(1978) ) 

VLL *  PL ~ Pa 

££  = 0 . 1 l [ ^ - ^ 

(( 7 / 3 

if f ^-^0< i i 
VLL  S PL " Pc , 

J - £ GG V L 5 P L - P 

' " GG P, 

{VL8PI-PG {VL8PI-PG 
>1 1 

66 6 



ChapterChapter 4 GasGas hold up 

Author r Totall  gas hold up 

Hikitaetal.. (1980) 
£GG =0.672/ ^ L L 

ff «<„ V013 

PI? PI? 

ff  \O.062/- sO.107 

*7G G 

\Px.) \Px.) 

ƒƒ = 1 for pure liquids 

ƒƒ = lo0* 11" for electrolyte solutions, I < 1 kg-ion/m3 

ff =1.1 for electrolyte solutions, / > 1 kg-ion/m3 

10. . Godboleetal.. (1982) 

11. . Hammerr etal. (1984) 

12. . Koideetal.. (1984) 

13. . Smithh etal. (1984) 

14. . 

15. . 

16. . 

17. . 

18. . 

19. . 

Idogawaa etal. (1985) 

Reillyy etal. (1986) 

Kawasee and Moo-
Youngg (1987) 

Idogawaa etal. (1987) 

Schumpee and 
Deckwer(1987) ) 

Grund(1988) ) 

eeGG =0 .3 I9 t /£ '7V M 8 for viscous Newtonian liquids 

££cc = 0.239 C/Q634 DJS for pseudoplastic non-Newtonian solutions 

°° J [Pt** 3 J 

\-Q21\-Q21 s NO.I7 

^^ fPa^ 

o-e0r r 
== 0.277 f ^ L L rrnlsnls ^ 

A f ff J 
forr heterogeneous flow regime 

EnEn  = 
r n ^ n V ^^ ~Y°31 

2.255 + 1.16 6 0.3399 | pLG 

] - £ £ ^^ = 1.44[/°58pG
l2(o-xl03r i5etp(" /" tHr ') 

££QQ = 296 UlM pZnpV  ̂ +0-009 

£n=1.07n3 3 'VI'VI ^ 
[SD[SDT T 

- ^ -- = 2.35 U°c*  pc
17{\3.9aYm"> trr*i<r* ) 

£G=0.2 2 
// „ , V 0 13 

vv a J 

UUG G 

forr heterogeneous flow regime 

£,,=0.14 4 ^ L L 

\0.677 / A y O .M /  NO. 18  vO.38 

VL8 VL8 \£s. \£s. 
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20. . 

21. . 

22. . 

Author r 

Zehner(1989) ) 

Kawaseetal.. (1992) 

Westermeyer(1992) ) 

23. . 

Totall  gas hold up 

£r.£r.
UrJVr. UrJVr. 

1+4 4 
Ur Ur 

\2ii \2ii 

KK
VVGE; GE; 'CE'CE j 

l-el-er r 

==  0.0625 
(( W V» 

KKv,8j v,8j 

£r.£r. = 

(( 1 Y 7/3 \

0 .135 (1+0 .5^ )U%| - -̂- P*-

iff£L_PL_l<4 4 
V L « PL - PG ; ; 

l - £ £ 

Wilkinsonn (1992) 

if f 

G G [[ 44 Y nl 'S0 25 

-I3t__ I us—£k_ 
PLOTT j ^ v L g p L - p C ; >4 4 

^^VVLSLS P L - P G 

tftf hh = 0 for air/water, air/ethylenglycol, air/propylenglycol; 

tftf hh =0.91 for air/NaCl solutions 

a a 
validd for We > 0.004; We =  t / c Z > T pL 

£ GG - £smjül + £b ' £b ~ , , " " " ! ^ M K ~ ^„ . „ Kr transs trans small 

*„, ,, =e„»; e*™-O-Sexpf-TOp^irtV') 

"smal ll  *7 L == 2.25 
// 3„ V ^ Y \003 

£tf f V P G, , 

V ^ L - K m , ^ ^ 
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24. . 

25. . 

Author r 

Refflyetal.. (1994) 

Krishnaa and 
Ellenberger(1996) ) 

Totall  gas hold up 

£c00 - * G )= 2.84pG
w UG o-"0 '2 for bubbly flow regime 

£ G O ~£ G ) " 33 = B G G for churn-turbulent flow regime 
II  * J 

BB = 3.85 for air-water system 

eBM=0.59B,JJ J 

VV = » » 
" **  2.84 p™ 

0.96 6 
PoPo o-011 ; U =V e (ie ) 

vv ' "tra m ' iml l cim«V  ctmu / 

cr0,ï ï 

£ G = £ b + £ ( I f ( 1 - £ b ) ; £ d ff  =£ ,™ s 

£b== 0.268D ,1 8 ( [/ _ ^ ^ 2 ( t / G t / d f r WM-UM 

transitionn parameters calculated with the model of Reilly et al. (1994) 

4.33 Experimental 

Equipment Equipment 

Inn order to determine the gas hold up for both homogeneous and heterogeneous flow 
regimes,, all columns were equipped with pressure sensors. The measurements were 
performedd in seven different columns, increasing the inner diameter: 0.051, 0.1, 0.15, 0.174, 
0.19,0.388 and 0,63 m. Figure 4.9 shows a typical experimental set-up for the 0.19 m column. 

Alll  columns were equipped with gas distributors in the form of sintered or perforated 
plates.. Only the 0.63 m column was equipped with a spider shaped sparger (see Fig. 5.9). In 
Fig.. 4.10 the perforated plate distributor used for the 0.15 m is roughly sketched. 

Tablee 4.2 contains details about the perforated plate distributors used for the 0.051 and 
0.155 m columns. 

Tablee 4.2 
Hardwaree details for the perforated plate distributors 

Distributorr detail 

Numberr of holes 
Holee diameter 
Distancee between holes 
Brasss plate thickness 

Column n 

£>TT = 0.051 m 
72 2 

0.55 mm 
77 mm 
11 mm 

Column n 

£h£h = 0.15 m 

625 5 
0.55 mm 
77 mm 
11 mm 
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Fig.. 4.9. Experimental set-up for the 0.19 m column. 
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Fig.. 4.10. Perforated plate distributor for the 0.15 m column. 
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Gass was taken from the compressed air mains and introduced into the column from the 
base.. The volumetric flow-rate was determined by a row of several calibrated Brooks 
flowmeters. . 

Thee operating pressure was atmospheric for all the cases. All columns were equipped with 
quickk operation closing valves within the gas inlet pipe in order to perform dynamic gas 
disengagementt experiments. To minimise the effect of gas disengaging from the space in 
frontt of the gas distributor, the quick closing valves were positioned as near to the gas 
distributorr as possible. Pressure taps were installed along the height of the columns, allowing 
too choose the best position for the pressure sensor along the column, for each column and 
system.. For instance, for the specific case of experiments with ethanol solutions - water 
system,, as a result of the large values of the gas hold up and the substantial tendency of 
foaming,, the chosen height was lower than in the other cases. Table 4.3 gives the hardware 
detailss for each column used and the systems studied. 

Tablee 4.3 
Experimentall  details and systems studied 

Column n 
diameter r 
Dr/[m] ] 

Columnn „ .,, 
.. Buildup 

,. ,ff  1 material 
Distributorr type Systemm studied 

0.051 1 

0.10 0 

0.15 5 

0.174 4 

0.19 9 

0.38 8 

0.63 3 

4 4 

2 2 

4 4 

4 4 

4 4 

4 4 

4 4 

Glass s 

Polyacrylate e 

Polyacrylate e 

Polyacrylate e 

Polyacrylate e 

Polyacrylate e 

Polyacrylate e 

perforatedd plate 
(do(do - 0.5 mm) 

sinteredd bronze plate 
(meann pore size 50 fim) 

Perforatedd plate 
(d(d00 = 0.5 mm) 

sinteredd bronze plate 
(meann pore size 50 u,m) 
sinteredd bronze plate 

(meann pore size 50 u,m) 
sinteredd bronze plate 

(meann pore size 50 um) 
spiderr shaped sparger 

(dp(dp = 2.5 mm) 

airr - water 
airr - water + x % ethanol 

airr - water 
airr - Tellus oil 

airr - water 
airr - water + x % ethanol 

airr - water 

airr - water 
airr - Tellus oil 

airr - water 
airr - Tellus oil 

airr - water 

SystemsSystems studied 

Coalescencee of bubbles in gas-liquid dispersions will be inhibited, when the liquid phase is 
nott a pure component, but a mixture. The rate of coalescence has a significant influence on 
thee gas-liquid mass transfer, since it directly affects interfacial area. In many industrial 
processess taking place in bubble column reactors the liquid phase consists of a mixture of 
inorganicc or organic compounds, especially in the case of bubble column bioreactors where 
inorganicc salts, sugars and metabolic products such as alcohols and organic acids are present 
inn significant quantities. Addition of a surface active substance leads to inhibited bubble 
coalescencee and results in an increase in the bubble hold up. The analysis of such effects on 
thee gas hold up was carried out by performing air-water experiments with various 
concentrationss of ethanol. 

Inn addition to the air - water system, the present investigation includes also the hold up 
studyy of a system containing a highly viscous liquid: air - Tellus oil. This ensured the 
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investigationn for the effect of liquid properties on the gas hold up. Physical properties of the 
studiedd systems are given in Table 4.4. 

Tablee 4.4 
Physicall  properties of the phases (at atmospheric conditions) 

Phase e 

Water r 
Telluss oil 32, Shell 
Ethanol l 
Air r 

Density y 

PL/[kg/m 3] ] 

998 8 
862 2 
789 9 
1.29 9 

Physicall  property 
Dynamicc viscosity 

r?i./[Pa-s] ] 

0.001 1 
0.075 5 

0.0012 2 
0.000017 7 

Surfacee tension 

alal [N/m] 

0.07275 5 
0.028 8 
0.023 3 

--

ExperimentalExperimental procedure 

Thee dispersion height in the column can be monitored using pressure sensors connected to 
aa PC for continuous recording of the voltage signals (these are proportional to the hydrostatic 
head).. The output voltage coming from the pressure sensor is linearly dependent on the 
differentiall  pressure in the column, therefore on the increase in the liquid height generated by 
gass present in the column. The reference point recorded the initial liquid height by means of 
ann external tube connected to the column. The pressure sensor employed is a Validyne (DP 15 
transducer)) type and consists mainly of a membrane and conductors (see Fig. 4.11). Prior to 
measurementss the pressure sensor has been carefully calibrated for the membrane used. 

AP P 
membrane e 

$*t $*t 

too the calibration 
column n -**Ï W W 

£*0z z purge e 

r=C*t r=C*t 

4—=C>I<J=Ü Ü 

too the pressure tap 

. = f T ^ --

too the reference point 

too the calibration 
column n 

Fig.. 4.11. The pressure sensor. 
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Alll  experiments were carried at room temperature (circa 22 °C). Operating details for each 
studiedd system and different columns are presented in Table 4.5. 

Tablee 4.5 
Operatingg conditions for the experiments performed with each system 

Systemm studied 

airr - water 

airr - Tellus oil 

airr - water + x % 
ethanol l 

Column n 
diameter r 
D T / [m ] ] 

0.100 0 
0.174 4 
0.190 0 
0.380 0 
0.630 0 
0.100 0 
0.190 0 
0.380 0 
0.055 1 
0.150 0 

Totall  number of experiments: 

Totall  liquid 
height t 

HH00/[m] /[m] 
1.20 0 
2.20 0 
1.90 0 
1.95 5 
1.90 0 
1.20 0 
1.90 0 
1.91 1 
2.00 0 
1.58 8 

Pressure e 
sensorr height 

HHPSPS11 [m] 
1.05 5 
2.15 5 
1.75 5 
1.90 0 
1.82 2 
1.05 5 
1.75 5 
1.70 0 
1.21 1 
1.53 3 

Rangee of superficial 
gass velocity 
t /o/ [m/s] ] 

0.00077 - 0.33 
0.00088 - 0.35 
0.00066 - 0.36 
0.00244 - 0.36 
0.00800 - 0.32 
0.00033 - 0.20 
0.0010-0.60 0 
0.0003-0.61 1 
0.00700 - 0.33 
0.0010-0.50 0 

Number r 
of f 

experiments s 
69 9 
69 9 
78 8 
75 5 
89 9 
63 3 
85 5 
70 0 
299 9 
601 1 

1498 8 

DynamicDynamic gas disengagement experiments 

airr - water 
O r ** 0.15 m 
UUGG = 0.25 m/s 
HH00 = 1.58 m 

escapee of 
largee bubbles 

escapee of 
smalll bubbles 

t/[s] t/[s] 

Fig.. 4.12. Typical gas disengagement experiment showing dispersion height H vs time. 

Thee high sensitivity pressure sensors were used to provide information on the gas hold up, 
ass described by Daly et al. (1992). In the heterogeneous regime, the distinction between small 
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andd large bubble hold up was obtained by performing dynamic gas disengagement (DGD) 
experiments.. This technique is commonly used nowadays and was firstly presented by Sriram 
andd Mann (1977). The interpretation of the results is widely described in the literature 
(Vermeerr and Krishna, 1981; Schumpe and Grand, 1986; Daly et al., 1992; Shetty et al., 
1992;; Deshpande et al, 1995). A typical DGD curve, i.e. dispersion height versus time, is 
shownn in Fig. 4.12 for the air-water system in the 0.15 m column. 

Thee total gas hold up was determined from the steady state operation: 

"a "a 

Afterr the shut-off of the gas supply to the column, the initial, quick disengagement 
correspondss to the escape of the fast-rising bubbles. This fast-disengaging portions were used 
too determine the "large" bubble hold up (the hold up of the "large" bubble population): 

££>> =l=l -TT-TT (4.2) 
"d "d 

Whenn all the large bubbles have escaped, the curve becomes much less steep. Now the 
"small""  bubbles are escaping the column. The "small" bubble hold up will therefore be 
calculatedd as: 

£*=£G-££*=£G-£bb (4.3) 

Correctionss were applied to account for the disengagement of the small bubbles together 
withh the large ones during the initial step. Such corrections are described e.g. in Schumpe and 
Grundd (1986). As mentioned before, the generalisation of the two-phase theory is followed in 
thiss work. Accordingly, the "dilute" phase is identified with the large bubble population and 
thee "dense" phase with the liquid phase in which the "small" bubble population is entrained. 
Thee dilute phase hold up is thus £b and the dense phase hold up is defined as: 

e**  = 1 - ^ . = ^ ^ - (4.4) 
d'' //, l -£b

 K } 

Thee slope of the second portion of the disengagement represents the superficial gas 
velocityy through the dense phase, £/df. 

EvaluationEvaluation of transition parameters 

Noticingg that the gas-liquid circulation is behaving quite differently, according to the flow 
regime,, prediction of the transition parameters, specifically the superficial gas velocity (C/mns) 
att which the transition from homogeneous bubbly flow to churn turbulent regime occurs and 
thee corresponding gas hold up (f ^ ) is essential. The effect of operational and geometrical 
parameterss on the transition parameters is complex and so far no general accurate criterion for 
determiningg the transition point has been developed. Sarrafi et al. (1999) published a 
summaryy of literature studies on transition from homogeneous to heterogeneous regime. The 
transitionall  superficial gas velocity reported by various investigators is observed to be in the 
rangee 0.02 and 0.06 m/s for the air-water system. 

Followingg the analogous description of the hydrodynamics of gas-solid fluidised beds and 
bubblee columns (Krishna et al., 1993; Krishna and Ellenberger, 1995; Ellenberger, 1995) the 

74 4 



ChapterChapter 4 GasGas hold up 

transitionn parameters were derived briefly, analysing the experimental data through the 
Richardson-Zakii  (1954) -Wallis (1969) procedure. 

Thee süp velocity between the phases is defined: 

VV = 
"di p p 

£„+£c=ll  (4.5) 

Inn the homogeneous dispersed flow regime the expansion behaviour can be modelled using 
thee Richardson-Zaki relationship: 

VVi]ipi]ip =V=Vhh-e:--e:-ll=V~(l-eJ-=V~(l-eJ-11 (4.6) 

wheree Vb~ is the terminal rise velocity of a single bubble. The Richardson-Zaki exponent, n, 
empiricallyy accounts for the interaction between the phases. When there is no interaction 
betweenn the dispersed phase and the "particles" (in our case, the bubbles) the Richardson-Zaki 
indexx n = 1. It has to be mentioned that the Richardson-Zaki theory was originally developed 
forr gas-solid fluidised bed systems but it has also been applied for bubble columns (Krishna et 
al.,, 1993; Deckwer, 1992). The dispersed and the continuous phase should be firstly inverse 
identifiedd for the G-L system. For air-water system, operated at atmospheric pressure, values 
forr the Richardson-Zaki exponent n between 2 and 3 are usual (Krishna et al., 1993; 
Ellenberger,, 1995). Ellenberger (1995) proposed « = 2 for the G-L systems. Richardson and 
Zakii  (1954) suggested n = 2.39 for particle Reynolds numbers exceeding 500. 

Sincee Uc =0 for gas-liquid columns with no net liquid flow, Eq. (4.5) simply reduces to: 

KnKnPP=~=~  (4.7) 

Thee dispersed phase should be identified with the gas phase, hence Ui = UG and £d = eG. 
Combiningg Eqs. (4.6) and (4.7) one obtains: 

Vm=T-Vm=T-vv>~b-e*r>~b-e*r ii (4.8) 

wheree V*stjp now corresponds to the (absolute) rise velocity of the bubble swarm, Vtmm . In 

otherr words VlUp is the velocity of the bubble swarm in the zero volume flux frame and it is 

relatedd to the single, isolated bubble rise velocity Vb" as shown in Eq. (4.8), 

Somee typical experimental data Uc l£G versus (l - eG) for the homogeneous regime are 
shownn in Fig. 4.13 for the air - water + 0.03% (vol.) ethanol system. The Richardson-Zaki 
parameterss (Vb~ and n) can be easily obtained, with an acceptable accuracy, by fitting the 
experimentall  data with a power law function, y = axb. 

Thee transition point is further derived using the "drift flux" model of Wallis (1969). The 
Walliss drift flux is defined: 

KBP^CC =K*X  ^ „ - C Ö - f i J (4.9) 

Thee Wallis drift flux for the dispersed homogeneous flow can be calculated using the 
Richardson-Zakii  parameters derived from the same set of experimental data (Fig. 4.14). The 
Walliss drift flux defined above is a volumetric flow rate per unit column cross sectional area, 

75 5 



ChapterChapter 4 GasGas hold up 

thereforee it has the dimensions of a velocity. Further, for G-L bubble column, the Wallis drift 
fluxx is: 

% C d « e = ^ C c » ^ M d ) ) (4.10) ) 

airr / water + 0.03% (vol.) ethanol 
DDTT = 0.15 m 

T O . 2 5 5 

0.7 7 

powerr  law functio n 

-r--V b -(l-e d )»--

0.88 0.9 

e 0 - ( i - e d ) / [ - ] ] 

0.2 2 

<V* d d 

[m/s ] ] 

0.15 5 

0.1 1 

Fig.. 4.13. Experimental data in the homogeneous regime fitted with a power law 
functionn in order to estimate the Richardson-Zaki parameters, as shown by Eq. (4.8 

0.033 r 

0.022 -

V b -£ d£ c " " 

[m/s] ] 

0.011 -

VV = 0.22 m/s 
nn = 2.59 

0.44 0.6 0.8 1 

Fig.. 4.14. Wallis drift flux as a function of gas hold up. 

Forr the same system illustrated in Fig. 4.13, the evaluation of transition parameters, using 
thee Wallis plot, is shown in Fig. 4.15. In this case all experimental data UG - £c

 w e re used, 
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includingg those for the heterogeneous flow regime. At a certain gas hold up, corresponding to 
t̂ram'' t ne experimental data starts to deviate sharply from drift flux model for homogeneous 

bubblyy flow. The transition between the two regimes is read from the graph, as etnia , and the 
correspondingg superficial velocity at which this occurs is (/trans-

0.1 1 

vvbb-e-eddeecc" " 

[m/s] ] 
0.055 -

transition n 
point t 

== 0.185 
== 0.03 m/s 

airr / water + 0.03% (vol.) ethanol 
Drr = 0.15m 

Fig.. 4.15. Graphical evaluation of £a$ns by plotting the experimental data in 
thee Wallis drift flux plot. 

4.44 Results and discussion 

ModelModel for the gas hold up 

Onn the basis of the experiments carried out (see Table 4.5), it was noted that the total gas 
holdd up (£G) and the large bubble hold up (£b) are dependent on the column diameter and on 
thee liquid properties. Although the literature in this field contains a wide range of models, 
nonee of them can fully describe our experimental data, accounting both for liquid properties 
andd for the column diameter influence. Furthermore, only a few of the developed correlations 
accountt for the column diameter influence. 

Thee model developed in the previous chapter for the "large" bubble swarm velocity (Vb) 
allowss direct estimation of the large bubble gas hold up, using the following equation: 

l / n j ^  ̂ (4.11) £„„  = 

Thee total gas hold up in the churn turbulent regime, for UG > (/traas, was suggested by 
Krishnaa and Ellenberger (1996), assuming the constancy of the dense phase voidage: 

£G= eb+ edf ( 1- £b)) (4.12) 
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Thee value of the constant dense phase hold up can be taken to be equal to the gas voidage 
att the transition point, for estimation purposes (according to Krishna and Ellenberger, 1996): 

* * "«« «« (4.13) 

Thee influence of the column diameter is reflected in the scale factor (SF) present in the 
modell  describing the rise velocity of the bubble swarm. The acceleration factor (AF) and the 
averagee large bubble diameter (4) account for the influence of the liquid properties (see 
Chapterr 3). 

Itt remains to verify this model by applying it to all systems experimented. 

InfluenceInfluence of the column diameter on the gas hold up 

Forr the same superficial gas velocity, a larger column diameter, DT, results in a lower total 
gass hold up, £G , both for low-viscosity and high-viscosity liquids. The influence of the scale 
onn the total gas hold up for varying superficial gas velocity in the churn turbulent regime is 
shownn in Fig. 4.16 for the 0.1 and the 0.38 m columns and air-water system. 

0.35 5 

[-] [-] 

0 «« - 1 ' 1 1 
00 UG /[m/s] 4 

Fig.. 4.16. Total gas hold up dependence on scale, for the air-water system. 

Itt has to be mentioned that the model described above is valid for the heterogeneous 
regimee and is not able to describe the transition regime. The "window" of the transition 
regimee depends on the distributor design, as discussed earlier in this chapter in the 
introductoryy remarks. In industrial practice it is better to stay away from the transition regime 
andd we have therefore not tried to describe this regime with a model. We focus on the churn-
turbulentt flow regime. A close-up of this churn turbulent regime can be better seen in Fig. 
4.17,, where the data from the 0.19 m column is also added. All three columns were fitted with 
identicall  bronze sintered plate gas distributors. 

AA DT = 0.10 m 
oo DT = 0.38 m 

A A 
y ^ ^ B B 

system: : 
air-water r 
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0.35 5 

0.3 3 

0.25 5 

0.22 -

AA ^ = 0.10 m 
DD DT = 0.19m 
OO DT = 0.38 m 
—— this model 

0.2 2 0.22 2 0.244 0.26 

UUGGII [m/s] 

0.28 8 

Fig.. 4.17. Detailed diagram representing the total gas hold up in the churn turbulent 
regime,, for air-water system in three different columns (model predictions versus 

experimentall  data). 

0.35 5 

0.3 3 

0.25 5 

0.2 2 

0.15 5 

0.11 -

AA DT = 0.10 m 
DD DT = 0.15 m 
OO DT = 0.38 m 
—— this model 

0.155 0.25 0.35 

(^G-Mrans)/ [m/s] ] 

0.45 5 

Fig.. 4.18. Influence of scale on the large bubble hold up for the air-water system. 

Whenn comparing the large bubble hold up for different column diameters, the same effect 
wass found, that is dilute phase hold up tend to decrease with increasing column diameter. In 
Fig.. 4.18 the influence of scale on large bubble hold up is shown, the middle column being 
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noww replaced with the 0.15 m column, for variation. This result is not surprising since the 
densee phase hold up was found not to vary increasing the superficial gas velocity. Analysis of 
thee results regarding the dense phase hold up will be presented later in this chapter. 

Thee experimental campaign carried out in this thesis covered DGD experiments for the air-
waterr system in the 0.05 and the 0.15 m column only. The reason for this was that the other 
columnss were earlier experimented by the group (Ellenberger, 1995; De Swart, 1996), using 
exactlyy the same columns and distributors. In this case, the procedure for calculating the 
dilutee phase hold up for the above mentioned columns was based on Eqs. (4.4) and (4.13). 
T n ee £uam w as determined experimentally using the Richardson-Zaki-Wallis procedure 
describedd previously. The dilute phase hold up values calculated in this way display an almost 
perfectt match with the results from the earlier studies of the group (Krishna and Ellenberger, 
1996). . 

Too study the effect of column diameter on the gas hold up in highly viscous liquids, 
experimentss with air - Tellus oil system were performed in columns of different sizes: 0.1, 
0.199 and 0.38 m diameter. The columns used were practically the same as for the air-water 
systemm experiments, including the distributors. Disengagement experiments were performed 
inn order to get information about the dilute phase hold up. The significant influence of the 
columnn diameter on the hold up of the large bubbles is illustrated in Fig. 4.19. The model can 
bee successfully used for this system also. This fact confirms once again the validity of the 
calculationn procedure and our model equations presented in Chapter 3, for the average large 
bubblee diameter (db) and the acceleration factor (AF). 

0.055  > 1 1 1 1 1 i i 
0.055 0.2 0.35 0.5 

(UG-Utrans)/[m/s] ] 

Fig.. 4.19. Comparison of the predictions of the large gas hold up using the model 
developedd in Chapter 3 with the experimental data from the current chapter. 

Thee significant influence of the column diameter on the large bubble hold up is evident, 
emphasisingg the importance of taking scale effects into account when estimating the 
hydrodynamicc parameters in churn turbulent operation. 
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InfluenceInfluence of the liquid properties on the gas hold up 

Thee experimental data obtained using the dramatically different systems: air-water and air-
Telluss oil (see Table 4.4 for physical properties) show that increasing the viscosity of the 
liquidd results in a pronounced decrease in the total gas hold up (Fig. 4.20). The corresponding 
influencee on the large bubble hold up is, however, almost insignificant (Fig. 4.21). 

DD air-Tellus oil 

Fig.. 4.20. Experimental results showing the influence of liquid properties on total gas 
holdd up for different scales. 

Earlierr studies conducted by Krishna and Ellenberger (1996) and Grund et al. (1992) 
concludedd that the large bubble hold up is independent of liquid phase properties. Our 
findingss show a close resemblance with their results. The small dependence found in our case 
cann be explained by the very high viscosity of the liquid experimented (rjL = 0.075 Pa s). 

Thee differences observed in the total hold ups of the two liquids were caused by different 
holdd ups of small bubbles. Some attention will be paid later on in order to analyse these 
completelyy different pictures regarding the dense phase in these two systems. 
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OJ J 

CO O 

OJ J 

0.3 3 

0.2 2 

0.11 L 

0.30.3 r 

0.2 2 

0.11 L 

0.33 r 

0.2 2 

0.11 -

VV air-water 
DD air-Tellus oil 

—— this model 

DjDj = 0.38 m 

DTT = 0.19 m 

DTT = 0.10 m 

0.155 0.25 0.35 
(U(UGG-U-U[rans[rans)/[m/s) )/[m/s) 

Fig.. 4.21. Large bubble hold up in 0.10, 0.19 and 0.38 m diameter columns for various 
liquids:: water and Tellus oil. 

DenseDense phase gas hold up 

Thee dense phase gas voidage suffers a significant decrease for the air - Tellus oil system. 
Thiss is caused by the fact that the so-called "small" bubbles are almost not existent in highly-
viscouss liquids. 

Thee column filled with the Tellus viscous oil, before gas injection, looks like a golden 
transparentt liquid, a bit darker than sunflower oil. When a very small amount of gas is 
introducedd into the column, small bubbles begin to appear. In comparison with the 
visualisationn in air-water system, these small bubbles are much bigger and not uniformly 
distributed.. This is the reason that the homogeneous regime is almost absent for viscous 
liquids,, as the newly formed small-intermediate bubbles begin immediately to coalesce. In 
thiss case the bubble size distribution is much wider. If the superficial gas velocity is held at 
thiss point for a short time, the overall picture remains the same, but the liquid becomes turbid, 
duee to the formation of finely dispersed fine bubbles (also called "micro" bubbles or "minute" 
bubbles). . 
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2 rr x 

1.77 -

airr - Tellus oil 
DTT = 0.38 m 
UUGG = 0.25 m/s 

1.955 -
" 1 1 

escapee of small bubbles 

escapee of micro bubbles 

slopee = Ud 

gass shut-off 

ii  1 1 1 1 i I i 

-155 0 ,, , 15 
f/[8] ] 

Fig.. 4.22. Bed collapse experiment for the air-Tellus oil system. 

homogeneous s 
regime e 

transition n 
regime e 

heterogeneous s 
regime e 

system: : 
airr - water 

DTT = 0.15 m 

lD
D D D nn total gas hold up 

99  large bubble hold up 

S * 1 ! ^^ A A A ^ A A A A A A dense phase hold up 

00 0.1 0.2 0.3 0.4 0.5 

I VV  [m/s] 

Fig.. 4.23. Total gas hold up, large bubble hold up and dense phase hold up from DGD 
experimentss for the 0.15 m bubble column with water as the liquid phase. 
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Thesee very small bubbles were also encountered by other authors in their highly viscous 
experimentedd systems (Franz et al., 1980; Godbole et al., 1982; Wilkinson, 1991; Ellenberger 
andd Krishna, 1994). They are typically smaller than 1 mm in diameter. The residence time for 
thee "micro" bubbles is so large, that for practical purposes they could be considered to be 
stationary.. In this case, the "small" and "micro" bubbles are lumped together into the "dense" 
phasee population. 

AA typical bed collapse experiment for air-Tellus oil system is shown in Fig. 4.22; there, the 
presencee of micro bubbles can also be distinguished (see for comparison Fig. 4.12 for the air-
waterr system). 

homogeneous s 
regimee heterogeneous 

>vv regime 
0.33 A

HH o.i -

A A A A A A A A A A A A 

A A A A A AA A A 

DDTT = 0.10 m DD total gas hold up 
 large bubble hold up 

AA dense phase hold up 

system: : 
air-Telluss oil 
(porouss plate distributor) 

0.22 0.4 
UUGG I [m/s] 

0.6 6 

Fig.. 4.24. Total gas hold up, large bubble hold up and dense phase hold up from DGD 
experimentss for the 0.10, 0.19 and 0.38 m bubble columns with Tellus oil as the liquid 

phase. . 
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Fromm the performed dynamic gas disengagement (DGD) experiments, the existence of two 
bubblee sizes was observed and quantified. The comparison between low- and high-viscous 
liquidss can be very well perceived through Fig. 4.23 and Fig. 4.24. Since the large bubble 
holdd up has similar values for the two systems, the big difference in the dense phase voidage 
iss also determining the strong difference in the total gas hold up. 

Forr the air - Tellus oil system, no maximum in the total gas voidage was observed. This 
factt also added to the difficulty to determine the upper border of the transition regime (to the 
heterogeneouss regime), if there is one! 

Thee analysis of all dynamic gas disengagement experiments performed leads to the 
conclusionn that the dense phase hold up can be considered to remain constant with increasing 
superficiall  gas velocity in the churn turbulent regime. This assumption can be used for 
practicall  design purposes. 

TransitionTransition parameters 

Ass long as the accuracy of the predictions for the fundamental properties of the system is 
ensuredd (specifically the flow regime and transitional superficial gas velocity between 
homogeneouss and heterogeneous regimes) successful design and operation of gas-liquid 
bubblee columns is achievable. The effect of various operational and geometrical parameters 
onn the transition parameters makes it very difficult to develop general criterion. Very little 
informationn could be found in the literature about the prediction of the transition superficial 
gass velocity, (/trans, and the corresponding gas hold up, Etmx- The recent paper of Sarrafi et al. 
(1999)) gives a summary of the reported studies in this area. However, it is difficult to use any 
off  the models developed so far, since they are "tuned" for specific column designs. For 
example,, all models containing the orifice diameter of the distributor can not be applied in the 
casee of sintered, porous plates. 

Thee transition parameters obtained using Richardson-Zaki-Wallis method together with the 
Richardson-Zakii  parameters for the air-water system are presented in Table 4.6. 

Tablee 4.6 
Richardson-Zakii  and transition parameters for the air-water system 

Column n 
diameter r 

DTT / [m] 
0.051 1 
0.10 0 
0.15 5 
0.174 4 
0.19 9 
0.38 8 
0.63 3 

Terminall  rise velocity of a 
singlee bubble (Richardson-

Zakii  parameter) 

Vb"// [m/s] 
0.235 5 
0.241 1 
0.264 4 
0.305 5 
0.270 0 
0.385 5 
0.332 2 

Richardson-Zaki i 
exponent t 

n/H H 
2.54 4 
1.48 8 
3.19 9 
2.15 5 
2.51 1 
2.63 3 
2.01 1 

Superficiall  gas 
velocityy at 

transitionn point 

U^JU^J [nVs] 
0.019 9 
0.033 3 
0.027 7 
0.023 3 
0.034 4 
0.048 8 
0.036 6 

Gass hold up at 
transitionn point 

£«*,/[- ] ] 
0.098 8 
0.131 1 
0.128 8 
0.081 1 
0.148 8 
0.137 7 
0.098 8 

Forr the air-Tellus oil system, the early transition to the heterogeneous regime makes it 
impossiblee to measure enough points in the homogeneous part, in order to apply the 
Richardson-Zakii  calculations. Hence, the broad investigations through DGD experiments 
madee it possible to determine them directly from experiments. Based on the assumption 
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££didi = £t^ m e dense phase gas hold up values were averaged and the corresponding 
superficiall  gas velocity was considered as £7^. The values obtained following this procedure 
aree given in Table 4.7. 

Tablee 4.7 
Transitionn parameters for the air-Tellus oil system 

Columnn diameter Superficial gas velocity at Gas hold up at transition 
transitionn point point 

0.100 0.001 0.005 
0.199 0.006 0.014 
0.388 0.0065 0.018 

Theree are two important correlations for estimating the gas hold up at the transition point, 
andd the corresponding superficial gas velocity; these correlations are developed by Wilkinson 
(1992)) and Reilly et al. (1994) and they were summarised in Table 4.1. Both of these 
correlationss indicate the dependence of the regime transition parameters on the gas density. 

Usingg the physical properties for both systems, as given in Table 4.4, the transition 
parameterss were estimated using their models. The predicted values are plotted with the 
experimentall  values, obtained for the involved range of columns together (see Figures 4.25 
andd 4.26). Also data from earlier studies in the same columns are used for comparison 
(Krishnaa and Ellenberger, 1996). The only column ignored in this case was the 0.63 m one, 
sincee the distributor was not good enough for a uniform bubbly flow, therefore the estimation 
off  the transition parameters could not be considered accurate enough. 

Thee correlation developed by Reilly et al. (1994) does not account for the liquid viscosity, 
whichh in our case is essential. For the air-Tellus oil system the Reilly correlation considerably 
over-predictss the values for e ^ . Although the model describes reasonably well the gas hold 
upp at transition point for the air-water system, the fact that the model does not include the 
columnn diameter influence leads to over-predicted values in the range of small columns. An 
inversee situation is given by using the model of Wilkinson et al. (1992). For the air-water 
systemm the correlation significantly under-predicts the gas hold up at the transition point, fact 
alsoo encountered by Ellenberger (1995). With Tellus oil as the liquid phase, the determined 
valuess for e ,̂  are in the all three columns higher than the near-zero value predicted by the 
Wilkinsonn correlation. 

Sincee none of the models can satisfy the data for both systems, an empricial model for the 
transitionn parameters was developed and is now presented. Using the dimensionless analysis, 
thee hold up at the transition point was correlated: 

(( f T, \ \ 
== 0.012/fc£4We-02 

1-exp p - 0 . 0 4^ ^ 

VV  d»JJ 
(4.14) ) 

Inn obtaining the fits, only own experimental data were used. The four fit  parameters in Eq. 
(4.14)) were determined by multiple regression solver routine of Microsoft Excel 97 in which 
thee mean-square deviation between experiments and model equations were minimised. 
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Fig.. 4.25. Comparison between predicted values using existent correlations and 
experimentss for the gas hold up at the transition point (air - water system). 
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Fig.. 4.26. Comparison between predicted values using existent correlations and 
experimentss for the gas hold up at the transition point (air - Tellus oil system). 

Thee model presented by Eq. (4.14) takes into account the influence of liquid properties and 
columnn diameter. The model does not account for gas density and system pressure since these 
variabless were not experimented in this work. For developing the model the size of the swarm 
off  small bubbles was first approximated. This size was taken db = 4 mm for the air-water 
systemm and db = 12 mm for the air-Tellus oil system. The average value assumed for water 
systemss was also chosen by other authors (Krishna et al., 1999b; Sarrafi et al., 1999; Lage and 
Espósito,, 1999). Regarding high viscous systems less literature is available. The reported 
studyy of Klug and Vogelpohl (1986) includes secondary bubble sizes for high viscous 
Newtoniann liquids (aqueous glycerol solutions of maximum viscosity of r/L = 0.026 Pa s). The 
secondaryy bubbles, resulted by coalescence processes (bubble formation at orifices, which is 
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affectedd by the neighbouring holes) were determined by high-speed photography. The bubble 
sizess reached 8.5 mm for the highest viscosity experimented. The fact that larger small 
bubbless are expected to be present in highly viscous systems is also confirmed visually. The 
risee velocity of the small single bubble, Vb°, was calculated using Eq. (2.4), as presented in 

Chapterr 2 of this thesis. This is the Mendelson (1967) relation, corrected for the column 
diameterr influence. 

AA experimental data from literature 

OO experimental data from this work 

—— Eq. (4.14) 

system: : 
air-water r 

system: : 
air-viscouss Tellus oil 

Fig.. 4.27. Transition gas hold up as a function of the column diameter. Comparison of the 
valuess predicted using Eq. (4.14) and experimentally determined values (from this work 

andd from literature; see Table 4.8). 

Tablee 4.8 

Reportedd literature values on transition gas hold up used in Fig. 4.27 used to verify the developed 
model l 

Literaturee source 

Ellenberger(1995) ) 
Yamashitaa and Inoue (1975) 
Jamialahmadii  and Miiller-Steinhagen (1992) 
Yingetal.. (1980) 
Freedmann and Davidson (1969) 
Sarrafietal.. (1999) 
Ellenberger(1995) ) 
Hyndmanetal.. (1997) 
Deckwer(1974) ) 
Ellenberger(1995) ) 
Ellenberger(1995) ) 

Columnn diameter 

Dj/m Dj/m 

0.051 1 
0.102 2 
0.105 5 
0.127 7 
0.152 2 
0.155 5 
0.19 9 
0.2 2 
0.2 2 

0.38 8 
0.63 3 

Gass hold up at transition point 

CC i rans' l~J 

0.12 2 
0.11 1 
0.13 3 
0.1 1 

0.15 5 
0.12 2 
0.14 4 

0.137 7 
0.11 1 
0.14 4 
0.125 5 
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Thee results of the model are shown in Fig. 4.27. Also experimental data found in literature 
(Tablee 4.8), for the air-water system, were used for comparison. 

Thee model predicts a steep increase in the range of small columns. Starting with diameters 
off  0.3 m, the gas hold up at the transition point levels off and seems to reach an almost 
"plateauu region" at the value of 0.16. When more viscous systems are used, the value of the 
transitionn hold up drastically decreases; also the variation with the diameter is less 
pronounced.. For such systems the homogeneous region can even be considered to be non-
existent!!  The correlation obtained by Reilly et al. (1994), presented in the Eq. (4.16) can be 
usedd further to calculate the transition gas velocity, Uams-

InfluenceInfluence of surface-active agents on the gas hold up 

Experimentss have been carried out with solutions of water with different concentrations of 
ethanoll  (Table 4.9). For all concentrations of the aqueous solutions studied total gas hold up 
dataa were determined as a function of superficial gas velocity under the homogeneous and 
heterogeneouss bubbling conditions. The gas hold up was measured using the hydrostatic head 
techniquee described in the beginning of this chapter. In all the cases analysed also 
disengagementt experiments were performed. 

2.5 5 

_H_ _H_ 
[ml l 

22 -

1.55 -

air r 
DDT T 

u« u« 
"o o 

0.5%% (vol.) 
== 0.15 m 
== 0.25 m/s 
== 1.58 m 

solution n ethanol l 

escapee of 
largee bubbles 

escapee of 
smalll bubbles 

t/[s] t/[s] 

Fig.. 4.28. Bed collapse experiment for the 0.5 % (vol.) ethanol solution. 

Thee gas hold up behaviour in the presence of alcohols has been studied by some 
researcherss (e. g. Schugerl et al., 1977; Keitel and Onken, 1982; Kelkar et al., 1983; 
Jamialahmadii  and Müller-Steinhagen, 1992; Muller and Davidson, 1992; Muller and 
Davidson,, 1995; Zahradnik et al., 1999). The only significant property which differs 
significantlyy between water and aqueous solutions of short chain alcohols is surface tension 
andd hence alcohols can be considered as surfactants. The presence of alcohols induces a non-
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coalescingg tendency in two phase flow. The same effect can also be obtained using aqueous 
electrolytee solutions (such as inorganic salts). Studies in this field were accomplished by 
Marruccii  and Nicodemo (1967), Zieminski and Whitemore (1971), Prince and Blanch 
(1990a),, Zahradnik et al. (1995). Using alcohols as solutes the surface tension is less than 
waterr and using electrolytes the surface tension becomes greater than the one of water. 

Inn good agreement with the findings of earlier researchers, our experiments showed that 
thee addition of very small amounts of alcohols generates a considerable increase in the total 
gass voidage. This is due to the increase in voidage of the so-called "small bubble population" 
andd also to the decrease in the large bubble population. A typical bed collapse experiment for 
thee system air - 0.5 % (vol.) ethanol solution (Fig. 4.28) clearly demonstrates that the amount 
off  the dense phase is considerably changed. It is interesting to compare this bed collapse 
experimentt with Fig. 4.22 (air/viscous oil system: the small bubbles were almost not existent) 
andd Fig. 4.12 (air/water system: a much lower amount of small bubbles can be seen). In all the 
threee figures, the superficial gas velocity was chosen to be the same, namely 0.25 m/s. 

Thee prediction of the respective contribution of different bubble sizes in gas hold up 
throughh the DGD experiments can be easily distinguished through Fig. 4.29. In this graph, the 
resultss for the same 0.5 (% vol.) ethanol solution were plotted, for the whole range of 
superficiall  gas velocities experimented. 

homogeneous s 
regime e 

system: : 
airr - water + 0.5% (vol.) ethanol 

0.4 4 

0.2 2 

transitionn heterogeneous 
regimee ; regime 

DTT = 0.15m 

pn/rVii ni total gas hold up 

AA A AAvfcA^AA^a dense phase hold up 

* 
// large bubble hold up 

X X 
0.22 0.3 

UUGGII [m/s] 

0.4 4 0.5 5 

Fig.. 4.29. Total gas hold up, large bubble hold up and dense phase hold up from DGD 
experimentss for the 0.15 m column with 0.5 % (vol.) ethanol solution as liquid phase. 

Oncee again, the comparison between Fig. 4.29 and the Figures 4.23 and 4.24 show us the 
mainn difference in the constituent and the total gas hold up, between all systems analysed. The 
fractionall  bubble population, after comparing all the three different systems analysed in this 
workk can be schematically drawn in Fig. 4.30. 
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(ed(( = 0.02) 
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referencee amount; 
ebb = 0.05 to 0.2 

smalll amount; 
(ebb = 0.05 to 0.1) 

Fig.. 4.30. Schematic representation of the fractional bubble population in the churn-
turbulentt regime (UG not exceeding 0.35 m/s) for the three different systems: air-Tellus 

oil;; air-water and air-alcohol solutions; the air-water system is considered as a reference; 
thee fractional hold up values are approximate for the range of columns and superficial gas 

velocitiess experimented. 

gas s 
bubble e 

AG G 

Representation: : 

surfacee active agent 
(polarr molecule) 

O O 
66 + 5--
C 2H 55 - OH 

hydrophobicc hydrophilic 
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gradients s 

Fig.. 4.31. Rigid interface (bubble) caused by surface impurities (surfactants); schematic 
drawingg adapted from Wesselingh and Bollen, 1999. 
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modell this thesis 

0.455 r 

0.35 5 

0.25 5 

transitionn from 
homogeneouss to 0.15 
heterogeneous s 
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Fig.. 4.32. Total hold up for different concentrations of ethanol in solution; detail: 
comparisonn in the churn turbulent regime between experiments and the developed model 

forr predicting total gas hold up [Eqs. (4.11) and (4.12)]. 

Thee decrease in surface tension in the presence of surfactant agents is not sufficient to 
explainn the observed phenomena. The mechanism of the coalescence-preventing action of the 
alcoholss was discussed and explained in detail by some authors. The alcohols, when dissolved 
inn water, are strongly adsorbed at the interface. They behave as hydrophobic materials and 
tendd to be rejected from the bulk of the solution to the interface. They accumulate around the 
bubbless forming a "protective" monolayer, and consequently the coalescence between the 
bubbless will be hindered. This tendency for accumulation at the interface increases as the 
carbonn chain length increases and the polarity of the solute decreases (Jamialahmadi and 
Miiller-Steinhagen,, 1992). When a bubble moves through a liquid, adsorbed surface active 

92 2 



ChapterChapter 4 GasGas hold up 

materiall  is pushed to the back of the bubble. This causes a surface tension gradient which 
opposess the tangential shear stress. This phenomenon increases the drag on the bubble and 
consequentlyy the rise velocity is reduced (Clift et al., 1978). Figure 4.31 represents 
suggestivelyy how the small bubbles can behave as rigid spheres, a phenomenon caused by the 
presencee of impurities at their interface. 

Somee authors (Leval and Newman, 1976; Keitel and Onken, 1982; Machon et al., 1997) 
investigatedd also the effect of alcohol on bubble size and terminal rise velocity. Reported 
studiess assert a decrease in average bubble diameter with increasing concentration of alcohol. 
Thiss fact causes also a decrease in rise velocity of the bubbles. As a simple consequence of all 
thesee phenomena, the total gas hold up wil l be drastically changed. To illustrate this we 
performedd air-water experiments with varying concentration of ethanol. The results are shown 
inn Fig. 4.32. 

Thee results of the gas hold up indicate a significant increase of bubble bed voidage with 
increasingg the alcohol concentration. However, it has to be noted that the total increase of the 
gass hold up is not linear with the concentration increase; the voidage increases significantly 
evenn with minute amounts of alcohol. 

Thee same model developed for the total gas hold up in pure systems was also applied in 
thiss case. In the range of the churn turbulent regime, the model described shows a surprisingly 
goodd agreement with the experimental results, after the transition parameters were 
determined. . 

Analysiss of the dense phase population in all systems experimented, through DGD 
experimentss (Fig. 4.33), lead us to the following conclusions: when a very viscous liquid is 
usedd as liquid phase, only a tiny amount of "small bubbles" can be distinguished in the 
dispersion.. Quite a reverse behaviour is obtained when surfactants are present in the reactor. 
Thee dense phase voidage increases dramatically, within a narrow small-concentration range, 
andd this increase is proportional with the surfactant concentration. Also, the dense phase can 
bee considered to not vary with the superficial gas velocity, for all systems. 

0.4 4 

0.3 3 

0.2 2 

(JJU^^MM^)(JJU^^MM^)<<^~^~ 0-5% (vol-) solution ethanol 

EE El 

> > 

0.2%% (vol.) solution ethanol 

0 .1%% (vol.) solution ethanol 

11 _4&#& / ^ ) ^ A A A A A Z i A A A A < — demineralised water 
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Fig.. 4.33. Average of the dense phase in all systems experimented (data from DGD 
experiments). . 
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Inn alcohol solutions, by suppressing the coalescence tendency of small bubbles, the 
transitionn from homogeneous to heterogeneous regime is delayed. The transition parameters 
obtainedd using Richardson-Zaki-Wallis method together with the Richardson-Zaki parameters 
forr all the aqueous solutions tested are presented in Table 4.9. 

Sincee the Richardson-Zaki theory was developed for gas-solid systems, it is remarkable 
thatt the two parameters used, n and V~ are in the expected range. A detailed analysis of these 
parameterss was made by Krishna et al. (1994). It can be proposed for simplification to use a 
constantt value of n = 2. In this way, on the basis of the insight obtained in this work, we 
suggestt that in the homogeneous flow regime the gas hold up must be correlated in the form: 

£GG = 7 ^ - ; Kwam =V b" ( l -£ Gr ' =Vb-(l-£G); £ /<< /_ (4.15) 

Thee second relation is analogous to Eqs. (4.6) and (4.8). In the subsequent analysis, a 
approximatee value V„" = 0.25 m/s is assumed for the air-water system. Note that this value is 
veryy close to the one obtained from the Wilkinson et al. (1992) correlation for the small single 
bubblee rise velocity (e.g. 0.256 m/s). The same value, V" = 0.25 m/s, was also assumed for 
simplificationn by Krishna et aL (1994), on the basis of analysis of an comprehensive 
experimentallyy work. For the homogeneous flow regime the hold up was also modelled and it 
iss presented in Fig. 4.34. For the system with alcohol solution, data was well described using 
aa value V~= 0.21 m/s. This value is reasonable since the rise velocity of the small bubbles 
wil ll  be reduced in such systems containing surfactants. This is due to the fact that the small 
bubbless are in big amounts and they may hinder each other. 

Tablee 4.9 
Richardson-Zakii  and transition parameters for the air - ethanol solution systems 

Column n 
diameter r 

Z>r/[m] ] 

0.051 1 

0.150 0 

Ethanol l 
concentration n 

[%% vol.] 

0 0 
0.1 1 
0.2 2 
0.2 2 
0.5 5 
0.5 5 
1.3 3 
1.3 3 
0 0 

0.003 3 
0.02 2 
0.03 3 
0.1 1 
0.2 2 
0.5 5 

Terminall  rise velocity of a 
singlee bubble (Richardson-

Zakii  parameter) 

Vb*77 [m/s] 

0.235 5 
0.255 5 
0.253 3 
0.247 7 
0.221 1 
0.247 7 
0.224 4 
0.209 9 
0.264 4 
0.241 1 
0.225 5 
0.220 0 
0.247 7 
0.236 6 
0.226 6 

Richardson n 
-Zaki i 

exponent t 

«/ [- ] ] 
2.54 4 
3.00 0 
2.89 9 
3.02 2 
2.29 9 
2.45 5 
2.35 5 
1.89 9 
3.19 9 
3.06 6 
2.86 6 
2.59 9 
2.57 7 
2.39 9 
2.39 9 

Superficiall  gas 
velocityy at 

transitionn point 

UtwJUtwJ [m/s] 
0.019 9 
0.038 8 
0.038 8 
0.037 7 
0.043 3 
0.043 3 
0.046 6 
0.052 2 
0.027 7 
0.026 6 
0.027 7 
0.030 0 
0.034 4 
0.036 6 
0.042 2 

Gass hold up 
att transition 

point t 

0.098 8 
0.258 8 
0.240 0 
0.255 5 
0.300 0 
0.259 9 
0.350 0 
0.367 7 
0.127 7 
0.142 2 
0.156 6 
0.185 5 
0.178 8 
0.204 4 
0.264 4 

Assumingg n = 2 in the Eq. (4.15) leads to the correlation obtained by Reilly et al. (1994) 
forr the superficial gas velocity at regime transition: 
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UU =V F (\-f ) 
^  ̂ trans Sinai] *" irans V*  ' ' t r a n s/ 

(4.16) ) 

Thee transition parameters seem to vary with the concentration of alcohol, starting already 
withh small concentrations. This behaviour appears not to be influenced by column diameter. 
Thee transition parameters, for both columns experimented with these systems, i.e. 0.051 and 
0.155 m in diameter, are plotted in Figures 4.35 and 4.36. More data would be required to 
quantifyy this hypothesis. However, a qualitative analysis of the data is maybe already 
sufficientt to interpret the data. Both etIWS and U  ̂ increase steeply at low concentrations. At 

higherr concentrations, the influence becomes smaller and a constant value can be reached. 
Furtherr study is needed to prove this idea. 

airr - 0.5% (vol.) solution ethanol 
DDTT = 0.15 m 

airr - water 
(DTT = 0.19 m) 

0.022 0.04 

UUGG I [m/s] 

Fig.. 4.34. Gas hold up in the homogeneous flow regime. 
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Fig.. 4.35. Superficial gas velocity at transition point versus ethanol concentration. 
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Fig.. 4.36. Gas hold up at transition point versus ethanol concentration. 

Thee influence of adding surface-active substances, such as n-alcohols, appears to be similar 
withh the observed influence of high pressure in bubble columns operation. 

96 6 



ChapterChapter 4 GasGas hold up 

4.55 Conclusions 

Thee main results presented in this chapter are: 
 Total and dilute phase hold up tend to decrease with increasing column diameter both for 

low-- and high-viscosity liquids. 
 Variation of the liquid properties has a very significant influence on the total gas hold up 

inn bubble column operation. Increasing the viscosity tends to lower considerably the total 
gass hold up. The difference in the large bubble hold up with liquid properties is very 
small.. The dense phase hold up decreases dramatically with increasing viscosity of the 
liquidd phase (see Fig. 4.33). For high viscous systems the small class of bubbles consists 
off  "micro" bubbles together with some sporadic small bubbles with a larger size 
distribution.. The average bubble size was taken db = 4 mm for the air - water system and 
ddbb = 12 mm for the air - Tellus oü system. 

 In the heterogeneous flow regime, the dense phase gas voidage, e ,̂ is practically 
independentt of the superficial gas velocity, for all systems analysed. For estimation 
purposess it can be assumed: e  ̂ =ewaa. A empirical model for predicting e  ̂ was 

developedd [Eq. (4.14)]. Together with Reilly et al.'s correlation for estimating U  ̂ [Eq. 
4.16)],, they provide a practically usable model for prediction of the transition parameters. 
Thee steep increase of the transition parameters detected in the range of small columns 
levelss off, starting with diameters of 0.3 m. 

 A model for total gas hold up in the churn-turbulent regime was formulated based on the 
correlationn suggested by Krishna and Ellenberger (1996) and is presented in Eqs. (4.12) 
andd (4.13). The large bubble hold up is linked with the bubble swarm velocity model, 
developedd in the previous chapter by the following relation: eb ={U G -Uumi)/Vh. In the 
homogeneouss flow regime the gas hold up must be correlated using Eq. (4.15). The 
Richardson-Zakii  exponent n can be assumed to be 2. 

 Addition of alcohols to water leads to a considerable increase in the gas hold up, caused 
mainlyy due to a much increased hold up of small bubbles. The non-coalescing tendency of 
thee medium may also reduce the large bubble voidage, relatively to the pure water system. 

 The total and dense phase hold up tend to increase with the concentration of alcohol 
added.. The same proportionality with the alcohol concentration was perceived in the trend 
off  transition parameters (see Figures 4.35 and 4.36). The effect of concentration is 
presumedd to limit to a maximum value. Further study is required to prove this idea. 

 The model presented can also describe well the alcohol solution data, on condition that the 
transitionn parameters are firstly determined. 

Thoughh we have succeeded to describe the scale dependence on the gas hold up in our 
laboratoryy scale columns, these models cannot be used as such in scaling up to commercial 
scalee reactors. We need to consider the liquid circulations engendered by the rising bubbles. 
Thee scale dependence of liquid circulation velocity is the topic of the next chapter. 
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