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Abstract. Hydrodynamics of two external loop circulating bubble columns with open channel gas separators
were investigated experimentally. The hydrodynamics were studied under the effects of three operating
parameters and one design parameter. The operating parameters were superficial gas velocity in the riser, Ugg,
gas-liquid dispersion property, o, and efficiency of gas separation, Tyr. The design parameter was the scale-up
factor of the riser to downcomer cross-sectional area Ap/Ar. The gas-liquid dispersion property was varied by
using various concentrations of additives like antifoam, alcohol and wettable suspended solids. All experiments
were conducted using compressed air and tap water from the university main supply system. Time-dependent
hydrodynamics variation related to air-water quality was minimized by using consistent air-water samples in
order to satisfy experimental reproducibility. The results show that for any gas-liquid-additive system, there is
an optimum volume of the liquid in the gas separator, Tyro, that gives the minimum gas recirculation in the
downcomer, ggp. At any Ap/Ar and Tyg, the effects of antifoam and suspended solids were found to reduce the
gas holdup, while the alcohols were found to increase gas holdup. At Tyro, the efficiency of the gas separator
was improved significantly by increasing the scale-up factor, Ap/Ag. Liquid circulation was increased in the
antifoam system, but reduced in the presence of wettable suspended solids. The results of this study indicate
that the design and operating conditions were better at scale-up factor Ap/Ag=0.55 and volume ratio Tyg>20%,
than that at Ap/Ar=0.25 for all the additives investigated.

Keywords.: Circulating bubble column, Hydrodynamics, Alcohol, Antifoam, Suspended solid, Gas separator,
Scale-up.

1. Introduction

Circulating bubble columns (CBC) are widely used as multiphase contactors and
reactors in processes involving oxidation, fermentation, food, waste treatment and
biotechnology. They are characterized by their simple construction, ease of operation
and maintenance, low capital and running costs and ability to handle shear sensitive
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systems. The characteristics feature of CBCs is the well defined bulk liquid circulation.
In CBC, the content is pneumatically agitated by a gas stream, usually at the bottom. In
addition to agitation, the gas stream has the important function of facilitating exchange
of material between the gas phase and the liquid/solid phase. Gas separators play a
significant role on the operation of CBCs, and affect the system hydrodynamics of gas
holdup and the liquid circulation. The gas separators in external loop CBCs are either
closed channel composed of a horizontal tube connecting the riser and downcomer, or open
channel like a tank placed at the top of the riser and downcomer. The extent to which the gas
disengages at the gas separator is determined by its design and operating conditions. The
fraction of the gas that does not disengage, but entrapped by the descending liquid and taken
into the downcomer, has a significant influence on the fluid dynamics and hence the overall
system performance. The data published in the literature for hydrodynamics of CBCs
overlooked the influence of the gas separator design. Indeed many of the researchers do not
clearly describe the gas separator geometry or liquid height in it. Designs that allow for a
gas residence time in the separator that is substantially longer than the time required for the
bubbles to disengage will minimize the fraction of gas recirculation through the downcomer
(Klein et al. [1], Merchuk [2], Al-Masry [3]).

There is a limited work in the literature directed towards studies of the role of gas
separator on the hydrodynamics of external loop CBCs. Some of the papers published on
this subject are focused on closed channel configuration (Al-Masry and Dukkan [4],
Bentifraouine et al. [5], Al-Masry and Abasaeed [6]) and few others directed towards open
channel gas separators (Ghirardini et al. [7], Bentifraouine et al. [5], Benyahia and Jones
[8], Jin et al. [9], Al-Masry [3, 10]). Figure 1 shows variations of the gas separators used in
the literature for external loop CBCs. The gas separator design given by Al-Masry and
Dukkan [4] has shown in successive studies by Al-Masry [10] and Al-Masry [3] that it has
promising features that need to be further explored in our multiphase laboratory. In
particular, there is a need for more work on the effects of design and operating
parameters on the hydrodynamics of external loop CBCs with open channel gas
separators in the presence of surface active substances and suspended wettable solid
particles. The need to study such systems arises from the increasing usage of CBCs in
biotechnology and fermentation industries where the physical properties of the liquid
medium affect significantly the system performance. Thus, this work aimed to study the
hydrodynamics of external loop CBCs with open channel gas separators, as well as the
effects of scale-up Ap/Ag, gas separation efficiency Tyg, in the presence of common
additives usually found in gas-liquid dispersions.

2. Materials and Methods

Two external loop circulating bubble columns made from transparent acrylic resin
were used in this study. Both columns had open channel gas liquid separator, with
columns dimensions given in Fig. 2. Gas holdups were inferred from manometric
methods and liquid circulation velocity by electromagnetic meters (Bernier and Brennen
[11]). Various types of additives like silicone based antifoam, hexanol, pentanol and
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suspended wettable solids of paper fibers (500 um rod like) were added to air-tap water
system, with various concentrations (Table 1). The volumes of the gas-liquid separators
in both columns were changed by changing the volume of the liquid level in them at zero
gas input (Table 2). Schematic diagram of the experimental setup is shown in Fig. 2.

The time-dependent gas hydrodynamics variation could be related to the quality of
the liquid or gas used in the experimental runs. Tap water is the most widely used liquid
in two-phase studies. It is a complex mixture consisting of many components. Most o the
components exist in very small concentrations, some of which are too small to detect
with common measurement devices. Surfactants may also leach into tap water during
storage and/or transportation. For air-tap water system, it has been reported that the gas
holdup variation with time could be attributed to coalescence-inhibiting volatile
substances, which exists in the tap water at very low concentrations, or to traces of
impurities such as oils from compressed air. As the volatile substances evaporate from
water, the coalescence-inhibiting ability of the water is continuously reduced,
consequently the gas holdup will change continuously with time (Maruyama et al. [12],
Tang and Heindel [13], Kantarci [14]). To reduce these possible effects of tap water
quality and impurities in compressed air on the hydrodynamics of this work, consistent
samples of tap water and filtered air were used. Reproducibility of the experimental data
of the present work is tested and satisfied by taking three very close results for each run
and averaging them. This issue is very serious as scattered experiments in our laboratory
revealed significant discrepancy in the results, and need to be considered carefully,
especially in large research labs and universities that have many possible uncontrollable
daily impurities in the air and water supply systems.

3. Results and Discussion

The hydrodynamics of the air-water and the air-water with additives in the small
and large CBCs are presented as a function of the volume ratio, Ty, scale-up factor,
Ap/Ag, and additives concentrations, x. The initial liquid level in the gas separator at
zero gas throughput is used to calculate the volume ratio Tyg:

Z, WL (1)
VR VR
For each experimental run, seven different volume ratios were used. In plotting the
independent hydrodynamics parameter egg, €gp or Urr as a function of Ugr and Tyg,
there are seven resulting curves behave in three different groups. The first group at
Tyr=0 and this resembles one Tyr curve. The second group at Tyg=Tyrc and this
resembles also one Tyg curve. The third group at Tyr=Tyro and this resembles five Tyy
curves, usually in top of each other. Also, there are two scale-up factors, Ap/Ag, four
additives types, and three concentrations for each additive, were used in this work. All of
these give enormous amounts of data need to be presented graphically in a clear and
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precise style. For the sake of clarity and space, the changes of the independent
hydrodynamics parameters with Tyg are shown at the highest additive concentration, as
the trend in behavior at the lower concentrations is the same.

Al-Masry [4, 10] Bentifraoine et al. [5]
o O I
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Al-Masry [3, 4, 10]
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Fig. 1. Variations of external loop CBC gas separators.
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Fig. 2. Schematic diagram of the experimental setup: G: gas input, P: pressure tappings, M: magnetic
flowmeter.
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Table 1. Concentration of additives used

System Additive X, ppm o, mN/m
Air-tap water Nil - 72
10 54.7
Air-tap water Antifoam 50 45.2
100 39.2
10 60
Air-tap water Hexanol 50 51.1
100 46.7
10 57
Air-tap water n-pentanol 50 52.7
100 443
0.05 wt% 49.4
Air-tap water Paper fibers 0.1 wt% 45.7
0.2 wt% 44

Table 2. Volume ratios used

Z,, m Tvr %, small CBC Tvr %, large CBC
0.0 0 0

0.05 7 18
0.1 11 30

0.15 19 40

0.20 23 47

0.25 32 52

0.30 37 57

3.1. Air-water system

Riser and downcomer gas holdups data are shown in Figs. 3 and 4, respectively.
Generally, gas holdup increases with superficial gas velocity, and decreases with Tyg
and Ap/Ag. It is clear that the gas holdups, at Ap/Ar=0.55, for all the seven changes
made in the liquid height Z;, have lower values than those shown at Ap/Ar=0.25. The
same behavior is repeated for the downcomer gas holdup, with almost complete gas
separation at Ap/Ar=0.55, giving indication of better scale-up factor. Effect of Ty on
liquid circulation velocity is shown in Fig. 5. Generally, liquid circulation increases
with superficial gas velocity and Tyg, while it decreases with Ap/Ag. The effect of Tyr
on liquid circulation velocity resulted in similar trends to those given by the gas
holdup except the order is reversed; i.e. starting with Tyg=0 and increasing to Tyr=
Tvro- At Tyr=0, the CBC operates in two modes. Firstly, the liquid velocity is zero in
the downcomer, because the level in the gas separator is not high enough to establish
continuity and circulation, therefore the CBC operates in a mode similar to bubble
columns with the downcomer leg not functioning. When the superficial gas velocity
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Ugr is increased in the riser to a transitional superficial gas velocity Ugrr, the two-
phase volume in the riser increases leading to the increase of the two-phase volume in
the gas separator, and the liquid continuity re-establishes and circulation begins. At
zero liquid level in the gas separator (Tyr=0), the gas separator gives the lowest gas
separation. When the liquid level is increased to intermediate critical value, the gas
separator operates at its critical state (Tyr=Tvrc) giving improvement in gas
separation, yet not the optimum. Finally, when the liquid level increases to its
optimum value, the gas separator acts at its full capacity (Tyr=Tyro) giving the
maximum separation efficiency at that particular geometry. Thus, the optimum
operating parameters are Tyro=11% at Z;=0.1 m at Ap/Ag=0.25, and Tyro=30% at
7Z1=0.1 m at Ap/Ar=0.55. The trends obtained here were similarly reported for
Newtonian viscous air-glycerol systems in external loop CBCs by Al-Masry [3, 10].
The reported optimum operating parameters for foaming air-glycerol systems were
then, Tyro=23% at Z;=0.2 m at Ap/Az=0.25, and Tyro=52% at Z;=0.32 m at
Ap/Ax=0.55. Jin et al. [9] reported effect of Ap/Ax on external loop CBCs
hydrodynamics. The authors found that Dp/Dg of 0.7 (Ap/Ag=0.5) and height of liquid
in the gas separator of Z;=0.2 m to be the best geometry and operating parameters to
achieve high aeration and mixing efficiency for high viscous broth system in
cultivation of filamentous fungi. Although the results reported by Jin et al. [9] were for
13 dm’ small bench scale CBC, they agree very well with the results of this work.

3.2. Surface active agents

The results of the additives will be presented only at Z;=0, Z;=Z,¢ and Z;=Z,
for clarity of graphical presentations. Effect of Tyr on the riser gas holdup in the
presence of additives is shown in Fig. 6. Figure 6A shows riser gas holdup in the
presence of 100 ppm antifoam, Fig. 6B shows riser gas holdup in the presence of 100
ppm hexanol, and Fig. 6C shows riser gas holdup in presence of 100 ppm pentanol.
Generally, increasing Ap/Ar and Tyg reduces the gas holdup in the riser. The amount
of gas holdup produced using hexanol and pentanol additives are higher than the gas
holdup resulted from antifoam addition. For the small CBC (Ap/Ag=0.25) and large
CBC (Ap/Ag=0.55), the general trend of the effect of Tyr on the hydrodynamics of air-
water system is repeated here in Fig. 6. This means that when the liquid volume in the
gas separator reaches its optimum value Tygro, increasing it any further produces no
more positive effects. Therefore, at Tyro and any additive concentration, all the five
Tyr curves are averaged, and plotted in Fig. 7 for each concentration, to show the
effect of additives concentrations on riser gas holdup. Figure 7A shows the effect of
antifoam concentration in the small and large CBC. There is no significant influence
of concentration of the antifoam agent is observed. Antifoam agents tend to enhance
the bubble coalescence, and therefore, bubble size. As a result, gas holdup is lowered
due to the higher slip velocity of large bubbles in the presence of an antifoam agent
compared with that in its absence. Alcohols addition showed different behavior than
the antifoam.
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Fig. 6. Effect of Tyr on riser gas holdup. A antifoam, B hexanol, C pentanol, D paper fibers. Ap/Ag=0.25
filled symbols, Ap/Ag=0.55 unfilled symbols.

Figures 7B and 7C show the effect of hexanol and pentanol concentration on riser
gas holdup. The effect of alcohols concentration on gas holdup is clear, leading to
increase in gas holdup with the increase in the concentration. At Ap/Ag=0.25 and
Tyro, increasing Ugr leads to an increase in gas holdup. This is attributed to the excess
of gas bubbles generated in the riser, as well as the increase of gas recirculation in the
downcomer, which contributes to the total gas input in the riser. With pentanol there is
a clear increase of riser gas holdup at Ap/Ag=0.25 compared to tap water as seen in
Fig. 7C. At Ap/Ag=0.55 and Tygo the gas holdup is higher than tap water for both
alcohols used, as seen in Fig. 7B and Fig. 7C, with clear trend of gas holdup increase
with concentration. The amount of riser gas holdup increase with alcohol addition is
usually higher in bubble columns, internal loop CBC and external loop CBC with
closed channel gas separators, than those generated in CBCs with open channel gas
separators (Al-Masry and Dukkan [4], El Azher et al. [15]. In fact, the gas holdup
increase or reduction due to antifoam or alcohols addition as well as variation with
concentration cannot be satisfactorily explained by differences between characteristics
physical properties of dispersions (surface tension) which was almost identical. This
phenomenon could be possibly quantitatively explained by variables such as dynamic
surface tension and/or surface viscosity. The surfactants tend to accumulate at the
bubble surface and create surface tension gradient that cause tangential stresses along
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the bubble surface. These stresses retard surface motion, internal circulation within the
bubble, and the rise velocity of the bubbles. The addition of surfactant increases the
gas holdup due to enhancement of the non-coalescing tendency of the bubbles. [Koide
et al. [16], Zahradnik et al. [17]]. Malysa et al. [18] conducted extensive studies on
bubble motion in pure water and solutions of various surface active substances
using square column with capillary at the bottom. The authors used high speed CCD
cameras to monitor bubble motion within the column and during collision
with the gas-liquid interface at top of the column. It has been shown that the presence
of surface active substances, like n-butanol, n-octanoic acid and a-terpineol, has a
profound influence on values of terminal velocity and local wvelocity. The
bubble terminal velocity decreased rapidly at low surfactant concentration, but there
can be found some characteristics concentrations above which the velocity
almost stopped to decrease. Immobilization of the bubble surface resulting from
adsorption of the surface active substances (surface tension gradient
inducement) caused over twofold lowering of the bubble velocity. The findings by
Malysa et al. [18] substantiate our results for the surfactants effects on gas holdup.
Zahradink et al. [19] showed that the coalescence behavior in gas-liquid systems
containing aliphatic alcohols C;-Cg can be appropriately characterized by the
coalescence ratio, y. The coalescence ratio expresses the extent of coalescence in a
given-liquid system and determined under model condition simulating contact of two
isolated bubbles in a pseudo-infinite medium. In a coalescence cell, the coalescence
ratio is obtained as the number of a coalescing bubble pair. Values of the transition
concentration, ¢, defined as the concentration corresponding to 50% coalescence were
determined for all alcohols from the graph w vs. c, showing dependence
of coalescence ratio on the concentration of additives. The authors found for C;-Cg
alcohols, that transition from 100% of the bubble pair coalescence to complete
coalescence suppression was in all cases very sharp and occurred within a narrow
concentration range. The transition concentration was found 2.5x10™ and 5.5x10”
kmol/m® for pentanol and hexanol, respectively. Values for transitional concentration
exhibited significant decrease with increasing length of carbon chain, and well
described by:

¢, =31n."? &Y

In the present work, the 10 ppm (1.134x10™* kmol/m®) pentanol aqueous solution is
less than the critical concentration, c,, given by Eq. (2), while the other concentrations
for pentanol and hexanol are larger than the critical concentrations for coalescence
suppression. From the gas holdup graphs the trend in general is that at lower
concentration of pentanol and hexanol, the gas holdup is closer to the coalescence of
tap water, and then increases with increasing alcohol concentration.
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Effects of Tyr on downcomer gas holdup are shown in Fig. 8. The trend is that

increasing Tyg reduces downcomer gas holdup. Figure 8A shows the downcomer gas
holdup with antifoam. The gas recirculation with antifoam at Ap/Ag=0.55 reduces
almost to nil at Tyre. Figures 8B and 8C show downcomer gas holdup with hexanol and
n-pentanol, respectively. There is slight gas recirculation at Tyro with these surfactant as
expected, since the bubbles rise velocity are less than tap water. The trends of the curves
are the same as the trends explained earlier for air-water system. It is clear that at Ap/Ag
=0.55, the downcomer gas holdup has lower values than those shown at Ap/Ar =0.25,
indicating a very good separation of gas bubbles at the top of the column in the presence
of surface active agents with increasing downcomer to riser diameters ratio. The effects
of surface active agents concentration on downcomer gas holdup are shown in Fig. 9.
Downcomer gas holdup for alcohols has small but systematic increase with
concentration of alcohols as seen in Figs. 9B and 9C. However, for the antifoam, the
concentration effect is not clear.
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Fig. 8. Effect of TVR on downcomer gas holdup. A antifoam, B hexanol, C pentanol, D paper fibers.
Ap/Ar=0.25 filled symbols, Ap/Ag=0.55 unfilled symbols.

Effect of Tyr on liquid circulation velocity are shown in Fig. 10. The trends are
similar to the general trends demonstrated earlier in air-water system. At Tyg=0, the
transitional superficial gas velocity Uggrr for the 100 ppm antifoam (Fig. 10A) in the
small and large CBCs was = 0.06 m/s. For hexanol (Fig. 10B) and pentanol (Fig. 10C),
Ugrr at Tyg=0 had lower values of 0.03 m/s and 0.05 m/s for the small CBC and large
CBC, respectively. These results are expected since with the antifoam the bubble
velocity is higher than the bubble velocity in the surfactant solutions, leading to higher
superficial gas velocity in the riser needed to force the circulation with the antifoam,
than with the surfactants. The effect of surface active substances concentrations on liquid
circulation are shown in Fig. 11. The tap water has slightly lower U with the antifoam
for both CBCs used. With the surfactants used, at lower concentration and Ap/Ag=0.25,
Urr is lower than the tap water. Increasing the surfactant concentration leads to an
increase in Upr approaching the tap water. This can be explained by the decrease in the
circulation driving force given by:

AP (3)
=¢6rR ~¢GD
P9 Hp
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3.3. Suspended solids

Wettable solid particles of paper fibers were used as a solid phase and added to the
air-tap water at three different concentrations. Effect of Ty on gas holdup are shown in
Fig. 6D. Again the general trend of the effect of Ty on riser gas holdup is repeated here,
with notice of lower holdup values at Tyrc compared to the surface active agents results.
The gas holdup decreases with increase of Ap/Ag. Figure 8D shows the effects of Tyg on
downcomer gas holdup, with very clear reduction of gas holdup with increase of Ap/Ag,
and optimum gas separation at Ap/Ag=0.55. Liquid circulation velocity is shown in Fig.
10D. At Tyro, liquid circulation reduces with increasing Ap/Ag. The effect of paper
fibers concentration on riser gas holdup are shown in Fig. 7D. At Ap/Ag=0.25, there is a
clear reduction of gas holdup with concentration, while the lower concentrations
approaches the tap water values. Figure 9D show the downcomer gas holdup at Tyro.
For the small CBC, the gas holdup in the downcomer decreases with increasing
concentration. Increasing the scale-up factor to 0.55 resulted in a significant reduction of
gas bubbles recirculation in the downcomer. It is generally reported that the addition of
solids to a two-phase systems decreases the holdup. Also, several researchers concluded
that an increase in solids concentration generally reduced gas holdup (Li and Prakash
[20], Pino et al. [21], Krishna et al. [22], van Benthum et al. [23]). Figure 11D shows the
liquid circulation as a function of Tyro. The general trend is reduction of liquid velocity
with addition of solid fibers.
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Fig. 10. Effect of Tyg on circulation velocity. A antifoam, B hexanol, C pentanol, D paper fibers.
Ap/Ag=0.25 filled symbols, Ap/Ag=0.55 unfilled symbols.

4. Conclusions

Extensive and systematic experimental program has been conducted in our
multiphase laboratory to elucidate the hydrodynamics of external loop circulating bubble
columns with open channel gas separators in the presence of additives like surface active
substances and wettable suspended solids. Open channel gas liquid separators play a
significant role on improving the hydrodynamics of external loop CBCs. They have
excellent characteristics in comparison with other types of gas separators such as closed
channel or internal loop CBC without separators. In the presence of various types of
additives, there is always an optimum volume of liquid in the gas separator, so that the
entrapment of gas bubbles into the downcomer is minimized. The effect of increasing
scale-up factor on the hydrodynamics was found to improve the CBCs performance in
the presence of surface active substances and in the presence of light suspended wettable
solids. The presence of antifoam and surfactants affected significantly the driving force
for liquid circulation. The results presented here augment our earlier work for viscous
Newtonian air-glycerol systems. The present work together with the previous work (Al-
Masry [3, 10]) provide for the first time complete and comprehensive data on the effects
of Tyr and Ap/Ag on the hydrodynamics of external loop CBCs with open channel gas
separator with various media and additives. All these data are now being further
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analyzed in our multiphase laboratory using computational fluid dynamics CFD
techniques to provide better design parameters for CBCs.
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Fig. 11. Effect of additives concentration on liquid circulation velocitty at Tyro. A antifoam, B hexanol,

C pentanol, D paper fibers. Ap/Ag=0.25 filled symbols, Ap/Ag=0.55 unfilled symbols.

5. Notations

Ap down comer cross-sectional area, (m?)
Ar riser cross-sectional area, (m?)

c concentration, (kmol/m?)

C critical concentration, (kmol/m®)

Dp downcomer diameter, (m)

Dr riser diameter, (m)

Hp height of dispersion, (m)

L length of gas separator, (m)

Lrp centerline distance between riser and downcomer, (m)
ng number of carbon atoms

Tvr volume ratio

Tyrc  critical volume ratio

Tvro  optimum volume ratio

Ucgr superficial gas velocity in the riser, (m/s)
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liquid circulation velocity in the riser, (m/s)

reactor volume, (m®)

width of gas separator, (m)

additive concentration, (ppm)

height of gas-liquid dispersion in gas separator, (m)
height of liquid in gas separator at zero throughput, (m)
coalescence ratio

surface tension, (Nm™)

downcomer gas hold-up

riser gas hold-up

6. References

Klein, J., Godo, S., Dolgos, O. and Markos, J. “Effect of a Gas-liquid Separator on the Hydrodynamics
and Circulation Flow Regimes in Internal-loop Airlift Reactors.” J. Chem. Technol. Biotechnol., 76
(2001), 516-524.

Merchuk, J.C. “Airlift Bioreactors: Review of Recent Advances.” Can. J. Chem. Eng., 81 (2003), 324-337.
Al-Masry, W. A. “Influence of Gas Separator and Scale-up on the Hydrodynamics of External Loop
Circulating Bubble Columns.” Chem. Eng. Res. Des., 82 (2004), 381-389.

Al-Masry, W. A. and Dukkan, A. R. “The Role of Gas Disengagement and Surface Active Agents on
the Hydrodynamics and Mass Transfer Characteristics of Airlift Reactors.” Chem. Eng. J., 65 (1997),
263-271.

Bentifraouine, C., Xuereb, C. and Riba, J.P. “An Experimental Study of the Hydrodynamics
Characteristics of External Loop Airlift Contactors.” J. Chem. Technol. Biotechnol., 69 (1997), 345-349.
Al-Masry, W. A. and Abasaeed, A. E. “On the Scale-up of External Loop Airlift Reactors: Newtonian
Systems.” Chem. Eng. Sci., 53 (1998), 4085-4094.

Ghirardini, M., Donati, G. and Rivetti, F. “Gas Lift Reactors: Hydrodynamics, Mass Transfer, and
Scale-up.” Chem. Eng. Sci., 47 (1992), 2209-2214.

Benyahia, F. and Jones, L. “Scale Effects on Hydrodynamic and Mass Transfer Characteristics of
External Loop Airlift Reactors.” J. Chem. Techno. Biotechnol., 69 (1997), 301-308.

Jin, B., van Leeuwen, J., Doelle, H. W. and Yu, Q. “The Influence of Geometry on Hydrodynamic and
Mass Transfer Characteristics in an External Airlift Reactor for the Cultivation of Filamentous Fungi.”
World J. Micro. Biotechnol., 15 (1999), 73-79.

Al-Masry, W. A. “Effect of Liquid Volume in the Gas-separator on the Hydrodynamics of Airlift
Reactors.” J. Chem. Technol. Biotechnol., 74 (1999), 931-936.

Bernier, R. N. and Brennen, C. E. “Use of the Electromagnetic Flowmeter in a Two-phase Flow.” Int. J.
Multiphase Flow, 9 (1983), 251-257.

Maruyama, T., Yoshida, S. and Mizushina, T. “The Flow Transition in a Bubble Column.” J. Chem.
Eng. Japan, 14 (1981), 352-357.

Tang, C. and Heindel, T.J. “Time-dependent Gas Holdup Variation in an Air-water Bubble Column.”
Chem. Eng. Sci., 59 (2004), 623-632.

Kantarci, N., Borak, F. and Ulgen, K.O. “Bubble Column Reactors.” Process Biochem. 40 (2005), 2263-
2283.

El-Azher, N., Gourich, B., Vial, C., Bellhaj, M., Bouzidi, A., Barkaoui, M. and Ziyad, M. “Influence of
Alcohol Addition on Gas Holdup, Liquid Circulation Velocity and Mass Transfer Coefficient in a Split
Rectangular Airlift Bioreactor.” Biochem. Eng. J., 23 (2005), 161-167.

Koide, K., Yamazoe, S. and Harada, S. “Effects of Surface Active Substances on Gas Holdup and Gas
Liquid Mass Transfer in Bubble Column.” J. Chem. Eng. Japan, 18 (1985), 287-292.

Zahradnik, J., Peter, R. and Kastanek, F. “The Effect of Liquid Phase Properties on Gas Holdup in
Bubble Columns.” Coll. Czech Chem. Comm., 52 (1987), 335-347.



228
(18]
[19]
[20]

(21]

[22]

(23]

Waheed A. Al-Masry

Malysa, K., Krasowska and Krzan, M. “Influence of Surface Active Substances on Bubble Motion and
Collision with Various Interfaces.” Adv. Coll. Interface Sci., 114-115 (2005), 205-225.

Zahradnik, J., Fialova, M. and Linek, V. “The Effect of Surface Active Additives on Bubble
Coalescence in Aqueous Media.” Chem. Eng. Sci., 54 (1999), 4757-4766.

Li, H. and Prakash, A. “Influence of Slurry Concentration on Bubble Population and Their Rise
Velocities in Three-phase Slurry Bubble Columns.” Powder Technol., 113 (2000), 158-1167.

Pino, L.Z., Solari, R.B., Siuier, S., Estevez, L.A., Yepez, M.M. and Saez, A.E. “Effect of Operating
Conditions on Gas Holdup in Slurry Bubble Columns with Foaming Liquids.” Chem. Eng. Comm., 117
(1992), 367-382.

Krishna, R., De Stewart, J.W., Ellenberger, J., Martina, G.B. and Maretto, C. “Gas Holdup in Slurry
Bubble Columns: Effect of Column Diameter and Slurry Concentration.” AIChE J., 43 (1997) 311-316.
van Benthum, W.A.J., van der Lans, R.G.J.M., van Loosdrecht and Heijnen, J.J. “Bubble Recirculation
Regimes in an Internal Loop Airlift Reactor.” Chem. Eng. Sci., 54 (1999), 3995-4006.



Effects of Design and Operating Parameters on ... 229

((,\u.\/.x/.oé >~)J;j‘€v~~o/~i/~og€i6)

Clas i gzill JBI ol sh ol 3l leladll sdesl 180alus 5 pdd Al y> Llans £ Lol jasle
A B azal el e apanatl) dmly Joley rtal) Jalge 838 80 od 2S0als el Ll
SWI Jools 36lS 5 O Bl e (31 JLasl dols UGR selall 5 5eal 3 dkandl 5 ey
deball s pendl JI Jaldl s gendl plaie olos S 0 oS Jule OIS @eadl Jole Ll (Tyr
©hslas e dil2 5815 ol (2 sl Bl e W1 LasY Lolsy @8 5 ¢ Ap/Ar
s e bogasall Sy el plisenl ool pex Joe ¢ ke Likae &l Slseg JIse Yy 55 )
Sk oo sWimelsdl de gy Balall Salus goded) Jolgall o5 U s 4 daeld) 3 Wl 1oyl
=B e 058 plss (Y bl oz asle W1 AL S e J gt T e Biuline lie plasenul
2ot aley e 1 Jaxs 2 Tyro SWI Jols 3 LI end e 43 Sl OF B3Lize 53k LI
ikl Slowd s 358 M slae L350 OF dar g TR 5 AD/AR J 43 T ks .E6D Ll 550l (3 500
Jools 3l 0 Tyro L (31 STl a5 15V 5 5m s Loty ¢ W oSl e My aled) dalal
LS5 558 Ml sl 3 gm g (3 oly J5Ludl 455 & oo AD/AR oS Jolao 5305 i 5y (s 500
S ol e el SIS aadlly il Gy b OF da s A8 Akl Sled) 3my 3 s
Sl e S Ap/AR=0.25 s cuxs S o Tvr>20% @l iy Ap/Ar=0.55

kil ) 8Ll



230 Waheed A. Al-Masry



