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1. INTRODUCTION

Airlift reectors have become increesingly interesting for use in a variety of two- and three-phase
(bio)chemica processes. It is manly because of their dtractive features — a smple congtruction,
aufficient oxygen trandfer rates and intengty of mixing a low shear dresses with low energy
requirement. Airlift reactors are mosly conddered to condst of four parts namey the riser,
downcomer, the separator and the bottom connection. To describe the operation of the reactor, a set
of parameters (liquid circulation velocity, gas holdup and bubble size digribution, mass transfer and
mixing intendty etc.) in each section needs to be known. The mgority of published work deding
with arlift geometry has been devoted to globa reactor parameters (ALR type, height of column,
column height to diameter raio, H/D) and to its man pats — the rissr and the downcomer
(particularly the ratio of thelr cross-sectiond area — Ap/AR). Consderable less attention was paid to
the influence of the separator on the ALR operation despite the fact that this section can represent a
ggnificant liquid volume of reactor. This is especidly vdid in a case of ALR with an enlarged head
zone. Few papers [1-5] showed that the design of the gas separator can have a substantial effect on
the transport phenomena in the ALR. The main purpose of the head region of arlift reactors, where
the riser and the downcomer interconnect, is the gas disengagement. This effect is usudly achieved
by increasing the cross-sectiond area of the reactor head zone, where the reduce of a velocity of
liquid flowing downwards into the downcomer occurs. Only few papers have presented studies in
internd-loop arlift reactor with a sgnificantly enlarged head zone, eg. [6-9]. None of them was
concerned with three-phase flow. However, the enlarged separator can acts as an efficient
sedimentation region for continuous three-phase ALR (eg. immobilised or flocculating systems),
where a separation of a solid phase from the gas-liquid disperson is of a particular importance [10].

Genegrdly, the gasliquid separator affects the difference in gas holdup between the riser and
downcomer — the driving force for liquid circulation and an extent of bubble recirculaion and thus,
consequently  affects al hydrodynamic and mass transfer characterigic of airlift reectors. An
interesting study about the influence of the separator design on the operation of rectangular ALRs
was done by Segd et a. [2]. The authors observed not only a significant influence of the separator
design (shape, Sze but dso the liquid level in the separator H) on the hydrodynamic parameters of
the reactor (liquid velocity Vi, gas holdup eg), but dso that the influence of pressure drop was
lower than the influence of the separation ability of the separator. In ALRs of various Szes but with
amilar separators the vaues of liquid crculation velocity were very smilar. Merchuk et d. [3] in
line with Segd [2] observed that a change of the separator design markedly influenced the oxygen
transfer rate. In a further work Siegd et a.[1] showed tha if the Sze of the separator (diameter,
other dimensons) is lower than a crticd vdue then its dze has a dgnificant influence on
hydrodynamic conditions in ALRs. Above this criticdl sze the liquid levd in the separator Hy will
have the decisve influence. During measurements peformed in a rectangular ALR he observed a
further interesting phenomenon: by diminishing the part of the separator on the Sde of the riser the
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extent of bubble separation was not reduced. That means that — in terms of bubble separation — the
part of the separator on the side of the riser represents a dead volume. In contradiction with the
opinions of Sege e d.[2] and Merchuk et d.[3], Chidi e d.[4], RusHd et d.[11], Lu & d.[12] and
others did not obsarve a dgnificant effect of the liquid height in the separator Hr on the liquid
circulation and the gas holdup. According to them, Hr would have a certain influence only in the
cae of its low vadue Russe et d.[11] observed the existence of two zones in the separator, where
the liquid passed predominantly through the lower pat. When the levd of liquid exceeded this
zone, the gas holdup in the downcomer as well as the circulaion velocity did not change any more
(at congtant ar flow rate). Thus, it can be concluded that Hr does not have a sgnificant influence on
VL and eg dthough there are published contradictory opinions [2, 3]. The mog plausble
suggestion is unless the sze of the gas separator (diameter) is greater than the criticd vaue, its Sze
has a dominant influence on egp and gas recirculaion [1]. When the size of the separator increases
above the criticd vaue, the liquid levd Hr will play a key role in the extent of penetraion of
bubblesinto the downcomer.

The main god of this dudy was to investigate the influence of liquid heght in the enlarged head
zone on the hydrodynamics in a 60 L internd-loop airlift bioreactor. Particularly, the hydrodynamic
study was focused on the behaviour of the separator acting as the degassing and sedimentation zone
in arlift reactor, which was designing for three- phase flow purposes.

2. MATERIALS AND METHODS

2.1. Thereactor set-up

Messurements of liquid circulation velocity and gas holdup were performed in a 60 L concentric
draught tube airlift bioreactor with an enlarged degassng zone (see Fig. 1). The basc dimensons of
reactor are listed in Table 1.
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Fig. 1. Scheme of airlift reactor with indication of different liquid heights applied.



Table 1: Basic characteristics of ALR used in experiments.
D — column diameter, Dr — riser tube diameter, Ar — riser cross-sectional area, Ap — downcomer
cross-sectional area, Hpt — height of the draft tube, Ds — diameter of separator zone, Hs — height of
Separator zone.
Dc Hc DR AD /AR HDT Ds Hs
o] [m] [mm] [-] [m] [m] [m]
142/158 1.986 62/70 3.97 1.190 0.442 0.350

The head section is of the cylindrica conicad type. The conicd section forms a 51° angle with the
main body of the reactor. The working volumes of the reactor were 201, 251, 351 and 50 I. In dl
experiments water and ar were used as the liquid and gas phase, respectively. The experiments
were carried out at an average temperature of 19 ° C and amospheric pressure. The air injection
was made 0.061 m below the bottom of the draft tube by means of acircular plate with adiameter
of 0.03 m, with 30 holes of 1 mm each one The ar flow rate was controlled by means of
rotameters. In the results the air flow is given as the characteridtic riser superficd veocity, Ucre.
This parameter was cdculated according to the ar flow rae for the conditions in the geometric
centre of the column.

2.2. Measurements of hydrodynamic parameters

A magnetic tracer method [13] was used to determine important hydrodynamic parameters in the
interna-loop ALR. The method mekes use of the principle of amagnetic metd locator and
flowfollowing. A magnetic patide with ahigh magnetic permesbility and diameter of 1 cm was
used as the flowfollower. The paticle dendty was adjused dmost exactly to the liquid dengty,
which resulted in very low termina settling veocity (up to 1 cm/s). The measuring technique dlow
to determine liquid circulation velocities and reddence times of tagging paticle in individud
sections of the airlift reactor.

2.3. Measurement of the gas holdup

The gas holdup was determined by the manometric method. Inverted water manometers were used
for the measurement of pressure differences between two places in the riser and downcomer of the
ALR. The postions of measuring points were properly chosen in order to avoid the effect of an
liquid acceeration a the bottom and the top of the draught tube [3]. Then, the average overd| gas

holdups, esr and exp, were calculated, asin eg. [14].
3. RESULTS AND DISCUSSION

In terms of the shgpe of the top of the airlift reactors can be classfied as follows — airlift reactors
without a separator (the separator diameter is equa to the diameter of the outer column) and with a
separator (the separator diameter is larger than the diameter of the outer column). In this work
measurements were performed in an arlift reactor with an enlarged head zone. However, it can be
seen for the condruction of the ALR presented that both configuartions of ALR can be considered
(seeFig. 1):

1/ If both the degassing liquid level and the disperson G-L leve are below the conicd enlarged part
of the separator, then this system can be considered as an airlift reactor without separator.

2/ If both the degassng liquid level and the digperson G-L levd ae in the conicd pat of the
separator or in the highest head zone , then this system can be consdered as an airlift reactor with
Separator.

In Fig.2 the dependence of Vi p and V| r vdues on the supeficid ar vdocty Ugre for different
heights of liquid leve in the reactor head zone is depicted.
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Fig.2: The linear liquid velocity in the downcomer and riser as a function of the
superficial air velocity.

It can be seen, that the linear liquid velocity in the downcomer and riser increased with the height of
liquid levd. The courses of Vi p vadues ae much less the same for dl working volumes of the
reactor (typica logarithmic form), but for the riser liquid velocities the Stuation is different.

On the Vg curve three regions can be noticed: 1. region for Wsre < 0,1 m.st; 2. region for Usrc =
0,1-0,3m.s?; 3. region for Ugre > 0,3m.s™.

For the firg region the vdues of V. r ae equd for dl heights of liquid levd Hy. This suggests that
for Ugre < 0,1 m.s? the height of level in the separator Hr does not have any influence on the liquid
circulation velocity in the riser. A different Stuation was in the case of the second region, for which
the vdues of V| r are lower for the working volume of the reactor Wi = 20 L than for other working
volumes Wy, for which is the course equa within the whole range of ar flow rates.

At Ugre = 0.1 m.s* bubbles began to be entrained into the downcomer and a transition regime was
observed (see dso Fig. 3, in which for Ugre = 0.1 m.s? the gas hold up begins to rise in the
downcomer). At the end of this region & Ugre = 0.3 m.s? (beginning of the third region) the values
of Vi r ae agan the same for al variaions of Hr, because the liquid leve increased from the part
above the riser to the conica head zone of the reactor and the reactor started to act further as an
ALR with separator. It can be concluded, that for the lowest liquid leve the reactor acts as an ALR
without separator with prevailing hydraulic resstance over the gas separdtion ability, what affects
liquid circulaion velocity in the riser in comparison with other cases, where the top liquid leve
reached the enlarged degassing zone. At higher liquid reactor volumes the liquid leve did not have
any dgnificant influence on the liquid circulation velocity in the riser.
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Fig.3: Effect of liquid level in the separator on the gas holup in the riser and downcomer.

Figure 3 shows the effect of the height of liquid level on the gas hold up in the rissr and
downcomer. It is clear that the gas holdup in the riser and downcomer increases with incressing
height of liquid leve in the separator. For Hy equd to 9 cm, the gas holdup in the riser and
downcomer is higher for the entire operating range of Ugrc than for other higher vaues of Hr. In
Fig. 2 it can be seen that | r is lower in the case of a 20 L reactor than for other working volumes.

The consequence is an increase of the bubble resdence time in the riser and as a esult higher egr.
Higher vdues of egp ae given by the configuration of the separator, when more bubbles are

entrained into the downcomer.

Up to the velocity Ugre equas to 0,1 m.s? the gas holdup in the downcomer is zero and from this
point the egp appeared to increase what corresponded to the onset of the entrainment of bubbles into
the downcomer. For higher vaues of W\, the bubble penetration into the downcomer appeared a
higher ar flow rates (Ugre 3 0.15 m.st), when the influence of the separator started manifesting
because of the heights of liquid Situated in the conica or enlarged parts of the separator (see Fig. 1).
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Fig. 4. Driving force of liquid circulation as afunction of the Ugrc for different liquid
levelsin the separator.

Vey interesing is the influence of the height of liquid leve in the separator Hy on the driving force

of the liquid circulation (i.e. the difference of gas holdups in the riser and downcomer), which is
depicted in Fig. 4. It could be expected that the highest driving force should be for the airlift reactor
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with a working volume 50 L, for which the mogt efficient separation of bubbles in the head zone
should occur. However, Fig. 4 reveded an opposte tendency. The driving force of the liquid
circulation decreased with increesng W, . This can be ducidated by the fact that the highest driving
force refers to the highest losses. It is vdid especidly in the case of the lowest liquid leve, where
high liquid flow resistance dominated over the bubble separation ability.

Since the method for measuring circulation velocities endbled to sudy of the resdence time and
average velocities in al sections of the ALR, our effort could was dso focused on data of resdence
time didribution of the tagging paticle in the separator and together with visua observations to
describe the character of flow of phases in the separator. In addition, we could determine the overall
circulation time of liquid in the reactor.

InFg. 4 the overdl circulaion timesvs. ar superficial velocity is depicted.
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Fig. 5. Circulation time as a function of air superficial velocity for different values of Hr.

From this Figure one can see that the lowest vdues of t are for Hr = 9 cm and with increesing Hr
the overdl drculation time increased. For the highest Hr equa to 48 cm the course of the plot is
much scattered. This is mainly caused by occasond very high resdence times of the paticle in the
upper part of the separator.

In Figs. 53 5b and 5c higograms of resdence time digtribution of the tagging patice in the
separator for various working volumes of the reactor is drawn. On the basis of these grgphs and
visud observations one can condder three flow patterns of the particle in the separator, which are
schematicdly shown in Fig. 6.

Flow pattern A: The paticde is entraned by the prevaling liquid flow directly into the
downcomer. This corresponds to the highest number of resdence times of the particle (about 510
9. This regime can be observed mainly in an ALR with a working volume of 20 L, in which the
liquid leve is dosdy above the riser and for other working volume at low ar superficid velocities.

Flow pattern B: The turbulent region is formed closgly under the top of the graft tube in the lower
part of the separator, especidly for higher ar flow rates There an intensve mixing of liquid takes
place. According to visua observations, the particle sometimes reached this zone and was entrained
by eddies and after a short circulating in this zone was entrained back into the downcomer without
reeching the enlarged zone. This resulted in higher resdence times of the particle (in average about
10-20 s).

Flow pattern C: The tagging paticle is entraned up to the upper part of the separator, where it is
hold for a longer time and then it is drawn dong the wall into the downcomer The consequence of
this are prettty high resdence times for the paticle (above 30 ). This regime can be found



especidly in the case of the working volume W = 50 L and in a smal extent fbr working volumes
of 25and 35 L.

384
204 4301 1 —
364
28 ]
18 . b
| 26 4 32
164 24 30,
289
22
144 26
204 24,
124 18 22]
2 20
e 16 1
S 10 18]
o 14
O 16 ]
8 124
14 1
104 12] ]
6]
84 104 i
44 4 6] 1 27 1
6] ]
44 ]
24 J 4 ]
2 1 2] q
0 5 10 15 20 25 30 35 0 10 20 30 40 50 0 5 10 15 20 25 30 35

Time (s)

Fig. 5a W, = 25, Ugre (Ms™Y): A. 0046, B. 0.121, C. 0.238

4 26 4
] 1 1 1

16 22
22
20
20] 14
18
18
" 124 164
€ 164
S ‘0 14
S 141
12
124
54
10
10

. . M (|

0 10 20 30 40 50 60

0 10 20 30 40 50 60 o 50 100 150

Time (s)
- — -1y.
Fig. 5b. W =35L Ugrc (M.s~): A. 0.046, B. 0.121, C. 0.238

324 304 4 324
304 —— 28 430 —
26 24 ] ] 264
24: 22 4 244
22] 20] ] 22
20] 20
] 184 4
184 184

J2 I 16 4 -

< 164 16+

8 144 1] ] 144

o 12 4
124 E 124
10] 1 7 104 ]
8] ] 81 1 e+ 4
6] { ¢ s 1
43 1 4 s = 4d ]
. % ]
24 4 24 // -1 24 4

0 10 20 30 40 50 60 70 0 20 40 60 80 100 0 10 20 30 40 50 60

Time (s)

Fig. 5c. W =50 L Ugge (M.s™): A. 0.046, B. 0.121, C. 0.238



v | According to these histograms, the separation of vaues of resisdence
times of the tagging particle in the separator corresponding to the
direct 180° turn of particle from the riser to downcomer, was done.
These t. values could adequatdly mimic the vaues messured usng
pulse response methods. The Fig. 7 depicts these adapted circulation
times and shows its indegpendence on the variation of liquid leve in
the separator. This suggests that these scatters of t vdues are mainly
caused by the fluctuations of the liquid flow in the separetor.

Fig. 6. Flow patternin the

Separator
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Fig. 7. Adapted values of circulation times for various liquid levelsin the separator.

4. CONCLUSION

A difference in gas holdups between main verticd sections of an arlift reactor (ALR) — the riser
and the downcomer provides the driving force for liquid circulatiion, which in turn affects dl the
hydrodynamics, trangport phenomena and mixing in the ALR. Therefore, the performance
characterigtics of the arlift reactor are strongly affected by the bubble disengagement in the head
zone acting as a gasliquid separator. This study was devoted to the measurement of globa
hydrodynamic characteristics (gas hold-up and liquid crculating velocity) of the internd loop airlift
reactor with an enlarged degassing zone and the invedtigation of the behaviour of a dud gas-liquid
separaor at different heights of liquid in the separator. The working volume of the reactor used in
thiswork was 20 L, 25 L, 35 L and 50 L, which corespond to the distance between the upper edge
of the draft tube and the top level of liquid of 9, 28, 37.2 and 48 cm, respectively.

It was shown that for the lowest liquid level the reactor acts as an ALR without separator with
prevaling hydraulic resstance over the gas separation ability, what strongly affects dl important
hydrodynamic parameters in comparison with other cases, where the top liquid level reached the
enlarged degassng zone. At higher liquid reactor volumes the liquid levd did not have any
ggnificant influence on the reactor hydrodynamics any more. Moreover, the hisograms of



resdence times of tagging particle in the head enlarged zone reveded interesting facts related to its
acting as agas-liquid separator as well as sedimentation zone.
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