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Influence of the Gas—Liquid Separator Design
on Hydrodynamic and Mass Transfer
Performance of Split-Channel Airlift Reactors
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Abstract: Three geometric configurations of gas-liquid separators were used in
split-channel airlift reactors (0-1 m® liquid volume; riser-to-downcomer cross-
sectional area ratio = 0-7; aspect ratio = 3-6) to test the effect of geometry on
hydrodynamic performance and oxygen transfer behaviour. For otherwise fixed
conditions, the design of gas-liquid separators affected the induced liquid circula-
tion rate, the depth of penetration of the bubble layer in the downcomer, the gas
holdup in the downcomer, the mixing time and the overall volumetric gas-liquid
oxygen transfer coefficient. The gas holdup in the riser was only marginally
affected by the design of the separator. The impact of the various separator
designs on hydrodynamic behaviour could be explained as emanating from a
combination of the gas-liquid separating ability of the design and its hydraulic

resistance.

Key words: airlift reactor, gas-liquid separator, hydrodynamics, oxygen transfer,

wastewater treatment.

NOTATION

H,  Bubble penetration depth (m)

k, a, Overall volumetric oxygen transfer coefficient
()

i Mixing time (s)

T Temperature (°C)

Ug, Superficial gas velocity based on riser cross-
sectional area (m s ')

U,s Superficial liquid velocity in downcomer (m s )

o Coefficient in eqn (2) (m™ s)
B Exponent in eqn (2)

P Coefficient in eqn (3) (m™ s*')
) Exponent in eqn (3)

gg Overall gas holdup

ega  Gas holdup in downcomer

es,  Gas holdup in riser

* To whom correspondence should be addressed.

1 INTRODUCTION

The many attractive features of airlift reactors have led
to increasing usage of these devices in environmental
remediation technology, the chemical process industry
and the biotechnology-based manufacture.!? Airlift
reactors have an established niche in high-strength acti-
vated sludge type treatment of wastewater where the
high oxygen transfer capability, low power requirements
and non-mechanical agitation are particular advantages
of these systems.!'>* Bioremediation of soil fines in
airlift devices is being investigated as a promising new
pollution abatement application of this technology.®
Similarly, applications in treatment of gaseous effluents
are expected.®

An airlift reactor consists of a riser and a downcomer
that are interconnected near the top and the bottom of
the reactor as shown in Fig. 1. The riser is usually
sparged with a gas, commonly air. The downcomer is
usually not aerated. Differential aeration causes higher
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Fig. 1. Schematic of the split-channel airlift reactors. Dimen-
sions in metres.

gas holdup in the riser than in the downcomer. The

resulting difference in the bulk densities of the fluid in
these zones creates an induced circulation of liquid—
upflow in the riser and downflow in the downcomer.

The head region of airlift reactors, where the riser and
the downcomer interconnect, acts as a gas disen-
gagement zone. Depending on the configuration of this
gas-liquid separator zone, most of the gas coming out
of the riser may recirculate into the downcomer, or it
may all disengage so that only gas-free liquid returns to
the downcomer.” Thus, the design of the head region—
its gas-liquid separating ability and its hydraulic
resistance—affect the difference in gas holdup between
the riser and the downcomer; hence, the driving force
for liquid circulation is affected. Consequently, the
geometry of the head region affects all hydrodynamic
and mass transfer characteristics of airlift reactors. Such
characteristics include the mixing behaviour, liquid cir-
culation performance, gas holdup, gas-liquid mass
transfer, heat transfer, as well as other properties.
Despite its significance, few reliable systematic studies
exist of the impact of gas-liquid separator design on
performance characteristics of airlift devices.’

This work reports on the effects of the geometric con-
figuration of the gas-liquid separator, or the head
region, on gas holdup and its distribution, velocity of
the induced liquid circulation, depth of penetration of
bubbles in the downcomer, mixing time and the overall
volumetric oxygen transfer coefficient in split-channel

K. H. Choi, Y. Chisti, M. Moo-Y oung

airlift reactors with rectangular flow channels. Under-
standing of these hydrodynamic and transport charac-
teristics is essential to successful design of airlift reactors
for environmental engineering and other applications.

2 EXPERIMENTAL

All reactors used consisted of a plexiglas vessel with a
rectangular cross-section divided into a riser and down-
comer by a vertical baffle as shown in Fig. 1. The reac-
tors differed only in the configuration of the head
region. Three configurations were investigated: a basic
internal-loop head region without special features for
gas-liquid separation as in Fig. 2(a) and two configu-
rations with different arrangements of the upper prism
(Figs 1, 2(b and c)). In all cases, the cross-sectional area
ratio of downcomer-to-riser was 1-45. The unaerated
liquid height was kept at 1:64 m. The liquid volume in
the reactor depended on the configuration of the head
zone; the volume varied from 0-0998 to 0-1028 m?>. The
riser was sparged with air through a perforated plate
sparger located at its base. The sparger had 20 holes,
0:002 m in diameter, drilled on 0-:0445 m x 0-0255 m
rectangular pitch. The reactors were designed to prevent
accumulation of solids at the base of the downcomer in
possible future applications. Thus, the base of the down-
comer was inclined at an angle of 607 to the horizontal
to ensure that the flow would sweep any sedimented
particles into the riser where they could be resuspended
by the upward flow of the slurry.

Tap water and air were the liquid and the gas phases,
respectively. The air flow rates were measured by a cali-
brated rotameter and the superficial gas velocity, based
on the cross-sectional area of the riser, varied from
0:0245 to 0:1961 m s~ ' (0-41-3-35 vvm). Batch oper-
ation was employed with respect to the liquid phase. All
experiments were carried out at room temperature and
atmospheric pressure.

The overall gas holdup was determined by visual
measurement of the clear liquid height and the aerated
liquid height. The local gas holdups in riser and the
downcomer were determined manometrically.! The riser
and the downcomer each had manometric taps located
at 0-45m and 1-35 m above the base plate. Inverted
water manometers were used.

The velocity of liquid circulation was determined
with the neutral buoyancy flow follower technique. A
small piece of plastic tube (outer diameter, 0-0095 m:
length, 0:02 m; specific gravity, 1-022), was used as a
flow follower. The time taken by the follower to traverse
a known vertical distance in the downcomer was noted
and the flow velocity was calculated from an average of
10-20 measurements.

The mixing time was measured by the tracer impulse
method.! Sodium hydroxide (2 mol dm %) and sul-
phuric acid (1 mol dm ™) solutions (2 cm® each) were
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Fig. 2. Configurations of the head region: (a) without prism; (b) with a horizontal prism; (c) with a 45° inclined prism.

alternatively injected into the bottom of the downcomer
as tracers. The variations in pH were monitored with a
pH probe, pH meter and chart recorder arrangement.
The pH probe was installed 1-29 m above the gas
sparger in the riser. The mixing time was calculated
from the response curves as the time required to achieve
90% of the final tracer concentration.

The overall volumetric oxygen transfer coefficient,
k a,, was determined by the dynamic gassing-in
method as used previously by Chisti and Moo-Young.®
A polarographic dissolved oxygen electrode (Yellow
Springs, YSI 5739) and a dissolved oxygen meter (YSI
model 57) were used to follow the change in concentra-
tion of oxygen in a batch of liquid that had previously
been freed of oxygen by bubbling through with nitro-
gen. The mass transfer coefficient data presented here
has been corrected to a common temperature of 20°C
using the equation:’

(ky ay)
(ke @1)20 ={1-T12L4T]5"% (1)

where the subscripts T and 20 denote values at any
measurement temperature T and at 20°C, respectively.

3 RESULTS AND DISCUSSION

The general, visually observed, flow patterns in the
three configurations of the head region are depicted in
Fig. 2. In configuration (a) (Fig. 2), a local liquid circula-
tion zone occurred just inside the downcomer, close to
the upper edge of the baffle. As the liquid flow velocity
increased, the flow separated from the edge of the baffle
and a pocket of air, attached to the upper edge of the

baffle, formed inside the downcomer. A similar observa-
tion was previously reported for a different configu-
ration of an airlift device.'® In configuration (c),
particularly at low values of the riser superficial gas
velocities (gas velocity below 0-049 m s~ '), most of the
fluid that reached the narrow downcomer entrance was
free of gas bubbles. However, because of the high veloc-
ity of local flow in the narrow entrance, any bubbles
present were easily dragged into the downcomer. An air
pocket formed on the downstream side of the prism, as
shown in Fig. 2(b). Underneath the prism, in the down-
comer, a large liquid circulation zone existed, but the
intermixing between this zone and the bulk flow did
take place. A similar zone formed in configuration (c),
but mixed relatively poorly with the rest of the flow. A
large liquid circulation zone also existed above the
prism in configuration (c) and a portion of this zone was
free of gas bubbles (dotted lines in Fig. 2(c)). Inter-
change of fluid between the circulation zone and the
bulk flow proceeded slowly. Unlike in configuration (c),
the upper circulation zone in configuration (b) was quite
small and better mixed; here too a gas-free zone, albeit
smaller. existed. The air pocket in configuration (c) (Fig.
2) was larger than in configurations (a) or (b). The
pocket occupied a large volume of the entrance zone in
the downcomer. This entrance effect led to a higher
downward liquid velocity near the outer edge of the
downcomer than elsewhere within it. Thus, gas bubbles
moved downward in this outer zone near the wall
Further away form the outer wall, the bubble could be
seen to rise in the downcomer and disengage into the
air pocket.

As illustrated in Fig. 3, the gas holdup in the riser
was little affected by the configuration of the head
region; however, the holdup in the downcomer was
strongly affected. As expected, configuration (a) (Fig. 2)
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Fig. 3. Effects of the geometry of the head region on fract-
ional gas holdups in the riser (¢;,) and the downcomer (£4,).

was the least effective gas-liquid separator and allowed
the greatest carryover of the gas bubbles into the down-
comer, thus producing the highest downcomer gas
holdup for any given conditions (Fig. 3). Configurations
(b) and (c) in Fig. 2 were increasingly better in gas—
liquid separating ability; consequently, the downcomer
gas holdups were lower with these designs (Fig. 3). As is
clear in Fig. 3, for any given operating gas velocity, the
difference between the riser and downcomer gas
holdups for wvarious head region configurations
increased in the order (c) > (b) > (a). Thus, the driving
force for liquid circulation increased in the same order.
Yet, in Fig. 4, for identical gas flow rates, the magnitude
of the superficial liquid velocity in the downcomer fol-
lowed an opposite trend, (a) > (b) > (c). Hence, configu-
rations (a), (b) and (c) were achieving gas-liquid
separation primarily by slowing down the circulation of
the liquid, allowing the gas bubbles an increasing
amount of time to disengage. The apparently anom-
alous combination of reduced liquid circulation rate
and higher driving force, implies that the hydraulic
resistance to liquid flow increased with the installation
of the prisms in configuration (a) to obtain configu-
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Fig. 4. Effects of the geometry of the head region on the
induced superficial liquid velocity (U, 4) in downcomer,
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Fig. 5. Effects of the geometry of the head region on the depth
of penetration (H,) of the bubble front in the downcomer.

rations (b) and (c). The hydraulic resistance, or pressure
drop, associated with designs (b) and (c) was caused by
energy losses that arose because of the restricted flow
paths. Further, the hydrodynamics of the flow around
the prisms (configurations (b) and (c)) allowed signifi-
cantly greater flow separation and formation of air
pockets than occurred in design (a) (Fig. 2). Energy
losses also took place in the circulating fluid zones
which formed up- and down-stream of the prisms (Fig.
2(b and c)).

The effects of the geometry of the head region on
bubble penetration depth in the downcomer are shown
in Fig. 5 as a function of the superficial gas velocity in
the riser. For the purpose of this work, the bubble pen-
etration depth (H,) is defined as the distance from the
top of the vertical baffle to the bubble layer front in the
downcomer. Although, for all three configurations, very
small bubbles (approximately <2 mm diameter) did
recirculate through the downcomer, such recirculation
was disregarded in measurements of the bubble pen-
etration depth. The latter referred to penetration of
bubbles larger than about 3 mm. As shown in Fig. 5,
the bubble penetration depth increased as the gas veloc-
ity increased. Similar results were reported by Fan et
al.'! in a three-phase concentric draft tube airlift reactor
and by Chisti and Moo-Young'® in a rectangular
channel airlift device having a different design from the
ones used here. For configurations (a) and (b), at suffi-
ciently large values of the gas velocity, the bubble front
could reach the bottom of the vertical baffle. Recircula-
tion of gas was achieved beyond this critical gas veloc-
ity, as was also observed by Fan et al.!® However, in
configuration (c), with a 45° inclined prism, bubble
recirculation was not achieved in the range of gas velo-
cities examined because of the relatively large pressure
drop associated with that configuration. The critical gas
velocity for configuration (a) was lower than that for
configuration (b). This difference was directly related to
the difference in relative magnitudes of liquid circula-
tion rates in the two configurations.
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Fig. 6. Effects of the configuration of the head region on
mixing time ().

The rapid rise in bubble penetration depth that
accompanied the initiation of gas flow in configuration
(a) (dashed line in Fig. 5) again attested to the relatively
low pressure drop offered by this configuration. Thus,
slight increase in gas flow rate caused a large increase in
liquid circulation rate (see also Fig. 4); an earlier onset
of bubble flow into downcomer occurred and the
bubbles penetrated deeper into the downcomer.

The relatively high depth of penetration at low gas
velocities that was observed in configuration (b) (Fig. 5)
was caused by the relatively high local superficial liquid
velocity in the narrow entrance of the downcomer. This
high local flow was capable of dragging any gas bubble
that reached this zone into the downcomer. Once sub-
stantial gas holdup had been attained in the down-
comer, further increase in gas flow did not increase the
driving force for liquid circulation; thus, further
increases in bubble penetration depth (Fig. 5) were not
as spectacular. In configuration (c) although the local
flow in the narrow downcomer entrance could be of
similar magnitude to that in configuration (b), most of
the gas bubbles had already escaped the liquid by the
time the flow reached the narrow entrance.

The effects of the geometry of the head zone on
mixing time are shown in Fig. 6. As expected, irrespec-
tive of the geometry of the upper region, the mixing
time decreased with increasing superficial gas velocity.
The specific power input to the reactor increased with
increased gas flow; hence, turbulence and backmixing
became more intensive as the liquid circulation also
increased. Configuration (c) had the poorest mixing per-
formance (Fig. 6) because of relatively low velocities of
induced liquid circulation and the large eddy recircula-
tion zones (Fig. 2(c)). The intermixing between the recir-
culation zones and the bulk flow was slow. The mixing
performance of configurations (a) and (b) were similar;
although, unexpectedly, configuration (b) was a consis-
tently better mixer (shorter mixing times) than configu-
ration (a). For identical energy input or superficial gas
velocities in the two configurations,'® configuration (a)
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TABLE 1
Constants in Eqns (2) and (3) for Various Configurations of
the Head Region

Configuration o p b é
(a) 07426 0-8167 0-2289 0-7847
(b) 0-6008 0-7517 0-1987 00832
(c) 0-5271 0-7340 0-2690 0-1015

produced greater bulk liquid circulation because of its
hydrodynamically smoother liquid circulation pathway
(Fig. 4). Most of the energy imparted to the liquid went
into creating the primary circulatory flow, but not so
much into generating secondary eddies that enhance
mixing. In configuration (b), with a relatively greater
hydrodynamic resistance to primary circulatory flow, a
larger proportion of the energy went into secondary
flow systems; thus improving the mixing performance
relative to configuration (a). This behaviour arose,
because, despite the secondary flow systems in configu-
ration (b), the volume of stagnant zones was limited in
comparison with configuration (c).

Because of the effects of gas-liquid separator configu-
ration on the downcomer gas holdup, for otherwise
equal conditions, the overall gas holdup decreased in
order (a) > (b) > (c). The overall gas holdups were cor-
related with the superficial gas velocity in the riser using
the equation:

g = aU%L, 2

The values of « and § for various head zone configu-
rations are summarized in Table 1. The fundamental
hydrodynamic basis of eqn (2) has been explained pre-
viously.'?

The data on the overall volumetric oxygen transfer
coefficient for the three configurations are presented in
Fig. 7. In all cases, as the superficial gas velocity
increased, the overall volumetric oxygen transfer coeffi-
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Fig. 7. Effects of the configuration of the head region on the
overall volumetric oxygen transfer coefficient (k, a,).
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cient, k; a, , increased because of an increase in the
overall gas holdup and, hence, an increase in the gas—
liquid interfacial area for oxygen transfer. The k,_ a,
values in configuration (a) were the greatest because this
configuration produced the largest values of the overall
gas holdup. The oxygen transfer coefficient data could
be correlated with the superficial gas velocity using the
equation:

kya, = ".-"Uc(i;r (3)

The values of y and 6 for various configurations of the
separator zone are summarized in Table 1.

4 CONCLUSION

The hydrodynamic and aeration performance of split-
channel internal-loop airlift reactors was shown to
depend on the geometric configuration of the gas-liquid
separator zone. For otherwise fixed conditions—aspect
ratio of reactor, riser-to-downcomer cross-sectional area
ratio and operational gas velocity—the performance
characteristics, including the velocity of the induced
liquid circulation, gas holdup in the downcomer, depth
of penetration of the bubble front in downcomer,
mixing time and the overall volumetric gas-liquid
oxygen transfer coefficient, could be manipulated
through design of the head zone. However, the gas
holdup in the riser was not sensitive to the geometry of
the head region. The effects of any geometric configu-
ration on performance characteristics could be
explained as originating from a combination of the gas—
liquid separating ability of the configuration and its
hydraulic resistance. Empirical correlations were pro-
posed for estimation of the overall gas holdup and the
overall volumetric oxygen transfer coefficient in an air—
water system for three configurations of gas-liquid
separators for potential use in wastewater treatment
applications.
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