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Abstract

The effect of the distributing plate orifice diameter, airflow rate, solids loading and solids density on the hydrodynamic
characteristics — gas holdup, circulation time and liquid velocity — of a three-phase external-loop airlift reactor was characterized. It
was observed that the gas distributor has a small effect on riser gas holdup, circulation time and downcomer liquid velocity. On the
contrary, the airflow rate, solids loading and solids density significantly affect the hydrodynamic characteristics of the external-loop
airlift reactor. A previously described model was used to estimate simultaneously both the riser gas holdup and the downcomer linear
liquid velocity. The model simulated with high-accuracy experimental data obtained with three different distributing plate orifice
diameters, two solids density and solids loading up to 30% (v/v). © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

With their increasing applications to biotechnology
processes, airlift reactors appear to be one of the most
important bioreactor configurations. Airlift reactors are
reaction vessels divided into two sections — the riser,
where the gas is injected, and the downcomer — and are
classified according to the way in which the loop for
circulating the liquid is arranged. The internal-loop airlift
reactors contain the riser and the downcomer in the same
column and in the external-loop reactors the downcomer
and the riser are separate tubes put up side by side and
connected at the top and at the bottom. Characteristic
properties of external-loop airlift reactors are (Onken
& Weiland, 1983): (a) a complete degassing of the liquid
at the top, which prevents accumulation of CO, in the
fermentation of liquid and the reduction of the driving
force for oxygen transfer due to entrainment of bubbles
lean in oxygen; (b) no zones of irregular flow at top and
bottom of the fermenter; (c) easy removal of heat from the
fermenter; and (d) easy measurement and control of
liquid circulation rate in the downcomer without com-
plications arising from the gas content.

* Corresponding author. Tel.: + 351-253-604400; fax: + 351-253-
678986.
E-mail address: jateixeira@deb.uminho.pt (J-. A. Teixeira).

External-loop fermenters have frequently been used in
investigations of reactor behaviour in laboratory,
bench-scale and pilot-plant installations, apparently be-
cause of the well-defined conditions in the system. How-
ever, the amount of generalized information available is
small. This is due to the fact that, for a given superficial
gas velocity value, any variation of gas or liquid physical
properties, downcomer and riser cross-section ratio, top
and bottom riser and downcomer connecting sections
geometry, phase separation conditions, liquid volume,
reactor height or gas distributing plate, generates a modi-
fication in liquid velocity and gas-holdup (Bentifraouine,
Xuereb & Riba, 1997). The complexity increases when
a third phase (solid) is added to the system. The majority
of data have been obtained for air-water systems that are
not necessarily representing the fermentation processes,
which are characterized by the presence of a solid phase
slightly denser than water and where high concentrations
of solids may occur. Kochbeck, Lindert and Hampel
(1992) observed that liquid velocity in an external-loop
airlift reactor was drastically reduced by the presence of
high-density solid particles. Working with low-density
solids and with high amounts of solids (till 30% v/v),
Freitas and Teixeira (1997) found that solids loading and
density had a considerable influence on gas holdup,
liquid velocity and mixing time of an internal-loop airlift
reactor with a degassing zone.
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Parameters of the gas distributing system, in particular
free plate area and orifice diameter, have been shown to
influence strongly the gas holdup values in bubble col-
umns (Kastanek, Zahradnik, Kratochvil and Cermak,
1993), once the bubbile size is affected. Gas holdup in an
airlift reactor is a parameter of great importance, not
only for its effect on the circulation rate of the liquid but
also for its consequence on gas residence time, oxygen
transfer and liquid mixing. However, relatively little at-
tention has been paid to the effect of gas distribution in
airlift reactors and there are no data published about its
influence on the performance of three-phase reactors. For
gas-liquid systems, Merchuk (1986) reported, for an ex-
ternal-loop airlift reactor, that there was no difference in
the gas holdup and liquid velocity for different holes
diameters of the distributing plate. Also for a two-phase
system and an external-loop airlift reactor, different re-
sults were obtained by Snape, Fialova, Zahradnik and
Thomas (1992) when investigating the effect of the dis-
tributing plate geometry on gas holdup and liquid velo-
city. They found that the plate with 0.5 mm orifices had
a markedly different behaviour than the plates with high-
er orifices diameters while only slight increase of gas
holdup and liquid velocity with decreasing orifice dia-
meter was observed in the range of orifice diameter
1.0-3.0 mm.

Models for the prediction of the hydrodynamics of
airlift reactors have been described in the literature
(Chisti, Halard, and Moo-Young, 1988; Garcia-Calvo
& Leton, 1996; Gavrilescu & Tudose, 1998; Hwang
& Cheng, 1997; Kemblowski, Przywarski & Diab, 1993).
Such models are based, usually, on momentum or energy
balances, taking into account the energy losses along the
total circulation loop. The difficulties in evaluating the
energy loss along the total circulation loop in the airlift
reactor stem partly from the complex nature of the flow-
ing mixture and partly from the difference in the factors
controlling the energy loss process (Gavrilescu
& Tudose, 1998). Even more difficulties arise from the
introduction of a solid phase, since the influence of the
solids — which may change quantity, density and/or size
- on the energy loss and, hence, on hydrodynamics is of
very difficult prediction. Thus, only few of the models in
the literature describe the hydrodynamics of three-phase
airlift reactors being developed for only one type or
amount of solids. In a previous work (Freitas et al., 1999),
a model for the estimation of gas holdup and liquid
velocity in three-phase airlift reactors was developed and
validated for both an external- and an internal-loop
airlift reactor. The riser gas holdup estimation is done
using a modification of Zuber and Findlay model:

U,
Egr = >
! C[Ugr + l]lr(l + 8sr/(1 - 8gr - 8sr)) — &g Ust] + Ubt

(1)

where C is the distributing factor and U,, the terminal
rise velocity of a single bubble.

An energy balance was used for the prediction of the
riser superficial liquid velocity:
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Downcomer linear liquid velocity is given by
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(4)

Values of riser gas holdup and downcomer linear liquid
velocity are obtained using an optimization procedure,
with the calculation of the optimum values of the para-
meters C, U, and f.

In order to obtain further information about the be-
haviour of three-phase external-loop reactors working
with low-density particles, the effect of airflow rate, solids
loading, solids density and orifice diameter of the distrib-
uting plate on riser gas holdup, downcomer liquid velo-
city circulation time and were systematically studied. The
model developed by Freitas et al. (1999) was used to
estimate values of riser gas holdup and downcomer linear
liquid velocity on the three-phase external-loop airlift
reactor working with different distributing plate orifice
diameters, two solids densities and solids loading up to
30% (v/v).

2. Experimental

Experiments were performed in a glass wall external-
loop airlift reactor with a working volume of 60 1 (sche-
matically depicted in Fig. 1). The downcomer and riser
diameters are 0.05 and 0.158 m, respectively, with 2.07 m
of height. The height and the diameter of top section are
0.36 and 0.158 m, respectively, with a contraction that
connects to a bend with 0.107 m diameter. The bottom
section has the same diameter as the downcomer. The
downcomer flow joins the riser 0.05 m above the distrib-
uting plate.

Air was used as gas phase and injected through perfor-
ated plates with a constant free plate area ratio ¢ = 0.2%
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Fig. 1. Schematic representation of the experimental airlift reactor:
1 - air feed; 2 — regulation valve; 3 - rotameter; 4 - exit valve; 5 — sieve
plate; 6 — pressure taps; 7 — reactor vessel; 8 — air vent; 9 - valve; 10
- water feed; 11 - tracer injection; 12 — measuring electrodes.

and hole diameters of 0.5, 1.0 and 1.6 mm. The airflow
rate was varied between 2100 and 11 800 1/h correspond-
ing to riser superficial gas velocities, based on the riser
cross-section area, between 0.03 and 0.17 m/s, respec-
tively.

Water was used as liquid phase and Ca-alginate
beads, with two different densities, were used as solid
phase and prepared according to the procedure de-
scribed by Vicente and Teixiera (1995). The mean
diameter and density of the “low-density solids” (LD)
were (2.131 + 0.102) mm and (1023 + 1) kg/m>, respec-
tively, and the values for the “high-density solids” (HD)
were (2.151 + 0.125) mm and (1048 + 1) kg/m?>. For each
type of solids, solids loading applied was 0, 5, 10, 15, 20
and 30% (v/v).

The average volumetric riser gas holdup (e,) was
calculated from the manometric measurements of
hydrostatic pressure in the riser.

Two identical conductometers equipped with conduct-
ivity probes, separated by 1.56 m, were used to character-
ize the liquid-phase flow in the downcomer. For each set
of experimental conditions, a pulse of saturated potassi-
um chloride solution (KCI) was injected, at time zero,
into the downcomer, 0.285 m above the top conductivity
probe. The amount of KCI added was small enough
not to affect the coalescence behaviour of the gas-
liquid system (Zahradnik, Fialova, Kastanek, Green &
Thomas, 1995). The data-acquisition was stopped once a
constant conductivity value was achieved. The responses

of the two probes were transmitted to a computer by a
data-acquisition system. Three replicates were made for
each set of experimental conditions.

The downcomer linear liquid velocity (v,;) was cal-
culated dividing the distance between the two probes by
the time (A?) required by the tracer to travel from one to
the other.

The circulation time (t.) was computed by averaging
the time spans between maximum consecutive peaks
in the conductivity probe response curve and it
was obtained independently for each of the two conduc-
tivity probes. The final value, for each set of experi-
mental conditions, is the average between the
values registered by the two probes in the three replicates
made.

The optimization of the parameters C, U, and f
(Egs. (1)—(4)), allowing for the prediction of values of riser
gas holdup and the downcomer linear liquid velocity,
was done using a developed computer software.

3. Results and discussion
3.1. Gas holdup

Gas holdup is one of the most important parameters
characterizing bubble bed hydrodynamics. Its value de-
termines the fraction of gas in the bubble bed and thus,
the residence time of phases in the bed, for given values of
gas flow rates (Kastanek et al, 1993). Moreover, the
difference between gas holdup in the riser and in the
downcomer is responsible for the circulation in the reac-
tor. In this work, gas holdup was measured in the riser,
for different experimental conditions. Fig. 2, in which
values of riser gas holdup (g, ) are plotted, for the two
solids density studied, as a function of riser superficial gas
velocity (u,.) and solids loading, represents the effect of
the distributing plate orifice diameter on ¢,. It can be
seen that, in all situations, riser gas holdup increases with
riser superficial gas velocity. For water (0% of solids), the
distributing plate of 0.5 mm orifices shows a different
behaviour when compared with the other two plates
(similar to the results obtained by Snape et al., 1992). Gas
holdup increases rapidly with gas superficial gas velocity,
appears to be reaching a stationary value and then in-
creases again. These changes of slope in the relation
between riser gas holdup and riser superficial gas velocity
and the existence of an almost plateau-like transition
region between 0.03 and 0.113 m/s can be ascribed to the
change of bubbling mode in the riser, analogous to the
transition between homogeneous and heterogencous
bubbling regimes commonly reported for bubble column
reactors (Kastanek et al., 1993). However, the transition
is smoother in the airlift reactor than in the bubble
column (as reported by Snape, Zahradnik, Fialova &
Thomas, 1995), probably because the superimposed
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Fig. 2. Influence of solids loading and riser superficial gas velocity (u,,
on the riser gas holdup, for three distributing plate orifice diameters
(@ - 1.6 mm; O - 1.0 mm; ¥ - 0.5 mm): (a) “low-density solids”;
(b) “high-density solids”.

liquid circulation reduces, but does not completely
suppresses, the influence of plate geometry on bubbling
regime. The transition is less pronounced for 1.0 mm
holes and does not exist for 1.6 mm holes or three-phase
systems, for which the increase of riser gas holdup with
the increase of riser superficial gas velocity is typical from
a heterogeneous flow.

It can also be seen in Fig. 2 that the influence of the
orifice diameters of the distributing plates on riser gas
holdup is not very significant. In accordance with this,
Chisti (1989) reported that, for properly designed perfor-
ated plates, factors as the number of holes and the free
plate area have been found to have little effect on gas
holdup in tall airlift reactors operated with several differ-
ent fluids. In this work, for the two-phase system (0% of
solids) and the lower solids loading, the increase of orifice
diameter leads to a decrease in riser gas holdup but its
influence is negligible for solids loading higher than 10%.
The orifice diameter of the distributing plate influences
the size of the bubbles as they leave the plate, the larger
the orifice the larger the initial bubble size. Residence

30 o5

Solids loading (%) do (mm)

Fig. 3. Influence of solids loading and solids density on riser gas
holdup, for three distributing plate orifice diameters (d,) and for differ-
ent airflow rates (2100 1/h: O - LD, @ - HD; 5300 1/h: O - LD, B - HD;
80001/h: & - LD, ¢ - HD; 118001/h: ¥V - LD, ¥ - HD): LD
- “low-density solids”; HD - “high-density solids”.

time of the bigger bubbles is lower than that of the
smaller ones, once they have higher rise velocities, result-
ing in lower gas holdup. However, under the highly
turbulent conditions typically found in bioreactors, the
bubble size in dispersion is generally independent of the
size at birth and it is controlled by the equilibrium
between the dynamic pressure forces — which works to
break the bubble — and the surface tension force
— which attempts to preserve its size and shape (Chisti,
1989). For high amounts of solids, bubbles can no longer
be considered to act independently and bubble coales-
cence and breakup become important factors — the
differences between initial bubble size generated by the
three types of the distributing plates are suppressed.
Moreover, the suppression of gas distributor effect is
enhanced by the influence of the superimposed liquid
flow on the flow pattern and on bubble rising velocity in
the riser (Snape et al., 1995). This is the reason why the
differences between distributing plates decrease for high
values of riser superficial gas velocity.

Fig. 3 shows the influence of solids loading and solids
density on riser gas holdup, for the three distributing
plates used. The effect of solids loading is clear, once the
progressive introduction of solids in the system results in
a significant decrease of riser gas holdup. This is due to
increasing reduction of flow area of the gas and liquid
phases and the consequent increase of coalescence. Sim-
ilar results were obtained by Lu, Hwang and Chang
(1995), Verlaan and Tramper (1987) and Freitas and
Teixeira (1997).

Also from Fig. 3, it seems that, in general, solids density
has little influence on riser gas holdup, independent of the
distributing plate used, being observed only in some
cases small decreases of riser gas holdup with the increase
of solids density.
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3.2. Circulation time

In Fig. 4, circulation time (t,) is plotted, for both solids
density and the three distributing plates used, as a func-
tion of riser superficial gas velocity (u,,) and solids load-
ing. For low airflow rates, circulation time is a strong
function of the riser superficial gas velocity, decreasing
with the increase of the airflow rate. For higher airflow
rates, circulation time dependence on airflow rate be-
comes very small.

In agreement with the results obtained for riser gas
holdup (Fig. 2), the circulation time is only significantly
affected by the distributing plate orifice diameter for low
values of solids loading. For 0% of solids, circulation
time increases with the orifice diameter and, for 10% of
“high-density solids”, circulation time is also lower for
the 0.5 mm distributing plate. For higher amounts of
solids, the circulation time does not have a defined trend,
as expected, since the riser gas holdup is also influenced
only by the distributing plate for low solids loading. In
these cases, as riser gas holdup decreases with the in-
crease of the orifice diameter of the distributing plate, the
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Fig. 4. Influence of solids loading and riser superficial gas velocity (u,,
on circulation time, for three distributing plate orifice diameters
(@ - 1.6mm; 0 - 1.0mm; ¥ - 0.5mm): (a) “low-density solids™;
(b) “high-density solids”.
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Fig. 5. Influence of solids loading and solids density on circulation
time, for three distributing plate orifice diameters (d,) and for different
airflow rates (2100 I/h: O - LD, @ - HD; 5300 1/h: O - LD, B - HD;
80001/h: & - LD, ¢ - HD; 118001/h: vV - LD, ¥ - HD): LD
- “low-density solids”; HD - “high-density solids”.

driving force for liquid circulation becomes smaller and,
hence, the circulation time becomes larger. For high
solids loading, probably because of the different amounts
of bubbles entered into the downcomer for the three
distributing plates, the difference between riser and
downcomer gas holdup is affected in different ways,
which could explain the uncertainty of the influence of
the distributing plates on the circulation time in these
cases. However, the differences observed are very small
which leads us to conclude that the distributing plate
orifice diameter has a small influence on circulation time
for high solids loading.

The influence of solids loading and density on the
circulation time is represented in Fig. 5. The increase of
solids loading produces an increase of the circulation
time, due to the decrease of driving force for circulation,
as the riser gas holdup is also reduced by the introduc-
tion of solids (Fig. 3).

It can also be seen in Fig. 5 that the increase in solids
density leads to a decrease of the circulation time, espe-
cially for low airflow rates, while for high values of
airflow rate the effect of the density is negligible. The
influence of solids density on circulation time is also
reduced by the increase of the orifice diameter of the
distributing plate. Still, even in small amounts, circula-
tion time decreases with solids density for both 1.0 and
1.6 mm. Despite the fact that downcomer gas holdup in
external-loop airlift reactors is usually very small, with
air bubbles coalescence occurring in the riser and with
the corresponding increase of the rising bubble velocity,
few bubbles enter the downcomer. Thus, the difference
between riser and downcomer gas holdup seems to in-
crease with the increase of solids density, resulting in
a lowering of the circulation time.
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3.3. Liquid velocity

Figs. 6 and 7 present the influence of the distributing
plate orifice diameter on downcomer linear liquid velo-
city, for the “low-" and “high-density solids”, respective-
ly. With each experimental data the standard deviation
associated is shown. As can be seen, there is no evident
effect of the studied characteristics of the distributing
plate on the liquid velocity. It can only be said for certain
that, for 10% of solids, downcomer linear liquid velocity
is lower for the 0.5 mm plate.

In all the cases studied, downcomer liquid velocity
responds in a similar way to the aeration rate, increasing
with the increase of riser superficial gas velocity, which is
an expected result. At small gas throughputs, the gas
holdup in the riser increases considerably more with
increasing gas velocity than in the downcomer. Thus, the
resulting large driving force leads to a large increase of
liquid velocity for low superficial gas velocities, whereas
at larger gas throughputs the liquid velocity tends to level
off (Weiland, 1984).

Also from Figs. 6 and 7, it can be seen that the depend-
ences of downcomer linear liquid velocity on riser
superficial gas velocity become, generally, flatter with
increasing solids loading.
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The influence of solids loading on downcomer linear
liquid velocity is shown in Fig. 8. Downcomer liquid
velocity decreases with solids loading as a consequence of
the increase of bubble coalescence (reflected on the de-
crease of riser gas holdup shown in Fig. 2) and of the
frictional loss caused by the reduction of the flow area of
the gas and liquid phases. Similar results were reported
by Lu et al. (1995).

Fig. 8 also compares the downcomer linear liquid
velocity for “high-" and “low-density solids” allowing for
the conclusion that, generally, solids density produces an
increase of the downcomer liquid velocity. This is in
accordance with what was presented in Fig. 5, where
circulation time decreases with solids density, once for
this to happen downcomer liquid velocity has to increase.
Also as for the circulation time, solids density has a lower
influence on downcomer liquid velocity for the higher
distributing plate orifice diameter.

3.4. Application of the hydrodynamic model

In Figs. 9 and in 10 are shown the results of the
simulations done for the estimation of riser gas holdup
and downcomer linear liquid velocity, respectively, for
three distributing plates, two solids density and solid

10%

30%

0 0.05 0.1 0.15 0.2
ugr (mys)

Fig. 6. Influence of riser superficial gas velocity (u,.) on the downcomer linear liquid velocity (v,4), for different solids loading (0, 10, 20 and 30% v/v)
and three distributing plate orifice diameters (@ - 1.6 mm; [J - 1.0 mm; 4 - 0.5 mm) - “low-density solids”.



C. Freitas et al. | Chemical Engineering Science 55 (2000) 4961-4972 4967

0%

20%

0 0.05 0.1 0.15 02

ugr (m's)

10%

30%
2.5 4

vid (m's)
tn
e
i3
e

™
1

0 0.05 0.1 0.15 0.2
ugr (mv's)

Fig. 7. Influence of riser superficial gas velocity (u,.) on the downcomer linear liquid velocity (v,4), for different solids loading (0, 10, 20 and 30% v/v)
and three distributing plate orifice diameters (@ - 1.6 mm; O - 1.0 mm; € - 0.5 mm) - “high-density solids”.

Downcomer liquid velocity (m/s)
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Fig. 8. Influence of solids loading and solids density on downcomer
linear liquid velocity, for three distributing plate orifice diameters (d,)
and for different airflow rates (2100 1/h: - - LD, @ - HD; 5300 1/h:
O - LD, ® - HD; 118001/h: V¥ - LD, ¥ - HD): LD - “low-density
solids”; HD - “high-density solids”.

loading up to 30% (v/v), according to Egs. (1) and (2). In
general, there is a good agreement between the experi-
mental and the estimated data. The experimental values
of riser gas holdup can be predicted, for all the experi-
mental conditions, with an error of + 10% (Fig. 11),

while calculated values of downcomer liquid velocity
differ from the experimental ones in a range of + 15%
(Fig. 11). Evidence suggests that the proposed model can
predict with high accuracy the riser gas holdup and the
liquid velocity in a three-phase external-loop airlift reac-
tor working in a wide range of solids loading, airflow
rates and distributing plate orifice diameter, with solids
with low densities.

For the estimation of riser gas holdup and downcomer
linear liquid velocity, the distributing factor, C, the ter-
minal velocity of a single bubble, U,,, and the parameter
f were optimized, with obtained values presented in
Table 1. Observing values of the distributing factor C, it
can be seen that it decreases with the increase of solids
loading. For 1 and 1.6 mm distributing plate orifice dia-
meters, there is, however, a small increase from 0 to 10%
of “low-density solids”, which may be due to the per-
turbation of flux by the introduction of solids. When,
however, more solids are added, the flux becomes more
uniform and values of C approaches 1. Moreover, values
of the distributing factor that differ significantly from
1 indicate significant non-uniformity of radial flow pro-
file in the riser, which is, indeed, a predictable result for
the heterogeneous bubbling mode and the riser diameter
used (Snape et al., 1995).
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Fig. 9. Comparison between the experimental (@) and the calculated values (—) of the riser gas holdup (Eq. (1)), for the three distributing plates — (a)
0.5 mm, (b) 1.0 mm, (c) 1.6 mm - and for the “low” (L)- and “high” (H)-density solids.

For the distributing plate with 0.5 mm orifice diameter
and the two-phase system, some of the values of distrib-
uting factor, C, and terminal rise velocity of a single
bubble, U,,, are out of the range expected for these
parameters. This is the consequence of the different be-
haviour observed for the riser gas holdup in this case
(Fig. 2), where a change of bubbling mode seems to occur.

A similar result was obtained by Snape et al. (1995) when
tried to apply the Zubber and Findlay “drift flux model”
to the results obtained in a two-phase external-loop
airlift reactor with a distributing plate with orifices dia-
meter of 0.5 mm. They found that the “drift flux” plot
-U,/e vs. (U, + U;)- was not linear but appeared to be
comprised of three linear sections with changes of slope,
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Fig. 10. Comparison between the experimental (@) and the calculated values ( — ) of the downcomer linear liquid velocity (Eq. (2)) for the three
distributing plates — (a) 0.5 mm, (b) 1.0 mm, (¢) 1.6 mm - and for the “low” (L)- and “high” (H)-density solids.

which corresponded to the changes of bubbling regime
from homogeneous to transition to heterogeneous. For
the same reactor but for a plate of 1.6 mm diameter holes,
they found values of C = 1.5 and U,, = 0.263 m/s, not
very different from those found in this work for 1.6 mm
and 0% of solids (C = 1.82 and U,, = 0.22 m/s).

It can also be observed in Table 1 that values of the
distributing factor C smaller than 1 were obtained for the
three distributing plates when working with 30% of
“high-density solids”. In these conditions, the system

behaviour deviates considerably from a two-phase sys-
tem and the model is not so accurate as with “low-density
solids” or low solids loading. This is corroborated by the
values found for the parameter f# which, for the distribut-
ing plate with orifices diameter of 1.0 mm, exhibits a con-
stant increase with the increase of solids loading while,
for the distributing plate of 1.6 mm orifices diameter, only
presents a considerable increase for high solids loading
(from 20 to 30% of solids). Parameter f includes a cor-
rection factor o (Eq. (3)), which was introduced in the
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Fig. 11. Predicted values vs. experimental values of riser gas holdup (a)
and downcomer linear liquid velocity (b), for all the experimental
conditions (1.6 mm: - - LD, @ - HD; 1.0 mm: (0 - LD, B - HD;
0.5mm: & - LD, € - HD): LD - “low-density solids”; HD - “high-
density solids”.

Table 1

calculation of the friction factor so that Blasius equation
for one-phase (Perry & Green, 1984) could be adapted to
two and three-phase systems and attend to the higher
friction losses present in these cases. The increase of
parameter § may be the result of the increase of that
correction factor, since for high solids loading the flux
differs considerably from the flux of one-phase system
and the friction losses are much higher.

Confirming what was reported for parameters C
(values too high) and U,, (negative values) obtained with
the distributing plate of 0.5 mm orifices diameter, para-
meter f§ does not have a well-defined trend, probably due
to the already mentioned change of bubbling regime.
Still, the increase from 20 to 30% of solids is also
observed.

Values of U, increase with the increase of solids
loading in all the experimental conditions studied.
Such results can be ascribed to the character of the
bubble bed in the riser. In the “drift flux model” (Young,
Carbonell & Ollis, 1991), U,, is the terminal velocity
of a single bubble, assuming that bubbles do not inter-
act, that is, each bubble moves independently and is not
affected by the presence of other bubbles. However,
Verlaan and Tramper (1987) reported that bubbles
tended to aggregate in the center of the column as the
solids loading increase. Therefore, bubble coalescence
was more intense at higher solids loading, with
consequent increase in the diameter of the bubbles and
the rise in velocity. Thus, bubbles do not move inde-
pendently but in a swarm of bubbles rising with very
high velocities. This is what happens for high solids
loading (20 and 30%), for which U,, is outside the range
of 0.2-0.4 m/s presented in literature for two-phase sys-
tems (Bando et al.,, 1990; Lu et al., 1995; Snape et al.,
1995).

Values of the optimized distributing factor (C), terminal rise velocity of a single bubble (U,,) and parameter f§ of the model, for three distributing plate
orifice diameters, several solids loading and the “high”- and “low-density solids”

Distributing Solids “Low-density solids” “High-density solids”
plate (mm) loading (%)
c Uy B c Un B

0.5 0 291 —0.099 0.0095 291 —0.099 0.0095
10 2.35 0.28 0.019 2.67 0.037 0.0048
20 1.54 0.55 0.0076 2.72 0.25 0.0055
30 1.43 0.71 0.017 0.65 1.01 0.012

1.0 0 2.04 0.06 0.0044 2.04 0.06 0.0044
10 2.14 0.22 0.010 1.67 0.40 0.0056
20 1.53 0.58 0.016 1.39 0.65 0.0060
30 1.20 0.77 0.024 0.64 1.04 0.0082

1.6 0 1.82 0.22 0.0069 1.82 0.22 0.0069
10 2.11 0.24 0.0066 1.39 0.44 0.0058
20 1.88 0.43 0.0060 1.08 0.69 0.0047
30 1.28 0.74 0.012 0.48 1.07 0.013
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4. Conclusions

Experiments were conducted to investigate the effect of
the distributing plate orifices diameter, the airflow rate,
the solids loading and density on the riser gas holdup, the
circulation time and the downcomer liquid velocity of
a three-phase external-loop airlift reactor. It was found
that the distributing plate orifices diameter does not have
a significant influence on the parameters studied, being
only observed slight changes of riser gas holdup and
circulation time, for low airflow rates and low solids
loading, and on liquid velocity, for 10% of solids. This
reduced effect of the gas distributor in airlift reactors,
when compared with bubble columns, can be ascribed to
the influence of superimposed liquid flow on the flow
pattern and bubble rise velocity in the riser, enhanced
due to the presence of the solid phase. On the contrary,
airflow rate and solids loading have a great effect on riser
gas holdup, circulation time and downcomer liquid velo-
city. The increase of airflow rate leads to an increase of
riser gas holdup and liquid velocity while the circulation
time, consequently, decreases. In opposition, the increas-
ing introduction of solids produces a decrease of the gas
holdup and liquid velocity and an increase of circulation
time. There is no well-defined trend of the effect of solids
density, in the range of values studied, on the studied
hydrodynamic characteristics of the three-phase ex-
ternal-loop airlift reactor.

From the results presented, it can be concluded that
the model developed by Freitas et al. (1999) predicts the
experimental values of riser gas holdup and downcomer
linear liquid velocity obtained, for all the experimental
cases studied, with high accuracy (with an error of + 10
and + 15%, respectively). The distribution factor de-
creases, in general, with the increase of solids loading
while the terminal velocity of a single bubble increases, as
a consequence of the increase of coalescence deriving
from the increase of the interaction between the bubbles.
The parameter § does not have a very defined trend,
presenting only a significant increase with solids loading
for 30% of solids.

Notation

A cross-sectional area, m>

C  distribution factor

D diameter, m

g gravitational acceleration, m/s*
H length, m

k,  friction loss coefficient
U  superficial velocity, m/s
U, terminal rise velocity of a single bubble, m/s

linear velocity, m/s
distributing plate orifice diameter

[T
<

Greek letters

correction factor
parameter
holdup
viscosity, N's
density, kg/m?

T TE O ™K

Subscripts

bottom section
downcomer

gas

homogeneous phase
liquid

riser

solid

top section

B BN SRS

=~
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