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Abstract: The hydrodynamics and mass transfer, specifi-
cally the effects of gas velocity and the presence and type
of solids on the gas hold-up and volumetric mass trans-
fer coefficient, were studied on a lab-scale airlift reactor
with internal draft tube. Basalt particles and biofilm-
coated particles were used as solid phase. Three distinct
flow regimes were observed with increasing gas flow
rate. The influence of the solid phase on the hydrody-
namics was a peculiar characteristic of the regimes. The
volumetric mass transfer coefficient was found to de-
crease with increasing solid loading and particle size.
This could be predominantly related to the influence that
the solid has on gas hold-up. The ratio between gas hold-
up and volumetric mass transfer coefficient was found to
be independent of solid loading, size, or density, and it
was proven that the presence of solids in airlift reactors
lowers the number of gas bubbles without changing
their size. To evaluate scale effects, experimental results
were compared with theoretical and empirical models
proposed for similar systems. © 1998 John Wiley & Sons,
Inc. Biotechnol Bioeng 60: 627–635, 1998.
Keywords: airlift reactor; biofilm; hydrodynamics; mass
transfer

INTRODUCTION

The determination of the gas and solids hold-ups and volu-
metric mass transfer coefficient is an important factor in the
design and operation of airlift reactors and has been the
subject of much research interest. Extensive data are avail-
able for the estimation of design parameters in two-phase
systems (Chisti, 1989). However, only a few studies have
dealt with the specific case of three-phase airlift reactors
and there is still no universally applicable relation describ-
ing the influence of all types of particles in any weight
fraction in any liquid and for any reactor scale (Beenackers
and van Swaaij, 1993).

Most of the articles on the hydrodynamics and mass
transfer of three-phase airlift reactors have dealt with sys-
tems of relatively small scale. The influence of the presence
of solids has been reported for various types of particles
including glass beads (Koide et al., 1985), plastic beads

(Miyahara and Kawate, 1993), polystyrene cylinders
(Hwang and Lu, 1997), activated carbon particles
(Muroyama et al., 1985) Raney nickel particles (Gavroy et
al., 1995), and calcium-alginate beads (Lu et al., 1995). For
the case of biofilm-coated particles, Ryhiner et al. (1986)
reported that the gas–liquid volumetric mass transfer coef-
ficient in a three-phase biofilm fluidized sand-bed reactor
decreased (in the range 0.02 to 0.04 s−1) with increasing
amounts of clean sand and was almost independent of the
sand fraction with biofilm-covered sand. No direct informa-
tion is available on biofilm airlift suspension reactors in
which the solid phase is comprised of biofilm-coated par-
ticles, although these systems found useful large-scale in-
dustrial applications in wastewater treatment processes
(Heijnen et al., 1990). Therefore, it seems important to un-
derstand how the presence of biofilm covering the solid
particles may affect hydrodynamics and mass transfer in
three-phase airlift reactors.

Empirical (Koide et al., 1985) and theoretical (Livingston
and Zhang, 1993) models have also been proposed to de-
scribe the hydrodynamics of small-scale systems (0.001 to
0.01 m3). Only recently, Heijnen et al. (1997) proposed a
model for the hydrodynamic behavior of large-scale three-
phase airlift reactors (0.1 to 500 m3).

This work presents the experimental characterization of
hydrodynamics and mass transfer in a lab-scale three-phase
airlift reactor with an internal draft tube. Both basalt par-
ticles and biofilm-coated particles were used as solid phase.
The influence of solid loading, size, and density on gas
hold-up and gas–liquid volumetric mass transfer coefficient
was investigated with specific attention to the peculiarities
under different flow regimes. The results of the investiga-
tion are compared with literature data using small- and full-
scale systems to evaluate the effect of scale.

MATERIALS AND METHODS

A concentric-tube airlift reactor with a three-phase separator
(working volume 1.5 L) was used throughout this study.
The reactor has been described by Gjaltema et al. (1995),
and the essential details are given in Figure 1. The tempera-
ture of the reactor was maintained at 24°C by means of a
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thermostated water jacket. All experiments were performed
at ambient pressure. The gas phase was sparged in the
draught tube at the bottom of the reactor by means of a
sintered glass sparger. The gas flow rate was controlled by
means of a mass flow controller system. The superficial gas
velocity, referred to the total column cross-section, ranged
up to 150 mm/s. Tap water was the batch liquid used for all
experiments.

Basalt particles (density 3010 kg/m3) and biofilm-coated
particles were used as solid. Biofilm-coated particles were
obtained from a biofilm airlift suspension reactor operated
with municipal wastewater at Zandaam (NL). For both ba-
salt particles and biofilm-coated particles, four size cuts of
approximately uniform size were obtained by sieving. For
each size fraction the particle average equivalent diameter
was determined by means of a two-dimensional analysis
system (Galai Cue 2, Betaversion 4.5, coupled with an
Olympus SZH microscope); in the case of biofilm-coated
particles, the average equivalent diameter of the bare carri-
ers was also estimated through image analysis. The density
of the biofilm was estimated by weighing the mass of dry

biomass of a known volume of biofilm-coated particles. The
results of these measurements are reported in Table I. The
terminal settling velocities in this table are calculated ac-
cording to the relationship reported by Perry and Green
(1984), assuming the particles were smooth spheres.

The influence of basalt loading was studied by using
0.34-mm basalt particles; the influence of biofilm loading
was studied by using 1.95-mm particles; the solid concen-
tration varied from 0 to 267 kg/m3 for basalt, and from 0 to
134 kg/m3 for biofilm-coated particles. The influence of
particle size was studied at constant solid hold-up,«S 4
2.2% for basalt, and«S 4 12% for biofilm-coated particles.
All data reported are for situations in which the solid was
completely suspended in the reactor. The overall gas hold-
up was determined by using the volume expansion tech-
nique (Chisti, 1987).

The volumetric mass transfer coefficient was determined
by means of the transient gassing-in technique (Fuchs et al.,
1971). All experiments were performed with batch liquid
and solid phase and continuous gas flow. At the beginning
of each experiment nitrogen was sparged to desorb the dis-
solved oxygen from the liquid and biofilm phase, then a
preadjusted air flow was fed into the column by switching
two three-way valves simultaneously. The increase in oxy-
gen concentration in the liquid phase was measured by
means of an oxygen probe (MTW-OXI 196) with response
times of about 6 s and 15 s to reach 63% and 95% of a step
change, respectively.

THEORY

Different oxygen balance equations were used for the case
of basalt and biofilm-coated particles to estimate the gas–
liquid volumetric mass transfer coefficient through a fitting
procedure using probe response data.

Due to the low gas residence time in the column (esti-
mated at less than 1.2 s for all experiments) the oxygen
depletion in the gas phase, as well as the variation ofkLa
and oxygen concentration in the gas phase during the start-
up of the dynamic method (when the gas phase is switched
from nitrogen to oxygen), were neglected. Furthermore,
complete mixing of the liquid phase was assumed. Under

Figure 1. Experimental set-up.

Table I. Size, density and terminal settling velocity of particles used in
the present experiments.

Type

Particle
size

(mm)

Support
size

(mm)

Particle
density
(kg/m3)

Settling
velocity
(mm/s)

Basalt 0.14 — 3010 19
0.34 — 3010 52
0.58 — 3010 96
0.75 — 3010 129

Biofilm 0.47 0.29 1543 30
0.91 0.45 1309 40
1.67 0.52 1092 43
1.95 0.64 1095 49
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these assumptions, oxygen dynamics can be described
through the simple models discussed in what follows.

Oxygen Balance in the Presence of
Basalt Particles

In the case of basalt particles the oxygen balance in the
liquid phase is:

VL

dCL

dt
= kLAG~C* − CL! (1)

Oxygen Balance in the Presence of
Biofilm-Coated Particles

In the case of biofilm-coated particles, the adsorption in the
biofilm must be taken into account. It was assumed that the
oxygen diffusion in the biofilm is much faster than the
liquid–solid transfer, so that the oxygen can be considered
uniformly distributed within the biofilm. This assumption
was verified by comparing the solution of the resulting sim-
plified model with the solution of a more complete model
describing the diffusion within the biofilm through Fick’s
law. The error in thekLa estimation made by using the
simplified model was less than 4% for solid hold-up less
than 12%. On the other hand, neglecting the oxygen adsorp-
tion in the biofilm [i.e., using Eq. (1)] in the estimation of
kLa led to errors higher than 15% for solid hold-ups higher
than 6%. The oxygen dynamics is therefore described in the
following equations:

VL

dCL

dt
= kLAG~C* − CL! − kSAB~CL − CB! (2)

VB

dCB

dt
= kSAB~CL − CB! (3)

Sensitivity analysis of model equations to parameters
showed that the model solution for the inherent initial con-
ditions is insensitive tokS, so that a rough estimation of this
parameter should be sufficient to calculate a reliable value
of kLa. The correlation proposed by Sanger and Deckwer
(1981) for aerated suspensions was used to estimatekS.

For both basalt and biofilm-coated particles,VL was cal-
culated as:

VL 4 VR(1 − «S − «G) (4)

where«G and«Sare gas and solid hold-up, respectively, and
VR is the total reactor volume. Henry’s law was applied to
calculate the liquid-side oxygen concentration at the gas–
liquid interphase (C*).

The effect of the probe response was taken into account
by assuming a first-order model for the probe response:

dCP

dt
= kP~CL − CP! (5)

The initial conditions inherent to the gassing-in technique
are:

t 4 0: CP 4 CL 4 CB 4 0 (6)

Model equations were fitted to the experimental probe re-
sponse to obtain the volumetric mass transfer coefficient,
here referring to the reactor volume

SkLa =
kLAG

VR
D.

The nonlinear least-squares estimation tool of Aquasim
(Reichert, 1994) was used to perform the calculations.

RESULTS AND DISCUSSION

Flow Regimes

It has been reported (Heijnen et al., 1997) that three flow
regimes exist for three-phase airlift systems when gas ve-
locity increases: (1) no gas entrainment in the downcomer;
(2) gas entrainment, but no gas circulation; and (3) complete
gas circulation. Regime 1 (no gas entrainment) was visually
observed in the lab-scale reactor used in this study for gas
superficial velocities of up to 15 mm/s, whereas gas circu-
lation (regime 3) was achieved for velocities >60 mm/s. In
general, the importance of regimes 1 and 2 decreases with
scale. In large-scale reactors regime 1 is hardly realized and
the transition from regime 2 to regime 3 depends strongly
on sparger design and reactor geometry (Heijnen et al.,
1997).

Gas Hold-Up

Figures 2 and 3 illustrate the effect of solid loading and
particle size, respectively, on the gas hold-up of the three-
phase airlift reactor used in this study. In these figures, the
gas hold-up is referred to the solid free reactor volume

S«GL
=

VG

VL + VG
D.

All reported data are for situations in which the solid is
completely suspended in the reactor. Unloaded reactor data
are the average of three measurements; results of different
measurements were reproducible within 5% uncertainty.

Figure 2 reports the overall gas hold-up («GL
) as a func-

tion of the gas superficial velocity (uG) for various loadings
of basalt (Fig. 2a) and biofilm-coated particles (Fig. 2b).
Gas hold-up decreases with increasing solid loading. The
largest differences are observed in the range of gas super-
ficial velocities from 15 to 55 mm/s (regime 2).

The observed dependence of gas hold-up on the solid
hold-up is consistent with that experimentally found in a
similar system by Koide et al. (1985), who reported that the
gas hold-up decreases with increasing solid concentration
for the case of glass beads (rS 4 2500 kg/m3) and bronze
spheres (rS 4 8770 kg/m3). Also, in the case of solids of
lower density, gas hold-up was found to decrease with in-
creasing solid loading, as reported by Miyahara and Kawate
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(1993) for plastic beads (rS 4 1043 to 1135 kg/m3), by
Hwang and Lu (1997) for polystyrene cylinders (rS4 1050
kg/m3), and by Lu et al. (1995) for calcium-alginate beads
(rS 4 1030 kg/m3). The effect of solid is particularly no-
ticeable at low gas velocity, as observed by Livingston and
Zhang (1993), whose hydrodynamic model of a three-phase
airlift reactor is consistent with the data of Koide et al.
(1985). Only Muroyama et al. (1985) found a very slight

effect of solid concentration on gas hold-up of a draft-tube
bubble column with a slurry of activated carbon (rS4 1682
to 1933 kg/m3).

The influence of particle size on gas hold-up («GL
) is

shown in Figure 3. Gas hold-up is plotted as a function of
gas superficial velocity for four sieve fractions of basalt and
for four sieve fractions of biofilm-coated particles in Figure
3a and b, respectively. Gas hold-up decreases with increas-

Figure 3. Effect of gas velocity on the gas hold-up for different solid size
and constant solid loading. (a) Basalt particles («S 4 2.2%). (b) Biofilm-
coated particles («S 4 12%).

Figure 2. Effect of gas velocity on the gas hold-up for different solid
loadings and constant particle size. (a) Basalt particles (dS4 0.34 mm). (b)
Biofilm-coated particles (dS 4 1.95 mm).

630 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 60, NO. 5, DECEMBER 5, 1998



ing solid size in the case of basalt (Fig. 3a); the differences
are again considerable in the range of gas superficial veloc-
ities from 15 to 55 m/s (regime 2). The influence of biofilm-
coated particles is different. In this case (Fig. 3b), gas hold-
up does not depend strongly on solid size.

The effect of solid size should be mainly related to the
effect of particle terminal settling velocity (ut). The particle
terminal settling velocity has a direct influence on the dif-
ference in solid hold-up between the riser and the down-
comer (D«s). In turn, the difference,D«s, strongly influ-
ences the hydrodynamics of the system; that is, if the solid
hold-up in the riser is larger than in the downcomer, the
presence of solids lowers the driving head of the system,
and then lowers the liquid circulation rate and gas recircu-
lation (i.e., the gas residence) time (Heijnen et al., 1997).

The terminal settling velocities of the particles used in
this work, calculated by assuming sphere geometry, are re-
ported in Table I. It should be noted that the terminal set-
tling velocity of basalt particles varied over a wider range
(19 to 129 mm/s) than that of biofilm-coated particles (30 to
49 mm/s). Consequently, the influence of particle size is
more noticeable in the case of basalt (Fig. 3a) than in the
case of biofilm-coated particles (Fig. 3b).

The observed influence of solid size on the hydrodynam-
ics is consistent with that found by other investigators for
similar systems. Koide et al. (1985) reported that the gas
hold-up in their column decreases with increasing terminal
velocity of the particles, and this behavior has also been
predicted by the model of Livingston and Zhang (1993).
From the results reported in Table I and Figure 3 it can be
concluded that, in the present study also, the gas hold-up
decreases with increasing particle settling velocity.

The curves for«GL
versusuG for 0.34-mm basalt at«S 4

2.2% and 1.95-mm biofilm at«S 4 12% are compared in
Figure 4. Notwithstanding the differences in solid loading,
density, and size, the two curves are very close to each
other. It should be observed that the solid concentration and
the settling velocity are almost the same in both cases, so it
can be concluded that the influence of solid loading on the
hydrodynamics of airlift reactors is due to the weight of
solids charged in the system and not to the volume.

Information on flow regimes can be inferred from Figures
2 and 3. It is evident in these figures that the slope of the
graph of«G versusuG changes drastically on two occasions;
furthermore, even if the values ofuG corresponding to these
points vary with both solid loading and particle size, the
curves always present a platform for values ofuG ranging
from 25 to 55 mm/s. ForuG < 25 mm/s anduG > 55 mm/s,
the gas hold-up increases with increasing gas superficial
velocity, with the influence ofuG being much stronger in the
first case. A similar behavior has already been reported by
Gavroy et al. (1995) for a slurry draft-tube bubble column.
The platform corresponds to the range ofuG where the
strongest influence of solid loading and particle size on gas
hold-up was observed. Moreover, this region seems to cor-
respond to the transition between the hydrodynamic regime
of no gas recirculation (regime 1, observed foruG < 15

mm/s) and full gas recirculation (regime 3, observed foruG

> 60 mm/s); such transitions are indicated by the vertical
lines in Figures 2 and 3.

Figure 5 compares the experimental gas hold-up (referred
to in this case as the reactor volume),«G 4 VG/VR measured
for the unloaded reactor with the results reported by Bakker
et al. (1993) for a 15-L internal-loop airlift reactor. Both sets
of data show the same trend. Data on liquid circulation
velocity reported by Bakker et al. (1993) are also plotted in
Figure 5, where the vertical lines represent the regime tran-

Figure 4. Gas hold-up as a function of gas velocity for basalt and bio-
film-coated particles with similar settling velocity and particle concentra-
tion.

Figure 5. Gas hold-up and liquid circulation velocity in unloaded airlift
reactors.
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sitions observed in this work. The liquid circulation velocity
changes drastically when the flow regime changes from 2 to
3, remaining almost constant in regime 2, and rapidly in-
creasing with increasing gas velocity in regime 3.

Figure 6 compares the experimental gas hold-up,«G,
measured for 0.34-mm basalt particles at«S 4 2.2% with
the values calculated according to the models proposed
by Koide et al. (1985), Livingston and Zhang (1993), and
Heijnen et al. (1997). The model of Heijnen et al. (1997)
strongly overestimates the measured values, which, on the
other hand, agree quite well with the estimates of Livingston
and Zhang (1993) and Koide et al. (1985). The discrepan-
cies are mainly due to the scale of the systems that the
models represent. Livingston and Zhang (1993) and Koide
et al. (1985) studied lab-scale reactors, whereas Heijnen et
al. (1997) modeled the regime of complete gas recirculation,
typical of larger scale reactors. Heijnen et al. (1997) re-
ported that the gas recycling ratio is strongly scale-
dependent; for small-scale columns, such as that used in this
work as well as those used by Livingston and Zhang (1993)
and Koide et al. (1985), the unrestricted carryover of gas
bubbles into the downcomer is generally limited by fric-
tional effects (wall friction, flow reversal at top and bottom,
and losses due to the presence of the sparger). In lab-scale
reactors, gas recirculation through the downcomer only oc-
curs for gas superficial velocities much higher than in the
cases of pilot- or full-scale reactors. As a consequence of the
limited recirculation of gas (i.e., a limited volume of gas in
the downcomer), laboratory reactors behave more as a
bubble column than as a full-scale airlift reactor, as shown
in Figure 6, where the gas hold-up calculated for a bubble
column (according to the relationship proposed for the het-

erogeneous regime by Heijnen and Van ’t Riet, 1984) com-
pares well with the experimental estimates.

Volumetric Mass Transfer Coefficient

Figure 7 compares the volumetric mass transfer coefficient
(kLa) measured for the two-phase gas–liquid system with
the correlation proposed by Heijnen and Van ’t Riet (1984)
for bubble columns. ThekLa values measured in the present
work are clearly higher than the values calculated for bubble
columns. Gas–liquid mass transfer in bubble columns and
airlift reactors is mainly determined by the diameter of the
bubbles in the column. The bubble size, in turn, depends on
many factors, mainly the coalescing property of the liquid,
the type of sparger, and the scale of the column. The aver-
age bubble size can be calculated by:

db =
6«G

kLa
kL (7)

Assuming a mass transfer coefficient,kL, of 0.4 mm/s, the
bubble sizes in the experiments of Figure 7 range from 3 to
4 mm. Similar values have been reported for porous plate
spargers in water (Heijnen and Van ’t Riet, 1984). In co-
alescing media, such as water, the coalescence of bubbles
usually proceeds within a distance of 0.5 to 1 m from the
sparger, where bubble size reaches a value of about 6 mm
independently of the sparger (Heijnen and Van ’t Riet,
1984). The correlation reported by Heijnen and Van ’t Riet
(1984) is rigorously valid for coarse bubble systems, where
the bubble size is approximately 6 mm. The height of the
draft tube used in this study was only 0.36 m, so that bubble
coalescence might not have been complete. Moreover, the

Figure 7. Comparison of experimental data and model predictions for
volumetric mass transfer coefficient in airlift reactors and bubble columns.

Figure 6. Comparison of experimental data and model predictions for
gas hold-up in airlift reactors and bubble columns.
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sintered glass sparger allowed the formation of small
bubbles. For fine bubble systems,kLa is high in comparison
with coarse bubble systems for lowuG values, whereas, at
higheruG values,kLa levels off markedly (Heijnen and Van
’t Riet, 1984). Similar behavior can be observed in Figure 7.

Due to the very small scale of the column used in this
work a comparison with mass transfer in similar larger sys-
tems is hardly relevant. Most of the published data on mass
transfer in bubble columns with and without draft tube re-
port lower volumetric mass transfer coefficients than those
estimated in the present work. This is probably the result of
the porous sparger used in this work.

All results for volumetric oxygen mass transfer coeffi-
cients are given in Figures 8 and 9.kLa estimations were
repeated three times for the unloaded reactor with an un-
certainty of less than 5%.kLa was calculated taking into
account the delay of the oxygen probe with a first-order
model [Eq. (5)]. The values ofkLa calculated not consider-
ing this delay were, in most cases, about 10% lower than
those calculated with the first-order model for the probe
response.

Figure 8 shows the dependence of the ratio between the
actual volumetric mass transfer coefficient (kLa) and the
corresponding volumetric mass transfer coefficient in the
unloaded reactor [(kLa)0] on the solid loading for gas su-
perficial velocities ranging from 12 to 29 mm/s. Data re-
garding the 0.34-mm basalt particles and 1.95-mm biofilm-
coated-particles are reported in Figure 8a and b.kLa de-
creases with increasing«S for cases of both basalt and
biofilm-coated particles. A rather different behavior was
reported by Ryhiner et al. (1988) for a three-phase biofilm-
fluidized sand-bed reactor. In that case,kLa was found to
decrease with increasing amounts of clean sand and to be
almost independent of the sand fraction with biofilm-
covered particles. However, a comparison between the two
systems is not straightforward, because they present inher-
ently different hydrodynamic behaviors: In three-phase flu-
idization, the solid concentration varies along the bed
height, being highest at the point where gas is introduced,
whereas, in normal operation of airlift columns, solids are
more uniformly distributed.

Figure 9 shows the dependence ofkLa/(kLa)0 on particle
size for gas superficial velocities ranging from 12 to 29
mm/s in the case of basalt (Fig. 9a) and biofilm-coated
particles (Fig. 9b). The solid hold-up was 2.2% and 12% for
basalt and biofilm-coated particles, respectively. The behav-
ior of basalt and biofilm-coated particles is different.kLa
decreases with increasingdS (i.e., with decreasing number
of particles) in the case of basalt, whereas, it is almost
constant in the case of biofilm-coated particles. These re-
sults are in contrast to those reported by Nguyen-Tien et al.
(1985), who found thatkLa in three-phase fluidized beds of
small glass spheres (dS< 1 mm) was independent of particle
size. For this reason, the correlation betweenkLa, gas ve-
locity, and solid hold-up proposed by Nguyen-Tien et al.
(1985) for three-phase fluidized beds, and extended by Ni-
gam and Schumpe (1987) to the case of bubble columns

with suspended solids, provides only a rough approximation
(31% mean deviation) of the experimental results of this
work. In this case, in addition to the different hydrodynamic
characteristics of the systems considered, it should also be
taken into account that the size of the reactors used by
Nguyen-Tien et al. (1985) and Nigam and Schumpe (1987)
were larger than that of the reactor used in this study; there-

Figure 8. Effect of solid loading on volumetric mass transfer coefficient
for different gas velocities and constant particle size. (a) Basalt particles (dS

4 0.34 mm). (b) Biofilm-coated particles (dS 4 1.95 mm).
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fore, as previously indicated, a comparison of the mass
transfer characteristics is hardly relevant.

It appears from Figures 8 and 9 that, in the range exam-
ined, gas velocity does not considerably influence the effect
of solid loading and particle size onkLa.

The volumetric mass transfer coefficient in airlift reactors
is a strong function of gas hold-up;kLa is reported to be

proportional (McManamey and Wase, 1986) and even a low
power (Koide et al., 1985) of«G. Figure 10 reports the
values ofkLa estimated in this work as a function of«G for
the tests corresponding to different solid loadings and dif-
ferent solid sizes. The figure also shows a linear dependence
betweenkLa and«G; this dependence is not influenced by
solid loading, density, or size, so it may be concluded that
the presence of solid affects only the gas hold-up (i.e., the
total surface area of the gas bubbles) and not the mass
transfer coefficient (kL). The best linear description of the
experimental data is:

kLa 4 [0.6 s−1]«G (8)

It can be inferred from Eq. (8) that the ratio between the
mass transfer coefficient,kL, and the bubble size,db, is a
constant in the system studied in this work. This finding
results explicitly after combining and rearranging Eqs. (7)
and (8):

kL

db
= 0.1 s−1

BecausekL does not vary much withdb (Heijnen and Van
’t Riet, 1984), it may be concluded that bubble size is not
influenced by the presence of solids in the system under
study. Consequently, because the gas hold-up decreases
with increasing solid hold-up, the presence of solids seems
to lower the number of bubbles without changing their size.

CONCLUSIONS

Gas hold-up and volumetric mass transfer coefficient were
measured in a lab-scale three-phase airlift reactor with an

Figure 9. Effect of solid size on the volumetric mass transfer coefficient
for different gas velocities and constant solid loading. (a) Basalt particles
(«S 4 2.2%). (b) Biofilm-coated particles («S 4 12%).

Figure 10. The volumetric mass transfer coefficient function of gas hold-
up for different solid loading, density, and size.
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internal draft tube. A previously derived relation between
gas hold-up and gas velocity for large-scale (>100-L) airlift
reactors proved to be invalid for application to small-scale
(2-L) systems. These small systems behave as bubble col-
umns under a heterogeneous flow regime.

The volumetric mass transfer coefficient was found to
decrease with both solid hold-up and size. This was not due
to modifications of mass transfer mechanisms, but rather to
the effect that the presence of solids has on the gas hold-up,
especially on the number of gas bubbles present in the sys-
tem.

The authors gratefully acknowledge the help of the European
Community for supporting C. Nicolella during his stay at the
Kluyver Laboratory, and Carla Fryters (Paques b.v., Balk, NL)
for providing the biofilms used in the research.

NOMENCLATURE

AG gas surface area (m2)
AB biofilm surface area (m2)
C* oxygen concentration at the gas–liquid interface (kg/m3)
CB oxygen concentration in the biofilm (kg/m3)
CL oxygen concentration in the liquid (kg/m3)
CP oxygen probe response (kg/m3)
db bubble size (m)
dC clean support size (m)
dS solid size (m)
kL gas–liquid mass transfer coefficient (m/s)
kLa volumetric gas–liquid mass transfer coefficient (s−1)
(kLa)0 volumetric gas–liquid mass transfer coefficient atMS 4 0 (s−1)
kP probe constant (s−1)
kS liquid–solid mass transfer coefficient (m/s)
MS solid loading (kg)
t time (s)
uG gas superficial velocity (m/s)
VB biofilm volume (m3)
VL liquid volume (m3)
VR reactor volume (m3)

Greek letters

«G gas hold-up (referred to reactor volume)
«GL

gas hold-up (referred to liquid volume)
«S solid hold-up
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