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Abstract

The mixing behaviour of the liquid phase in two external-loop airlift reactors of laboratory and pilot scale, in terms of the mixing time and
axial dispersion, was investigated. The mixing parameters were determined from the output curves to an initial Dirac pulse, using the classical
tracer response technique, and analysed in relation to operating and geometrical parameters, such as v,gg, Ap/Ag, Hy and Dg. Mixing in the
external-loop airlift reactors under investigation was essentially correlated with the liquid circulation velocity. The specific sections of the
airlift reactor have different mixing behaviour, so that the riser and downcomer can be analysed as plug flow with axial dispersion, whereas
the top section approaches ideal mixing behaviour. A simple correlation between the specific mixing time and the operating and geometrical

parameters was developed which can be used for design and scale-up purposes. © 1997 Elsevier Science S.A.
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1. Introduction

Airlift reactors are currently gaining increasing interest for
application in chemical engineering and biotechnology due
to their advantages of good mass and heat transfer, high fluid
circulation rate, short mixing times and low shear rates.

Mixing is a parameter of particular importance for design,
modelling and operation, as well as for scale-up from labo-
ratory to industrial scale, since the time spent in each of the
environments that the reactor offers and the age of other
elements that an element of fluid contacts are of crucial impor-
tance for evaluating the airlift performance [1,2].

Results on mixing time investigations in airlift reactors
have been reported in the literature [ 1-12].

Most of the work dealing with the study of liquid phase
dispersion coefficients in airlift reactors has attempted to
characterize the liquid phase mixing in terms of an overall
axial dispersion coefficient for the whole reactor. Single-
parameter models have been used for the description of the
overall liquid mixing [1,8,11]. It is essential to understand
not only the mixing behaviour of the reactor as a whole, but
also that of its different sections (riser, gas-disengagement
and downcomer), since the different zones of the airlift reac-
tor are hydrodynamically different [1,2,7].

A large number of investigations of mixing have been
performed with laboratory-scale external-loop airlift reactors,
but few results have been published on pilot-plant and indus-
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trial-scale equipment [1,4,6,7,12]. In addition, the transla-
tion of laboratory data to pilot and industrial reactors has been
reported only rarely.

This work was undertaken in order to investigate the liquid
phase mixing characteristics of two external-loop airlift reac-
tors (one of laboratory scale (EALR-L) and the other of pilot
scale (EALR-P)) using the tracer injection technique. The
effects of the operating parameters (aeration rate, down-
comer-to-riser cross-sectional area, dispersion height, scale
of operation) on liquid mixing for the reactor as a whole and
for the individual sections were examined extensively. In
addition, equations which correlate experimental laboratory
and pilot data were developed.

2. Experimental details

Two experimental external-loop airlift reactors (labora-
tory scale made of glass and pilot scale made of stainless
steel), which operated with air and water, were used. Each
configuration consisted of two vertical columns connected at
the top and the base by horizontal piping containing valves.
The geometrical characteristics of the devices are given in
Table 1 and illustrated in Fig. 1.

A porous plate sparger was used as gas distributor in
EALR-L and a multiring sparger was employed in EALR-P.
The contactors were operated successively with different
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Table 1
Characteristics of the external-loop airlift reactors used for mixing studies

Characteristic  Reactor scale

Laboratory (EALR-L)  Pilot (EALR-P)

Material Glass Glass Glass  Stainless steel Stainless steel
Ap/Ap 1.000 0360 0.111 0.1225 0.040

Dy (m) 0.030 0.030 0.030 0.200 0.200

Dp (m) 0.030 0.018 0010 0.070 0.040

Hi (m) 1.160 1.160 1.160 4.70 470

Hp (m) 1.100 1.100 1.100 4.40 440

VX 10° (m®) 1.880 1.382 1.189 170 157

Ve/VL 0436 0593 0.693 0.871 0.943

air 3

IR - dD
\
~ 3
>y
4/ ) compressed

drain 5 Q ’ air

Fig. 1. Experimental set-up: 1, riser; 2, downcomer; 3, connecting pipes; 4,
sparger; 5, rotameter; 6, jacket; I, injection point of tracer for mixing studies
in the whole airlift reactor (T) and in the separate sections (D, R, S); d,
detection point of tracer; T, thermometer.
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Fig. 2. Determination of the inhomogeneity i characterizing the upper enve-
lope curve connecting the maxima of the impulse distribution.

values of Ap/Ag in the range 0.111-1.000 for EALR-L and
at 0.040 and 0.1225 for EALR-P.

The gas superficial velocity in the riser was varied in the
range 0.016-0.177 m s ™! in the laboratory reactor and 0.01—
0.12m s in the pilot contactor. No significant recirculation
of gas bubbles into the downcomer was observed. The tem-
perature was maintained at 23 + 1 °C. The reactors work in
batch mode.

The circulation time, mixing time and axial dispersion
parameters were determined using the classical tracer
response technique { 13]. Tracers consisting of 5 ml of methyl
orange solution (2.6 mg 17'), analysed by a colorimetric
method, in EALR-L, 5 m! of saturated NaCl solution in
EALR-L and 20 ml in EALR-P, analysed by a conductome-
tric assay, were injected. The mean deviation of the two
methods used in EALR-L was less than 5%.

Discussions are only of value when based on the same
degree of mixing, which was determined by the inhomoge-
neity, defined as shown in Fig. 2 and Eq. (1)

_C-C_
== C.—1 (1)

The mixing time was determined directly from the tracer
response curves for a certain degree of inhomogeneity
between 5% and 20%. Most of the results were obtained for
an inhomogeneity of 5%.

The liquid velocity in a certain region of the reactor was
determined as the ratio of its length and the mean residence
time for that region of the liquid phase.

The circulation time was determined as the mean time
interval between two consecutive peaks of maximum
concentration.

The axial dispersion model was used to estimate the axial
dispersion number in the airlift reactors

aC., 1 &C, 9C,

o B @

The solution of Eq. (2) for an initial Dirac pulse in the airlift
reactors, considering the circulating flow, is given by [13]

172
_(Bo * Gk 2Bo]
C'_(4m) z CXP[ 4t @

x=1

Fitting the model to an experimental response for an initial
Dirac pulse yields the Bodenstein number for the reactor,
calculated for a minimum standard deviation between the
predicted and experimental outlet concentration profile,
according to the least-square criterion.

For each reactor compartment, the predicted outlet con-
centration profile was determined by convoluting the exper-
imental inlet concentration profile with the curve calculated
for an open—open vessel as a function of Bo [13]. Data were
subjected to time domain analysis using the procedure to
make periodic the non-periodical functions (such as damped
oscillations) proposed by Verlaan [ 1] and the algorithm for
Bo prediction proposed by Lu et al. [10].
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Fig. 3. Dependence of the mixing time on the gas superficial velocity.
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Fig. 4. Liquid circulation time vs. gas superficial velocity.

3. Results and discussion
3.1. Mixing time

The mixing characteristics of airlift reactors of different
configurations and scales can be compared by considering
the time required to achieve a certain degree of mixing. The
mixing time may also be used as an operation and scale-up
parameter, its variation being dependent on the operation and
geometrical parameters.

The mixing times are strong functions of the gas superficial
velocity: up to a v,gg value between 0.04 and 0.06 m s ™', the
mixing improves rapidly, whereas at higher gas velocities,
the liquid mixing time becomes less efficient, especially in
EALR-L (Fig. 3). These values of the gas velocity corre-
spond to the transition from the circulating to the turbulent
regime. From Fig. 3, it is evident that the A/ Ag ratio and the

scale of operation exert important influences on ;. This is a
consequence of the effect of v,gg on vy r and due to the fact
that the mixing time is directly correlated with the liquid
circulation velocity. A similar behaviour is also observed for
the circulation time (Fig. 4). The theory and practical impli-
cations of the recirculating liquid velocity in EALRs have
been discussed elsewhere [14]. Fig. 5 shows the variation of
the liquid superficial velocity with the gas superficial velocity
for different Ap/Ag ratios in both EALR-L and EALR-P. The
effect of Ap/Ag on ty in the investigated EALRSs can therefore
be attributed mainly to the effect of A,/Ag on the recirculat-
ing liquid velocity, which proves to be the physical parameter
which most strongly affects the recirculation rates in airlift
reactors [15]. Therefore the mixing time can be considered
as a measure of the macroscale mixing promoted by convec-
tive mechanisms.

To predict or compare the mixing times in an airlift system
which is being designed or simulated, as a function of the
operating variables and geometry, the specific mixing time,
denoted as the mixing time per unit liquid volume (£/V}),
is used. The specific mixing time concept has previously been
used successfully by Rousseau and Bu’Lock [16] and
Popovic and Robinson [ 6]. Fig. 6 shows the specific mixing
time as a function of the liquid superficial velocity in the riser
for both EALR-L and EALR-P and all Ap/Ag ratios investi-
gated. In a log-log plot, straight lines are obtained with the
slope approximately equal. Since the riser section is an
actively sparged zone, an increase in the riser liquid volume
will promote more mixing and will cause a shorter specific
mixing time.

The scale of operation also exhibits an influence on the
specific mixing time (Fig. 6).

On the basis of literature data [5,6,12] and our own inves-
tigations [14,17], it was found that the liquid superficial
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Fig. 5. Liquid circulation velocity vs. gas superficial velocity.
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Fig. 6. Specific mixing time (y/Vy, ), measured in EALR-L and EALR-P,
for different values of the Ap/Ay ratio as a function of the liquid superficial
velocity in the riser vy g.
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Fig. 7. Comparison of the experimental and calculated (with Eq. (4))
specific mixing times (i=0.05).

velocity in the riser is a function of the dispersion height, the
dependence being the same for both bubbly and heteroge-
neous flow. Therefore the specific mixing time will also be
dependent on H,,.

In spite of the fact that vsg incorporates the influence of
the reactor geometry (Ap/Ag, Dg, Hy) and the operating
parameter vy, it 1s obvious that the specific mixing time
cannot be defined solely by v, x for all EALR geometries
studied. All the experimental data on the mixing time
obtained in this work were correlated using the above con-
siderations, by non-linear regression, resulting in the follow-
ing dependence

tn! Vi = 11000, 0% (Ap/Ag) " *Hy © 78D 03 (4)

with a correlation coefficient of 0.894. Mixing time values
were taken for 5% inhomogeneity. The range of experimental
data used to develop Eq. (4) was as follows: v,gg =0.010~
0.178 m s™"; vy g =0.02-0.45 m s '; Ap/Ag=0.04-1.00;
Hy/Dg=20; V,=1.18 X 107?-0.17 m*.
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Fig. 8. Comparison of the specific mixing times obtained from the experi-
mental data of Weiland [ 18] (¢: Hg=85m; Dy =0.1 m; D,=0.05m; Ap/
Ar=0.25. V. =0.0834 m*) and Lin et al. [3] (-M—: Hx=3.04 m;
Dr=0.076 m; Dyp=0.026 m; Hg/Dg=40; V. =0.0154 m®) with those
calculated using Eq. (4).

A parity plot of Eq. (4) is presented in Fig. 7. The majority
of the measured data can be predicted by Eq. (4) with an
average error of +15%. In Fig. 8, the values of the experi-
mental specific mixing time obtained from the results
reported by Weiland [ 18] and Lin et al. [3], compared with
those calculated using Eq. (4), are presented. It is evident
that Eq. (4) yields good correlation between the experimental
data and the operational and geometrical parameters, with an
average error of +15%, being appropriate for scale-up
purposes.

3.2. Axial dispersion

Fig. 9 shows a comparison of the outlet response curves,
obtained for three different zones and for the reactor as a
whole, with the predicted curves. The agreement is very close;
therefore an accurate estimation of the Bodenstein number
can be made for each section. It is evident that each of the
three different sections of the airlift reactor exhibits individual
and interrelated mixing behaviour, different from that of the
reactor as a whole.

As expected, the gas superficial velocity is the main param-
eter determining the axial dispersion. Fig. 10 shows the over-
all Bo number for the whole range of aeration rates used in
this study.

The liquid axial dispersion in the external-loop airlift reac-
tors under investigation in this work can be described using
the axial dispersion model with Bo numbers in the range 16—
110, values which are dependent on the gas superficial veloc-
ity, A/ A ratio and the scale of operation. The Bo number
decreases with an increase in the gas superficial velocity, this
being more noticeable up to v,gg =0.04-0.06 ms . Athigh
aeration rates, Bo remains almost constant with respect to the
aeration rate. An increase in the Ap/Ag ratio diminishes the
axial dispersion in the reactor and this results in higher Bod-
enstein numbers. In addition, EALR-P exhibits higher values
of Bo than EALR-L. These variations of the dispersion num-
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Fig. 10. Bodenstein number vs. gas superficial velocity in the overall exter-
nal-loop airlift reactors.

ber Bo with the operating parameters can be attributed to the
effect of the recirculating liquid velocity, which should be
considered as a measure of the effective energy in the reactor.
This hydrodynamic parameter is incorporated in the mean
Reynolds number, Re;. There is a significant dependence of
Bo for the overall EALRs on Rer, as shown in Fig. 11. Bo
greatly decreases with increasing Req. The A/ Ag ratio is the
parameter which most strongly affects Bo, owing to the effect
exerted by it on the liquid circulation velocity.

Fig. 12 illustrates the effect of the Reynolds number on the
axial dispersion coefficient of the EALR as a whole. It is
evident that D, increases with increasing Reynolds number
and decreases with increasing A/ A ratio.

oil-)

Fig. 9. The response curves to an initial Dirac signal for the reactor as a whole and the separate sections.

Each of the three different sections of the airlift reactors
exhibits different mixing behaviour. The downcomer shows
the highest Bo numbers mainly due to the single-phase flow
in this part. The riser has a somewhat better mixing perform-
ance as a result of the presence of the gas phase which induces
flow patterns on a small scale in the space between the riser
wall and the large bubbles ( Taylor bubbles in slug two-phase
flow in EALR-L, cap bubbles in churn-turbulent flow in
EALR-P), followed by local mixing in bubble wakes. Mixing
is significant in the top section, where bubble disengagement
and reversion of the flow direction from the riser to the down-
comer create considerable turbulence, resulting in low Bod-
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Fig. 11. Dependence of Bo on Rer for the overall external-loop reactors.
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Fig. 12. Axial dispersion coefficient D,, for the overall reactor vs. the Reyn-
olds number Re-.

enstein numbers. The top section is an extension of the riser,
and so its mixing behaviour sometimes approaches that of
the riser, especially at lower Ap/Ag ratios.

When the gas superficial velocity increases, the Bo num-
bers for the separate zones of the airlift reactors decrease,
especially up to 0.04-0.06 m s~' (Fig. 13), while the cor-
responding axial dispersion coefficient increases (Fig. 14).
For the reactor as a whole, this is the result of a parallel
increase in the liquid circulation velocity. In the downcomer,
an increase in the A,/ Ay, value causes a decrease in the liquid
velocity, which contributes to a reduction in the number of
large eddies which are the prime cause of axial dispersion.
This explains why, for Ap/Ag =1, the downcomer exhibits
the greatest value of Bo (Fig. 13), while the Bo value in the
riser is roughly 20% less than in the downcomer, mainly due
to the two-phase flow in the riser. In addition, an increase in
the Ap/Ag ratio causes an increase in the liquid velocity and
a reduction in the gas holdup in the riser, which diminishes

the axial dispersion. As aresult, Bo is significantly higher for
Ap/Ag =1 compared with A,/Ag =0.111 (Fig. 13).

In the top section, where EALR-L and EALR-P are almost
completely deaerated, the gas holdup causes a rise in the
liquid level, which reduces the local liquid velocity. There-
fore turbulence induced by liquid flow will decrease, while
turbulence induced by gas disengagement will be enhanced.
Apparently, these effects counterbalance the dispersion inthe
top section, so that the axial dispersion in this section remains
almost constant for normal gas flow rates. Similar results were
obtained by Verlaan [1].

The response curves to Dirac signals analysed in accor-
dance with the axial dispersion model suggest a relation
between the mixing times and Bodenstein numbers. In Fig. 2,
the maxima and minima of the impulse distribution are con-
nected by envelope curves, which are approximately expo-
nential functions. The following empirical equation gives a
good approximation to the experimental results, using the
relative mixing time 7,

_B 1.931—Ini (5)
EENTY

Eq. (5) was found by regression analysis for parameters
having the experimental ranges given following Eq. (4);
i=0.05-0.20 and Bo =6-100, with a correlation coefficient
r=0.832.

The experimental results on the dispersion number
reported in this work are in agreement with those presented
by other researchers, as shown in Table 2.

4. Conclusions
Mixing in external-loop airlift reactors is essentially cor-

related with the liquid circulation velocity. The presence of
air increases the mixing rate, although mixing decreases with
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Fig. 13. Bodenstein number vs. the gas superficial velocity in the separate zones of EALRs.
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Table 2
Values of the Bodenstein number reported in the literature
Reactor type Gas velocity range v,gg (ms™ ") Bo range Reference
Concentric draft-tube internal-loop 0.05-0.30 30-60 (draft-tube region) [19]
External-loop 0.005-0.05 30-60 (upflow region) [18])
External-loop with supplementary gas sparger in downcomer 0.005-0.03 70-80 [7]
Extemnal-loop 0.01-0.14 40-60 (overall reactor) [13
3040 (riser)
40-50 (downcomer)
10 (top section)
Internal-loop (three-phase) 0.001-0.01 5-50 (riser) [20]
20-60 (downcomer)
0.17-5 (top section)
Internal-loop 0.01-0.15 50-80 (overall reactor) [10]
20-30 (riser)
40-60 (downcomer)
10 (top section)
1020 (bottom section )
External-loop 0.01-0.18 8-67 (riser) This work

14-93 (downcomer)
648 (top section)

increasing liquid circulation velocity. The mixing time and
axial dispersion number represent two significant ways to
investigate mixing in EALRs.

A value of 95% of the complete mixing time corresponds
to a maximum of about eight circulations; however, the axial
dispersion is sufficiently small that the liquid flow in the riser
and downcomer sections can be analysed as plug flow with
axial dispersion, while the top section approaches ideal mix-
ing. The number of circulations required to achieve this
degree of mixing diminishes when the liquid circulation is
impeded and appears to be proportional to the Bodenstein
number.

The decrease in the Bodenstein number with decreasing
Ap/Ag ratio is a consequence of the transition of airlift to

bubble column flow in the riser section. This is the result of
decreased convective transport as the liquid circulation is
impeded. A simple correlation between the specific mixing
time #,,/V_ and the principal operating and geometrical par-
ameters has been developed, which may be useful for scale-
up and design purposes, when the best compromise
conditions must be determined taking into account the mixing
requirements of the chemical or biological process to be
achieved in the reactor.

Appendix A. Nomenclature

Ap
Ag

downcomer cross-sectional area (m?)
riser cross-sectional area (m?)
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Bo (= (v L)/D,,), Bodenstein number
C(v actual concentration of tracer (kg m™?3)

C, (=C(1)/C), relative (dimensionless)
concentration of tracer

Ce equilibrium concentration, resulting after complete
mixing (kg m~?)

D, axial dispersion coefficient (m?s™!)

D, (= (D% + D%)°%), mean reactor diameter (m)

Dp downcomer diameter (m)

Dy riser diameter (m)

Hp ungassed liquid height in downcomer (m)

Hy dispersion height (m)

Hg ungassed liquid height in riser (m)

i inhomogeneity (%)

L length of the region under axial dispersion
investigation (m)

Rer (= (v.D.)/v), mean Reynolds number

t current time (s)

Ic circulation time (s)

tm mixing time (s)

Vi liquid volume in the riser (m?)

VL liquid volume in the reactor (m*)

v linear liquid velocity (ms™')

vor  gas superficial velocity (ms™")

Ugr liquid superficial velocity (ms™})

X ( =z/L), dimensionless axial coordinate

b4 axial coordinate (m)

v kinematic viscosity (m?s™")

T ( =t/t:), dimensionless time

T, ( =tw/1c), relative mixing time

D downcomer

R riser

S gas separator

T overall reactor
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