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Abstract

The influence of baffle clearance design on the liquid circulating velocity, gas holdup and pressure drop in a two riser rectangular airlift reactor with
inverse internal loop and expanded gas–liquid separator was investigated using water and mineralized CMC solutions covering a range of effective
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iscosity from 0.02 to 0.5 Pa s and surface tension from 0.065 to 0.085 N/m. The gas holdup results in the riser, downcomer, and gas–liquid separator
ere satisfactorily derived using expressions obtained via dimensional analysis. The separator gas holdup was found to be similar to the total gas
oldup in the airlift reactor. The baffle clearances were found to influence the liquid circulation velocity to some degree, with the bottom clearance
eing the significant design parameter. An attempt was also made to correlate the liquid velocity using empirical equations of the loss coefficient in
he baffle top and bottom zones. The calculated and observed liquid circulation velocity agreed well with an error of ±29% for the air–water system.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The number of attractive features of airlift reactors have
ed to increasing usage of these contactors in environmental
emediation technology, the chemical process industry and the
iotechnology-based manufacture [1,2]. Airlift reactors have
n established niche in high-strength activated type treatment
f wastewater where the high-oxygen transfer capability, low
ower requirements and non-mechanical agitation are particu-
ar advantages of these systems [3,4]. The gas holdup difference
auses liquid circulation flow, which is a characteristic behavior
n all airlift reactors. In most cases, gas is also circulated since
mall bubbles are easily entrained into a downcomer by the liq-
id downflow. Both gas holdup and liquid circulation velocity
arameters govern the oxygen transfer from the gas phase to the
iquid phase and the homogeneity of the airlift reactor, respec-
ively [5].

∗ Corresponding author. Tel.: +1 519 661 2146; fax: +1 519 661 4275.
E-mail address: amarg@uwo.ca (A. Margaritis).

The baffle bottom clearance (spacing between the lower end
of the baffle and the base plate of the reactor) determines the
rate of liquid and gas circulation through the loop. The dis-
tance between the upper end of the baffle and the liquid level
(the top clearance) determines the amount of liquid/gas in the
gas–liquid separation zone, which is above the riser (draft tube
sparged) or downcomer (annulus sparged). The geometry of this
region alone determines, to a large extent, the proportion of gas
that is recycled through the downcomer. Thus, the design of the
baffle clearances of an airlift reactor affects the gas holdup dif-
ference between the riser and downcomer; hence, the driving
force for liquid circulation is affected. Only limited studies exist
in the current literature of the effect of baffle clearance design
on hydrodynamic performance characteristics of airlift reactors
[6–15].

This work reports on the effects of baffle clearance design, on
gas holdup and liquid circulation velocity in a two riser rectan-
gular airlift reactor with inverse internal loop (annulus sparged)
and expanded gas–liquid separator. Understanding these hydro-
dynamics is essential to successful design of airlift reactors for
environmental engineering and other applications. Its particu-
larity lies in the fact that it is a two riser airlift reactor. The
URL: http://www.eng.uwo.ca/people/amargaritis/.
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Nomenclature

A cross-section area (m2)
ALR airlift reactor
D diameter (m)
dB bubble diameter (m)
E gas holdup, dimensionless
f friction loss coefficient, dimensionless
g gravitational acceleration (m s−2)
H height (m)
h clearance (m)
K power law consistency index (Pa sn)
L length (m)
n power law flow behavior index, dimensionless
P pressure (Pa)
N Newton
�P pressure drop (Pa)
S.D. standard deviation, dimensionless
S.T.D. error standard error, dimensionless
t time (s)
�t average differential response time (s)
U gas superficial velocity (m s−1)
UB∞ free rising velocity of bubbles (m s−1)
V volume (m3)
W width (m)
We Weber number, dimensionless
y coefficient, dimensionless
z axial distance (m)
�z differential height (m)

Greek letters
α coefficient, dimensionless in pp. 11
β coefficient, dimensionless in pp. 11
δ coefficient, dimensionless in pp. 11
η dynamic viscosity (Pa s)
ρ density (kg/m3)
σL liquid surface tension (N/m)

Subscripts
b bottom
bSP bottom sparger
B bubble
c column
C circulation
CAL calculated
d downcomer
dyn dynamic
D dispersion
eff effective
EXP experimental
f friction
FSP free area of flow in the ‘region
g gas
GL gas–liquid
h hydraulic

hyd hydrostatic
L liquid
m mixing
max maximum
mx mixture
N nozzle
o orifice
r riser
s separator
t top
tC top contraction
tE top expansion
T total
u roughness
SP sparger

rectangular shape presents good mixing and better mass trans-
fer performance [9,16–22]. Moreover, this shape was chosen
because of its application in wastewater treatment: a third phase
can be added to be used as microorganism support. Bigger rect-
angular plants are easier to build than their cylindrical counter
parts [23,24].

2. Experimental

2.1. Reactor

The reactor apparatus for investigating the effect of baffle
clearance design on the reactor hydrodynamic performance is
shown in Fig. 1. The reactor was constructed of Plexiglas (poly-
methyl methacrylate). It consisted of five sections: a gas–liquid
separator, two risers, a downcomer and a bottom section. Each of
the two risers and the downcomer shared an adjustable straight
rectangular baffle (0.088 m × 1.056 m) as a central wall. The
baffles were fitted to the column walls using a strip of rubber
between them and the walls to ensure that no fluid traverses either
from the riser into the downcomer and vice versa. The bottom
clearance hb between the baffle bottom and the base plate was
varied from 0.01 to 0.1 m by adjusting the vertical position of
the baffles on the column walls using stainless steel screws. The
dimensions of the riser (s) and the downcomer given in Fig. 1
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ake the ratio of the cross-sectional area of the downcomer to
he one of the risers equal to 1.33. The static gas-free height HL
f the liquid was varied in the range 1.0–1.4 m, giving baffle top
learance ht in the range of 0–0.30 m for the range of gas velocity
sed in this study. The aspect ratio (Hr/d/Dh) of the reactor was
0. This ratio value was based on the riser and downcomer height
neglecting the liquid level in the separator) and the hydraulic
iameter (Dh) of the riser and downcomer [25,26].

Two-pair ladder-type air spargers were used consisting of
erforated plastic glass pipes of i.d. 0.04 m. The spargers
ere 0.018 m just above the bottom end of the baffles. A

otal of 138 sparger holes each of which having diameter
o = 4.0 m × 10−4 m and equidistantly spaced were used for air
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Fig. 1. Dimensioned elevation sketch of rectangular-column airlift reactor used.
Symbols: ht, top clearance; hb, bottom clearance, hN sparger clearance; r,
riser, d downcomer, s separator, p pressure tap, b bottom, H, height, H r,d

riser/downcomer height, t top (all dimensions in m).

distribution, giving a free area of 0.32% of the total cross-section
area of the risers. This arrangement gave satisfactory gas dis-
tribution over all the orifices of the sparger at the lowest gas
flow rates. For the latter, the requirement that the Weber number
(Weo):

Weo = U2
ogDoρog

σL
> 2 (1)

based on the orifice diameter be greater than 2 was satisfied.
This was as a result of the small range of flow rates used in this
work. Nevertheless, due to the small diameter of the orifices, no
weeping was observed even when some of the orifices were not
active. The vertical position (hN) of the spargers above the base
plate was allowed to move as the baffle bottom clearance was
varied.

Plastic prism inserts placed at the base plate (cf., Fig. 1) elim-
inated stagnant zones and ensured smooth movement of the fluid
from the downcomer into the riser.

2.2. Systems

All experiments were carried out with air. Gas was sparged
into the annulus between the column and the riser. Water and
mineralized carboxy-methyl cellulose (CMC-Sigma Sodium
salt, Medium Viscosity, No. C-4989) aqueous solutions were
used as the liquid phase. The physical properties of the exper-
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mental media for which the data points were obtained are
ummarized in Table 1.

Air was sourced from a laboratory compressor via a pres-
ure regulator, needle valve and rotameter that facilitated precise
djustment of gas flow rate. Compressed and oil-free air was
sed as the gas phase in all experiments. The air superficial
elocity was varied from 0.03 to 0.25 m s−1.

.3. Measurements

The local gas holdups in the riser and the downcomer were
etermined manometrically [1]. The riser and downcomer each
ad three manometer/pressure taps located at 0.107 m (bottom
ort), 0.515 m (middle port) and 0.910 m (top port), respectively,
rom the base plate and were connected to inverted three-tube
ype water manometers. For each operating condition, a pro-
le of Eg versus the height �z in each region could be drawn
ccording to the following expression [8]:

gr,d = 1 −
(

�Pr,d

ρLg�z

)
(2)

able 1
roperties of experimental media used for data presentation

edium Density Surface tension Power-law parameters

ρL (kg/m3) σL (N/m) n (–) K (Pa sn)

e-ionized water 1000 0.0735 1.000 0.001
.15 M NaCl–0.25%

CMC solution
1004 0.0740 0.902 0.016

.15 M NaCl–0.5%
CMC solution

1007 0.0750 0.864 0.035
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The overall gas holdup (ET) was determined by visual mea-
surements of the clear liquid height (HL) and the aerated liquid
height (HD) according to the following equation:

EgT = 1 − HL

HD
(3)

The gas holdup in the gas–liquid separator was calculated
from a gas volume balance:

EgTVgT = EgrVgr + EgdVgd + EgsVgs + EgbVgb (4)

Neglecting the last term in the right-hand side in view of the
small volume and very low gas holdup in the bottom section and
taking into account the geometrical characteristics of the system,
the separator holdup may be calculated from the equation [27]:

Egs = (EgTVLT/(1 − EgT)) − EgrHrAr − EgdHdAd

(VLT/(1 − EgT)) − Hr(Ar − Ad) − hbAb
(5)

2.4. Liquid circulation velocity

Liquid circulation velocity was determined by a signal-
response technique using HCl acid tracer and a pH electrode
detector [28–31]. In this work, four pH electrodes, two located
in the riser and two in the downcomer sections were used. The
response time of the pH electrodes was 0.1 s. The response of a
p
m
t
p
t
t
r
p
m

p

F
l
o

liquid in the riser and the downcomer sections were then con-
verted to the actual concentrations through a calibration curve.

The mean circulation time, tC (time for a liquid volume ele-
ment to travel once around the riser–downcomer circuit) was
determined directly from the response curves observed for each
airflow rate. The number of cycles detectable varied with the air-
flow rate. At low airflow rate, the number of cycles was six but
at the highest airflow rate it was only a few. Therefore, experi-
ments conducted at high-airflow rates were duplicated to obtain
more reliable values for tC.

With the mean circulation time tC, the liquid linear and super-
ficial velocities in the riser and downcomer were estimated using
the following equations:

ULr = zr(1 − Egr)

�tr
(6)

ULd = zd(1 − Egd)

�td
(7)

where zr and zd are the distances between the two pH electrodes
in the riser and downcomer, respectively, and �tr and �td are
the average differences in response time of the second and third
peaks of the response curves obtained by the two pH electrodes
in the riser and downcomer, respectively. Note that the second
and the third peaks of the response curves are used to obtain �tr
and �td because the first peak of the response curve obtained
b
h
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ulse input of the tracer was signaled by the pH electrodes, and
onitored by a pH meter (sensitivity: 0.01), respectively, and

hen simultaneously recorded every 5 s on a chart and a digital
rinter. The chart recording was synchronized manually with
he introduction of every pulse of 10 mL 4 M (4N) HCL solu-
ion through the injection port. For the pH measurements in the
iser section, the bottom port was used as the tracer injection
ort. The top port was used as tracer injection port during pH
easurements in the downcomer section.
A typical response curve of pH against time obtained by the

H electrodes is shown in Fig. 2. The measured pH values of the

ig. 2. Typical response curves measured using two pH electrode sensors, one
ocated at the entrance and another at the exit of the riser or downcomer regions
f the airlift reactors.
y the lower pH electrode in the riser is not well-established at
igher aeration rate [5].

. Results and discussion

.1. Gas holdup

Fig. 3 describes the effect of the bottom clearance on riser
nd downcomer gas holdups for the air–water system. The gas
oldup increases in the riser as the bottom clearance decreases.
his can be understood as being caused by a decrease in the

ig. 3. Average riser and downcomer gas holdup for the bottom and top clearance
f ht = 0.225 m; air–water system.
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Fig. 4. Average riser and downcomer gas holdups for a bottom clearance of
hb = 0.014 m and top clearances of ht = 0.225 and 0.265 m.

liquid velocity. This is especially evident in the data for the
downcomer gas holdup, since for the smallest bottom clearance
the velocity of the liquid is so restricted by the pressure drop in
the bottom of the reactor that almost all the gas disengages in
the gas–liquid separator. The gas holdup in the downcomer is
almost zero at low values of the superficial gas velocity Ugr.

Fig. 4 shows the gas holdup in the riser and downcomer, for a
bottom clearance of 0.014 m and two values of the top clearance:
ht = 0.225 and 0.265 m. Data are presented for water and 0.15 M
NaCl–0.5% CMC solution. While for water ht has a small effect,
this is not so for the more viscous mineralized CMC solution. In
the latter, the lower rising velocity of the bubbles causes more
of them to be entrained and carried down by the liquid, and
therefore the larger residence time in the gas–liquid separator
region due to the larger bubbles that recirculate.

The lower ht gives a shorter residence time in the gas–liquid
separator, a larger bubble recirculation, and, therefore, a larger
gas holdup. This is especially evident in the downcomer for the
mineralized viscous CMC solution.

The measured total and separator gas holdups are shown in
Fig. 5 as a function of the superficial gas velocity Ugr for differ-
ent liquids and constant values of the bottom and top clearances.
Fig. 6 shows separator gas holdup as a function of the superfi-
cial gas velocity Ugr for various values of the bottom and top
clearances. It is interesting to note that the separator gas holdup
is essentially the same for h = 0.032 and 0.060 m (cf., Fig. 6),
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Fig. 5. Total and separator gas holdup for constant top and bottom clearances
and three liquids.

of the reactor. This was shown by the regression analysis, which
is presented in Section 3.2.

3.2. Liquid circulation velocity

Fig. 7 shows the liquid velocity evolution versus the superfi-
cial gas velocity in the riser and the influence of the top clear-
ance ht on ULr. ULr increases with Ugr until Ugr ≈ 0.21 m s−1,
and then reaches a plateau value for Ugr > 0.21 m s−1. In our
reactor configuration, gas bubbles were trapped in the down-
comer and therefore, ULr reached a plateau. Couvert et al.
[6] and Livingston and Zhang [32] observed the same phe-
nomenon. However, in their cases, the plateau was obtained for
Ugr > 0.015 m s−1 and Ugr > 0.02–0.03 m s−1, respectively.

Fig. 8 shows a small but distinct influence of the baffle
bottom clearance on the superficial riser liquid. The liquid veloc-
ity increases to a maximum with increasing hb in the range

F
l

b
ndicating balancing of the decrease of Er by an increase of Ed
s the liquid velocity increases. The separator gas holdup (Es)
as higher for the 0.25% and 0.5% NaCl–CMC solution than

or water, especially at high Ugr. This is due to the lower bub-
le disengagement, which in turn results from the lower rising
elocity in the mineralized viscous CMC solution. The separator
as holdup behaves generally as the total gas holdup (ET) (cf.,
ig. 5). Comparing Figs. 3 and 4 one can see the effects of the
xpanded gas–liquid separator. All the data indicates that dis-
ngagement was more effective in the rectangular airlift reactor
roposed in this study. This indicates that the cross-sectional area
f the gas separator has a strong influence on the fluid dynamics
ig. 6. Separator gas holdup for various top and bottom clearances and three
iquids.



22 P.M. Kilonzo et al. / Chemical Engineering Journal 121 (2006) 17–26

Fig. 7. Influence of the gas superficial velocity on riser and downcomer liq-
uid velocities, for ht = 0.265 m and hb = 0.060 m and two liquids (water, 0.15 M
NaCl–0.5% CMC solution).

hb < 0.076 m (or hb/Dhr = 0.86) and again diminishes with fur-
ther increase of hb. Kochbeck and Hempel [12] and Bando et
al. [10,11,33] observed the same trend. However, these results
differed slightly with those reported in this work and by Koide
et al. [13].

Fig. 9 shows the effect of ht on ULr for the air–water sys-
tem. The liquid circulation velocity increases with increas-
ing ht, and becomes unchanged when ht is beyond a criti-
cal value ht,crt = 0.175 m for the column hydraulic diameter of
Dhc = 0.10 m. The flow resistance to the reverse direction in the
region above the upper end of the baffles is large at relatively
short ht and it decreases with increasing ht. When ht is beyond
the critical value, the flow resistance becomes constant. From
Fig. 9, it is considered that the critical value of ht is a function of
the column diameter and independent of the diameter and length
of the riser, gas velocity and bubble size (dB).

F
b
v

Fig. 9. Effect of ht on ULr for the air–water system and hb = 0.265 m at various
gas superficial velocities.

4. Correlation of the experimental results

4.1. Gas holdup

Merchuk et al. [7] and Koide et al. [13,14] obtained semi-
empirical correlations for gas holdups in an internal loop airlift
reactor using water and CMC solutions. On the basis of their
information, the following correlations were obtained from 56
data points to predict the gas holdup for each hydrodynamic
region of the ALR proposed in this study.

Correlation (R = 0.998; R2 = 0.996; S.D. = 0.075; S.T.D.
error = 0.0078) for riser gas holdup Er:

Er = 770

(
Ugr√
gDhc

)1.621
(

gη4
L

ρLσ3
L

)0.852(
hb

Dhr

)0.180

×
(

Des

Dhc

)11.375(
ht

Dhr

)5.2

(8)

Correlation (R = 0.952; R2 = 0.888; S.D. = 0.051; S.T.D.
error = 0.0037) for downcomer gas holdup Ed:

Ed = 570

(
Ugr√
gDhc

)2.82
(

gη4
L

ρLσ3
L

)0.968(
hb

Dhr

)0.210

( ) ( )0.2

e

E

ig. 8. Plot of liquid circulations velocity against difference in gas holdups
etween the riser and the downcomer for air–water system and hb = 0.265 m at
arious gas superficial velocities and top clearances.
× Dhs

Dhc

11.375 gρ2
LD3

hc

η2
L

(9)

Correlation (R = 0.997, R2 = 0.993; S.D. = 0.092; S.T.D.
rror = 0.0075) for total gas holdup Es:

s = 800.5

(
Ugr√
gDhc

)1.73
(

gη4
L

ρLσ3
L

)0.852(
hb

Dhr

)0.08

×
(

Dhs

Dhc

)11.5(
ht

Dhr

)4.82

(10)
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with the correlation of riser gas holdup, Eq. (8). Correlations
(8)–(10) which are based on data within the ranges:

0.0008 < (Ugr)

(
√

gDhc) < 0.45

2 × 108 < (gρ2
LD3

ec)

η2
L < 8 × 1015

4 × 105 < (gη4
L)

ρLσ3
L < 4 × 1012

0.01 < hb

Dhr < 0.1
0.1 < Dhs

Dhc < 0.5
0.045 < σL < 0.085 N/m

0.02 < ηeff < 0.5 Pas

0.33 × 10−9 < DL < 2.55 × 10−9 m2/s

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(11)

Eq. (10) is valid also for the total gas holdup ET.
Fig. 10 compares the present and the reported data and

reveals the roles played by the different regions in the rectan-
gular airlift reactor. The relative contribution of the riser and
downcomer to the separator and/or total gas holdups are dif-
ferent and complementary. The main term ((Ugr)/(gDhc)0.5),
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fold by changing the bottom clearance within the range of
variables (Ugr = 0.0382 − 0.2511 m s−1, hb = 0.014 − 0.094 m)
tested.

The effect of the top clearance, represented by the group
[ht/Dhr], had a large influence on the riser and separator gas
holdup, but none on the downcomer gas holdup. An increase
in the top clearance decreases the gas holdup. The correlations
show that the viscosity (ηL) and surface tension (σL), have a sig-
nificant influence on gas holdups for the liquids tested and within
the range of the variables inspected. They do significantly affect
the downcomer gas holdup, because of the strong influence of
free rising velocity of the bubbles (UB∞) on the bubble entrain-
ment. A smaller influence is detected in the riser and separator
gas holdup than in the downcomer. This is due to the fact that
the downcomer holdup is smaller than in the riser and separator
regions of the reactor. The dimensional groups [(gρ2

LD3
hc)/(η2

L)]
and [(gη4

L)/(ρLσ3
L)] do not show a statistically significant influ-

ence on the separator Es gas holdup. At higher values of Ugr and
the highest concentration of 0.15 M NaCl–CMC solution, con-
siderably higher separator Es gas holdup is observed (Fig. 5).
This does not have much of an effect on R2 = 0.993, but the cor-
relation may underestimate the effect of viscosity and surface
tension under the above conditions.

Fig. 10 shows data reported by Koide et al. [13,14]. These
correlations fit those data satisfactorily. The data reported by
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hich represents the influence of gas input rate and the liq-
id circulation rate, affects the holdup more strongly in the
owncomer than in the riser. The behavior of the gas holdup
n the gas separator is very close to that of the total gas holdup
Fig. 3). The bottom clearance, represented by the term (hb/Dhr),
xerts its influence on the gas holdup in all the regions. The
xponent of [hb/Dhr] is positive in all the regions, indicating
he effect of the liquid velocity. As hb increases, the liquid
irculation increases as well, and more gas bubbles are car-
ied over into the downcomer. The exponent 0.21 on [hb/Dhr]
n Eq. (9) indicates that Ed could be increased up to two-

ig. 10. Parity plot of experimentally obtained values of the riser holdup vs.
hose calculated from Eq. (8) and comparison with data and correlations previ-
usly published.
ello et al. [31] are also well represented by Eq. (10). In addition
o these experimental data, Fig. 10 also shows the correlation by
rohlich et al. [34]. This correlation deviates slightly from the
ne presented here. It should also be noted that the Frohlich
orrelation requires the liquid velocity as an argument. In the
resent work, we took the velocity corresponding to the largest
alue of hb, which is closer to the range of variables taken by
rohlich et al. [34].

.2. Liquid circulation velocity

Lu et al. [16] and Bello et al. [31], correlated the liquid veloc-
ty as ULr = α(Ad/Ar)β (Ugr)δ(1 − Er) with α, β, and δ = 0.124,
.08, 0.537 and 0.66, 0.78 ± 0.08, 0.33 for rectangular and con-
entric airlift reactors, respectively. Kockbeck and Hempel [12]
orrelated the liquid velocity as ULr = (2gHr,dEr/[fb(Ad/Ar)2])1/2

ith fb = 11.402 (Ad/Ab)y where y = 0.789. Fig. 11 shows that
his correction cannot be applied for the investigated reactor
onfiguration. In the present configuration, some bubbles are
ntrained and trapped in the downcomer and therefore, ULr
eaches a plateau. The experimental and calculated values differ
y up to ±29%.

The pressure balance over the reactor gives an explanation for
he above mentioned discrepancies. The liquid flow in the inves-
igated rectangular airlift loop reactor was based on the pressure
ifference (�Phydro) between the riser and the downcomer.

Phydro = ρLgHr,d(Egr − Egd) (12)

The hydrostatic pressure is balanced by the dynamic pressure
rop (�Pdyn, Eq. (13)), which is the sum of the pressure drops
n the riser (�Pr), downcomer (�Pd), bottom (�Pb), and top
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Fig. 11. Bulk liquid velocity vs. Ugr for ht = 0.265 m and hb = 0.060 m and
air–water system.

(�Pt) regions of the reactor (cf., Fig. 1).

�Pdyn = �Pr + �Pd + �Pb + �Pt (13)

The details of the derivation of the final ULr (Eq. (14)) leading
from Eqs. (12) and (13) are found elsewhere [12]. Eq. (14) is a
modified version of the one presented by Kockbeck and Hempel
[12], where ft and fb are the loss coefficients in the regions above
the upper end of the baffles, respectively. Chisti et al. [35] have
correlated fb with the column bottom configuration.

ULr =
[

2gHr,d(Egr − Egd)

fr + ft(2Ar/Ar + (Ar − Ad)[1 − (Egs + Egr)])2 + fb(2Ar/Ad + (Ar − Ad)[1 − (Egr + Egd)])2

]0.5

(14)

fb = 11.402

(
Ad

Ab

)0.789

(15)

Bando et al. [10] correlated ft with riser, top clearance and
column configurations using the following equations:

ft = 10

(
Dhr

Dhc

)−5.6

exp

(
−1.7ht

Dhc

)
,

ht

Dhc < 2
(16)

and

ft = 0.33

(
Dhr

Dhc

)−5.6

,
ht

Dhc > 2
(17)
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Fig. 12. Effect of hb on ULr for air–water system and ht = 0.265 m at various gas
superficial velocities.

Figs. 12 and 13 shows the effect of bottom and top clearances,
respectively, on liquid circulation velocity plotted against the
gas holdup difference between riser and downcomer for the data
observed in previous works [10,12,35] and in this work. The ULr
observed by Kockbeck and Hempel [12] (hb = 0.04 − 0.20 m,
Ar/Ad = 6.4 − 17.4) roughly agree with those observed in this
work. When the gas velocity is variable under constant ht, the
liquid circulation velocity is roughly linear to the square root of
the gas holdup difference. On the other hand, when ht and hb

are variable under the constant gas velocity, the data hardly ride
on the lines with slope of 0.454 (Fig. 12) and 0.115 (Fig. 13),
respectively. From this, the loss coefficients are considered to
change due to the variable ht and hb.

F
s

here Ad and Ab are cross-sectional areas of downcomer and
ottom free zone between the riser and the downcomer. Dhr
nd Dhc are the equivalent hydraulic diameters of the riser and
olumn, respectively. In the present study:

b = Wdhb, Ad = WdLd (18)

here hb is considered constant and equal to 0.095 m, fb equals
o 43 and is constant also for all experimental conditions. From
qs. (14)–(17), when ft is constant, the liquid circulation veloc-

ty is regarded to be proportional to the square root of the
as holdup difference between the riser and the downcomer
�Eg = Egr − Egd) and vice versa.
ig. 13. Effect of ht on ULr for air–water system and hb = 0.095 m at various gas
uperficial velocities.
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5. Conclusions

Experiments have been carried out using water and mineral-
ized CMC solutions of effective viscosity ranging from 0.02 to
0.5 Pa s, and surface tension from 0.065 to 0.085 N/m to inves-
tigate the influence of baffle (top and bottom) clearance design
on gas holdup and liquid circulation velocity in a two riser rect-
angular airlift reactor with inverse internal loop and expanded
gas–liquid separator. The gas holdups for each of the different
hydrodynamic regions in the rectangular airlift reactor: riser,
downcomer, and gas–liquid separator were successfully corre-
lated using expressions derived through dimensional analysis
for several bottom and top clearances.

The experimental results for the liquid circulation velocity
were successfully correlated using empirical models obtained
via pressure balance and loss coefficient. The calculated and
measured values agreed within an error of ±29%. The liquid cir-
culation velocity increased when the top and bottom clearances
were increased and remained unchanged when hb/Dhr and ht
were above 1.0 and 0.175 m, respectively. Both the bottom and
top baffle clearances were found to influence liquid velocity to
some degree. The bottom clearance was considered the most
important characteristic.

The liquid circulation velocity data revealed that the design
of the gas–liquid separator is a very important factor affecting
the hydrodynamic performance. This has been already stated
e
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For the simulations reported in this work, the geometrical
dependent frictional loss coefficient at the top section was evalu-
ated equal to ftC = 14.06. The calculated value was due to the fluid
expansion from the riser region to the gas separation region ftE
and fluid contraction from the separator to the downcomer region
ftC. Their calculated values ftE = 0.82 for the geometric variables
(Ar/At) was correlated with the empirical Eq. (A3) [39,40]

ftE =
[

1 −
(

Ar

As

)]2

(A3)

while ftC = 13.24 was correlated with the geometric variables
(At/Ad) [41,42] using the equation

ftC =
(

As

Ad
− 1

)
(A4)

where At is the cross-sectional area of the liquid level in the
gas–liquid separator. The total top frictional coefficient was eval-
uated as a sum of the expansion and contraction terms at the top
section as:

ft = ftE + ftC (A5)

A high value of 54.52 was used for the bottom loss coefficient
fb to simulate the restricted flow situation to account for the
pressure drop through the gap between the baffle bottom and the
base plate fb and through the sparger system fbSP. The value of
f

t
h
w

f

w
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c
o
w

f

w
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b
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arlier by other investigators (Freitas and Teixeira [36], Siegel
nd Merchuk [37], and Vicent and Teixeira [38].
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ppendix A. Calculation of coefficients

The experimentally measured data for the liquid velocities
nd gas holdups for the double riser rectangular airlift reactor
ith inverse internal-loop and expanded gas–liquid separator
ere correlated with the equation developed by [35]:

Lr =
[

2gHr,d(Egr − Egd)

f ′
t /(1 − Egr)2 + f ′

b(Ar/Ad)2(1/(1 − Egd)2)

]1/2

(A1)

ote that Eq. (A1) contains both fb and ft because the connec-
ions of the riser and downcomer at the top and bottom sections
ere assumed to have different geometries. The values of f ′

b
nd f ′

t required to achieve best fit of the data with Eq. (A1)
ere calculated using the reactor geometry. The calculated fb
alues were correlated with the geometric variables as using the
quation:

Tr − PTd = 1

2
ρLU2

LrftE + 1

2
ftCρLU2

Ld (A2)
′
b = 17.66 account for fluid contraction from the downcomer to

he riser and was evaluated for the geometric ratio Ad/Ab = 0.72
aving the bottom clearance hb = 0.06 m. The calculated value
as correlated with the empirical equation [5,43,44]

′
b = 11.402

(
Ad

Ab

)0.789

(A6)

here Ab is the free cross-sectional area of fluid flow at the
ottom of the baffle.

A value of fbSP = 36.86 was obtained to account for the fluid
ontraction through the sparger tube system from the bottom
f the riser having the geometric Ar/AFSP = 1.84, and correlated
ith the equation:

bSP = 11.402

(
Ar

AFSP

)0.789

(A7)

here AFSP is the free area of flow in the sparging regions, given
y the equation:

FSP = Ar − ASP (A8)

he overall bottom coefficient fb is the sum of the two coef-
cients accounting for the restricted flow through the baffle
ottom f ′

b, and sparger tubes fbSP, i.e.,

b = f ′
b + fbSP (A9)

eferences

[1] Y. Chisti, Airlift Bioreactors, Elsevier, London/New York, 1989.
[2] U. Onken, P. Weiland, Airlift fermenters: construction behaviour and

uses, in: Adv. Biotechnol. Proc., vol. 1, Alan R. Liss, New York, 1983.



26 P.M. Kilonzo et al. / Chemical Engineering Journal 121 (2006) 17–26

[3] Y. Chisti, M. Moo-Young, Airlift bioreactorts for treatment of hydro-
carbon contaminated wastes, in: W.K. Teo, M.G.S. Yap, S.K.W. Oh
(Eds.), Better Living through Biochemical Engineering, University of
Singapore, Singapore, 1999.

[4] P. Varey, Airlift for purity, Chemical Eng. (London) 529 (1992) 37.
[5] W.-J. Lu, S.-J. Hwang, C.-M. Chang, Liquid velocity and gas holdup

in three-phase internal loop airlift reactors, Chem. Eng. Sci. 30 (1995)
1301–1310.

[6] A. Couvert, M. Roustan, P. Chatellier, Two-phase hydrodynamic study
in a rectangular air-lift loop reactor with an internal baffle, Chem. Eng.
Sci. 54 (1999) 5245–5252.

[7] J.C. Merchuk, N. Ladwa, A. Cameron, M. Bulmer, A. Picket,
Concentric-tube airlift reactors: Effects of geometrical design on per-
formance, AIChE J. 40 (1994) 1105–1117.

[8] V. Lazarova, J. Meyniel, L. Duval, J. Manem, A novel circulating bed
reactor: hydrodynamics, mass transfer and nitrification capacity, Chem.
Eng. Sci. 52 (1997) 3919–3927.

[9] F. Yamashita, Gas holdup in bubble column with draft tube for gas
dispersion annulus, Chem. Eng. Jpn. 31 (2) (1998) 289–294.

[10] Y. Bando, K. Fujimori, H. Terazawa, K. Yasuda, M. Nakamura, Effects
of equipment dimensions on circulation flow rates of liquid and gas
in bubble column with draft tube, J. Chem. Eng. Jpn. 33 (3) (2000)
379–385.

[11] Y. Bando, H. Hayakawa, M. Nakamura, Effects of equipment dimensions
on liquid mixing time of bubble column with draft tube, J. Chem. Eng.
Jpn. 31 (5) (1998) 765–770.

[12] B. Kochbech, D.C. Hempel, Liquid velocity and dispersion coefficient
in an airlift reactor with inverse internal loop, Chem. Eng. Technol. 17
(1994) 401–405.

[13] K. Koide, M. Kimura, H. Nitta, H. Kawabata, Liquid circulation in
bubble column with draught tube, J. Chem. Eng. Jpn. 21 (4) (1988)

[

[

[

[

[

[

[

[

[

[

[24] D.G. Allen, C.W. Robinson, Hydrodynamics and mass transfer in
Aspergillus niger fermentations in bubble column and loop bioreactors,
Biotechnol. Bioeng. 34 (1989) 731–740.

[25] G.G. Li, S.-Z. Yang, Z.-L. Cai, J.-Y. Chen, Mass transfer and gas–liquid
circulation in an airlift bioreactor with viscous non-Newtonian fluids,
Chem. Eng. J. 56 (1995) B101–B107.

[26] M. Moo-Young, B. Hallard, D.G. Allen, R. Rurrel, Y. Kawase, Oxygen
transfer to mycelial fermentation broths in an airlift fermenter, Biotech-
nol. Bioeng. 30 (1987) 746–753.

[27] C. Vial, E. Camarasa, S. Poncin, G. Wild, N. Midoux, J. Bouillard,
Study of hydrodynamic behavior in bubble columns and external loop
airlift reactors through analysis of pressure fluctuations, Chem. Eng. Sci.
55 (2000) 2957–2973.

[28] A.B. Russe, C.R. Thomas, M.D. Lilly, The influence of height and top-
section size on the hydrodynamic characteristics of airlift fomenters,
Biotechnol. Bioeng. 43 (1994) 69–76.

[29] Y. Kawase, N. Omori, M. Tsujimura, Liquid–phase mixing in
external-loop bioreactors, Chem. Technol. Biotechnol. 63 (1994) 49–
55.

[30] Y. Wang, B. McNeil, A study of gas holdup, liquid velocity, and mix-
ing time in a complex high viscosity, fermentation fluid in an airlift
bioreactor, Chem. Eng. Technol. 19 (1996) 143–153.

[31] R.A. Bello, C.W. Robinson, M. Moo-Young, Liquid circulation and mix-
ing characteristics of airlift contactors, Can. J. Chem. Eng. 62 (1984)
573–577.

[32] A.G. Livingston, S.F. Zhang, Hydrodynamic behavior of three-
phase (gas–liquid–solid) gaslift reactors, Chem. Eng. Sci. 48 (1993)
1641–1654.

[33] Y. Bando, M. Nakamura, H. Sota, K. Toyoda, S. Sizuki, A. Idota, Flow
characteristics of bubble column with perforated draft tube—effect of
equipment dimensions and gas dispersion, J. Chem. Eng. Jpn. 25 (1)

[

[

[

[

[

[

[

[

[

[

[

393–399.
14] K. Koide, S. Iwamoto, T. Takasaka, S. Matsuura, E. Takahashi, M.

Kimura, H. Kubota, Liquid Circulation, Gas holdup and pressure drop
in bubble column with draft tube, J. Chem. Eng. Jpn. 17 (6) (1984)
611–618.

15] K. Koide, H. Sato, H. Iwamoto, Gas holdup and volumetric liquid phase
mass transfer coefficient in bubble column with draft tube and with gas
dispersion into annulus, J. Chem. Eng. Jpn. 16 (1983) 407–413.

16] X. Lu, J. Ding, Y. Wang, J. Shi, Comparison of hydrodynamics and
mass transfer characteristics, of a modified square airlift reactor with
common airlift reactors, Chem. Eng. Sci. 55 (2000) 2257–2263.

17] P.-M. Wang, T.-K. Huang, H.-P. Cheng, Y.-H. Chien, W.-T. Wu, A mod-
ified airlift reactor with high capabilities of liquid mixing and mass
transfer, J. Chem. Eng. Jpn. 35 (2002) 354–359.

18] P.M. Kilonzo, A. Margaritis, The effect of non-Newtonian fermentation
broth viscosity and small bubble segregation on oxygen mass transfer in
gas-lift bioreactors: a critical review, Biochem. Eng. J. 17 (2004) 27–40.

19] E.E. Petersen, A. Margaritis, Hydrodynamic and mass transfer charac-
teristic of three-phase gaslift bioreactor systems, Crit. Rev. Biotechnol.
21 (4) (2001) 233–294.

20] M.K. Popovic, C.W. Robinson, Mass transfer studies of external-loop
airlifts and bubble column, AIChE J. 35 (1989) 393–405.

21] P. Shamlou, D.J. Pollard, A.P. Ison, M.D. Lilly, Gas holdup and liquid
circulation rate in concentric tube airlift bioreactors, Chem. Eng. Sci.
49 (3) (1994) 303–312.

22] M. Nishikawa, H. Kato, K. Hashimoto, Heat transfer in aerated tower
filled with non-Newtonian liquids, Ind. Eng. Proc. Des. Dev. 16 (1977)
133–137.

23] M. Nakanoh, F. Yoshida, Gas absorption by Newtonian and non-
Newtonian liquids in a bubble column, Ind. Eng. Chem. Process Des.
Dev. 19 (1980) 190–195.
(1992) 49–54.
34] S. Frohlich, M. Lotz, T. Korte, A. Lubbert, K. Schugerl, M. Seekamp,

Characterization of a pilot plant airlift tower loop bioreactor. I. Evalua-
tion of the two-phase properties with model media, Biotechnol. Bioeng.
38 (1991) 43–45.

35] M.Y. Chisti, B. Hallard, M. Moo-Young, Liquid circulation in airlift
reactors, Chem. Eng. Sci. 43 (3) (1988) 451–457.

36] C. Freitas, J.A. Teixeira, Hydrodynamic studies in an airlift reac-
tor with enlarged degassing zone, Bioprocess. Eng. 18 (1998) 267–
279.

37] M. Siegel, J.C. Merchuk, Hydrodynamics in rectangular airlift reactors,
scale-up and the influence of gas–liquid separator design, Can. J. Chem.
Eng. 69 (1991) 465–473.

38] A.A. Vicent, J.A. Teixeira, Hydrodynamic performance of three-phase
airlift bioreactors with enlarged degassing zone, Bioprocess. Eng. 14
(1995) 17–22.

39] M.A. Young, R.G. Carbonell, D.F. Ollis, Airlift Bioreactors: analysis of
local two-phase hydrodynamics, AIChE J. 37 (3) (1991) 403–428.

40] N. de Nevers, Fluid Mechanics for Chemical Engineers, McGraw-Hill,
Inc., New York, 1991.

41] P. Verlaan, J. Tramper, K. VanT Riet, A hydrodynamic model for
an airlift-loop bioreator with external loop, Chem. Eng. J. 33 (1986)
B43–B53.

42] L.-S. Fan, S.-J. Hwang, A. Matsuura, Hydrodynamic behavior of a draft
tube gas–liquid–solid spouted bed, Chem. Eng. Sci. 39 (12) (1984)
1677–1688.

43] Y. Chisti, M. Moo-Young, Improve the performance of airlift reactors,
Chem. Eng. Prog. 89 (1993) 38–45.

44] Y. Chisti, M. Moo-Young, Communication to the editor on the calcu-
lation of shear rate and apparent viscosity in airlift and bubble column
bioreactors, Biotechnol. Bioeng. 34 (1989) 1391–1392.


	Influence of the baffle clearance design on hydrodynamics of a two riser rectangular airlift reactor with inverse internal loop and expanded gas-liquid separator
	Introduction
	Experimental
	Reactor
	Systems
	Measurements
	Liquid circulation velocity

	Results and discussion
	Gas holdup
	Liquid circulation velocity

	Correlation of the experimental results
	Gas holdup
	Liquid circulation velocity

	Conclusions
	Acknowledgements
	Calculation of coefficients
	References


