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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
viscosity 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
were satisfactorily derived using expressions obtained via dimensional analysis. The separator gas holdup was found to be similar to the total gas
holdup in the airlift reactor. The baffle clearances were found to influence the liquid circulation velocity to some degree, with the bottom clearance
being the significant design parameter. An attempt was also made to correlate the liquid velocity using empirical equations of the loss coefficient in
the 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.

Keywords: Airlift reactor; Top clearance; Bottom clearance; Gas holdup; Liquid velocity; Pressure drop

1. Introduction

The number of attractive features of airlift reactors have
led to increasing usage of these contactors in environmental
remediation technology, the chemical process industry and the
biotechnology-based manufacture [1,2]. Airlift reactors have
an established niche in high-strength activated type treatment
of wastewater where the high-oxygen transfer capability, low
power requirements and non-mechanical agitation are particu-
lar advantages of these systems [3,4]. The gas holdup difference
causes liquid circulation flow, which is a characteristic behavior
in all airlift reactors. In most cases, gas is also circulated since
small bubbles are easily entrained into a downcomer by the lig-
uid downflow. Both gas holdup and liquid circulation velocity
parameters govern the oxygen transfer from the gas phase to the
liquid phase and the homogeneity of the airlift reactor, respec-
tively [5].
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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
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Nomenclature

A cross-section area (mz)

ALR  airlift reactor

D diameter (m)

dp bubble diameter (m)

E gas holdup, dimensionless

f friction loss coefficient, dimensionless
g gravitational acceleration (m s72)

H height (m)

h clearance (m)

K power law consistency index (Pas")
L length (m)

n power law flow behavior index, dimensionless
P pressure (Pa)

N Newton

AP pressure drop (Pa)

S.D. standard deviation, dimensionless
S.T.D. error standard error, dimensionless

t time (s)

At average differential response time (s)
U gas superficial velocity (ms™!)

U  free rising velocity of bubbles (m s~
|4 volume (m3 )
w width (m)

We Weber number, dimensionless
y coefficient, dimensionless
z axial distance (m)

Az differential height (m)

Greek letters

o coefficient, dimensionless in pp. 11
B coefficient, dimensionless in pp. 11
3 coefficient, dimensionless in pp. 11
n dynamic viscosity (Pas)

0 density (kg/m?)

oL, 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 x 1.056m) 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 hp 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
make the ratio of the cross-sectional area of the downcomer to
the one of the risers equal to 1.33. The static gas-free height Hj,
of the liquid was varied in the range 1.0-1.4 m, giving baffle top
clearance  in the range of 0—0.30 m for the range of gas velocity
used in this study. The aspect ratio (Hy4/Dy) of the reactor was
10. This ratio value was based on the riser and downcomer height
(neglecting the liquid level in the separator) and the hydraulic
diameter (Dy,) of the riser and downcomer [25,26].

Two-pair ladder-type air spargers were used consisting of
perforated plastic glass pipes of i.d. 0.04m. The spargers
were 0.018 m just above the bottom end of the baffles. A
total of 138 sparger holes each of which having diameter
Do =4.0m x 10~* m and equidistantly spaced were used for air
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Fig. 1. Dimensioned elevation sketch of rectangular-column airlift reactor used.
Symbols: h, top clearance; hy, bottom clearance, Ay sparger clearance; r,
riser, d downcomer, s separator, p pressure tap, b bottom, H, height, H 4
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):
U2 Do po
Weo = —2 25 > 2 (M
oL

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 (h) 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-
imental media for which the data points were obtained are
summarized in Table 1.

Air was sourced from a laboratory compressor via a pres-
sure regulator, needle valve and rotameter that facilitated precise
adjustment of gas flow rate. Compressed and oil-free air was
used as the gas phase in all experiments. The air superficial

velocity was varied from 0.03 to 0.25ms ™.

2.3. Measurements

The local gas holdups in the riser and the downcomer were
determined manometrically [1]. The riser and downcomer each
had three manometer/pressure taps located at 0.107 m (bottom
port), 0.515 m (middle port) and 0.910 m (top port), respectively,
from the base plate and were connected to inverted three-tube
type water manometers. For each operating condition, a pro-
file of E, versus the height Az in each region could be drawn
according to the following expression [8]:

Epg=1 APra )
gnd = PLEAZ

Table 1
Properties of experimental media used for data presentation

Medium Density Surface tension Power-law parameters
oL (kg/m*) o, (N/m) n(-) K (Pas")
De-ionized water 1000 0.0735 1.000 0.001
0.15M NaCl-0.25% 1004 0.0740 0.902 0.016
CMC solution
0.15M NaCl-0.5% 1007 0.0750 0.864 0.035

CMC solution
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The overall gas holdup (ET) was determined by visual mea-
surements of the clear liquid height (Hy) and the aerated liquid
height (Hp) according to the following equation:

Eg=1-—- 3)

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

EgTVgT = Enggr + Enggd + Egngs + 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]:

_ (EgTVLT/(1 — EgT)) - EngrAr - EgdeAd
& (Vix/(1 — Egr)) — Hi(Ar — Ag) — hpAp

&)

2.4. Liquid circulation velocity

Liquid circulation velocity was determined by a signal-
response technique using HCI 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
pulse input of the tracer was signaled by the pH electrodes, and
monitored by a pH meter (sensitivity: 0.01), respectively, and
then simultaneously recorded every 5 s on a chart and a digital
printer. The chart recording was synchronized manually with
the introduction of every pulse of 10 mL 4 M (4N) HCL solu-
tion through the injection port. For the pH measurements in the
riser section, the bottom port was used as the tracer injection
port. The top port was used as tracer injection port during pH
measurements in the downcomer section.

A typical response curve of pH against time obtained by the
pH electrodes is shown in Fig. 2. The measured pH values of the

pH (-)

2 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200

Time (s)

Fig. 2. Typical response curves measured using two pH electrode sensors, one
located at the entrance and another at the exit of the riser or downcomer regions
of the airlift reactors.

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

The mean circulation time, 7c (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 7c.

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

z(1 — Egr)
U,=——"= 6
Lr Al ( )

zd(1 — Egq)
Uygy=——"- 7
Ld Alq (7

where z; and zq are the distances between the two pH electrodes
in the riser and downcomer, respectively, and Af. and Azg 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 Af,
and Atq because the first peak of the response curve obtained
by the lower pH electrode in the riser is not well-established at
higher aeration rate [5].

3. Results and discussion
3.1. Gas holdup

Fig. 3 describes the effect of the bottom clearance on riser
and downcomer gas holdups for the air—water system. The gas
holdup increases in the riser as the bottom clearance decreases.
This can be understood as being caused by a decrease in the
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Fig.3. Averageriser and downcomer gas holdup for the bottom and top clearance
of hy=0.225 m; air—water system.
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Fig. 4. Average riser and downcomer gas holdups for a bottom clearance of
hp=0.014 m and top clearances of /; =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 Ug;.

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:
hy=0.225 and 0.265 m. Data are presented for water and 0.15 M
NaCl-0.5% CMC solution. While for water /; 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 h; 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 Uy, 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 Uy, for various values of the bottom and top
clearances. It is interesting to note that the separator gas holdup
is essentially the same for Ay =0.032 and 0.060 m (cf., Fig. 6),
indicating balancing of the decrease of E; by an increase of Eq4
as the liquid velocity increases. The separator gas holdup (Es)
was higher for the 0.25% and 0.5% NaCl-CMC solution than
for water, especially at high Ug;. This is due to the lower bub-
ble disengagement, which in turn results from the lower rising
velocity in the mineralized viscous CMC solution. The separator
gas holdup behaves generally as the total gas holdup (ET) (cf.,
Fig. 5). Comparing Figs. 3 and 4 one can see the effects of the
expanded gas-liquid separator. All the data indicates that dis-
engagement was more effective in the rectangular airlift reactor
proposed in this study. This indicates that the cross-sectional area
of the gas separator has a strong influence on the fluid dynamics
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012 F

0.08 f

Gas holdup (-)

0.04 F

0.00 1 1 1 1 1 1
0.02 0.06 0.10 0.14 018 022 0.26 0.30

Ugl' (m/s)

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 h on Up,. UL, increases with Ug until Ug ~0.21 m s—L
and then reaches a plateau value for Uy >0.21 ms~!. In our
reactor configuration, gas bubbles were trapped in the down-
comer and therefore, Ur, 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
Ug>0.015m sl and Ugr >0.02-0.03m s—L, 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 h;, in the range
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Fig. 6. Separator gas holdup for various top and bottom clearances and three
liquids.
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Fig. 7. Influence of the gas superficial velocity on riser and downcomer lig-
uid velocities, for 4 =0.265 m and A, =0.060 m and two liquids (water, 0.15M
NaCl-0.5% CMC solution).

hy <0.076 m (or hy/Dyy =0.86) and again diminishes with fur-
ther increase of h,. 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 4 on Uy, for the air—water sys-
tem. The liquid circulation velocity increases with increas-
ing h, and becomes unchanged when A, is beyond a criti-
cal value % ¢t =0.175 m for the column hydraulic diameter of
Dy =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 4 and it decreases with increasing h;. When #; is beyond
the critical value, the flow resistance becomes constant. From
Fig. 9, itis considered that the critical value of A is a function of
the column diameter and independent of the diameter and length
of the riser, gas velocity and bubble size (dp).

0.35 T T T T T T T T T T T T
Ugr(‘“ )
0L 00382
0.30 1
Wooorn
00,1002
0.25 B o419
L 0.1501
Wo21
—~ 020 o251
R
g
=
5 015
o]
0.10 B
005 1
0.00 L L

00 02 04 06 08 10 12 14 16 1.8 20 22 24 26
hy /Dy €)

Fig. 8. Plot of liquid circulations velocity against difference in gas holdups
between the riser and the downcomer for air-water system and hp, =0.265 m at
various gas superficial velocities and top clearances.
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Fig. 9. Effect of i on Uy, for the air—water system and &y, =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; R>=0.996; S.D.=0.075; S.T.D.
error =0.0078) for riser gas holdup E;:

0.852

1.621 4 0.180
E = 770( Ver ) &L (b)
v/8Dhe pLOT Dy

Do\ 11375 7\ 52
() (o) ®
Dy Dy
Correlation (R=0.952; R?>=0.888; S.D.=0.051; S.T.D.
error =0.0037) for downcomer gas holdup Eg:

2.82 0.968 0.210
Eq= 570( Uer > g1 <h")
~/8&Dhe ,OLGE Dy,
11375 /213 \ 02
x % gIoLDhC 9)
Dy, 2
c nL

Correlation (R=0.997, R?=0.993; S.D.=0.092; S.T.D.
error =0.0075) for total gas holdup Ej:
( hy >0.08
Dy

Ugr > 1.73 gni
D\ 115 482
= I (10)
Dhc Dy

0.852

E; = 800.5
) (\/ 8Dnc pLCTE
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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)

(v/gDne) < 0.45

2 x 10% < (go? D)
77% <8 x 10P

4x10° < (gni)

PLUE <4 x101?
0.01 < hy

Dy < 0.1
0.1 < Dyg

Dy < 0.5
0.045 < o1, < 0.085 N/m

Y

0.02 < negr < 0.5 Pas

033 x 1072 < DL < 2.55 x 1072 m?/s

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)oj),
which represents the influence of gas input rate and the lig-
uid circulation rate, affects the holdup more strongly in the
downcomer than in the riser. The behavior of the gas holdup
in the gas separator is very close to that of the total gas holdup
(Fig. 3). The bottom clearance, represented by the term (hy/Dyy),
exerts its influence on the gas holdup in all the regions. The
exponent of [Ay/Dy,] is positive in all the regions, indicating
the effect of the liquid velocity. As hy, increases, the liquid
circulation increases as well, and more gas bubbles are car-
ried over into the downcomer. The exponent 0.21 on [/hy/Dy,]
in Eq. (9) indicates that Egq could be increased up to two-
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Fig. 10. Parity plot of experimentally obtained values of the riser holdup vs.
those calculated from Eq. (8) and comparison with data and correlations previ-
ously published.

fold by changing the bottom clearance within the range of
variables (Ug;=0.0382 —0.2511m s™!, hy=0.014 —0.094 m)
tested.

The effect of the top clearance, represented by the group
[¢/Dy;], 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 (171.) and surface tension (o), 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 (Upso) 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 [(gpf Dﬁc) / (ni)]
and [(gnﬁ) / (,OLGE)] do not show a statistically significant influ-
ence on the separator E gas holdup. At higher values of Uy, and
the highest concentration of 0.15 M NaCl-CMC solution, con-
siderably higher separator Eg gas holdup is observed (Fig. 5).
This does not have much of an effect on R? =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
Bello et al. [31] are also well represented by Eq. (10). In addition
to these experimental data, Fig. 10 also shows the correlation by
Frohlich et al. [34]. This correlation deviates slightly from the
one presented here. It should also be noted that the Frohlich
correlation requires the liquid velocity as an argument. In the
present work, we took the velocity corresponding to the largest
value of hy, which is closer to the range of variables taken by
Frohlich et al. [34].

4.2. Liquid circulation velocity

Luetal. [16] and Bello et al. [31], correlated the liquid veloc-
ity as Urr=a(Ad/Ar)P (Ugr)’(1 — E;) with , B, and §=0.124,
0.08, 0.537 and 0.66, 0.78 4= 0.08, 0.33 for rectangular and con-
centric airlift reactors, respectively. Kockbeck and Hempel [12]
correlated the liquid velocity as Uy, = (2gH; aE/[fo(Aa/Ar)?1)?
with f, =11.402 (Aq/Ap)” where y=0.789. Fig. 11 shows that
this correction cannot be applied for the investigated reactor
configuration. In the present configuration, some bubbles are
entrained and trapped in the downcomer and therefore, Uy,
reaches a plateau. The experimental and calculated values differ
by up to £29%.

The pressure balance over the reactor gives an explanation for
the above mentioned discrepancies. The liquid flow in the inves-
tigated rectangular airlift loop reactor was based on the pressure
difference (A Pnydro) between the riser and the downcomer.

A Phydro = PLgHr,d(Egr - Egd) (12)

The hydrostatic pressure is balanced by the dynamic pressure
drop (APgyn, Eq. (13)), which is the sum of the pressure drops
in the riser (AP;), downcomer (APq), bottom (APy), and top
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Fig. 11. Bulk liquid velocity vs. Uy for h¢=0.265m and h, =0.060m and
air—water system.

(APy) regions of the reactor (cf., Fig. 1).
APyyn = AP+ AP+ APy + AP (13)

The details of the derivation of the final Uy (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 f; and f;, are the loss coefficients in the regions above
the upper end of the baffles, respectively. Chisti et al. [35] have
correlated f;, with the column bottom configuration.

0.18 T T T T T T
b 9] Bando etal. [10]
0.16F O Kockbeck and Hempel [12]: Present work . ]
B Chisi ctal. [35] N
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Fig. 12. Effect of iy, on Uy, for air—water system and A, =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 Uy,
observed by Kockbeck and Hempel [12] (A, =0.04 — 0.20m,
A/A3=6.4—17.4) roughly agree with those observed in this
work. When the gas velocity is variable under constant A, the
liquid circulation velocity is roughly linear to the square root of
the gas holdup difference. On the other hand, when A; and Ay

0.5

UL, = 2gH; 4(Egr — Egq)
" A+ QA A A+ (A — ADIL — (Egs + Ee)])? + oA/ Ad + (Ar — A1 — (Egr + Ega)])?
A 0.789
fo = 11.402(") (15)
Ap

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

D\ ¢ 1.7h, hy
=10 -, — 16
S (Dhc) exp Dy Dpe <2 (16)
and
Dy -5.6 he
=0.33 , ———— 17
ft <Dhc) Dpe > 2 (17)

where Ay and Ay, are cross-sectional areas of downcomer and
bottom free zone between the riser and the downcomer. Dy,
and Dy, are the equivalent hydraulic diameters of the riser and
column, respectively. In the present study:

Ap = Wahy, Aq= Walq (13)

where Ay, is considered constant and equal to 0.095 m, f;, equals
to 43 and is constant also for all experimental conditions. From
Eqgs. (14)—(17), when f; is constant, the liquid circulation veloc-
ity is regarded to be proportional to the square root of the
gas holdup difference between the riser and the downcomer
(AEg=Eg — Egq) and vice versa.

(14)

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 4 and hy,.

0.35 T T T T T T
B Bando etal. [10]
030 O Kockbeck and Hempel [12]. Present work LI
| Kockbeck and Hempel [12] "
025r hy = 0.265 m )
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S 015}F b
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Fig. 13. Effect of i on Uy, for air—water system and A, =0.095 m at various gas
superficial 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 Pas, 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 hy/Dy, and Ay
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
earlier by other investigators (Freitas and Teixeira [36], Siegel
and Merchuk [37], and Vicent and Teixeira [38].
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Appendix A. Calculation of coefficients

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

172

2gl—Ir,d(Egr - Egd) (A1)

T A = Bl + flU(AJAQP /(1 — Ega))

Note that Eq. (A1) contains both f;, and f; because the connec-
tions of the riser and downcomer at the top and bottom sections
were assumed to have different geometries. The values of f;
and f{ required to achieve best fit of the data with Eq. (Al)
were calculated using the reactor geometry. The calculated f,
values were correlated with the geometric variables as using the
equation:

Urr

1 1
Pr — Pra = —pLUL fie + EftCPLUI%d (A2)

2

For the simulations reported in this work, the geometrical
dependent frictional loss coefficient at the top section was evalu-
ated equal tofic = 14.06. The calculated value was due to the fluid
expansion from the riser region to the gas separation region fig
and fluid contraction from the separator to the downcomer region
fic. Their calculated values fig =0.82 for the geometric variables
(A /Ay) was correlated with the empirical Eq. (A3) [39,40]

el ()]

while fic =13.24 was correlated with the geometric variables
(A/Aq) [41,42] using the equation

— As 1
ﬁc—(Ad‘>

where A; 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:

fi= fEe+ fic

A high value of 54.52 was used for the bottom loss coefficient
fo to simulate the restricted flow situation to account for the
pressure drop through the gap between the baffle bottom and the
base plate f, and through the sparger system fysp. The value of
fy, = 17.66 account for fluid contraction from the downcomer to
the riser and was evaluated for the geometric ratio Ag/Ap =0.72
having the bottom clearance A, =0.06 m. The calculated value
was correlated with the empirical equation [5,43,44]

Ay 078
" = 11.402( —
Jo <A )

b

(A3)

(A4)

(A5)

(A6)

where Ay is the free cross-sectional area of fluid flow at the
bottom of the baffle.

A value of fi,sp =36.86 was obtained to account for the fluid
contraction through the sparger tube system from the bottom
of the riser having the geometric A;/Apsp = 1.84, and correlated
with the equation:

A, >O.789
Afsp

where Arsp is the free area of flow in the sparging regions, given
by the equation:

‘ﬁ$>=11402< (A7)

Afsp = A — Asp (A8)

The overall bottom coefficient f;, is the sum of the two coef-
ficients accounting for the restricted flow through the baffle
bottom f;, and sparger tubes fisp, i.e.,

fo = fo + fosp (A9)
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