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Abstract—Useful correlations were derived for the prediction of available gas holdup data in air-water systems, using
the operational and geometric parameters of airlift reactors only. To successfully consider the geometric difference
between various types of airlift reactors, the characteristic distance (D,,) and the gas separation area (A,) were defined
as geometric parameters, respectively. The riser gas holdup (s) in various types of airlift reactors was satisfactorily cor-
related with the operational and geometric parameters, such as the riser superficial gas velocity (Ug,), a parameter con-
taining the ratio of the top clearance to downcomer length (1+C,/L,), the characteristic distance to downcomer length
ratio (D,/L,), the downcomer to riser cross-sectional area ratio (A4/A,), the ratio of the gas separation area to riser
cross-sectional area (A,/A,), and the bottom to downcomer cross-sectional area ratio (A,/A,). The downcomer gas
holdup in various types of airlift reactors was well correlated by a nonlinear equation involving &, D,/L;, AJ/A, A/A,

(1+C/L,), and AJ/A,.
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INTRODUCTION

Airlift reactors can be clearly classified into two large groups:
external-loops and internal-loops [1-3]. External-loop airlift reac-
tors have two separate and vertical pipes that are joined by the top
and bottom connections. Sometimes the connections are horizon-
tal pipes. Gas-liquid separation takes place in the top region of the
airlift reactors including the top connection pipe. A rectangular
tank is frequently used as the top connection in order to increase
its mixing performance and gas-liquid separation efficiency. Accord-
ingly, the rectangular tank is especially called a gas-liquid separa-
tor. One of these vertical pipes is the riser, which has an upward
flow of fluid. The other pipe is the downcomer, which has a down-
ward flow of fluid. Internal-loop airlift reactors are characterized
by having a vessel that is divided by a vertical baffle or a draft-tube.
The cross-section of the vessel is usually circular, sometimes rect-
angular [4]. The top and the bottom of the vessel take roles of the
top and the bottom connection for external-loop airlift reactors,
respectively.

Many researchers have investigated a large number of modified
airlift reactors: the riser with various internals (baffles [5,6], perfo-
rated plates [7-10], disks [11], static mixers [12-14], impellers [15,
16], packing materials [17]), multiple draft tubes [18,19], the enlarged
top [20-24], inclined connection pipes [14,25-28], the downcomer
without an extension tube [29-33], multi-stages [34,35], the top with
funnel internals [36], and net draft tubes [37]. Therefore, there are
many types of airlift reactors. Different morphologies of airlift reac-
tors result in very different trends of performance factors such as
gas holdup, mixing time, circulation liquid velocity; and oxygen trans-
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fer coefficient.

All researchers observed that the riser and downcomer gas hold-
ups increase with the riser superficial gas velocity (Ug,). Bello et al.
[38] expressed the gas holdup as a function of specific power input
instead of the gas velocity. The influence of the bottom and top
clearances on the gas holdup was studied by Koide et al. [39], Mer-
chuk et al. [22], Choi [40], and Gouveia et al. [41]. A large number
of published works on airlift reactors have focused on the effect of
the downcomer to riser cross-sectional area ratio (A/A,) [4,42-
50]. There are some correlations on the gas holdups as a function
of the superficial liquid velocity (U,,) [44,51-55]. The length of the
connection pipe or the distance between the riser and downcomer
axes has also a strong effect on the gas holdup [47,48,56]. Zhao et
al. [8], Rujiruttanakul and Pavasant [28], Koji¢ et al. [57], and Luo
et al. [58] reported that the sparger structure had a significant effect
on the gas holdup and downcomer liquid velocity. Some research-
ers studied the effect of liquid properties such as viscosity and
density on the gas holdup [39,42,45,46,53,55, 57,59,60].

Up to now, many correlations for gas holdup in airlift reactors
have been reported in the literature. However, most of the correla-
tions are only useful for a particular type of airlift reactor from
which they were derived. The gas holdup data obtained in the other
type of airlift reactors differed greatly from the correlations. There-
fore, the previous correlations for gas holdup are extremely limited
in use.

If we obtain a correlation equation that can well predict a large
amount of the gas holdup obtained in various types of airlift reac-
tors, we can use it more usefully than previous correlations for reac-
tor design. Therefore, in this work, new geometric parameters such
as the characteristic distance (D,,) and the gas separation area (A,)
were defined and used to reflect the effect of reactors’ geometrical
difference on the gas holdup. We attempted to correlate as many
gas holdup data obtained in four basic types of airlift reactors and
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Fig. 1. Schematic diagram of the experimental apparatus.
1. Gas-liquid separator 7. Bottom connection pipe
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2. Pressure tap 8. Air line

3. Piezometer tube 9. Air filter

4. Riser 10. Pressure regulator
5. Downcomer 11. Valve

6. Gas sparger 12. Rotameter

air-water systems as possible with the operational and geometric
parameters only. The operational parameters were the riser super-
ficial gas velocity (Ug,) and a parameter containing the ratio of top
clearance to downcomer length (1+C,/L,). The geometric parame-
ters were ratios between the free areas of conduits for circulation
liquid [ie., the downcomer to riser cross-sectional area ratio (A,/
A,), the bottom to downcomer cross-sectional area ratio (A,/A,)]
as well as the ratio of the characteristic distance to the downcomer
length (D,/L,) and the ratio of the gas separation area to riser area

(AJA).

K. H. Choi

EXPERIMENTAL

The external-loop airlift reactor used in this work had a gas-lig-
uid separator as shown in Fig. 1. The inside diameter of the riser
was 0.149 m. Its height was 1.782 m. The inside diameter of the
downcomer was 0.108 m. The connection pipe joined the down-
comer to the riser 0.10 m above the bottom plate. The length of the
connection pipe was 0.30 m. The upper tips of the riser and the
downcomer were attached to the gas-liquid separator (0.70x0.26x
0.30 m). A set of six tubes (outside diameter 6 mm) welded on the
bottom plate was used as a gas sparger. Each tube had several holes
(inside diameter 1 mm). A total of 30 holes was arranged in a tri-
angular pitch of 21 mm [56]. The velocity of air input was mea-
sured with a calibrated rotameter. Riser superficial gas velocity was
varied in the range of 0.02 to 0.18 ms ™. All experimental measure-
ments were performed at atmospheric pressure and room tempera-
ture (22.5-25.5°C).

For gas holdup measurements by differential hydrostatic pres-
sure method, two piezometer tubes were installed on the riser and
the downcomer, respectively. The heights of the pressure taps were
0.40 and 1.50 m from the bottom plate. To decrease the variation
of piezometer reading, a capillary tube of length 7 mm and inside
diameter 0.7 mm was inserted at the entrance of the piezometer
tubes [61,62]. A video of the readings of the piezometer tubes was
taken by a cellular phone (LG G Flex) a minute at a specific gas flow
rate. Freeze-frames extracted every second from the video were used
to calculate the riser and downcomer gas holdups [63]. Therefore,
each gas holdup was an average of 61 measurements. The gas hold-
ups were calculated from the following equation:

_ PL_Ah
PL=PcAZ

1)

RESULTS AND DISCUSSION

Main correlations for the riser and downcomer gas holdups (&
and &) in various types of airlift reactors are summarized in Table
1. Gas holdup data used for obtaining useful correlations in this
study are shown in Table 2. As shown in Tables 1 and 2, many
researchers performed measurements of the riser and downcomer

Table 1. Correlations for gas holdup in various types of airlift reactors

Authors Type Proposed correlations
275 733-0; —47:0.88
Chakravarty et al. [42] DTIL &= (t— tw) +161(74 1 0) x10 "Ug,
1T O
UGr
Hills [51] ELGS &= 505
0.24+1.35(Ug,+U,,)"
Merchuk and Stein [52] ELGS &= Yo
0.33+1.03(U,+U,,)
_0 16(UGr)OA56(1 Ad
ELET &=50u - X)
Bello et al. [64] Lr
DTIL ELET: £,=0.79¢—0.057

DTIL: £=0.89¢,
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Authors Type Proposed correlations
A -1 P 2/3
Bello et al. [38] ELET £=34x 10‘3(1+ —f) (—Z)
A \%
UG 0.892+0.075
le flow: ,=(1.488 - 0.496C)| ——%—
L bubble flow: &,=(1.488 96C,) 1+Ad/A)
histi et al alesced bubble flow: £=(0.371—0.089C )(&- e
Chisti et al. [43] coalesced bubble flow: &,= (0. . N\TT Ad/A)
-0.258
ELET &= 0.65(1+ %i) U(éfoaio.omq
0.4./F,
&= '
1+0.4./F(1+U,,/Ug,)
A 42 A -1.32
Miyahara et al. [53] DTIL £d:4.51><106M0‘“5(K-;) &7 for ad<0.0133(A—;)
£,=0.55M "% (ﬁ " - for £,>0 0133(ir o
d . A d d . A
Popovi¢ and Robinson [46] ELET =0.465U%%° 1+éﬁ oo
P &=0. Gr A /ueff
L -0.15
g,:0.43U%f5(L—‘)
Choi et al. [56] ELET L o
=0.0 LOI(_C
&4 9UGr LC
&= Yo where C,= _3n+11
Philip et al. [54] DTIL Ci(Ug+Up) +CoygD, nr
C,=0.24-0.33 for Newtonian flow
C,=0.35 for Non-Newtonian flow
oe 0 288U04504(é£)70.098(1_4f)70,094
rT Ve Gr
A L
Choi and Lee [47] ELET
1.138(Ad 70.885(LC —0.462
=0.04 = =
£,=0.049U; A) L)
UG7+ULr 031
[ gD, }
Kemblowski et al. [55] ELGS £=0.203 p ooz
ser 2ok (0 ) T (Lo
cp. \D, 4n U,A
UG 0.87 D —0.04 Cb -0.19 Ct -0.2
(=) (3) &) G
& oD, 4D) D) D
Merchuk et al. [22] DTIL Y5 \009
UGc 1.3 Ds -3.8 Cb —0.65 pLDcCt
{;‘d:4.76(—) (E) (5) —
N8 ¢ H
. . ELET
Bentifraouine et al. [65] ELGS £=2U%(1-0.97U%)
Couvert et al. [66] SRIL £=0.137U%"
—-0.085
Lu et al. [4] DTIL £=0.03 SU(();‘f”(%ﬂ)
0.580 Ad —0.040 L —0.042
Choi [48] ELCD £=0.431U% (X) (L—)
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Authors Type Proposed correlations
. 0s616( Ag) "7 00130
Choi [49] ELGS £=0.2447U, (K C
_ UGr 1.31 Ch 0.42 Ct —2.44
&=11.97| —— D D. +1
/gD r
Gouveia et al. [41] DTIL 5o
UGT 1.46 Cb 0.72 Ct . =521
s s (S (G
Jgb/ D/ D,
e,=3.84[(0.73U,,+1)"*-1]"""
A;+A
xexp[— 0.0067TVR—1.095(‘1T?) +0.0844
Al-Masry [67] ELGS 12 ’
£,=2.69[(0.47U,+1)" ¥ -1] "
A +A,
xexp[— O.OIITVR—0.69(T)+0.075,uL}
A —0.62 ~ v -0.52
:13.19U1'43(1+—;) 1+$ 0'58(—&)
Yazdian et al. [50] ELCD & or A (1+9) Vi,
£=047¢,
R £=0. 49U?;’,67L;O'15L;0’22
Rujiruttanakul and Pavasant [28] ELET £,2020U, 11 0%
-0.61
Koji¢ et al. [57] ELGS £,=2.350"5 50 ¢—04045(é4)

"DTIL, draft-tube internal-loop; ELCD, external-loop with a closed downcomer; ELET, external-loop with an extension tube; ELGS, external-

loop with a gas-liquid separator; RIL, rectangular internal-loop; SRIL, split rectangular internal-loop.

gas holdups in four basic types of airlift reactors, such as draft-tube
internal-loop (DTIL), split rectangular internal-loop (SRIL), exter-
nal-loop with an extension tube (ELET), and external-loop with a
gas-liquid separator (ELGS). Previous investigations show that the
gas holdup depends on the operational and geometric parameters
of the reactors. The operational parameters are superficial gas veloc-
ity; superficial liquid velocity, top clearance (or liquid volume), and
properties of liquids. The main construction parameters of airlift
reactors are the downcomer to riser cross-sectional area ratio (A,/
A,), the bottom clearance, the connection pipe to downcomer
length ratio (D/L,), design of the gas sparger, and details of the
gas-liquid separator.

The main parameters that influence the riser gas holdup in var-
ious types of airlift reactors must be taken into account in order to
achieve a meaningful correlation of the results. However, the riser
superficial liquid velocity, design of the gas sparger, and properties
of the liquid (for instance, viscosity, surface tension, and ionic con-
centration) were not considered because of two reasons: first, their
effect on gas holdup was not experimented in this study; second,
there is still not enough research literature on their effect on gas
holdup in airlift reactors.

In this work, in order to successtully correlate as many gas holdup
data as possible, the characteristic distance (D,;,) and the gas sepa-
ration area (A,) for each type of airlift reactors were defined and
were used as geometric parameters. The characteristic distance was
defined as follows:

September, 2021

D,+D,
D,,= -1 for DTIL ()
W+ W
"= Td for SRIL ©)
D, D
Dy=~'+5'+L.  for ELET and ELGS @)

If air bubbles released from the riser do not separate from the
gas-liquid mixture in the top region including the top connection
pipe, they flow into the downcomer by liquid circulation. Most large
bubbles are separated just after the time when the circulation lig-
uid changes its direction to the downcomer. After that, when the
circulation liquid flows through the horizontal conduits such as the
top connection pipe and the gas-liquid separator, small bubbles
continuously go up the liquid surface due to buoyancy force and
effectively escape from the liquid because the liquid height in the
conduits is low. The longer the horizontal distance which bubbles
travel from the riser to the downcomer, the fewer bubbles are en-
trained into the downcomer. In general, the horizontal distance for
internal-loop airlift reactors is smaller than that for external-loop
airlift reactors. In addition, it is certain that the longer the resi-
dence time of the circulation liquid in the top region, the smaller
the downcomer gas holdup is. Considering the phenomenon, the
gas separation area (A,) was defined as the largest cross-sectional
area of the top region in Fig. 2. For external-loop airlift reactors
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Table 2. Used gas holdup data for obtaining the correlations
No. Authors Type Conditions Used data
D.=0.1 m, D,=0.059 m, L;=04, C,=0.026 m, C=0.06 m, V;=3.8
1 Chakravarty et al. [42] DTIL eSO d 10, 4 b T Ly =Rl0m, ¥y =3.0X & &
10™° m’, perforated plate sparger (¢=1.5 mm)
D.=0.25m, D;=0.044-0.146 m, L;=1.22 m, C,=0.1 m, C,=0.01 m,
) Jones [68] DTIL 2 5m, D,=0.0 6m, L, m, C,=0.1 m, C,=0.01 m, c
tube sparger (#=2.4 mm)
3 Cho et al. 7] o D=0238m, D=0.146m, L;=0992m, 1,=0.006 m, H,=155m, o e
C,=0.05 m, tube sparger (¢=1 mm)
D.=0.148 m, D,=0. , L;=1.0m, t,=0. , G,=0. , C=
4 Miyahara et al. [53] DTIL .=0.148 m, D,=0.07 m, L,=1.0 m, t,=0.005 m, C,=0.08 m, C, e
0.06 m, perforated plate sparger (¢=1 mm)
, D,=0.22 m, D,=0.12 m, L,=1.95 m, U,=0.02-0.07 m, t,=0.005 m,
5 Wachi et al. [69 DTIL
achi et al. [69] C,=0.05m, V;=8.5x10"> m’, perforated plate sparger (¢=0.5 mm) & &
6 Petrovié et al. [70] DTIL D=0.20m, D,=0.08-0.15m, L,=2 m, t,=0.006 m, C,=0.040 m, per- 6z
forated plate sparger (¢=1 mm)
D,=0.318 m, D,=0216 m, L,=3.27 m, t,=0.041 m, C,=0.01-0.08 m,
DTIL KU &, &
C=0.04 m, V;=3.00x10"" m’, ring sparger (¢=1 mm)
7 Merchuk et al. [22]
oL D:=0158m, D=0.110m, L,=1.395m, D,=0213 m, C,=0.012m, .
C,=0.308 m, V;=3.0x10> m’, ring sparger (¢=1 mm) d
D.=0.18 m, D,=0.12 m, L,=1.10 m, t,=0.005 m, C,=0.10m, C,=
8 Luetal [71 DTIL
wetal. (71] 0.20 m, Ug,=0.015-0.147 m s ", ring sparger &4
D,=0.147 m, D,=0.106 m, L,=1.71 m, t,=0.006 m, H,=1.818 m,
9 Blazey et al. [24] DTIL D,=0.294 m, C,=0.046 m, C,=0.062 m, V;=3.2x10~ m’, perforated & &
plate sparger
. D.=0.294m, D,=0200m, L,=2.7 m, H;=2.936 m, C,=0.061 m, C=
10 Bl tal. [72 DTIL
azey etal [72] 0.175m, V;=2.00x10"" m’, perforated plate sparger & &
. W,=0.07 m, W;=0.09 m, W,=0.25 m, L;=4.0 m, C,=C,=0.10 m, L,x
11 | et al. [61 RIL
Siegel et al. [61] S W, xH,=0.32x0.25x0.64 m, $=0.5-2.5 mm, straight baffle &
W,=W=0.25m, W=0.5m, L;=2.35m, C,=0.15m, C=0.1m, U,=
12 C t et al. [66 SRIL >
ouvert et al. [66] 0.011-0.045 m s, tubular plastic membranes & &
D,=0.15m, D,=0.05m, L;=1.78 m, L,=0.432m, C,=0m", perfo-
13 Popovi¢ and Robinson [73] ~ ELET =015m, D=005m, L,=178 m, L=0432m, C=0m., perfo g
rated plate sparger (¢=1 mm)
, D,=0.149 m, D,=0.049-0.108 m, L,=0.992 m, L,=0.10-0.50 m, H,=
14 Chy d Lee [47 ELET
of and Lee [47] 1.77 m, Ug,=0.02-0.18 m s~", tube sparger (¢=1 mm) & &
15 Al-Masry and Dukkan [74] ELET D,=D,=0.225m, L;=7.5m, L,=1.2 m, V,;=0.7 m’, plate sparger & &
6 Bentifraouine et al. [75] prpr D=0194m D=092m, L=0908 m, H=140m, D;=0.50m, C;= ;
0m , ring sparger (¢=0.8 mm)
Rujiruttanakul and D,=0.104 m, D,=0.054 m, L;,=1.346 m, L.=0.2 m, C,=0.03m, H,;=
17 ELET & &
Pavasant [28] 1.56 m, porous plate sparger
) D,=D,=0.100 m, L,=1.800 m, L=040m"", H;=1.77 m, U;=0.015-
1 Kemblowski et al. [5 EL
8 emblowski et al. [55] G5 0.09m s, LxW,xH,=1.00x0.30x0.30 m, porous plate sparger &
D,=0.194 m, D;=0.093 m, H=1.60 m, D,;,=0.50 m, tub =
19 Bentifraouine et al. [65] ELGS ’ m, Y m M, Ve m, tube sparger (¢= g
0.6 mm)
D,=0.149 m, D,=0.049-0.108 m, L,=1.578 m, L.=0.3 m, C,=0-0.20
20 Choi [40] ELGS m, Ug=020-0.18 m s, L,xW,xH,=0.70x0.26x0.30 m, tube sparger &
(¢=1 mm)
D,=0.149 m, D,=0.108 m, L,=1.578 m, L,=0.3m, C,=0 m, U=
21 This work ELGS 0.02-0.18 m s, LxWxH,=0.70x0.26x0.30 m, tube sparger (¢= £, &

1 mm)

ok
Assumed value
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Fig. 2. Definitions of cross-sectional areas and dimensions: (a) Draft-tube internal-loop; (b) split rectangular internal-loop; (c) external-loop
with an extended tube; (d) external-loop with a gas-liquid separator.
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Fig. 3. Riser gas holdup in internal-loop airlift reactors. See Table 2
for legend.

with the extension tube, it was the sum of the cross-sectional areas
of the riser, the downcomer, and the top connection pipe.

To predict liquid circulation velocity, Chisti et al. [76] defined
the bottom clearance area (A,) between the riser and the down-
comer (the hatched area in Fig. 2). In this work, considering the
effect of the bottom clearance on the gas holdup, the bottom clear-
ance area was used as a geometric parameter. Finally, the selected
parameters for the prediction of gas holdup in various types of air-
lift reactors were the riser superficial gas velocity (Ug,), a parame-
ter containing the ratio of the top clearance to downcomer length
(1+C/Ly), the characteristic distance to downcomer length ratio
(D,4/L,), the downcomer to riser cross-sectional area ratio (A;/A,),
the ratio of the gas separation area to riser cross-sectional area (A/
A,), and the bottom to downcomer cross-sectional area ratio (A,/
Ay.

Available riser gas holdup data for the internal-loop and exter-
nal-loop airlift reactors in the literature are presented in Figs. 3 and
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Fig. 4. Riser gas holdup in external-loop airlift reactors. See Table 2
for legend.

4, respectively. The dotted line in Fig. 4 represents my data mea-
sured in this work, while the solid lines in Figs. 3 and 4 represent a
selected part of the data to show the trends of the riser gas holdup
as a function of the riser superficial gas velocity. The riser gas holdup
increased with increasing superficial gas velocity. At low gas veloci-
ties, the riser gas holdup increased sharply, while at high gas veloci-
ties it became constant. Most of the reported data on gas holdup
in the riser differentiated between the geometrical differences of
the reactors. Regardless of the internal-loop and external-loop airlift
reactors, at a given value of the superficial gas velocity, the riser gas
holdup could differ from reactor to reactor up to about four times.

A correlation involving U, and dimensionless form of parame-
ters, such as D,/L,;, AJA, AJ/A, AJA, (1+C/L,), was used to de-
scribe the variations of the riser gas holdup in the reactors. The
results are plotted in Fig. 5. The riser gas holdup in the literature and
my data in air-water systems are well represented by Eq. (5), with
a respective correlation coefficient of 0.91. Eq. (5) fits 288 data with
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Fig. 5. Comparison between calculated and experimental results of
riser gas holdup in various types of airlift reactors.

the mean absolute percentage error of 16.5%.

D " —0.16 Ad —0.235 Ab -0.119 Ct -0.119 A —0.129 0548
=o.322( ) (— (— (1 = (—S G
& L, A) A 1 x) Ve ©

The ranges of the parameters are 0.02<D,,/L;<0.638, 0.108<A,/
A,£30.99, 0.170<A,/A,;<4.858, 1<(1+C/L;)<1.384, 2<A /A, <38.217,
and 0.005m s '<U;,<0.37ms"". As shown in Table 1, the data of
most authors show that the range of the exponent for Uy, is between
0.415 [43] and 1.43 [50]. The exponent for Ug, in Eq. (5) is slightly
lower than 0.56 obtained by Bello et al. [64]. Choi [49] reported
that the exponent for U, was 0.5616.

A wide range of experimental conditions and various reactor
configurations were considered in this work. As seen in Fig. 5, Eq.
(5) is a useful means for predicting the riser gas holdup. The data
in Fig. 5 represent 42 different airlift reactors covering approxi-
mately 32-fold variation in D,/L;, about 287-fold variation in A,/
A, around 29-fold variation in A,/A,, approximately 1.4-fold vari-
ation in (1+C/L,) and around 19-fold variation in A/A, These
broad ranges demonstrate the applicability of Eq. (5) for airlift reac-
tor design. Many conditions that show a larger deviation over +30%
than the calculated value by Eq. (5) are low gas velocity (0.07 ms™'<
Uy,). Of those, the measured gas holdup of Blazey et al. [24] on
average is 53% lower than predicted by Eq. (5). This difference can
be attributed to the high liquid velocity, caused by the enlarged top
in their case. The data of Kemblowski et al. [55] also show rela-
tively a large deviation. It may be due to the assumed value of L.

As previously pointed out, the top region in external-loop air-
lift reactors can be an effective gas-liquid separator that ensures
the disengagement of most air bubbles from the liquid before they
enter the downcomer. Therefore, the literature on the downcomer
gas holdup is relatively scant. The available downcomer gas holdup
for various types of airlift reactors in the literature, together with
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Fig. 6. Downcomer gas holdup in various types of airlift reactors.
See Table 2 for legend.

my results, are shown in Fig. 6. The solid lines represent a selected
part of the data for the internal-loop airlift reactors, whereas the
dotted lines represent a selected part of the data for the external-
loop airlift reactors. In general, at a specific gas velocity, the down-
comer gas holdup for the external-loop airlift reactors is smaller
than that of the internal-loop airlift reactors because of increasing
circulation liquid velocity. Many researchers reported that the down-
comer gas holdup was increased with increasing circulation liquid
velocity. In addition, at the same value of the superficial gas veloc-
ity, the downcomer gas holdup could very much differ from reac-
tor to reactor because of the difference between the gas-liquid
separation efficiency of the top regions. The top region of the air-
lift reactor can be designed for complete gas-liquid separation [77].

Empirical linear relationships between the downcomer and riser
gas holdups were proposed by some researchers [44,50,78,79]:

g=ag+b 6)

where a and b were constants. Bello et al. [44] reported that b was
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Fig. 7. Relationships between riser gas holdup and downcomer gas
holdup in internal-loop airlift reactors. See Table 2 for legend.
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Fig. 8. Relationships between riser gas holdup and downcomer gas
holdup in external-loop airlift reactors. See Table 2 for legend.

equal to 0 for the draft-tube airlift reactors. However, as shown in
Fig. 7, it is certain that the dependency of the constants in Eq. (6)
on geometric parameters is very complex even in the case of inter-
nal-loop airlift reactors. Furthermore, for external-loop airlift reac-
tors, the relationship between the riser and downcomer gas holdups
is nonlinear as Fig. 8 shows. Miyahara et al. [53] also obtained a
nonlinear relationship for the draft-tube airlift reactors as shown
in Table 1. My own data in the external-loop airlift reactor with
the effective gas-liquid separator show a very different trend due
to the surface aeration.

Taking all these aspects into account, in this paper, an equation
was derived for the prediction of the downcomer gas holdup in
airlift reactors in air-water systems, using available data from the
literature and my experimental data. The downcomer gas holdup
data in various types of airlift reactors are well represented by Eq.
(7), with a respective correlation coefficient of 0.83. Eq. (7) predicts
137 data with a mean absolute percentage error of 21.1%.

A 0.284 C —-1.92 A —0.652 L 4.10 A 6.25
=1.85 “4(—"’ (1 =t (—5 —0.216(—5’“) (—b 7
Ga=lo8 \} L) & ) &) @

The ranges of the parameters are £,>0.01, 0.037<D,;/L,<0.638, 0.108
<A /A,£4928, 0.170<A/A,<4.858, 1<(1+C/Ly)<1.367, and 1.778<
A /A <10.443. It may be concluded that this correlation provides a
reasonable estimation of the downcomer gas holdup in various
types of airlift reactors.

The measured and calculated values of the downcomer gas
holdup are given in Fig. 9. As already mentioned, the external-
loop airlift reactor with the gas-liquid separator well-designed keeps
the downcomer almost free of gas bubbles at lower gas velocity
[77]. At higher gas velocity, either air pockets at the entrance of the
downcomer or a vortex above it in the gas-liquid separator take
place because of high circulation liquid velocity. The air pockets
and the vortex accompany surface aeration [63]. The surface aera-
tion hardly ever happens in other types of airlift reactors. However,
despite the surface aeration, the downcomer gas holdup for the
external-loop airlift reactor with the gas-liquid separator is much
lower than that for other types of airlift reactors due to the effec-
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Fig. 9. Parity plot of downcomer gas holdup correlation, Eq. (7), for
various types of airlift reactors. See Table 2 for legend.

tive gas-liquid separation. Therefore, the measured downcomer gas
holdup in this study on average is approximately 53% lower than
predicted by Eq. (7). It means that Eq. (7) maybe is not enough to
describe the effect of the surface aeration on the downcomer gas
holdup. We need further research to reflect well the surface aera-
tion in a generally applicable equation for airlift reactor design.

We can use the correlations presented in this study for airlift
reactor design. Eq. (5) and Eq. (7) allow us to gain various combi-
nations of the operational and geometric parameters to obtain spe-
cific gas holdups. In particular, it will help determine one of the
operational and geometric parameters, given all other parameters.
The type of the reactor can be naturally determined from values
of D,/L;and A/A.

CONCLUSION

Most researchers have correlated their own data of gas holdup
with the operational and geometric parameters for a particular type
of airlift reactors. There was little attempt to obtain an equation
that could correlate available gas holdup data, especially measured
in different types of airlift reactors.

The geometric characteristics of airlift reactors exert an import-
ant influence on the riser and downcomer gas holdup. To success-
fully consider the geometric difference between various types of
airlift reactors, the characteristic distance (D,,) and the gas separa-
tion area (A,) were defined and used in this work. The ratio of the
characteristic distance to the downcomer length (D,,,/L,) was found
to be an effective parameter that could correlate many gas holdup
data obtained in various types of airlift reactors, as was the ratio of
the gas separation area to riser area (A/A,).

A meaningful correlation involving Ug, and dimensionless form
of geometric parameters, such as (1+C/Ly), D,/Ls, AJA, AJA,



Prediction of gas holdup in various types of airlift reactors 1789

AJ/A, was obtained for predicting the riser gas holdup in various
types of airlift reactors. The downcomer gas holdup in various types
of airlift reactors was well correlated by a nonlinear equation involv-
ing &, 1+C/Ly), D,/Ls AJA, AJA, and AJA, Eq. (5) and Eq.
(7) obtained in this study can be used in determining the type and
dimensions of an airlift reactor.

It is a big step forward in generalization that we were able to
represent a large amount of data from many researchers with one
correlation at this time. Obtaining a correlation equation that can
successfully represent much data on gas holdup obtained in vari-
ous types of airlift reactors and air-water systems is the basis for
deriving a more generalized correlation equation, reflecting the riser
superficial liquid velocity, design of the gas sparger, and the prop-
erties of the liquid. To obtain a generalization that includes all other
parameters that were not considered in this study; it will require
the efforts of many researchers in the future.

NOMENCLATURE

A :cross-sectional area [m’]

a : constant
b : constant
+1
C, :constant= 3ntl
n+l

C, :constant

C, :bottom clearance [m]

C,  :dry weight solids per volume of suspension [%]
C,  :top clearance [m]

D  :diameter [m]

D, :characteristic distance [m)]

Fr'  :Froude number=Ug,/(g¢)

g  :gravitational acceleration [m s ]

h : plezometer reading [m]

H  :height [m]

H; :aerated liquid height [m]

H; :unaerated liquid height [m]

k : consistency index in a power-law model [Pa s”]
L :length [m]

L. :length of connection pipe [m]

L, :distance between connection pipe axes [m]

M :Morton number=gz/(p, )

n  :flow index in a power-law model
P/V, : power input per volume of degassed liquid [kw m™’]
S :separator to downcomer volume ratio

Ty :volume ratio

t;  :thickness of draft tube [m]

V, :liquid volume [m’]

V,, :mean liquid velocity in riser [m s™']

U, :superficial gas velocity in riser [m s™']
U, :superficial liquid velocity in riser [m s']
W :width [m]

Z  :height of pressure tap [m]

Greek Letters
&  :gasholdup

1, :kinematic gas viscosity [Pa s]

, :kinematic nitrogen viscosity [Pa s]
M :viscosity [Pa s]

Mg effective viscosity [Pa s]

o :density [kgm™’]

o :surface tension [N m ']

¢  :orifice size [m]

W

Subscripts

: column

:for L=0.50m

: downcomer or draft tube or vertical baffle
:gas

:liquid

:riser

: gas-liquid separator or gas separation

: water

2V’HHC)Q-80
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