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Flow Behavior in the Three-Phase Internal-Loop Airlift Reactor
with Large Gas Recirculation through the Downcomer
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Liquid velocity, gas holdup and solid holdup in the riser and the downcomer of the
gas-liquid-solid three-phase internal-loop airlift reactor with large gas recirculation
through the downcomer were investigated. A dynamic model for the description of flow
behavior in the three-phase internal-loop airlift reactor with large gas recirculation
through the downcomer was developed. The model simulates liquid velocity, gas holdup
and solid holdup in the riser and the downcomer with satisfactory accuracy.
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Introduction

Gas-liquid-solid three-phase internal-loop air-
lift reactors, characterized by a well defined flow
pattern, better dispersing effects, a higher mass
transfer coefficient, a lower gas requirement of
complete suspension of the solid, elimination of
dead volumes and rapid mixing, are widely used in
chemical engineering and petrochemical engineer-
ing, especially in biochemical engineering, such as
fermentation, waste water purification, hydrogena-
tion and exhaust-gas treatment as well as a large
number of gas-liquid-solid three-phase reaction in
various process industries.!* In three-phase inter-
nal-loop airlift reactors, the hydrodynamics may
play an important role in the performances of these
reactors; both experimental and theoretical studies
on the flow behavior are necessary parts of any de-
sign or evaluation strategy.

Several investigators have studied the hydrody-
namics of three-phase internal-loop airlift reactors.
Karamanev et al.> used 3 mm soft polyurethane
foam particles in their experiments. They found that
the gas holdup decreased significantly with increas-
ing solids loading and the gas holdup was propor-
tional to J&2. Miyahara and Kawate® measured the

gas holdup in the riser and the downcomer, and the
pressure drop at the upper and lower ends of the
riser due to flow reversal for a solid-suspended air-
lift reactor containing low-density particles. Based
on the measurements, they proposed the empirical
correlations between the gas holdup in the riser and
the downcomer as well as the pressure drop and the
liquid velocity based on the draught tube. Lz and
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Hwang’ reported that the liquid velocity did not
show any significant variations with top clearance,
the liquid velocity increased with an increase in
aeration rate or draught tube length and with the de-
crease in the diameter of the particles, the liquid ve-
locity and the gas holdup decreased with increasing
solids loading.

Several models have been developed to de-
scribe satisfactorily the hydrodynamics of gas-lig-
uid-solid three-phase airlift reactors. Miyahava and
Kawate® used a simple energy balance to predict the
fluid velocity in an internal-loop airlift reactor con-
taining low-density particles. The agreement be-
tween the calculated and the measured data was
good; however, correlations for the gas holdup and
pressure drop must be used in this model. Viu-
njak-Novakovi¢ et al.® and Lu and Hwang’ extended
the two-phase drift-flux model to analyze the fluid
and particle dynamics in a three-phase internal air-
lift reactor. They found that this model overesti-
mated the liquid velocity. This might be due to the
omission of the pressure loss at the top and bottom
connecting sections of the airlift reactors in their
model. Livingston and Zhang’® extended the two-phase
model of Chisti et al.,'° with their assumption of no
gas in the downcomer, to predict the liquid velocity
and reactor stalling in three-phase airlift reactor.
They used a pseudo-homogeneous-phase density
for the liquid-solid phase, and took into account the
uneven distributions of the solids between the riser
and downcomer. Heijnen et al.!! have developed a
model based on a momentum balance to simulate
data measured in large-scale reactors with high gas
recirculation through the downcomer. They have
assumed a constant ratio between gas holdup in the
riser and downcomer and an average solid holdup
along the reactor in order to solve the momentum
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balance. E. Garcia-Calvo et al.'? and M. Tobajas et
al.!3 have proposed a simple dynamic model based
on an energy balance, which took into account the
dissipation of energy in the phase interfaces. Their
model predicted well when there was little gas
recirculation of the downcomer. However, their as-
sumption of no gas in the downcomer is not realis-
tic and then cannot predict well with large gar
recirculation through the downcomer at high super-
ficial gas velocities. Moreover, little information is
available about the flow behavior of the three-phase
internal-loop airlift reactors with large gas recircu-
lation through the downcomer.

The objective of this study was to perform ex-
periments to obtain the hydrodynamic behavior,
such as liquid velocity, gas holdup and solid holdup
in the riser and downcomer of the gas-liquid-solid
three-phase internal-loop airlift reactor with large
gas recirculation through the downcomer with low
density solid particles. The effects of operating pa-
rameters including superficial gas velocity, draught
tube cross-sectional area fraction, and solid loading,
were investigated. Based on an energy balance,
which takes into account the energy input during
the gas expansion dissipated in the phase flow and
in the phase interfaces, a fluid dynamic model for
three-phase internal-loop airlift reactors with large
gas recirculation through the downcomer was also
developed to predict the liquid velocity, gas holdup
and solid holdup in the riser and downcomer.

Theory

Fluid dynamic model

The fluid dynamic model for three-phase inter-
nal-loop airlift reactors with large gas recirculation
through the downcomer is based on an energy bal-
ance, which takes into account that the energy input
during the gas expansion is dissipated in the phase
flow and in the phase interfaces:

E=E.+ Ey + E (H

where E is the energy input rate, £ the energy dis-
sipation due to the net flow, £y, the energy dissipa-
tion due to turbulent movement and E the energy
dissipation at the gas-liquid interface.

For three-phase internal-loop airlift reactors
with large gas recirculation through the down-
comer, the effect of the solid phase on the average
densities in riser and downcomer is considered. It is
assumed that there are two different pseudo-homo-
geneous phases in both reactor sections:
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Assuming uniform distribution of gas and solid
within the riser and the downcomer:
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and, taking into account of the momentum balance,
proposed by Livingston and Zhang,’
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The relation of gas holdup in the riser with the
liquid velocities and gas slip velocity can be written
as:!4

Ja
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where v, . is calculated by taking into account the
parabolic profile of the liquid velocity in the riser
and all other assumptions described there. After cal-
culation for three-phase system the following equa-
tion is obtained:
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A gas-phase volume balance at the riser bottom
equates the riser gas flow rate to the sum of the
downcomer gas flow rate and the injection gas flow
rate (at the riser bottom):

VarEGrAR = VapEapdp 476 )
or

(ViR Usr Jecr AR = (Vip— Usgp )eapApTASg (9)
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where ugsz and ugg, are the gas slip velocities in
riser and downcomer and Jg,, is the superficial gas
velocity based on the total cross-sectional area and
the injection gas flow rate. With the simplifying as-
sumption uggr = Usgp = Ug (gas slip velocity), Eq.
(9) becomes:

(vir T ug)egrm=(vip — ug)egp(l—m)+ Jg (10)

in which m is the draught tube cross-sectional area
fraction:

_4s

=y

(11)

The liquid-phase balance is:
virAr (1= &6r —€sr )= VipAp(l—€gp—€sp) (12)
For the overall gas holdup &g:

Following the criteria of Livingston and Zhang®
the fraction of the total solid in the riser and the
downcomer can be calculated as a ratio between the
time taken by the particles to travel through the
riser and the total time taken for the particle to
travel through a complete loop. It can be written in
relation to the liquid and solid velocities as:

vip T U

Sr =

Vip t Vir

(14)

The solid fraction in the downcomer is easily
calculated by knowing that f; + f, =1. The frac-
tional solid holdup in the riser and the downcomer
can be calculated from Eq. (14) and defining the eSO
(8(5) = g4/m) as the solid holdup in the riser when all

the particles are there:

Viptu
€SR=53L (15)
Vip t Vir
An Vi — U
egp=el L (16)

p = &g
Ap vip T ViR
hence,

Parameters estimation

In order to apply the described model, geomet-
rical parameters and solid and liquid characteristics
can be easily obtained in any case. N is assumed as
2.2 Friction coefficients, K and K, particle set-
tling velocities and slip gas velocities are estimated
following an independent methodology.

Friction coefficients, Ky and Ky
The Kj; are calculated using the Fanning equa-

tion:

I
Kﬁ=4fﬁfori=RorD (18)

1

and the friction factors obtained from the Blasius
equation for one-phase flow:

£ =00791Re; > (19)
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" My

The pseudohomogeneous density p,; was cal-
culated using Egs. (3) and (4), and the apparent vis-
cosity uy; was calculated by using the Oliver equa-
tion: '3

(1-0.75e83)(1—215¢g)
(1= e5)?

The presence of gas introduces variation in the
friction coefficients in relation to the homogeneous
one-phase flow,'® K, is multiplied by the a parame-
ter to take into account the presence of the gas
phase. For N = 2, a is also 2.'%!7

e2y)

Uy = Uy

Particle settling velocity

Di Felice et al. proposed a semi-empirical
equation to calculate u, of solid particles in a liquid
as a function of u,.'* Following the assumptions
made by Di Felice et al. and taking into account the
presence of gas, the following equation is obtained:

2 e \03
utzumeL(l—es)( 5 S) (22)

A great number of correlations estimate the set-
tling velocity of a single particle in stagnant fluid,
known terminal settling velocity (u,,). By Stoke’s
law,

_8d3(ps=py)

23
o (23)

too
Slip gas velocity

The slip velocity was calculated by using the
equation proposed by Wilkinson for non-coalescent
systems:!?
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The value of slip gas velocity is 0.25 m-s! for
air-water system.

Model solution

Liquid velocity in the downcomer is the first
parameter to be calculated in this model. The algo-
rithm for the predictions of the liquid velocity in
the downcomer is shown in Fig. 1.
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Fig. 1 — Algorithm for the prediction of the liquid velocity in the

downcomer

Experimental

Apparatus

The internal-loop airlift reactor was con-
structed of D,, = 0.12 m Plexiglas column #=1.2 m
in height. At the top of the reactor was installed an
expansor of D, = 0.16 m and # = 0.24 m height.
The height of the draft tube was 0.9 m and was
0.15 m above the bottom of the reactor. The inside
diameter of draft tube was 0.08, 0.085 and 0.09 m
(wall thickness 0.001 m); accordingly, m = 0.44,
0.50 and 0.56, respectively. The distance between
the liquid surface free of air and the upper end of
the draft tube was 0.10 m. The diameter of the
concentric jet nozzle is 0.0054 m, and located at
0.075 m below the draft tube. The gas flow rate was
controlled by a mass flowmeter.

Materials

Water and air were used as the liquid and gas
phase in all the experiments, and the gas flow rate
was varied in a way that the superficial gas velocity
were between 0.06 and 0.15 m s™! so that there was
large gas recirculation in the downcomer. Plastic
beads with the diameter of approximately 2 mm and
the density of 1340 kg m=> were used as solid
phase. Different particles volume of 150, 450 and
750 ml were put into the system; accordingly, the
solid loadings were ¢ = 1.1 %, 3.3 % and 5.5 %, re-
spectively.

Methods
Liquid velocity

The liquid velocity in the riser and downcomer
were obtained by four pH sensors located in the
riser and downcomer sections, two in each section.
The response time of the pH sensors is 0.1 s. The
signals of all pH sensors were transmitted to a com-
puter by an A/D and D/A data acquisition system.
The pH values of the liquid in the riser and
downcomer sections were recorded every 0.1 s by
the computer. The computer recording was syn-
chronized manually with the introduction of every
pulse of 1 ml 10 mol I'! NaOH solution through the
injection port located at 0.05 m above the bottom of
the reactor. Then, the liquid linear velocities in the
riser and downcomer are obtained by the following
equations:

L
ViR = % (25)
R
L
Vvip=—2 (26)
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where L and L, are the distances between the two
pH sensors in the riser and downcomer, respec-
tively, and #; and 7, are the average differences in
response time of the second and third peaks of the
response curves obtained by the two pH sensors in
the riser and downcomer, respectively. Note, that
the second and third peaks of the response curves
are used to obtain #; and ¢, because the first peak
of the response curve obtained by the lower pH sen-
sor in the riser is not well-established at a higher
aeration rate.?’

Gas holdup

Gas holdups in the riser and downcomer were
obtained by 5-point conductivity probe located at
0.7 m above the bottom of this reactor, respectively.

Solid holdup

The solid holdup in the riser and the down-
comer was estimated by a momentum balance over
an element of the riser or the downcomer (dz).?!

PL (thi dhi)
Eg=—— -—
Ps— PL

& & (27)

where dhg; is the manometric difference in
two-phase mode and d/; in three-phase system.
Four U-type manometers were allowed to obtain
the head loss due to the flow by measuring the
manometric difference.

Result and discussion

Effects of the operating parameters

Effect of superficial gas velocity (Jg)

At the fixed solid loading (eg = 3.3 %), the ef-
fect of superficial gas velocity, Figure (J;) on the
hydrodynamic behavior such as the liquid velocity
in the riser (v, z) and the downcomer (v, ), the gas
holdup in the riser (¢5g) and the downcomer (ggp),
and the solid holdup in the riser (e5z) and the
downcomer (egp), are shown in Figure 2—4. The
variable points represented the experimental data
and the different lines represented the simulated re-
sults by the proposed model. From Figure 2, it can
be seen that v, and v; , increase with increasing J;,
&gr and &gp increase with increasing J;, as shown
in Figure 3, similar results were also reported by Lo
and Hwang.?* Figure 4 shows the Effect of J; on
&g and g at the fixed solid loading, e decreases
with increaing Jg;, but &g, increases with increasing
Js-
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Fig. 2 — Effects of J; and m on the liquid velocity in the
riser and downcomer
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Fig. 3 — Effect of J; and &g on the gas holdup in the riser
and downcomer

Effect of draught tube cross-sectional
area fraction (m)

Figure 2—4 also show the Effect of draught
tube cross-sectional area fraction (m) on the liquid
velocity in the riser (v ) and the downcomer (v p),
the gas holdup in the riser (¢5g) and the downcomer
(¢6p), and the solid holdup in the riser (e¢g) and the
downcomer (ggp) at the fixed solid loading (eq =
3.3 %). As shown in the figure, v,y and v, de-
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Fig. 4 — Effect of Jg5 and eg on the solid holdup in the riser
and downcomer

crease with increasing m from the value of 0.44 to
0.56 in this reactor. Contrarily, 5 and &5p increase
with increasing m. Figure 4 shows the Effect of m
on &gz and &g at the fixed solid loading, &gy in-
creases with increasing m, but &g, decreases with
increasing m from the value of 0.44 to 0.56 in this
reactor.

Effect of solid loading (&)

Figure 5-7 show the Effect of solid loading
(eg) on the liquid velocity in the riser (v, ) and the
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Fig. 5 — Effect of J5 and eg on the liquid velocity in the
riser and downcomer
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Fig. 6 — Effect of J; and eg on the gas holdup in the riser
and downcomer
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Fig. 7 — Effect of J5 and eg on the solid holdup in the riser
and downcomer

downcomer (v, p), the gas holdup in the riser (egg)
and the downcomer (ggp), and the solid holdup in
the riser (eg) and the downcomer (ggp) at the fixed
cross-sectional area fraction of the riser to the reac-
tor (m = 0.50). As shown in these figures, v, and
v, p decrease with increasing &g. Similarly, €5, and
&gp decrease with increasing 4. Contrarily, eg; and
&qp increase with increasing &g.
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Comparison between experimental data
and model prediction

Figure 8-10 show the experimental and cal-
culated values of liquid velocity, gas holdup and
solid holdup in the riser and the downcomer,
respectively, in a wide range of operating condi-
tions such as the superficial gas velocity, cross-sec-
tional area fraction of the riser to the reactor and
solid loading. It can be seen that differences be-
tween experimental and predicted values are lower
than 20 % in most cases. Then the simulated results
agree well with the experimental data. The pro-
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Fig. 8 — Comparison between calculated and experimental
liquid velocity in the riser and downcomer
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Fig. 9 — Comparison between calculated and experimental
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Fig. 10 — Comparison between calculated and experimen-
tal solid holdup in the riser and downcomer

posed model is capable of predicting the fluid dy-
namic parameters of three-phase internal-loop air-
lift reactor with large gas circulation through the
downcomer.

Conclusions

(1) Experiments were conducted to investigate
the liquid velocity, gas holdup and solid holdup in
the riser and downcomer of the three-phase inter-
nal-loop airlift reactor with large gas circulation
through the downcomer. It was found that vz, v,
E6r» €gp and egp increase with the increase in Ji;, but
&g decreases with the increase in Jg; €gg, €gp and
&qg Increase with the increase in m but v, v, and
&gp decrease with the increase in m; vig, Vip, Egro
&gp decrease with the increase in &g, but e and egp,
increase with the increase in &g.

(2) A mathematical model based on an energy
balance was proposed to predict the liquid velo-
city, gas holdup and solid holdup in the riser and
downcomer in three-phase internal-loop airlift reac-
tor. Good agreement between the predicted and the
measured values of the liquid linear velocity and
gas holdup was demonstrated in this study.
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Nomenclature

A - area, m?

Ap . . .
K — downcomer to riser cross-sectional area ratio, —
D - diameter, m

D;, - inside diameter, m

d, - mean particle diameter, mm

E - energy input, W-m™

Ep - friction losses between liquid and device, W -m
f - friction factor, —

g - gravitational acceleration, m-s2

H - liquid height, m

h - height, m

Jg - superficial gas velocity, m-s~!

K, - friction factor, —

Lg - equivalent length, m

m  — the draught tube cross-sectional area fraction, —
N - liquid velocity profile parameter, —

p — pressure, Pa

Eg - friction losses at the liquid-gas interface, W - m>
ug - gas slip velocity, m-s™!

u, - settling velocity of solid particles, m-s™!

vg - gas velocity, m-s™!

v o - linear velocity in the axial axis of column, m-s™!

v - average velocity in the core region, m-s~!
Ey — friction losses due to internal recirculation, W -m >

Greek letters

a - parameter related to two-phase flow, —

e — holdup, —

gg — total solid holdup referred to the volume of the
riser, —

U  — viscosity, kg-m!-s7!

p  — density, kg-m

¢  — volume fraction, %

o  — strain, Pa

Subscripts

D - downcomer

G - gas

H - pseudo-homogeneous

L - liquid
M - middle
R — riser
S - solid
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