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bubble column slurry reactors operating in the heterogeneous flow regime. Experiments

were carried out in a 50 mm diameter glass column with paraffin oil as the liquid phase
and glass beads of 40 um diameter as the solids phase. The particles concentrations studied
were 5, 10 and 20% v. For interpretation of the experimental results a generalization of the
‘two-phase’ model for gas-solid fluid beds was used to model the bubble hydrodynamics. The
two phases are identified as follows: (i) a “dilute’ phase consisting of the fast-rising ‘large’
bubbles which traverse the column virtually in plug flow, and (ii) a ‘dense’ phase which is
identified with the liquid phase along with the solid particles and the entrained ‘small’ bubbles.
The ‘dense’ phase suffers a considerable degree of backmixing. Dynamic gas disengagement
experiments were carried out in the heterogeneous flow regime to determine the gas voidage in
the ‘dilute’ and ‘dense’ phases.

The experimental data show that increasing the solids concentration results in a pronounced
decrease in the total gas hold-up but the influence.on the ‘dilute’ phase gas hold-up is
negligible. The ‘dense’ phase gas voidage suffers a significant decrease in gas hold-up due to
enhanced coalescence of the ‘small’ bubbles resulting from introduction of particles. The
virtual independence of the ‘dilute’ phase hold-up on the liquid phase properties was confirmed
by measurements with ethanol, octanol, water and aqueous NaOH solutions. The ‘dilute’ phase
gas hold-up could be described using a bubble growth model which accounts for the influence
of the column diameter and column height.

This study focuses on the influence of particles concentration on the hydrodynamics of
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INTRODUCTION

The overall aim of our investigation is to develop a
fundamentally based scale up procedure for bubble column
slurry reactors, which find application in the chemical
industry in processes such hydrogenations and oxidations!.
The Fischer-Tropsch synthesis of hydrocarbons from syngas
is another important, emerging, application of this reactor
type?. The present study distinguishes itself from earlier
studies on the hydrodynamics of bubble column slurry
reactors (see e.g. Bukur et al>*; Deckwer et al,>’;
Fukuma et al.,; Kara et al.,?; Kelkar et al.,'°; Koide et al.l!;
O’Dowd et al.,'?; Saxena et al.,'>~!5; Schumpe et al.,'®!;
Shah et al.,'8; Shetty et al,!®) in that the focus is on the
influence of increased particles concentration on the gas
holdups in the ‘large’ and ‘small’ bubble populations in the
heterogeneous flow regime. For the interpretation of our
experimental results in the heterogeneous flow regime we
adopt the generalization of the two-phase model of Van
Deemter’® and May?!, developed for gas-solid fluidized
beds; see Figure 1. The ‘dilute’ phase is identified with the
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fast-rising ‘large’ bubbles which traverse the column
virtually in plug flow. The ‘dense’ phase is identified with
the liquid phase along with the solid particles and the
entrained ‘small’ bubbles. The ‘dense’ phase suffers a
considerable degree of backmixing. The influence of
particles concentration has been studied on the gas voidage
(i.e. hold-up) of both the ‘dilute’ and ‘dense’ phases. The
model pictured in Figure 1 is an extension the two-bubble
class model suggested in the literature!'®22,

EXPERIMENTAL

Most of the experiments were performed in a 50 mm i.d.
column of 4.5 m height. A paraffinic mineral oil (viscosity
pL = 2.4 mPa s; density p; = 796 kg/m>; surface tension
o = 28 mN/m) was used as the liquid phase, air as gaseous
phase and spherical glass beads with a mean particle size of
40 um formed the suspended solids phase. Experiments
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‘small’ bubble classes were determined by means of
dynamic gas disengagement experiments using a pressure
transducer, as described in the literature!®?3. Gas distribu-
tion was by means of a sintered glass distributor having a
mean pore size of 200 mm. The experimental set-up is
shown schematically in Figure 2.

Experiments were also carried out in the 50 mm i.d.
column with ethanol (y = 1.2 mPas; p, = 789 kg/m’;
o6=23 mN/m) and octanol (g =8.87 mPa s;
pL = 827 kg/m?; 6 = 27.5 mN/m) in order to study the
influence of liquid properties on bubble hydrodynamics. A
few experiments were carried out with demineralized water
(4, = 1 mPa's; p; = 998 kg/m®; ¢ = 72 mN/m) and with
ageuous solutions of NaOH in a 0.174 m diameter column
of 3 m height to study the influence of electrolytes and of
column diameter on bubble hydrodynamics.

RESULTS AND DISCUSSION

Typical dynamic gas disengagement experiments for
paraffin oil and paraffin oil containing 20% volume of
glass beds are shown, respectively, in Figures 3 and 4. The
ungassed dispersion height is denoted by H, and the
dispersion height of the gas-liquid (+ solids) is denoted by
H. The total gas voidage is thus determined from

1
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When the gas is switched off instantaneously by means of a

quick shut-off valve, the bed height decreases sharply due to

escape of the ‘large’ fast-rising bubbles. The gas hold-up of

the ‘dilute’ phase is determined from
_H-H

H

Once the ‘large’ bubbles have disengaged, the much smaller
bubbles start disengaging. Typically the ‘small’ bubbles are
2-5 mm in diameter and are strongly dependent on the
physical properties of the system. For the paraffin oil severe
foaming tendency was observed. One could distinguish
between ‘small’ and ‘micro’ bubble disengagement regimes.
The ‘micro’ bubbles are typically smaller than about 1 mm
in diameter. For the purposes of the analysis in this paper,
which largely focuses on the ‘large’ bubble, the ‘small’ and
‘micro’ bubble populations are lumped into one population
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Figure 1. Generalized two-phase model applied to a bubble column slurry
reactor.
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Figure 2. Schematic of experimental set-up.

which is termed the ‘dense’ phase gas. Thus, the hold-up of
the gas in the ‘dense’ phase was determined using

H] - Ho - & — &

le (1 - Eb)
It is important to note here that the definition of ‘small’
bubble holdup in bubble columns in the literature® is

different to the one used in equation (3) for the ‘dense’
phase gas voidage. The slope of the disengagement curve

(3)

Sdf =

U=0315m/s
H=227Tm
Hy=1.34m
:Dy=0.05m
“small” bubbles o paraffin oil

dense phase
gas
............ ‘ HO

bubbles :

t/[s)

Figure 3. Typical dynamic gas disengagement experiment with air-paraffin oil.
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Figure 4. Typical dynamic gas disengagement experiment with air-20% paraffin oil slurry.

for the ‘small’ bubbles was used to determine the superficial
gas velocity through the ‘dense’ phase, Ugr, neglecting the
contribution of the ‘micro’ bubbles. This neglect is justified
because for paraffin oil, the superficial gas velocity through
the ‘micro’ bubbles is of the order of 0.5 mm/s, much
smaller than the superficial gas velocity through the ‘small’
bubbles.

The total gas holdup is found to decrease 51gmﬁcantly
with increasing slurry concentration; see Figure 5. The
‘dilute’ phase gas hold-up is found to depend on the super-
ficial gas velocity through the dilute phase, U — Uyr and is
practically independent of the slurry concentration (see
Figure 6). This is a remarkable and useful result for scale up
purposes as the large bubbles dictate gas phase converswn
in slurry reactors operating-in the heterogeneous regime'®
The decrease in total gas voidage is almost entirely to be
attributed to the decrease in the gas voidage of the ‘dense’
phase; see Figure 7. The physical rationalization of this
observation is that the presence of solid particles tends to
enhance the coalescence of ‘small’ bubbles while having no
effect on the fast-rising ‘large’ bubbles. The void fraction of
gas in the ‘dense phase’, &4, is found to be practically
independent of the superficial gas velocity in the hetero-
geneous flow regime. The dense phase gas void fraction eqr,
was also found to correspond reasonably closely with the
gas hold-up at which transition occurs from the homo-

geneous to the heterogeneous flow regime, Eepans.
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homogeneous ~ ;| ——
regime \ a parafﬁn oil
‘o oil slurry 5%
0.6 o oil slurry 10%
i | o oilslurry 20%
= A
e 04F B AAAAAo
— o 0
[-] § st G309
3;358955 e
0.2 heterogeneous
regime
0 . 1 1 1
0 0.2 0.4 0.6

Um/s]

Figure 5. Influence of increasing particles concentration on total gas
voidage.
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Figure 6. Influence of increasing particles concentration on gas voidage of
‘dilute’ phase.

MODEL FOR DILUTE PHASE GAS HOLD-UP

In a companion study on scale-up of gas-solid fluid beds
and gas-liquid bubble columns, Ellenberger and Krishna2*
extended the bubble growth model of Darton et al?,
developed for gas-solid fluid beds, to gas-liquid bubble
columns. In this model the large bubbles are postulated to
form as a result of coalescence of small bubbles following
the picture in Figure 8. The coalescence process is limited to
an equilibration height #* above the distributor where the
large bubbles reach their equilibrium size. The gas hold-up
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Figure 7. Influence of increasing particles concentration on gas voidage of
‘dense’ phase.
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coalescence

Figure 8. Coalescence model for ‘dilute’ phase gas. After Darton er al.%’.

of the ‘dilute’ phase for a dispersion height H is

hx

-1 1 (U-Us)

Bb—HJ Vb dh

0

1 (U= Us)
— Udf

+z [ e

hx :

The rise velocity of the ‘large’ bubbles, ¥}, is given by the
relation Vy = ¢D%+/gd), taking account of the influence of
the column diameter on the rise velocity. The bubble
diameter in the growth zone 0 — A* is given by the Darton
et al?® model to be dy = (U — Udf)z/s(h + ho)*Pg1/5,
Analytic integration gives the following expression:

~ 1 [(h* + ho)3(5_(h0)3/5] (U ~ Ud{)4/5
T VaioDrg G/ H
1 * -2/5
+—=—— (A" +h
\/E‘—I%D%gz/s( o)
_ 4/5
X (H—h")(—(-]———l—]df)— for H > "

H
(4)
Using extensive data for columns of 0.10, 0.19 and 0.38 m

diameter, Ellenberger and Krishna** obtained the following
values for the model parameters for paraffin oil

o = 1; h* = 0.73(U— Udf); ¢0 = 1.95; n= 1/6
(5)
The continuous line in Figure 6 has be drawn using
equations (4) and (5), taking D = 0.05 m. The good
agreement between the model predictions and the experi-
mental data reinforces the validity of the model of

Ellenberger and Krishna?* to describe dilute phase hold-up
in slurry systems as well.

INFLUENCE OF LIQUID PROPERTIES AND
COLUMN DIAMETER ON DILUTE PHASE
GAS HOLDUP

The independence of the dilute phase gas hold-up on
slurry concentration raises the question whether the liquid
phase properties have any influence at all on &,. Measure-
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Figure 9. Dilute phase gas hold-up for various liquids in 0.05 m diameter

column. Ethanol and octanol data are from present work. Fischer-Tropsch
wax data from Daly et al.?.
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Figure 10. Total gas hold-up for ethanol and octanol in 0.05 m diameter
column. Data from present work.

ments were therefore made with ethanol and octanol in the
50 mm diameter column. These results are shown in Figure
9 along with the predictions of equations (4) and (5),
derived for paraffin oil. The total gas voidage ¢ for ethanol
and octanol are significantly different (cf. Figure 10); this
difference is to be attributed to the differences in the gas
voidage in the dense phase &4r. Also plotted in Figure 9 is
the large bubble data for Fischer-Tropsch waxes measured
by Bukur e al>* and Daly et al.?* obtained in a 50 mm
diameter column at temperatures ranging from 200-265°C.
It is remarkable that equations (4) and (5) also apply to such
a wide range of liquid properties.

It can also be seen from equation (4) the dilute phase
hold-up is a function of the column diameter. To test the
validity of the model parameters in equation (5) we also
carried out experiments in a 0.174 m diameter column fitted
with a bronze sintered plate (pore size 50 um). Figure 11
shows the dilute phase gas holdup &, for aqueous solutions
of NaOH. The presence of electrolytes has no significant
effect on e, while the total gas voidage is affected in a
pronounced manner; cf. Figures 11 and 12. Equations
(4) and (5) are able to adequately predict the values of
g, for electrolyte solutions. Further, the diameter effect
is apparently also correctly reflected by equations (4)
and (5).
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Figure 11. Dilute phase gas hold-up for aqueous NaOH in 0.174 m
diameter column. Data from present work.
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Figure 12. Total gas hold-up for aqueous NaOH in 0.174 m diameter
column. Data from present work.

CONCLUSIONS

The dilute phase hold-up &, is practically independent of
liquid properties and slurry concentration but does depend
on the column diameter Dr and the dispersion height H.
Equations (4) and (5) provide a practically usable model for
prediction of the dilute phase hold-up. Since conversions in
a bubble column slurry reactor are dictated by the fast rising
‘dilute’ phase'®, the present study provides a simple and
useful scale up tool.

In the heterogeneous flow regime, the dense phase gas
voidage &g is practically independent of the superficial gas
velocity and decreases significantly with increasing particles
concentration. The prediction of this parameter as a function
of liquid properties and slurry concentration is an important
aspect which deserves further detailed attention.

NOTATION
dy bubble diameter of dilute phase, m
Dy column diameter, m
g acceleration due to gravity, 9.81 m s—2
h height above the gas distributor, m
h* height above the gas distributor where the bubbles reach
equilibrium, m
ho parameter determining the initial bubble size, Ay = 0.03 m
H height of expanded bed, m
H, height of ungassed bed, m
H; height of dispersion after escape of dilute phase, m
n power in the rise velocity correlation, see equation (5)
U superficial gas velocity, m s™!

superficial gas velocity through the dilute phase, m 5™

Uss
P
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superficial velocity of gas through the dense phase, m-s™1
rise velocity of the dilute phase, m s~1

Greek letters

a
[
&
&df

Etrans

H

PL
4

$o

10.

11.

12,

13.

14.

15.

16.

17.

18.

19.
20.
21.

. Bukur, D. B., Patel, S. A. and Matheo, R.,

. Deckwer, W.-D., Louisi, Y., Zaidi,

. Deckwer, W.-D. and Schumpe, A.,
. Deckwer, W.-D.,

. Fukuma, M., Muroyama, K. and Yasunishi,

. Kara, S., Kelkar, B. G.,, Shah, Y. T. and Carr, N. L.,

constant, see equations (4) and (5)

total gas voidage of G-S or G-L system
gas hold-up of ‘dilute’ phase

hold-up of gas in ‘dense’ phase

gas hold-up at the regime transition point
liquid viscosity, Pa s

liquid density, kg m™>

surface tension of liquid phase, N m™!
constant, see equations (4) and (5)
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