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Abstract−Flow properties of gas phase reactants such as size, rising velocity and frequency were investigated in
simulated three-phase slurry bubble column reactors. Effects of gas velocity, reactor pressure, liquid viscosity, solid
content in the slurry phase and column diameter on the flow properties of a gas reactant were determined. The multiple
effects of operating variables on the bubble properties were well visualized by means of contour maps. The effects of
operating variables on the flow properties of bubbles changed with changing column diameter of the reactor. The size,
rising velocity and frequency of reactant gas bubbles were well correlated in terms of operating variables including
column diameter of the reactor.
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INTRODUCTION

For the production of synthetic liquids such as paraffinic hydro-
carbons of variable chain length from syngas or natural gas, vari-
ous kinds of multiphase reactors have been developed. The three-
phase slurry bubble column reactor has been one of the promising
schemes for conducting such an energy conversion process, because
of its inherent advantages for heterogeneous contacting and reac-
tion. Since the GTL (gas-to-liquid) and CTL (coal-to-liquid) pro-
cesses and reactors employing slurry bubble columns have been
composed of gas-liquid reaction in the presence of catalyst, the effec-
tive contacting among three phases has received considerable atten-
tion for interfacial mass transfer and the subsequent heterogeneous
reaction [1-3].

It has been understood that the chain length distribution of the
products could be determined by means of heterogeneous reaction
mode and catalyst characteristics. In addition, flow properties of
gas phase reactants have been recognized as important factors in
determining the reactor performance as well as conversion level in
heterogeneous multiphase reactors such as a slurry bubble column
reactor for production of liquid fuel from syngas (GTL). Therefore,
several investigations have been conducted on the development of
slurry bubble column reactors [4-8], however, almost of them were
conducted in laboratory scale reactors. For the commercial design
or scale-up of the slurry bubble column reactor, an understanding
of the flow behavior of bubbles with increasing column diameter
is essential, because the similarity of bubble properties should be
adjusted with increasing column diameter. It has been generally un-
derstood that in dynamic flow systems such as slurry bubble col-

umn reactors, the hydrodynamic stability and similarity have to be
controlled and adjusted to provide the heterogeneous reactants with
plausible conditions for effective contacting and reaction [9-13].

In the present study, thus, effects of column diameter on the flow
properties of gas reactants in the slurry bubble column reactor were
investigated. In addition, the multiple effects of operating variables
on the flow properties of gas bubbles with variation of column dia-
meter were also examined.

Fig. 1. Schematic diagram of experimental apparatus.
1. Main column 08. Compressor
2. Gas distributor 09. Needle valve
3. Pressure probe 10. Valve
4. Resistivity probe 11. Liquid flowmeter
5. Pressure sensor 12. Gas flowmeter
6. A/D converter 13. Slurry pump
7. Computer 14. Slurry reservoir
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EXPERIMENTS

Experiments were performed in stainless-steel columns whose
inside diameter was either 0.058, 0.076, 0.102 or 0.152 m and 1.5 m
in height, as can be seen in Fig. 1. A gas distributor was installed
between the main column section and a 0.2 m high stainless-steel
distributor box. Oil-free compressed air was fed to the column through
a pressure regulator, filter and a calibrated rotameter. It was admit-
ted to the column through 3.0 mm ID perforated pipe drilled hori-
zontally in the grid. The superficial velocity of gas phase ranged
from 0.02-0.16 m/s, the pressure ranged from 0.1-1.0 MPa and the
viscosity of liquid phase ranged from 1.0-38.0 mPa·s, respectively.
The physical properties of the liquid phase are listed in Table 1. Glass
bead whose diameter was in the range of 0.4-0.7µm was used for
the slurry phase. The concentration of solid in the slurry phase was
in the range of 0-20 wt%.

The bubble size in terms of bubble chord length and frequency
was measured by means of a dual electrical resistivity probe sys-
tem. The probe applied by 1.75 V DC detected the difference in
conductivity of gas and liquid. The dual electrical resistivity probe,
which was installed at 0.2 m from the distributor, consisted of two
7 mm diameter stainless-steel pipes coated with epoxy resin. The
vertical distance between the tips of the two probes was 2 mm. The
probe was located at the center between the wall and center of the
column. The tips of the probe, which were made of platinum wire,
had a diameter of 0.2 mm [14-16].

The analog signals obtained from each probe circuit were pro-
cessed to produce the digital data. The preselected sampling rate at
the personal computer with the DT2805 Lab Card was 500 Hz. The

total sampling time was 15 s. The signals were processed off-line.
The bubble size (chord length), frequency and holdup were calcu-
lated from the relationship between reformed and digitized probe
signals and bubble dwell and lag time.

RESULTS AND DISCUSSION

Multiple effects of gas velocity (UG) and column diameter (D)
on the bubble size in three-phase slurry bubble columns can be seen
by means of the contour map in Fig. 2. Note in this figure that when
the gas velocity was lower than 5 cm/s, the bubble size increased
almost linearly with increasing gas velocity and decreased slightly
with increasing column diameter. However, when the gas velocity
was higher than 6 cm/s, the effects of UG on the bubble size rel-
atively decreased but the effects of column diameter on the bubble
size increased. The influence of column diameter on the bubble size
decrease became considerable with increasing gas velocity. This
can be due to the fact that the turbulence intensity, owing to the re-
circulation of continuous liquid slurry medium, would increase with
increasing column diameter, which can let bubbles be broken down
to smaller bubbles. It has been reported that the recirculation rate
of liquid phase in the bubble column increases proportional to the
column diameter by D0.3-0.4 [17]. In addition, the turbulent kine-
matic viscosity in bubble columns has been reported as Eq. (1) [3].

νt=0.036D1.6UG
0.11 (1)

The maximum bubble size would exist in the pressurized slurry bub-
ble column reactor without breaking [18,19].

Multiple effects of operating pressure and column diameter on

Table 1. Physical and rheological properties of liquid phase

Dynamic viscosity
(mPa·s)

Surface tension
(mN/m)

Density
(kg/m3)

K
(Pa·sn) n Diffusivity

(cm2/s)
Kinematic viscosity

(m2/s)
Water 0.961 72.9 1000 0.001 1 2.22×10−5 9.61×10−7

CMC 0.1 wt% 11 73.2 1001 21.69×10−3 0.882 0.48×10−5 1.10×10−5

CMC 0.2 wt% 24 73.3 1002 43.82×10−3 0.847 0.26×10−5 2.40×10−5

CMC 0.3 wt% 38 73.6 1003 71.69×10−3 0.825 0.19×10−5 3.79×10−5

Fig. 2. Contour map of bubble size with variations of UG & D (SC=
20 wt%, P=8 kgf/cm2, µL=24 mPa·s).

Fig. 3. Contour map of bubble size with variations of P & D (SC=
20 wt%, UG=2 cm/s, µL=24 mPa·s).
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the bubble size can be seen in Fig. 3. As expected, the bubble size
decreased with increasing operating pressure or column diameter.
It can be noted that the decrease trend of bubble size with increas-
ing column diameter is almost linear with the variation of operat-
ing pressure. This can be attributed to the fact that the impact force
on the gas bubbles in the pressurized slurry bubble column would
increase with increasing column diameter, since the pressure is de-
fined by the force per unit area in the column. Multiple effects of
liquid viscosity and column diameter on the bubble size can be seen
in Fig. 4. In this figure, the bubble size increased with increasing
liquid viscosity. The increase ratio of bubble size with liquid viscos-
ity increased with increasing column diameter, although the bubble
size in the relatively larger columns was smaller than that in the rel-
atively small columns. This means that the bubble coalescence in
the slurry bubble column would increase with increasing column
diameter, which can be due to the increase of bubble amount with
column diameter in a given superficial gas velocity. Multiple effects
of solid concentration and column diameter on the bubble size can
be seen in Fig. 5. The bubble size also increased with increasing
solid content in the slurry phase. The increase ratio of bubble size

with increasing SC tended to decrease with increasing column dia-
meter.

Multiple effects of gas velocity and column diameter on the bub-
ble rising velocity (Ub) can be seen in Fig. 6. The value of Ub in-
creased with increasing UG, but decreased with increasing D. Note
that the increase ratio of Ub with UG decreased with increasing col-
umn diameter. This implies that the residence time of bubbles in a
given superficial gas velocity could increase with increasing col-
umn diameter. Especially in the column with relatively large diam-
eter (D≥0.102 m), the increase ratio of Ub with UG was somewhat
decreased with increasing column diameter. Multiple effects of pres-
sure and column diameter on the bubble rising velocity can be seen
in Fig. 7, where the value of Ub decreased almost linearly with in-
creasing operating pressure, with variation of column diameter. Mul-
tiple effects of liquid viscosity and column diameter on the bubble
rising velocity can be seen in Fig. 8. In this figure, the value of Ub

increased with increasing liquid viscosity, and the increase ratio was
almost linear with variation of column diameter. Multiple effects of
SC and D on the bubble rising velocity can be seen in Fig. 9, where

Fig. 4. Contour map of bubble size with variations of µL & D (SC=
10 wt%, UG=2 cm/s, P=4 kgf/cm2). Fig. 6. Contour map of bubble rising velocity with variations of

UG & D (SC=10 wt%, P=8 kgf/cm2, µL=24 mPa·s).

Fig. 7. Contour map of bubble rising velocity with variations of
P & D (SC=20 wt%, UG=4 cm/s, µL=24 mPa·s).

Fig. 5. Contour map of bubble size with variations of SC & D (µL=
24 mPa·s, UG=4 cm/s, P=8 kgf/cm2).
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the value of Ub increased with increasing SC. In this figure, the value
of Ub decreased almost linearly with increasing column diameter.

Multiple effects of gas velocity and column diameter on the fre-
quency of bubbles (fb) in slurry bubble column reactors can be seen
in Fig. 10. In this figure, the frequency of bubbles increased with
increasing gas velocity or column diameter. Note in this figure that
the increase ratio of fb with increasing UG tended to increase or was
sensitive to increasing column diameter. This can be because the
amounts of bubbles introduced into the column increase with in-
creasing column diameter at a given superficial gas velocity. Multi-
ple effects of operating pressure and column diameter on the value
of fb can be seen in Fig. 11. In this figure, the value of fb increased
with increasing operating pressure, and the ratio of fb increased with
increasing P became sensitive to increasing D. The value of fb in-
creased gradually with increasing column diameter. Since the bub-
ble size decreased with increasing P or D in slurry bubble column
reactors, as mentioned earlier, the fb value could increase with in-
creasing P or D in a given gas velocity. Multiple effects of liquid
viscosity and column diameter on the bubble frequency can be seen
in Fig. 12. In this figure, the value of fb decreased with increasing
liquid viscosity and the decrease ratio of fb with increasing µL tended
to increase with increasing column diameter. Multiple effects of solid

Fig. 11. Contour map of bubble frequency with variations of P &
D (SC=20 wt%, UG=4 cm/s, µL=24 mPa·s).

Fig. 10. Contour map of bubble frequency with variations of UG

& D (SC=20 wt%, P=8 kgf/cm2, µL=24 mPa·s).

Fig. 9. Contour map of bubble rising velocity with variations of
SC & D (µL=24 mPa·s, UG=4 cm/s, P=8 kgf/cm2).

Fig. 8. Contour map of bubble rising velocity with variations of
µL & D (SC=20 wt%, UG=4 cm/s, P=8 kgf/cm2).

Fig. 12. Contour map of bubble frequency with variations of µL
& D (SC=10 wt%, UG=4 cm/s, P=4 kgf/cm2).
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content in the slurry phase and column diameter on the bubble fre-
quency can be seen in Fig. 13. In this figure, the value of fb decreased
with increasing solid content. This can occur because the bubble
size increased with increasing SC. Note in this figure that the value
of fb increased almost linearly with increasing column diameter.

The bubble size, rising velocity and frequency were well corre-
lated in terms of operating variables as Eqs. (2)-(4), with correlation
coefficient of 0.91, 0.98 and 0.94, respectively.

db=0.11D−0.44UG
0.67P−0.31µL

0.12SC
0.04 (2)

Ub=4.47D−0.61UG
0.73P−0.82µL

0.07SC
0.42 (3)

fb=54.36D0.89UG
1.14P0.09µL

−0.07SC
−1.23 (4)

CONCLUSION

The multiple effects of operating variables on the bubble proper-
ties such as size, rising velocity and frequency of bubbles were suc-
cessfully analyzed by means of contour map plotting. The effects
of operating variables on the bubble properties were changed with
variation of column diameter. The effects of gas velocity on the bub-
ble size decreased, but the effects of column diameter on the bubble
size increased, when the gas velocity was higher than 6 cm/s. The
decrease trend of bubble size with increasing operating pressure
was almost linear with variation of column diameter. The increase
ratio of bubble size with increasing µL increased with increasing D.
The increase ratio of bubble size with increasing SC tended to de-
crease with increasing D. The increase ratio of bubble rising veloc-
ity with UG decreased with increasing D. The value of Ub decreased
with P, but increased with increasing µL almost linearly, with var-
iation of column diameter. The increase ratio of bubble frequency
with increasing UG operating pressure or µL became increased with
increasing column diameter. The value of bubble frequency increased
with increasing column diameter. The bubble properties were well
correlated in terms of operating variables.
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NOMENCLATURE

D : column diameter [m]
db : bubble size [cm]
fb : frequency of bubbles [1/s]
P : pressure [kgf/cm2]
SC : solid contents [wt%]
Ub : rising velocity of bubbles [cm/s]
UG : superficial gas velocity [cm/s]

Greek Letters
µL : liquid viscosity [mPa·s]
νt : turbulent kinematic viscosity [m2/s]
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