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Axial dispersion coefficients of the liquid phase in bubble columns at high pressure
are in®estigated using the thermal dispersion technique. Water and hydrocarbon liquids
are used as the liquid phase. The system pressure ®aries up to 10.3 MPa and the superfi-
cial gas ®elocity ®aries up to 0.4 cmrs, which co®ers both the homogeneous bubbling
and churn-turbulent flow regimes. Experimental results show that flow regime, system
pressure, liquid properties, liquid-phase motion, and column size are the main factors
affecting liquid mixing. The axial dispersion coefficient of the liquid phase increases
with an increase in gas ®elocity and decreases with increasing pressure. The effects of
gas ®elocity and pressure on liquid mixing can be explained based on the combined
mechanism of global liquid internal circulation and local turbulent fluctuations. The
axial liquid dispersion coefficient also increases with increasing liquid ®elocity due to
enhanced liquid-phase turbulence. The scale-up effect on liquid mixing reduces as the
pressure increases.

Introduction
Bubble column and slurry bubble column reactors operat-

ing at high pressures are commonly encountered in many in-
dustrial processes such as methanol synthesis, resid hydro-
treating, Fischer-Tropsch synthesis, and benzene hydrogena-
tion. One feature of bubble column reactors is the nonideal
flow pattern of each individual phase, which significantly
influences reactant conversion and selectivity. In bubble
columns, the dispersed gas phase moves in a continuous liq-
uid medium, and, thus, the mixing behavior of the liquid phase
is mainly affected by the agitating action of rising bubbles.
Many studies have shown that pressure has a significant ef-
fect on bubble characteristics. Therefore, study of the effect
of pressure on liquid mixing behavior is necessary for the de-
sign of industrial reactors.

Studies regarding the axial liquid-phase mixing in bubble
columns at atmospheric conditions are extensive, especially
for the air-water system; however, studies under high-pres-

Ž .sure conditions are very scarce. Houzelot et al. 1985 investi-
gated the axial dispersion behavior of the liquid phase in a
bubble column with a diameter of 5 cm and a height of 4 m.
An insignificant effect of pressure on the axial dispersion was

Correspondence concerning this article should be addressed to L. S. Fan.

observed, which was limited by the narrow experimental con-
ditions in their study, that is, very low superficial gas velocity
Ž . Ž .�6 mmrs and pressure �3 atm . Under such conditions,
the flow is always in the homogeneous bubbling regime and a
significant change in liquid-phase mixing within such narrow
operating conditions is not expected. Sangnimnuan et al.
Ž .1984 experimentally investigated the extent of liquid-phase
backmixing under industrial coal hydroliquefaction condi-

Žtions temperature between 164 and 384�C and pressure be-
. Žtween 4.5 and 15 MPa in a small bubble column reactor 1.9

.cm in diameter and 222 cm in height . They did not describe
the effect of pressure on axial mixing and their study was
limited by the small size of the reactor.

Ž .Holcombe et al. 1983 determined the axial liquid disper-
sion coefficient in a 7.8-cm bubble column with a height of
1.8 m under pressures of 3.0�7.1 atm. The superficial gas
velocity varied up to 0.6 mrs. They used heat as a tracer to
measure the thermal dispersion coefficient, which is compa-
rable to the mass dispersion coefficient. They found that the
effect of pressure on thermal dispersion coefficients was neg-
ligible in the pressure range of their study. Wilkinson et al.
Ž .1993 measured the liquid axial dispersion coefficient in a
batch-type bubble column of 15.8 cm in diameter and 1.5 m
in height for the water-nitrogen system at pressures between
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0.1 and 1.5 MPa using the electrical conductivity method. It
was found that the axial liquid dispersion coefficient actually
increases with increasing pressure, especially under high gas

Ž .velocity conditions U �0.10 mrs . They noted that theg
available theories in the literature to describe liquid mixing
under the atmospheric pressure cannot explain the pressure
effect observed in their study. Their study was also limited by

Žthe narrow experimental conditions low-pressure range and
. Ž .batch operation and limited system air-water , and the ob-

served pressure effect needs to be further verified under a
wide range of operating pressures and in different gas-liquid
systems.

The most common approach to account for the nonideality
of a liquid flow pattern in bubble columns is based on a one-

Ž . Ž .dimensional 1-D axial dispersion model ADM . Because of
its simplicity and ease of use, the ADM remains popular in
reactor design, and numerous correlations for the axial liquid
dispersion coefficient in bubble columns have been devel-
oped over the years. Most of the existing correlations were
developed for air-water systems at atmospheric conditions.
As a result, these correlations severely underpredict the axial
dispersion coefficient in industrial reactors operating under
high-pressure conditions, and cannot be applied directly to

Ž .the reactor design. Tarmy et al. 1984 investigated liquid
backmixing in industrial coal liquefaction reactors using ra-
dioactive tracers. The operating pressure in their study varied
up to 17 MPa and they found that the measured dispersion
coefficients at high pressures were up to 2.5 times smaller
than the values predicted by literature correlations, which
were developed based on experimental data under ambient

Ž .conditions. Recently, Onozaki et al. 2000a,b studied gas-
liquid dispersion behavior in coal liquefaction reactors using
a neutron absorption tracer technique. They also found that
the axial dispersion coefficients of the liquid phase under coal

Ž .liquefaction conditions P s16.8�18.8 MPa were much
smaller than those estimated from literature correlations ob-
tained at ambient conditions. Those observations imply a de-
creasing trend for the pressure effect on liquid mixing.

In summary, although some research work has been done
to study the pressure effect on liquid mixing in bubble
columns, most of those studies were confined to low gas ve-

Ž .locities or low pressures normally less than 1.5 MPa , small
Ž .column sizes, and limited systems air-water . To date, no

systematic study is available to provide comprehensive data
for axial liquid dispersion coefficients at high pressures. In
this study, a thermal dispersion technique is developed to
measure axial liquid dispersion coefficients in bubble
columns. The study is conducted in systems close to indus-
trial applications and covers a wide range of operating condi-
tions. The inherent mechanisms underlying the pressure ef-
fect on liquid-phase mixing are also discussed.

Experimental Studies
Measurement technique

The mixing properties of bubble columns are usually de-
scribed by a 1-D dispersion model, and the dispersion coeffi-
cient can be determined by steady and unsteady tracer injec-
tion methods. It has been verified that both methods lead to

Ž .the same results Deckwer et al., 1974 . For the steady injec-
tion method, a tracer is injected at the exit or at another

convenient point, and the axial concentration profile is mea-
sured upward of the liquid bulk flow. The dispersion coeffi-
cient is then calculated from the axial concentration profile.
With the unsteady injection method, a variable flow of tracer
is injected, usually at the contactor inlet, and samples are
taken at the exit. Analysis of the response curve of the tracer
input yields the dispersion coefficient. Electrolyte, dye, and
heat are normally applied as tracer for both methods and
each of them yields identical dispersion coefficients.

In this study, the axial dispersion coefficients of the liquid
phase are measured by the steady-state thermal dispersion
method, that is, introducing heat close to the outlet of the
liquid phase and measuring the upstream temperature pro-
file in the liquid. The dispersion coefficient is determined
from the axial temperature profile using the 1-D dispersion
model. The thermal dispersion technique is based on the
analogy between the mass dispersion and the heat dispersion
under nonreactive conditions. Considering the energy bal-
ance for the liquid phase, the following differential equation
applies

k d2T U dT ql lq y s0 1Ž .2� C 1y� dz � Cdzl pl g l pl

where q is the heat loss from the liquid phase to the sur-
rounding environment, including the heat loss through the
gas-liquid interface, through the column wall and due to liq-
uid evaporation. In the experiments of this study, the column
was insulated and the operating temperature was room tem-
perature; therefore, the heat loss through the column wall
and due to liquid evaporation would be negligibly small. The
heat loss through the gas-liquid interface, which depends on
the heat-transfer coefficient and temperature difference be-
tween the liquid and gas phases, would be small due to either
low heat-transfer coefficient or small temperature difference.
This point could be further verified as given below.

Equation 1 is comparable to the mass balance equation for
Žthe mass tracer in the liquid phase, as shown by Eq. 2 Wendt

.et al., 1984

d2C U dCl
D q s0 2Ž .m 2 1y� dzdz g

Thus, the term in Eq. 1 corresponding to the mass dispersion
coefficient can be defined as the effective thermal dispersion
coefficient, that is, E � k r� C . The defined thermal dis-l l l pl
persion coefficient is equivalent to the mass dispersion coeffi-
cient based on the transport analogy.

The implementation of the thermal dispersion technique
can be conveniently carried out when the heat loss through
the gas-liquid interface is neglected, that is, qf0 in Eq. 1.
Then, the general energy balance equation for the liquid
phase, Eq. 1, is simplified to

k d2T U dTl lq s0 3Ž .2� C 1y� dzdzl pl g

In Eq. 3, z is the axial distance from the liquid outlet, and
zs0 represents the liquid outlet. Equation 3 can be solved
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analytically after introducing the boundary conditions for a
semi-infinite system, that is

TsT at zs0m

TsT at zs� 4Ž .0

where T and T are the inlet and outlet liquid tempera-0 m
tures, respectively. T is the liquid temperature at a distance z
from the liquid outlet. The analytical solution of Eq. 3 with
the above boundary conditions is

TyT U0 l
ln sy z 5Ž .ž /T yT E 1y�Ž .m 0 l g

wŽEquation 5 indicates that the relationship between ln Ty
. Ž .xT r T yT and z is linear, and the thermal dispersion0 m 0

coefficient E can be calculated from the slope of the tem-l
perature profile, with the values of the gas holdup and super-
ficial liquid velocity given. Thus, examining the linearity rela-

wŽ . Ž .xtionship between ln TyT r T yT and z ensures that0 m 0
the heat loss through gas-liquid interface is negligibly small.

Figure 1. Temperature profiles at different gas velocity
and pressure conditions.

In this study, the axial profiles of the temperature repre-
wŽ . Ž .xsented by ln TyT r T yT in both water and Paratherm0 m 0

NF heat transfer fluid measured at different gas velocity and
pressure conditions are exemplified in Figure 1. The profiles
shown in the figure exhibit linearity signifying indeed negligi-
ble heat loss from the liquid phase under the conditions of
the present study. The validity of the thermal dispersion

Žtechnique was also verified by other studies Aoyama et al.,
.1968; Holcombe et al., 1983; Wendt et al., 1984 .

Experimental setup
Liquid mixing experiments are conducted in two stainless

steel high-pressure columns with an inner diameter of 5.08
cm and 10.16 cm, respectively. The aspect ratio for the 5.08-
cm and 10.16-cm columns is 11 and 9, respectively. Three
pairs of quartz windows are installed on the front and rear
sides of the column, through which the bubble characteristics
and flow phenomena under high-pressure conditions can be
directly observed. The windows have a viewing area of 12.7
mm � 92 mm. The system pressure is controlled by a back-
pressure regulator installed at the outlet of the column. Both
columns can be operated up to 22 MPa. The details of the

Ž .high-pressure columns were given in Luo et al. 1997 . The
experimental setup is shown in Figure 2.

A heater with adjustable heating power is installed in the
center of the column right below the liquid outlet. The maxi-
mum heating power is 750 W. The axial temperature profile
within the column is measured by several T-type copper-con-
stantan thermocouples placed in the column center at differ-
ent longitudinal positions after a steady temperature distribu-
tion is attained. The inlet temperatures of liquid and gas are
kept constant during each run. Since the current high-pres-

Figure 2. Experimental setup for the measurement of
liquid-phase mixing.
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sure system has no cooling components, in order to maintain
constant liquid inlet temperature, the liquid level in the liq-
uid supply tank is kept relatively high, and, in the meantime,
the maximum temperature difference across the column is
controlled to within several degrees centigrade by adjusting
the heater power. Therefore, such a small amount of heat
does not increase the temperature in the liquid supply tank
significantly. Typically, for each run the variation of the liq-
uid inlet temperature is less than 1�C. The compressed gas is
heated to the same temperature as the inlet liquid by a gas
heater. In order to prevent heat loss through the column wall,
insulation materials are installed to cover the entire vessel.

The axial temperature distribution is measured by a 16-
channel, high-accuracy thermocouple input board. The reso-
lution of the board is 0.04�C for T-type thermocouples. For
each gas velocity condition, 100 data points are sampled
within 100 s and the average temperature is calculated. A
differential pressure transducer is also installed to measure
the overall gas holdup in the column simultaneously with the
temperature measurement, which is required for calculating
the axial dispersion coefficient. For most experiments, a per-
forated plate with a number of square-pitched holes of 1.6
mm in diameter and 8 mm in pitch is used as the distributor
for both the gas and liquid phases. The number of holes on
the plate is 45 and 120 for the 5.08-cm and 10-16 cm columns,
respectively. In order to investigate the effect of distributor
design on liquid mixing, two other types of distributors, porous
plate and sparger, are also employed for the measurements
in the 5.08-cm column. The pore size of the porous plate is
200 �m and the sparger is a 1.27-cm diameter pipe with 13
holes on the side of the pipe. The hole diameter of the sparger
is 0.32 cm.

Nitrogen is used as the gas phase, and water and Paratherm
NF heat-transfer fluid are used as the liquid phase. The phys-

Žical properties of Paratherm NF heat-transfer fluid � s8701
3 .kgrm , � s0.028 Pa � s, � s0.029 Nrm at 27�C and 0.1 MPa1

at different pressures and temperatures were given in Lin et
Ž .al. 1998 . The liquid is in continuous operation and the su-

perficial liquid velocity varies up to 1.0 cmrs. The superficial
gas velocity varies up to 40 cmrs which covers both the ho-
mogenous bubbling and churn-turbulent flow regimes.

Results and Discussion
Comparison with literature data

To further verify the validity of the measurement tech-
nique, liquid mixing experiments are first conducted in the
air-water system under ambient conditions, and the mea-
sured axial dispersion coefficients are compared with the lit-
erature data. The effects of gas and liquid velocities on the
gas holdup and the axial dispersion coefficient in the air-water
system under ambient conditions are shown in Figure 3. It
can be seen that the liquid velocity has an insignificant effect
on the gas holdup, and the measured gas holdup values agree
well with the reported literature data. It is noted that the
liquid velocity is of an order of magnitude lower than the
bubble rise velocity, and a significant effect of the liquid ve-
locity on the gas holdup is not expected. The axial dispersion
coefficient of the liquid phase increases significantly with in-
creasing gas velocity. Generally, the axial liquid mixing in the
nearly uniform dispersed bubbling regime is limited and the

Figure 3. Experimental results vs. available literature
data for the air-water system under ambient
conditions.

axial dispersion coefficient is small. When the gas velocity is
increased, the flow is in the coalesced bubbling or slugging
regime and the nonuniform flow behavior creates significant
backmixing. It is also found that the effect of liquid velocity
on axial liquid mixing is small compared to the gas velocity
effect. The axial dispersion coefficient in the air-water system
slightly increases with an increase in the liquid velocity, espe-
cially at low gas velocities. The comparison of the measured
axial dispersion coefficients with the available literature data
obtained by various measurement techniques is also shown in
Figure 3. Since liquid mixing strongly depends on column size,
for the purpose of comparison, the literature data obtained
in different sizes of columns are converted into the column

Ž .size in this work 5.08 cm for Figure 3 , using the relationship
between the axial dispersion coefficient and the column di-
ameter reported in literature studies. If such a relation is not
available in corresponding studies, the following general rela-
tion is used to convert the data between different columns

E AD1.5 6Ž .l

This relation can reasonably predict the scale-up effect on
Ž .liquid mixing Deckwer et al., 1974; Wendt et al., 1984 . It is
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Table 1. Information Used in Figure 3 Regarding Liquid Mixing in the Air-Water System Under Ambient Conditions

Measurement U U Dg I
Ž . Ž . Ž .Reference Technique cmrs cmrs cm U Effect E vs. DI l

1.5Aoyama et al. steady injection; 0.3�8 0.18�0.62 5.0 insignificant E ADl
Ž .1968 heat and KCl solution as tracer

Kato and Nishiwaki impulse injection; 1�25 0.7�1.3 6.6 insignificant NrA
Ž .1972 KCl solution as tracer

1.4Deckwer et al. steady and impulse injection; 1�15 0.71 20 NrA E ADl
Ž .1974 NaCl solution as tracer

1.25Hikita and impulse injection; 4.3�33.8 0 10 NrA E ADl
Ž .Kikukawa 1974 KCl solution as tracer

1.5Mangartz and steady injection; 0.5�18 0�6 10 insignificant E ADl
Ž .Pilhofer 1981 heat as tracer

1.33Holcombe et al. steady injection; 0�60 0�2 7.8 NrA E ADl
Ž .1983 heat as tracer

1.4Ž .Wendt et al. 1984 steady injection; 1.5�30 0.2�4.5 6.3 insignificant E ADl
heat and NaCl
solution as tracer

Wilkinson et al. unsteady injection; 2�20 0 15.8 NrA NrA
Ž .1993 NaCl solution as tracer

This work steady injection; 2�20 0.34�1.0 5.08 small NrA
heat as tracer

also noted that different gas introduction systems might be
used in each study, and this difference is neglected in the
data conversion. The comparison shows that the experimen-
tal data obtained in this study using the thermal dispersion
technique agree well with most literature data. It is also found

Žthat the data converted from large columns such as D�10
. Žcm Deckwer et al., 1974; Hikita and Kikukawa, 1974;

.Wilkinson et al., 1993 are lower than the experimental data
Žactually obtained in small columns Aoyama et al., 1968; Kato

and Nishiwaki, 1972; Holcombe et al., 1983; Wendt et al.,
.1984 . This may indicate different mixing behavior in small

columns due to wall effects, and the scale-up effect on liquid
mixing needs to be further investigated. Detailed information
of various literature studies used in the comparison is shown
in Table 1.

Effect of flow regime
In bubble columns, the dispersed gas phase moves in a

continuous liquid medium, and, therefore, the behavior of the
gas phase is of importance for understanding the flow charac-
teristics. Depending on the nature of gas dispersion, two main
flow regimes are normally identified in the literature: homo-

Ž . Žgeneous or dispersed bubbling flow and churn-turbulent or
.coalesced bubbling flow. The churn-turbulent flow can be

further subdivided into the vortical-spiral flow condition and
Žthe turbulent flow condition Chen and Fan, 1992; Chen et

.al., 1994 . In homogeneous bubbling flow regime predominat-
ing at low and intermediate gas velocities, no bubble coales-
cence occurs and the bubbles are of uniform, small size. In
the churn-turbulent flow regime occurring at high gas veloci-
ties, bubbles coalesce intensively, and both the bubble size
and rising velocity are large and exhibit wide distributions.
Distinct bubble characteristics in these two flow regimes may
result in different liquid mixing behaviors. Figure 4 shows the
effect of flow regime on liquid mixing at different pressures.
It can be seen that the axial dispersion coefficient of the liq-
uid phase increases with increasing gas velocity, particularly
in the homogeneous bubbling regime under ambient pres-
sure. At high gas velocities, the axial dispersion coefficient

tends to level off. The transition velocities from the homoge-
neous bubbling flow to the churn-turbulent flow indicated in

ŽFigure 4 are identified based on the drift-flux model Luo et
.al., 1997 . For gas-liquid flows, the drift flux of gas is defined

as the volumetric flux of the gas phase relative to a surface
moving at the average velocity of gas-liquid systems. This flux
can be expressed using the relative velocity between the gas
and liquid phases as

U Ug l
j s� 1y� y 7Ž .Ž .gl g g ž /� �g l

Figure 5 shows the overall gas holdup and the relationship
between the drift flux and the gas holdup at different pres-
sures in the 10.16-cm column. As can be seen from Figure 5a,
at low gas holdups, the drift flux increases linearly with the
gas holdup, indicating the prevalence of small dispersed bub-
bles. When the gas holdup or gas velocity exceeds a certain

Figure 4. Gas velocity effect on the axial liquid disper-
sion coefficient at different pressures in the
10.16-cm column.
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Figure 5. Determining transition velocity from homoge-
neous bubbling to churn-turbulent flow
regimes at different pressures.

value, the increase rate of drift flux with the gas holdup be-
come larger, which indicates the existence of large coalesced
bubbles. The point at which the increased rate of drift flux
suddenly changes can be defined as the onset of the churn-
turbulent flow. At both ambient and elevated pressures, the
increased rates of drift flux with gas holdup are almost iden-
tical in the homogeneous bubbling regime. In contrast, in the
churn-turbulent flow regime, the increased rate of drift flux

at ambient pressure is higher than that at elevated pressure
because the bubbles become smaller and more uniform at
elevated pressure. From Figure 5b, it is found that there is
no significant difference in the gas holdup when the flow un-
der both pressures is in the homogeneous bubbling regime;
however, in the churn-turbulent flow regime, the gas holdup
at the elevated pressure is much higher than that at the am-
bient pressure due to the smaller bubble size. The transition
velocities identified based on the drift-flux method for the
N -Paratherm liquid system at ambient pressure and the2
pressure of 0.8 MPa are about 6.0 cmrs and 11.0 cmrs, re-
spectively. Increasing the system pressure markedly delays the
transition from the homogeneous bubbling to the churn-
turbulent flow regime. In other words, the existence of small
bubbles in the system tends to delay the regime transition. In
order to further verify the validity of the drift-flux method,
the transition point in the air-water system under ambient
pressure is also identified using the same approach. It is found
that the transition velocity for the air-water system under am-
bient conditions is about 5.0 cmrs, and agrees with most liter-
ature data which are in the range of 4.0�5.2 cmrs, as shown
in Table 2. Since the bubble size in the Paratherm liquid is
normally smaller than that in water due to lower surface ten-

Žsion, the transition velocity in the Paratherm liquid about
.6.0 cmrs is expected to be higher than that in the water

Ž .about 5.0 cmrs .
It is generally accepted that liquid-phase turbulence in-

duced mainly by the movement of bubbles and the existence
of large-scale liquid internal circulation are the main causes
of liquid mixing in bubble columns. Many studies have indi-
cated the presence of a large-scale liquid circulation cell in
bubble columns, with liquid ascending in the central region

Žand descending in the wall region Joshi, 1980; Degaleesan et
.al., 1997 . Liquid internal circulation is mainly driven by

nonuniform radial gas distribution in the column. In the ho-
mogeneous bubbling flow regime, there is no pronounced
large-scale liquid circulation in the column and the liquid-
phase turbulence induced by rising bubbles is the main rea-
son for liquid mixing. The scale of turbulence in the homoge-
neous bubbling flow regime depends on the bubble size. As
the gas velocity increases, the bubble size increases and, thus,
the bubble-induced turbulence increases, resulting in a rapid
increase in the axial dispersion coefficient, as shown in Fig-
ure 4. In the churn-turbulent flow regime, both the convec-
tive liquid circulation and the liquid turbulent fluctuations
play important roles in determining the mixing behavior of
the liquid phase. The scale of turbulence in this flow regime

Table 2. Literature Data Regarding Regime Transition Velocity for the Air-Water System under Ambient Conditions

Transition
Ž .Reference Vel. cmrs Identification Method

Ž .Rice and Littlefield 1987 4.0 Based on experimental gas holdup and liquid mixing data
Ž .Shnip et al. 1992 4.4�5.2 Based on linear stability theory

Ž .Drahos et al. 1992 4.0 Based on experimental gas holdup and gas mixing data
Ž .Zahradnik et al. 1994
Ž .Reese and Fan 1994 4.2 Based on experimental gas holdup data measured

by PIV technique
Ž .Bakshi et al. 1995 4.8 Based on wavelet-based multiresolution

analysis of local gas holdup signals
Ž .Hyndman and Guy 1995 4.5 Based on experimental gas holdup data
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Figure 6. Distributor design effects on liquid mixing and
gas holdup in the 5.08-cm column at elevated
pressure.

is proportional to the column diameter, and the intensity of
the turbulence is not enhanced significantly by increasing gas
velocity. Instead, increasing gas velocity induces an enhanced
liquid internal circulation, which does not improve the mixing
as efficiently as the local turbulent fluctuation does. There-
fore, the axial dispersion coefficient levels off at high gas ve-
locities. Similar observations were also found for heat-trans-

Žfer coefficients in bubble columns Deckwer, 1980; Yang et
.al., 2000 .

The effect of distributor design on the hydrodynamics and
liquid-phase mixing in bubble columns is also investigated in
this study. Three types of distributor plates are employed,
that is, perforated plate, porous plate, and sparger. Detailed
information about the configuration of these distributors can
be found in the experimental section. Figure 6 shows the ex-
perimental results of gas holdup and axial dispersion coeffi-
cients using different types of distributors in the 5.08-cm col-
umn at an elevated pressure. It can be seen that the effects
of distributor design on both the gas holdup and axial disper-
sion coefficients are insignificant. It is commonly accepted
that the distributor only affects a certain flow region above it,

Figure 7. Gas holdups measured at different axial posi-
tions in a 15.24-cm-bubble column at ambient
conditions.

that is, in the area of height to diameter ratio less than 3.0 or
Ž .even lower. Reese and Fan 1994 studied the transient flow

structure in the entrance region of a bubble column using the
particle image velocimetry technique. They found that the
length of the entrance region affected by the distributor de-
pends on the gas velocity. When the superficial gas velocity is
higher than 3.0 cmrs, which is the typical experimental condi-
tion in this work, the entrance effects become insignificant
and only a short height immediately above the distributor is
required for the coherent flow structure to be developed.
Figure 7 shows the gas holdups measured at different axial
positions in a 15.24-cm bubble column at ambient conditions.
It can be seen that the variation of gas holdup with the axial
position becomes insignificant when the dimensionless axial

Ž .height LrD is higher than 2.0�3.0. Since the measurements
of gas holdup and axial dispersion coefficients in this study

Ž .are conducted in the well-developed flow region LrD�3.0 ,
no significant distributor effect is expected. On the other
hand, the wall effects in small columns may also help offset
the gas distributor effect.

Effect of system pressure
The effect of pressure on the axial dispersion coefficient in

the 5.08-cm and 10.16-cm columns for the nitrogen-Paratherm
liquid system is shown in Figures 8 and 9, respectively. It is
found that the axial dispersion coefficient decreases signifi-
cantly when the pressure is changed from the ambient to ele-
vated pressures in both columns, indicating distinct flow be-
havior under ambient and elevated pressures. When the
pressure is further increased, the decrease rate of the axial
dispersion coefficient becomes smaller. The pressure effect is
more pronounced at high gas velocities and in large columns.
For example, as shown in Figure 8a, at a gas velocity of 20
cmrs and a liquid velocity of 0.18 cmrs, when the pressure

Žincreases from 0.1 MPa to 10.3 MPa a factor of 103 in-
.crease , the axial dispersion coefficient in the 5.08-cm column

decreases from 40 cm2rs to 18 cm2rs, that is a 55% decrease.
In contrast, under similar gas and liquid velocities, the axial
dispersion coefficient in the 10.16-cm column decreases from

2 2 Ž .104 cm rs to 40 cm rs a 62% decrease as the pressure varies
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Figure 8. Pressure effect on liquid-phase mixing in the
5.08-cm column at different liquid velocities.

Ž .only from 0.1 MPa to 4.2 MPa a factor of 42 increase , as
shown in Figure 9a. Reduced liquid backmixing at high pres-

Žsures was also observed by other researchers Tarmy et al.,
.1984; Onozaki et al., 2000a,b . The insignificant pressure ef-

Žfect on liquid mixing in small columns diameter normally
. Žless than 10.0 cm observed by some researchers Holcombe

.et al., 1983; Houzelot et al., 1985 is possibly due to the nar-
row operating conditions in their studies, that is, either low
gas velocities or a narrow pressure range. As shown in Figure
8, in small columns, the variation of axial dispersion coeffi-
cients with pressure is not pronounced at low gas velocities
Ž .that is, in the homogeneous bubbling flow regime .

The gas holdup in both the 5.08-cm and 10.16-cm columns
for the nitrogen-Paratherm liquid system at different pres-
sures are shown in Figure 10. As shown in the figure, the gas
holdup increases significantly with increasing pressure, par-

Ž .ticularly in the low-pressure range P �4.2 MPa . When the
pressure is further increased, the gas holdup slightly in-
creases with pressure. A higher gas holdup at elevated pres-
sures indicates the existence of small bubbles in the system.

The available theories in the literature describing liquid
mixing under atmospheric pressure are based on either liquid

Figure 9. Pressure effect on liquid-phase mixing in the
10.16-cm column at different liquid velocities.

Ž .turbulence induced by rising bubbles Baird and Rice, 1975 ,
Ž .large-scale liquid internal circulation Joshi, 1980 , or a com-

Ž .bination of these two mechanisms Degaleesan et al., 1997 .
Ž .Based on the internal circulation model, Joshi 1980 pro-

posed the following equation to predict the average liquid
circulation velocity in bubble columns

1r3
�g

V s1.31 gD U y U y� U 8Ž .c g l g b �ž /1y�g

where U is the terminal bubble rise velocity. The secondb �

term on the righthand side of Eq. 8 is normally negligible
compared to the other two terms at low liquid velocities. It
can be seen that both the gas holdup and bubble rise velocity
affect the liquid circulation velocity, which can be treated as
a measure of the extent of liquid circulation effect on liquid
mixing. It is known that the gas holdup increases and the
bubble size and rise velocity decrease with increasing pres-
sure. Based on Eq. 8, the combined effects of gas holdup and
bubble rise velocity on the liquid circulation velocity may re-
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Figure 10. Pressure effect on the gas holdup in both the
5.08-cm and 10.16-cm columns.

sult in unchanged or slightly changed liquid circulation pat-
tern at elevated pressures. On the other hand, when the sys-
tem pressure increases, bubbles become smaller, and liquid
entrainment by bubble wakes and turbulence induced by the
motion of bubbles are reduced. Therefore, the extent of liq-
uid mixing is reduced at elevated pressures. Our recent study
of flow fields and Reynolds stresses in high-pressure bubble

Žcolumns using the laser Doppler velocimetry technique Lee
.et al., 2001 also confirmed that the bubble-induced turbu-

lence of the liquid phase is depressed as the pressure in-
creases. The combined variations of liquid-phase turbulent
fluctuations and internal liquid circulation give rise to the
overall effect of pressure on liquid mixing.

Effect of liquid ©elocity
The effects of liquid velocity on liquid mixing and gas

holdup in both columns are shown in Figures 11 and 12, re-
spectively. It is sound that the effect of liquid velocity on the
gas holdup is insignificant, indicating that the liquid-phase
motion has little effect on bubble characteristics under low

Žliquid velocity conditions superficial liquid velocity less than

Figure 11. Effect of liquid-phase motion on liquid mix-
ing in both the 5.08-cm and 10.16-cm
columns.

.1.0 cmrs in this study . On the other hand, liquid-phase mix-
ing is enhanced significantly with increasing liquid velocity in
the range of this study. Comparing Figure 11 to Figure 3, it is
found that the effect of liquid velocity on liquid mixing in the
nitrogen-Paratherm liquid system is more pronounced than
that in the air-water system. It is also noted that under the
same liquid velocity, the Reynolds number for water is about
33 times higher than that for the Paratherm liquid used in
this study. Although many studies reported in the literature
indicate a weak relation between the axial dispersion coeffi-
cient and the liquid velocity for water or aqueous liquids,
there are some studies that indicate a strong relation; no study
is available for highly viscous liquids such as Paratherm

Ž .heat-transfer fluid used in this study. Zahradnik et al. 1997
studied axial liquid mixing in a bubble column using different
liquids, and found that the axial dispersion coefficient in-
creases with increasing liquid flow rate within the entire liq-

Žuid velocity range of their study superficial liquid velocity
.from 0.4 cmrs to 1.1 cmrs ; the type of the liquid medium

used for obtaining this set of data was not specified in their
article.
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Figure 12. Effect of liquid velocity on the gas holdup in
both the 5.08-cm and 10.16-cm columns.

The enhancement of liquid-phase mixing with increasing
liquid velocity is probably due to the enhanced liquid-phase
turbulence. Turbulent fluctuations in the liquid phase are im-
portant in determining the mixing behavior, and are mainly
caused by two factors: the movement of bubbles and turbu-
lent liquid eddies. Under low liquid velocity conditions, liq-
uid-phase motion does not change bubble characteristics sig-
nificantly and, hence, does not affect bubble-induced turbu-
lence; however, liquid-phase motion does enhance the energy
exchange between microscale liquid eddies. Therefore, it en-
hances the overall turbulent fluctuations in the liquid phase
yielding higher dispersion coefficients observed at higher liq-
uid velocities. When the system pressure increases, the bub-
ble-induced turbulence is depressed due to smaller bubble
size and reduced bubble velocity, and liquid eddy induced
turbulence may play a more prominent role in determining
liquid mixing. Further study on turbulence mechanisms in
two-phase flow systems is needed for better understanding of
liquid backmixing.

In this study, the axial dispersion coefficients in the air-
water system are also measured at the ambient pressure. Fig-

Figure 13. Axial dispersion coefficient and gas holdup
in water vs. in Paratherm NF heat-transfer
fluid at ambient pressure.

ure 13 shows the comparison of liquid mixing and gas holdup
between water and Paratherm NF heat-transfer fluid at am-
bient pressure. As shown in Figure 13, the gas holdup in
Paratherm liquid is higher than that in water, indicating a
smaller bubble size in the Paratherm liquid. The measured
gas holdup data in the air-water system also agree with the

Žliterature data obtained in the column of similar size Kato
.and Nishiwaki, 1972 . Paratherm liquid has a higher viscosity

and a lower surface tension compared to water. Higher liquid
viscosity results in larger bubble size and, thus, lower gas

Ž .holdup Zahradnik et al., 1997 , while lower surface tension
favors the formation of small bubbles and, thus, increases gas
holdup. The combination of these two effects gives rise to the
overall gas holdup in the Paratherm liquid. According to the
comparison of gas holdup between the water and Paratherm
liquid as shown in Figure 13, the effect of surface tension on
bubble size and gas holdup is more pronounced compared to
the viscosity effect, resulting in smaller bubble size and higher
gas holdup in the Paratherm liquid.

A comparison of liquid mixing between these two liquids
shows higher axial dispersion coefficients in the Paratherm
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Figure 14. Axial liquid dispersion coefficient and gas
holdup in the 5.08-cm column vs. in the
10.16-cm column at different pressures.

liquid at the same gas and liquid velocities. The difference
becomes more pronounced with increasing gas velocity. Bub-
bles in water are generally larger than those in Paratherm
liquid, resulting in enhanced bubble-induced turbulence.
Therefore, the axial dispersion coefficients are higher for wa-
ter than those for Paratherm liquid. Based on this compari-
son, it is clear that axial dispersion coefficients obtained in
water cannot be used directly to design bubble column reac-
tors when a nonaqueous liquid medium is used.

Effect of column size
Mixing behavior strongly depends on column size and it is

necessary to study the scale-up effect of liquid-phase mixing.
In this study, the mixing experiments are carried out in both
the 5.08-cm and 10.16-cm columns. The effects of column size
on the gas holdup and axial dispersion coefficient can be seen
clearly from Figure 14. The gas holdup in the 5.08-cm col-
umn is much higher than that in the 10.16-cm column at both
ambient and elevated pressures. This difference is more pro-

Figure 15. Gas holdup data obtained in different sizes
of columns under ambient conditions for the
air-water system.

nounced in the churn-turbulent flow regime. For example, at
ambient pressure and a gas velocity of 20 cmrs, the gas holdup
in the 5.08-cm and 10.16-cm columns is 0.21 and 0.30, respec-

Ž .tively about a 43% difference . When the pressure increases,
the difference in the gas holdup between these two columns
tend to be reduced. In order to further confirm the effect of
column size, the gas holdup at ambient conditions is also

Ž .measured in a larger column 15.24 cm in diameter at the
Ž .same dimensionless axial position LrDs3.9 using the same

liquid and the same type of distributor plate. The gas holdup
data in the 15.24-cm column are also shown in Figure 14b. It
can be seen that the difference between gas holdups in the
10.16-cm and 15.24-cm columns is small, which indicates that
the effect of the column size on the gas holdup becomes
smaller with increasing column diameter. Figure 15 further
shows the effect of column size on the gas holdup at ambient
conditions in the air-water system obtained in this study and
those reported in the literature. In the figure, the column
diameter is up to 5.5 m. The solid line in the figure repre-
sents the predictions by the gas holdup correlation developed

Ž .by Luo et al. 1999 , which was mainly based on experimental
data in columns of diameter larger than 10 cm. As shown in
the figure, when the column diameter increases, the differ-

Ž .ence in gas holdup becomes smaller. Shah et al. 1982 and
Ž .Reilly et al. 1986 also found that the effect of column size

on the gas holdup is small when the column diameter in-
Ž .creases to a certain size 0.1 to 0.15 m in their study .

The effect of the column size on gas holdup occurs mainly
through the variation in bubble characteristics. In small
columns, the column wall effect is significant and the bubble
size is confined by the column size, particularly in the slug-
ging and churn-turbulent flow regimes. Therefore, the gas
holdup in small columns is higher. When the column is larger
than a certain size, the wall effect is negligible and, thus, the
bubble size no longer depends on the column dimension. In
this situation, the bubble size is mainly determined by the
rates of bubble coalescence and breakup, and, therefore, the
gas holdup is no longer affected by the column size.

The effect of column size on the axial liquid dispersion
coefficient is shown in Figure 14a. It is found that the axial
dispersion coefficient strongly depends on the column size
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Figure 16. Pressure effect on the scale-up index of liq-
uid-phase mixing.

and liquid backmixing in the larger column is more apparent.
As mentioned earlier, liquid-phase mixing is mainly deter-
mined by liquid-phase turbulence and large-scale liquid inter-
nal circulation. Both the scale of turbulence and the extent of
liquid circulation strongly depend on the column size. Liquid
turbulence and internal circulation are stronger in larger
columns. Therefore, liquid mixing is enhanced significantly
with increasing column size. The relationship between the ax-
ial dispersion coefficient and the column diameter is com-
monly expressed by

E ADn 9Ž .l

Many studies have shown that the scale-up index n is in the
Žrange of 1.4�1.5 at ambient conditions Deckwer et al., 1974;

.Wendt et al., 1984 . As shown in Figure 14a, the effect of
column size on liquid mixing is reduced with increasing pres-
sure. Based on the experimental data in this study, the values
of the scale-up index at different pressures are shown in Fig-
ure 16. As can be seen, at ambient pressure, the index is
about 1.5, which agrees with most literature studies. When
the pressure increases, the index decreases significantly. At
high pressures, the values of the index are in the range of
0.9�1.0. The variation of scale-up index with gas density can
be expressed by the following relation

�n g
1y s0.11 ln 10Ž .ž /n �0 g 0

Ž .Here, n s1.5 is the value of the scale-up index at ambient0
pressure, and � is the density of gas at ambient pressure.g0

The reduced effect of column size on the liquid mixing be-
havior at high pressures is mainly due to the variation of bub-
ble characteristics. At ambient pressure, bubbles are large and
unstable, and the behavior of large bubbles is easily affected
by the column wall, while at elevated pressures, the bubble
size is reduced significantly and small bubbles tend to be more
stable. The effect of column size on the behavior of small

Table 3. Axial Dispersion Coefficients: Measured in an
Industrial Reactor vs. Calculated Based on the Scale-Up

Relation

Ž .Parameters Onozaki et al. 2000a This Work

Column diameter, m 1.0 0.102
Gas source Mainly H N2 2
Operating pressure, MPa 16.6�16.8 1.8
Operating temperature, �C 40 27

3Gas density inside reactor, kgrm 20 20
3Liquid density, kgrm 964 872

Liquid viscosity, mPa � s 7.0 28
Superficial gas velocity, cmrs 6.3 6.2
Superficial liquid velocity, cmrs 0.31 0.32

2 Ž .Axial dispersion coeff., cm rs 1,100 measured 67
Ž .670 simulated

�2 Ž .Axial dispersion coeff., cm rs 1,100 measured 688
Ž .670 simulated

� Ž .Converting the condition of this work to that of Onozaki et al. 2000a
Ž . Ž . 3using the scale-up index n of 1.02 Figure 16 for � of 20 kgrm .g

bubbles is not as significant as that on the behavior of large
bubbles. Therefore, the effect of column size on liquid mixing
is reduced at elevated pressures.

Ž .Based on the scale-up relation Eq. 9 , the axial dispersion
coefficient in industrial reactors can be estimated from the
data in smaller laboratory-scale columns. Table 3 shows an
example of a comparison between the axial dispersion coeffi-
cient actually measured in an industrial reactor and that cal-
culated from the data in a laboratory-scale column based on
the scale-up relation. The measured and simulated axial dis-

Žpersion coefficients in the industrial reactor 1 m in diame-
. 2ter are 1,100 and 670 cm rs, respectively, under the condi-

Ž .tions listed in Table 3 Onozaki et al., 2000a . The axial dis-
persion coefficient measured in the 10.16-cm column of this
study under a condition of matched gas density and superfi-
cial gas and liquid velocities of 67 cm2rs. Considering the

Ž . 3scale-up index n of 1.02 for the gas density of 20 kgrm , the
axial dispersion coefficient for the 1-m column can be esti-
mated to be 688 cm2rs based on the present result for the
10.16-cm column, which is comparable to the reported mea-

Ž 2 . Ž 2 .sured 1,100 cm rs or simulated 670 cm rs value. If, how-
ever, the scale-up index value of 1.5 for the ambient pressure
is used, the estimated axial dispersion coefficient for the 1-m
column becomes 2,057 cm2rs, which would be much higher
than the reported measured or simulated value. This exam-
ple illustrates the importance of considering the variation of
liquid mixing characteristics with pressure in the scale-up
process.

Concluding Remarks
The thermal dispersion technique is developed to deter-

mine axial dispersion coefficients of the liquid phase at high
pressure in the system close to industrial applications. The
validity of the measuring technique is verified by the compar-
ison of the measured results with the literature data. The
study covers a wide range of operating gas velocity and pres-
sure conditions. The axial liquid dispersion coefficient is
found to increase with increasing gas velocity and decrease
with increasing pressure. Liquid properties, liquid-phase mo-
tion, and column dimension have significant effects on
liquid-phase mixing; however, distributor design does not have
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a significant effect. Liquid mixing in bubble columns is con-
trolled by the combined mechanism of local liquid turbulence
and large-scale liquid internal circulation. Local turbulent
fluctuation of the liquid phase is caused by the movement of
both bubbles and turbulent liquid eddies.
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Notation
Csconcentration of mass tracer, molrm3

Ž .C sheat capacity of liquid, Jr kg � �Cp l
Dscolumn diameter, m

D smass dispersion coefficient, m2rsm
E s thermal dispersion coefficient, m2rsl
gsgravitational acceleration, mrs2

j sdrift flux of gas, mrsg l
Ž .k s thermal conductivity of liquid, Wrm � �Cl

Lsaxial height above distributor, m
nsscale-up index for liquid mixing, dimensionless

n sscale-up index for liquid mixing at ambient pressure, dimen-0
sionless

Pssystem pressure, Pa
qsheat loss from the liquid phase to the surrounding environ-

ment, Wrm3

Ts temperature at axial position z, �C
T s liquid inlet termperature, �C0
T s liquid outlet temperature, �Cm

U s terminal bubble rising velocity, mrsb �

U ssuperficial gas velocity, mrsg
U sregime transition velocity, mrsg ,t r

Ussuperficial liquid velocity, mrsl
V saverage liquid circulation velocity, mrsc

zsaxial distance from the liquid outlet, m

Greek letters
� sgas holdup, dimensionlessg

� sgas holdup at the regime transition point, dimensionlessg ,t r
� s liquid holdup, dimensionlessl
� s liquid viscosity, Pa � sl
� sgas density, kgrm3

g
� sgas density at ambient pressure, kgrm3

g 0
� s liquid density, kgrm3

l
�ssurface tension, Nrm
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