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Gas hold-up in bubble columns: influence of alcohol addition
versus operation at elevated pressures
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Abstract

Measurements were carried out in a 0.15 m diameter bubble column with air–water system to which ethanol was added in
concentrations ranging from 0.03 to 1 vol.%. Alcohol addition results in a significant increase in the gas hold-up, o. This increase
in o can be attributed to a delay in the point of transition from homogeneous to heterogeneous flow regime. The model of Krishna
et al. (Chem. Eng. Sci. 54 (1999), 171) was found applicable, after accounting for the influence of alcohol addition on the regime
transition parameters. Experimental data of Letzel et al. (Chem. Eng. Sci. 52 (1997), 3733), obtained in a 0.15 m diameter
nitrogen–water bubble column, also showed that increased system pressures results in significantly increased gas hold-up. A
careful comparison of the influence of alcohol addition and that of increased pressure leads to the conclusion that in the latter
case, increased system pressures besides delaying the onset of the heterogeneous flow regime also promotes the break up of ‘large’
bubbles. One needs to modify the model to take account of the influence of increased pressure on the rise velocity of the swarm
of ‘large’ bubbles. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

There is considerable industrial interest in design and
scale up of bubble column reactors operated at elevated
pressures ranging to about 4–6 MPa, in view of the
many practical applications in natural gas conversion
technologies [1–3]. A bubble column reactor can be
operated in either the homogeneous or heterogeneous
flow regime. Though laboratory scale studies are often
restricted to the homogeneous bubbly flow regime,
prevailing at relatively low superficial gas velocities,
industrial reactors are often operated at higher gas
velocities in the heterogeneous flow regime. Examina-
tion of available literature shows that increased system
pressure causes a delay in transition from the homoge-
neous to the heterogeneous flow regime [4–10]. The
physical explanation for the delay in the regime transi-
tion with increased system pressure (i.e. increased gas
density) is to be found in the reduced probability of

propagation of instabilities leading to delayed flow
regime transition [7–10].

Fig. 1 gives a schematic representation of the influ-
ence of increased pressure on the gas hold-up, an
important design parameter. The influence of elevated
pressure operation is very significant, as is evidenced by
examining the recently published experimental results
of Letzel et al. [4] for gas hold-up measured in a bubble
column of 0.15 m diameter with the nitrogen–water
system (see Fig. 2a). For example, for operation at a
superficial gas velocity U=0.2 m/s, the gas hold-up o

increases from a value of 0.29 at p=0.1 MPa to a value
which is twice as large for operation at p=1.2 MPa
(see Fig. 2b). In this paper, we attempt to simulate the
operation at elevated pressures by deliberately delaying
the regime transition point by adding small amounts of
alcohol to an air–water bubble column. The objective
of this exercise is to examine the extent to which it is
possible to model the influence of elevated pressures by
just taking account of the shift in the regime transition
point.

Though there is published literature on the influence
of alcohol addition on the gas hold-up in bubble
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columns [11–16], we decided to carry out our own
experimental investigations for the following reasons:
(1) in order to compare alcohol addition experiments
with the high pressure experiments of Letzel [4], we
needed to perform experiments in a 0.15 m diameter
column with similar gas distribution device as that used
by Letzel [4] and (2) our main focus is on the churn-tur-
bulent regime of operation whereas most of the pub-
lished works are restricted to the homogeneous bubbly
flow regime.

2. Experimental

Experiments were carried out in a column of 0.15 m
diameter, 4 m high, with the system air–water. The
column configuration is shown in Fig. 3. In order to
match the experimental results of Letzel et al. [4] we

used a sieve plate distributor similar in configuration to
that of Letzel. The sieve plate distributor had 625 holes
of 0.5 mm diameter placed on a triangular pitch of 7
mm. The total gas hold-up was determined by measur-
ing the hydrostatic pressure using a Validyne pressure
sensor. The gas hold-up could be measured with a
relative accuracy of 95%. Ethanol, added in various
concentrations to demineralised water, was used as the
liquid phase.

3. Experimental results with alcohol addition

Fig. 4 shows the gas hold-up o as a function of the
superficial gas velocity U obtained with three typical
ethanol concentrations used in our experiments. We
note that while at low values of U, the values of o are
the same, the gas hold-up is significantly increased by

Fig. 1. Schematic representation of the influence of elevated pressure on the gas hold-up in a bubble column.

Fig. 2. Experimental data of Letzel et al. [4] describing the influence of elevated pressure on gas hold-up.
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Fig. 3. Experimental set-up used in this work to study the influence of ethanol addition on gas hold-up.

Fig. 4. Experimental data showing the influence of ethanol addition on gas hold-up: (a) shows both homogeneous and heterogeneous flow regimes;
(b) focus on heterogeneous flow regime.

addition of ethanol for operation at high values of U.
Clearly the influence of ethanol addition is more signifi-
cant in the heterogeneous flow regime. In order to
interpret the results, the first task is to find out the
values of the regime transition parameters. The regime
transition parameters otrans and Utrans can be determined
from a Wallis plot [17]. In the Wallis plot the ‘drift
flux’, U (1−o), is plotted against the gas hold-up, o, as
shown in Fig. 5 for the experimental data with 0%
ethanol and 0.5% ethanol concentrations. The smooth

curve in Fig. 5 are drawn using the Richardson–Zaki
formulation [18], i.e. drift flux=6� o(1−o)n where n is
the Richardson–Zaki index and 6� is the rise velocity
of a single gas bubble. For air–water system in the
homogeneous regime, n=2 and the rise velocity of a
single bubble 6� can be obtained from the Wallis plot
by data fitting (see Fig. 5). The Richardson–Zaki for-
mulation is valid for the homogeneous bubbly flow
regime. The point of deviation of the experimental
values from the Richardson–Zaki curve is taken to
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indicate the regime transition point (see Fig. 5). The
influence of ethanol concentration on the values of the
transition parameters otrans and Utrans is shown in Fig. 6
for the whole range of concentrations studied in our
experiments. It is clear that the addition of small
amounts of alcohol has the effect of increasing the
values of otrans and Utrans. In other words, the addition
of alcohol has the effect of stabilizing the homogeneous
bubbly flow regime. This stabilisation is caused by
suppression of the coalescence tendency of small bub-
bles. The mechanism of the coalescence-preventing ac-
tion of the alcohols was discussed and explained in
detail by some authors [11–16]. The alcohols, when
dissolved in water, are strongly adsorbed at the inter-
face. They behave as hydrophobic materials and tend to
be rejected from the bulk of the solution to the inter-
face. They accumulate around the bubbles forming a
‘protective’ monolayer, and consequently the coales-
cence between the bubbles will be hindered. When a
bubble moves through a liquid, adsorbed surface active
material is pushed to the back of the bubble. This
causes a surface tension gradient which opposes the

tangential shear stress. This phenomenon increases the
drag on the bubble and consequently the rise velocity is
reduced.

It is important to first determine whether the shift in
the regime transition point with alcohol addition is able
to explain the increased hold-up observed experimen-
tally. To answer this question we apply the model of
Krishna et al. [19] to calculate the gas hold-up.

4. Model of Krishna et al. [19] for gas hold-up

For superficial gas velocities U5Utrans, the gas hold-
up in the homogeneous flow regime is given by:

o=U/Vslip; Vslip=6�(1−o) (1)

In the heterogeneous flow regime, i.e. for U]Utrans,
the total gas hold-up is given by:

o=ob,large+otrans(1−ob,large);

ob,large= (U−Utrans)/Vb,large (2)

Fig. 5. Wallis plot to determine the regime transition parameters.

Fig. 6. Influence of ethanol addition on regime transition parameters.
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Fig. 7. Comparison of the influences of elevated pressure with alcohol addition: (a) elevated pressure results of Letzel at 0.2 MPa compared with
results obtained with 0.03% ethanol solution; (b) elevated pressure results at 0.3 MPa compared with results obtained with 0.5% ethanol solution;
(c) elevated pressure results at 0.7 MPa compared with results obtained with 1.0% ethanol solution.

where Vb,large is the rise velocity of the swarm of large
bubbles. Krishna et al. [19] obtained a correlation for
the large bubble velocity in the form:

Vb,large=0.71
g db,large (SF)(AF) (3)

where two correction factors are introduced into the
classical Davies–Taylor [20] relation for the rise of a
single spherical cap bubble in an infinite volume of
liquid. Bubbles in a liquid assume a spherical cap shape
when the criterion Eötvös number, Eö\40, is met; see
Clift et al. [21]. For the air–water system, the criterion
Eö\40 is met for bubbles larger than 17 mm in
diameter. The scale correction factor (SF), accounts for
the influence of the column diameter and is taken from
the work of Collins [22] to be:

SF=1 for db,large/DTB0.125

SF=1.13 exp(−db,large/DT) for

0.125Bdb,large/DTB0.6 (4)

SF=0.496
DT/db,large for db,large/DT\0.6

The acceleration factor AF accounts for the increase
in the large bubble velocity over that of a single,
isolated, bubble due to wake interactions. This factor
increases as the distance between the large bubbles
decreases [19]. Since the average distance between large
bubbles will decrease as the superficial gas velocity
through the large bubble phase increases, a linear rela-
tion is postulated for AF:

AF=a+b(U−Utrans) (5)

and a power-law dependence of the bubble size on
(U−Utrans):

db,large=g(U−Utrans)d (6)

The model parameters a, b, g and d were determined
by Krishna et al. [19] by multiple regression of the
measured data on the rise velocity of large bubbles in
low viscosity liquids. The fitted values are:

a=2.73; b=4.505; g=0.069; d=0.376 (7)

The continuous curves in Fig. 4 have been drawn
with Eqs. (1)–(7) using the parameters otrans and Utrans

determined from the Wallis plots and reported in Fig.
6. Except for the transition regime, characterised by a
maximum in the gas hold-up, the model of Krishna et
al. [19] works very well.

5. Influence of ethanol addition versus influence of
elevated pressure

The inescapable conclusion to be drawn from Fig. 4
is that the influence of ethanol addition on the gas
hold-up is entirely describable by a model which takes
account of delay in the regime transition. It is interest-
ing to speculate whether the influence of increased
pressure on the gas hold-up can also solely be ascribed
to a shift in the regime transition point. In order to test
this hypothesis we compare the gas hold-ups at 0.2, 0.3
and 0.7 MPa, measured by Letzel et al. [4] with data
measured in this work with 0.03, 0.5 and 1% ethanol,
respectively (see Fig. 7a–c). Consider Fig. 7(b); the
transition parameters for the experiment of Letzel at
p=0.3 MPa and for c=0.5% ethanol (this work) are
nearly the same, viz. otrans=0.24; Utrans=0.04 m/s. The
model of Krishna et al. [19] would anticipate that the
gas hold-ups for these two experiments would be identi-
cal since the two experiments were carried out in
columns of the same diameter DT and with the similar
distributor configuration. The experimental data how-
ever show that operation at elevated pressures leads to
a significantly higher hold-up in the heterogeneous
regime. The same observation holds when we compare
the experiments of Letzel at p=0.2 MPa with the data
from this work for c=0.03% ethanol and the 0.7 MPa
results with the 1% ethanol results. The comparison of
the data presented in Fig. 7 leads us to conclude that
increased pressure has the additional effect of increas-
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ing the large bubble hold-up, ob,large because the differ-
ences in the gas hold-up values are in the heterogeneous
flow regime. The reason for this increase is the en-
hanced break up of the large bubble population due to
decreased bubble stability [23]. We can therefore mod-
ify the model of Krishna et al. [19] for the large bubble
rise velocity by introducing a correction factor to ac-
count for the influence of elevated pressures:

Vb,large=0.71
g db,large(SF)(AF)(DF) (8)

where DF is the density correction factor. Using the
Kelvin–Helmholtz stability theory as basis, Letzel et al.
[23] concluded that this correction factor is inversely
proportional to the square root of the gas density. For
air at atmospheric conditions used in the experiments,
rG=1.29 kg/m3 and the density correction factor is
unity, i.e. DF=1. For any gas at any system pressure,
having a gas density rG, the density correction factor
can be calculated from:

DF=
1.29/rG (9)

The Fischer–Tropsch synthesis of hydrocarbons in a
bubble column slurry reactor using synthesis gas, a
mixture of CO and H2, is carried out at a pressure of
about 3 MPa; the syngas density at this pressure is 7
kg/m3 and the large bubble rise velocity at these condi-
tions is only a fraction 
1.29/7=0.43 of the velocity it
would have in cold-flow experiments carried out under
atmospheric pressure conditions with air as the gas
phase. This underlines the importance of the density
correction factor developed above.

In order to apply the model of Krishna et al. [19] we
need information on the regime transition parameters.
For design and prediction purposes, the Reilly et al.
correlation [6] may be used to estimate the gas hold-up
at regime transition:

otrans=0.59 B1.5
rG
0.96 s0.12/rL (10)

where the parameter B=3.85. The superficial gas ve-
locity at regime transition is Utrans=6� otrans(1−otrans)
where the ‘small’ bubble rise velocity is given by Reilly
et al. [6] as:

6�=s0.12/(2.84rG
0.04) (11)

With the modification given by Eqs. (8) and (9), the
Krishna et al. model can be combined with Eqs. (10)
and (11) to predict the gas hold-up for various system
pressures. These predictions are compared with the
experimental data in Fig. 8 and we see that the agree-
ment with the model with data is excellent. Also shown
in Fig. 8 with broken lines are model calculations using
Eqs. (1)–(11) taking the density correction factor as
unity, i.e. DF=1. It is clear that the experimental data
of Letzel et al. [4] cannot be modelled without consider-
ing the density correction factor.

6. Conclusions

The following major conclusions can be drawn from
the present investigation.

Fig. 8. Influence of increased system pressure on gas hold-up. Experimental data of Letzel et al. [4], indicated by (+ ). The continuous line
represent the model of Krishna et al. [19]: (———) model using Eq. (8) with correction for large bubble break up; (----------) model using Eq. (3),
taking DF=1.
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(1) The addition of small amounts of ethanol to
water tends to result in a significant increase in the gas
hold-up. This increase in the gas hold-up is entirely
attributable to the delay in the regime transition point.
By incorporating the appropriate values of otrans and
Utrans, the model of Krishna et al. [19] provides a very
good description of the measured data in the churn-tur-
bulent flow regime.

(2) The reason behind the delay in regime transition
due to alcohol addition is coalescence suppression. On
the other hand, increased system pressure causes a
delay in regime transition due to a reduction in the
probability of propagation of instabilities which trigger
transition to the heterogeneous flow regime.

(3) The influence of alcohol addition and the influ-
ence of increased system pressure on the gas hold-up
are not equivalent. Increased system pressure has two
separate effects: (1) the regime transition is delayed, i.e.
the values otrans and Utrans are increased with in-
creased p, and (2) the large bubble rise velocity is
decreased according to an inverse square root depen-
dence on p. The model of Krishna et al. [19], modified
to take account of the system pressure on the large
bubble swarm velocity, provides an excellent descrip-
tion of the measured data of Letzel et al. [4] at
elevated pressures. For estimation of the gas hold-up at
elevated pressures we therefore recommend the inclu-
sion of the density correction factor given by Eqs. (8)
and (9).

Appendix A. Nomenclature

AF acceleration factor (dimensionless)
constant in Reilly correlationB
concentration of ethanol in waterc
(vol.%)

db,large large bubble diameter (m)
DT column diameter (m)
DF density correction factor, defined by

Eqs. (8) and (9) (dimensionless)
Eötvös number, g(rL−rG)db

2/sEö
gravitational acceleration (9.81 m/s2)g

n Richardson–Zaki index (dimensionless)
system pressure (Pa)p

SF scale factor given by the Collins rela-
tions, Eq. (4) (dimensionless)

U superficial gas velocity (m/s)
superficial gas velocity at regime transi-Utrans

tion (m/s)
superficial gas velocity through the(U−Utrans)
large bubble phase (m/s)
rise velocity of ‘small’ bubbles (m/s)6�
rise velocity of ‘large’ bubbles in aVb,large

swarm (m/s)
parameters defined by Eqs. (5)–(7)a, b, g, d

total gas hold-up (dimensionless)o

hold-up of large bubbles (dimensionless)ob,large

otrans gas hold-up at the regime transition
point (dimensionless)

mL viscosity of liquid phase (Pa s)
rG, rL density of gaseous and liquid phases

(kg/m3)
surface tension of liquid phase (N/m)s

Subscripts
referring to gasG

L referring to liquid
referring to ‘large’ bubblesb,large

trans referring to the transition point
tower or columnT
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