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Abstract

Measurements of the total gas holdup, e, have been made in a 0.15 m diameter bubble column operated at pressures ranging from
0.1 up to 1.3 MPa. The in#uence of the increasing system pressure is twofold: (1) a shift of the #ow regime transition point to higher gas
fractions, and (2) a decrease of the rise velocity of &&large'' bubbles in the heterogeneous regime. The large bubble rise velocity is seen to
decrease with the square root of the gas density, Jo

G
. This square root dependence can be rationalized by means of a Kel-

vin}Helmholtz stability analysis. The total gas holdup model of Krishna and Ellenberger (1996, A.I.Ch.E. J. 42, 2627}2634), when
modi"ed to incorporate the Jo

G
correction for the large bubble rise velocity, is found to be in good agreement with the experimental

results. The in#uence of system pressure on the volumetric mass transfer coe$cient, k
L
a, is determined using the dynamic

pressure-step method of Linek et al. (1993, Chem. Engng Sci. 48, 1593}1599). This pressure step method was adapted for application at
higher system pressures. The ratio (k

L
a/e) is found to be practically independent of super"cial gas velocity and system pressure up to

1.0 MPa; the value of this ratio is approximately equal to one half. This result provides a simple method for predicting k
L
a using the

model developed for estimation of e. ( 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Bubble column reactors "nd widespread use in indus-
try and often these reactors are operated at elevated
pressures. For example in the Fischer}Tropsch synthesis
of hydrocarbons from synthesis gas (Krishna et al., 1996),
the bubble column slurry reactor is operated in the pres-
sure range of 3}4 MPa. The in#uence of elevated pres-
sure on the hydrodynamics and mass transfer therefore
requires careful study and analysis for design purposes.

The early cold-#ow studies of KoK lbel et al. (1961)
suggested that there was no in#uence of pressure on the

system hydrodynamics. This "nding can be rationalized
when we consider that KoK lbel et al. studied only the
homogeneous regime of operation. More recent studies
of Clark (1990), Krishna et al. (1991), Reilly et al. (1994),
Tarmy et al. (1984) and Wilkinson et al. (1992), on the
other hand, showed that increasing system pressure has
a signi"cant e!ect on hydrodynamics. The major e!ect of
pressure was established to be a shift of the transition
from the homogeneous to the heterogeneous regime to
higher gas velocities and gas holdups. Wilkinson (1991)
has suggested that elevated system pressure could also
have a destabilizing in#uence on &large' bubbles, i.e. the
bubbles ranging in size from say 15 to 50 mm, and there-
fore enhancing the break-up process.

The objectives of our work are (1) to further develop
and quantify the idea of Wilkinson (1991) that increased
pressure leads to increased break-up of &large' bubbles,
(2) to develop an estimation procedure for the total gas
holdup which can be used for design purposes, and (3) to
investigate the in#uence of increased system pressure on
the volumetric mass transfer coe$cient.
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Fig. 1. Experimental setup for gas holdup measurements (nitro-
gen}water, column diameter 0.15 m, column height 1.22 m, system
pressure ranging from 0.1 to 1.3 MPa).

Fig. 2. Total gas holdup for nitrogen}water system as a function of
super"cial gas velocity at di!erent system pressures.

Fig. 3. Regime transition points as a function of gas density from Letzel
et al. (1997) compared with correlations from Reilly et al. (1994) and
Wilkinson et al. (1992): (A) total gas holdup at regime transition; (B)
super"cial gas velocity at regime transition.

2. In6uence of elevated system pressure on gas holdup

2.1. Experimental

The experimental setup that was used to measure gas
holdup and mass transfer is shown in Fig. 1. A glass
bubble column, 0.15 m in diameter and 1.22 m high,
was located in a steel pressure vessel. The liquid phase
was demineralized water. Nitrogen was sparged into the
column through a 0.1 m diameter perforated plate. The
nitrogen supply was su$cient to obtain super"cial gas
velocities well into the heterogeneous regime, even at
system pressures up to 1.3 MPa. The distributor was
made up of 200 evenly distributed ori"ces, 0.5 mm in
diameter, ensuring an equal initial distribution of the gas
phase. The pressure in the vessel was regulated with
a back pressure reducer.

In the vessel, windows of quartz}glass were located.
The space between the column and the windows was also
"lled with demineralized water, so that visual observa-
tion without light refraction was possible. Gas holdup
was measured by means of an over#ow vessel, or by
means of a Validyne DP 15 pressure sensor. Both
methods showed a good agreement with each other.

Gas holdup measurements were done at varying gas
velocities at 13 di!erent system pressures: 0.1, 0.2,2,
1.3 MPa. A sub-set of these gas holdup data is shown in
Fig. 2. A strong in#uence of system pressure can be
observed. In order to develop a model to describe this
e!ect we consider, in turn (1) the in#uence on the regime
transition point, and (2) the in#uence on the large-bubble
holdup.

2.2. Inyuence of gas density on the regime transition point

Both Reilly et al. (1994) and Wilkinson et al. (1991,
1992) have developed correlations for the in#uence of
pressure on the regime transition point, in terms of in#u-

ence of the gas density. In Fig. 3A and B, these correla-
tions are compared with regime transition points,
determined from gas holdups. The Reilly et al. (1994)
correlation is seen to be better than the Wilkinson et al.
(1991,1992) correlation. However, the Reilly correlation
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underestimates e
53!/4

at low system pressures, and overes-
timates e

53!/4
at high system pressures. We see that the

power-law relation

e
53!/4

"0.17o0.22
G

(1)

provides a better "t of our data.
The Reilly correlation predicts an increase of ;

53!/4
with o

g
, whereas no speci"c trend can be found experi-

mentally and

;
53!/4

"0.045 m s~1 (2)

is an adequate description for the nitrogen}water system;
see Fig. 3B.

The value of ;
53!/4

and e
53!/4

at di!erent system pres-
sures was determined before by means of chaos analysis
of pressure #uctuation signals, measured in the
gas}liquid dispersion (Letzel et al., 1997a). By means of
the chaos analysis method, it was "rst observed that the
value of ;

53!/4
stays nearly constant with increasing sys-

tem pressure, whereas e
53!/4

increases. The stability theory
of Batchelor (1988) and Lammers and Biesheuvel (1996)
has been used to rationalize the observed shift in the
transition point (Letzel et al., 1997a).

2.3. Inyuence of gas density on large-bubble holdup

Elevated system pressure in#uences the velocity of
large bubbles. This can be observed from Fig. 2: at higher
system pressure, the increase of gas holdup with super"-
cial gas velocity is steeper, indicating a lower rise velocity
of the large bubbles. An explanation of the lower rise
velocity can be a decrease of bubble size with increasing
pressure. This decrease of bubble size can be understood
physically by examining the in#uence of system pressure
on the stability of large bubbles. Use is made of the
Kelvin}Helmholtz theory, as described by Lamb (1959),
to describe the stability of the gas}liquid interface for
in"nitesimal disturbances. If the surface is unstable for
a disturbance, the disturbance can grow and eventually
lead to break up of the bubble. It was found that the
interface is unstable for a disturbance with wave number
k and velocity c, if k2c2(0, where

k2c2"gk
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where o
G

and o
L

are the gas and liquid densities, p is the
surface tension, and v

r
"v

G
!v

L
is the relative velocity

between the gas and liquid phases. We assumed that this
velocity is close to the bubble rise velocity. The approxi-
mation is valid for o

G
@o

L
. If k2c2(0, a disturbance

on the gas}liquid interface of a bubble grows with

exp(J!k2c2t). The in#uence of gas density on the

growth factors, apparent from Eq. (3), can therefore explain
the decreased stability of the large bubbles with increased
pressure, as was already suggested by Wilkinson (1991).

We have found that increasing gas density especially
increases the growth factors at wave lengths in the range
of 0.01 to 0.05 m. This is of the order of the size of the
large bubbles (De Swart et al., 1996). Unstable distur-
bances can therefore occur on the gas}liquid interface of
these bubbles. Therefore, large bubbles are always un-
stable. Nevertheless, they will still be present in the
gas}liquid dispersion due to the fact that, besides a con-
tinuous process of bubble break up, there is also continu-
ous bubble coalescence (De Swart et al., 1996). The result
is a dynamic equilibrium with a corresponding equilib-
rium size of the large bubbles.

When gas density increases, the growth factors of un-
stable disturbances will increase. This will favor breakup
over coalescence, shifting the equilibrium to a smaller
bubble size. Together with the decreasing bubble size, the
rise velocity of the bubbles also decreases. From Eq. (3)
one can observe that this will decrease the growth factors
and increase stability. This process goes on until a new
dynamic equilibrium is reached at a smaller equilibrium
bubble size.

One can conclude from Eq. (3) that two bubbles with
di!erent gas densities have the same spectrum of growth
factors, if

o
G
<2

B
"constant. (4)

Therefore, we predict from the Kelvin}Helmholtz theory
that

<
B
J

1

Jo
G

. (5)

To con"rm this prediction, bubble velocities were esti-
mated from gas holdups. Assuming that the increase in
gas holdup in the heterogeneous regime is caused exclus-
ively by the large bubbles, we can "nd the relative change
of the large-bubble velocities at elevated system pressures
by comparing the slope of the gas holdup in the hetero-
geneous regime at elevated pressure with the slope at
atmospheric conditions. The results are shown in Fig. 4.
The curve drawn in the "gure represents the relation

<
B

<
B,!5.

"

Jo
!5.

Jo
G

. (6)

Fig. 4 shows that the experimentally observed large-
bubble velocities agree well with the theoretical curve,
Eq. (6). This provides strong evidence that the Kel-
vin}Helmholtz stability theory indeed explains the e!ect
of system pressure on the large bubbles.

Besides providing a physical explanation for the pres-
sure e!ect, the result given by Eq. (6) can also be used to
adapt existing holdup correlations for large-bubble hold-
up, that so far have ignored the pressure e!ect because
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Fig. 4. Ratio of large-bubble velocities at elevated pressure and at
atmospheric pressure, as a function of gas density, compared with the
theoretical relation by Eq. (6).

Fig. 5. Total gas holdup as a function of super"cial gas velocity,
calculated from Eqs. (7)}(11), compared with experimental data.they were based on atmospheric data or data at only

slightly increased gas densities.

2.4. Gas holdup model

As a basis we take the gas holdup model from Krishna
and Ellenberger (1996). In the homogeneous regime, the
gas holdup is described by the Richardson and Zaki
(1954) relationship:

;"<
4.!--

e(1!e), (7)

where <
4.!--

is the unhindered rise velocity of small
bubbles, described by Reilly et al. (1994) as

<
4.!--

"

1

2.84

1

o0.04
G

p0.12. (8)

For the regime transition point, Krishna and Ellenberger
(1996) used the correlations of Reilly et al. (1994):

e
53!/4

"0.59B1.5S
o0.96
G
o
L

p0.12 ,
(9)

;
53!/4

"<
4.!--

e
53!/4

(1!e
53!/4

).

The large-bubble holdup is correlated by Krishna and
Ellenberger (1996) as

e
B
"0.268

1

D0.18
T

1

(;!;
df

)0.22
(;!;

df
)4@5 . (10)

The total gas holdup in the heterogeneous regime is then
calculated from

e"e
B
#(1!e

B
)e
df

, (11)

where e
df

is the &dense phase holdup', i.e. the small-bubble
gas holdup, assumed to be equal to e

53!/4
.

Fig. 5. compares the total gas holdup, calculated from
Eqs. (7)}(11) with the experimental data for a selection of
our data. At atmospheric pressure, the Reilly et al. (1994)

underestimates that dense phase bubble holdup. The
change of large-bubble holdup with gas velocity in the
heterogeneous regime is described well. At elevated pres-
sures, however, the holdup in the heterogeneous regime is
underpredicted. The Reilly et al. (1994) correlation
underestimates e

df
at low system pressures (as noticed

before) and it overestimates e
df

at high system pressures.
We adapt the model by using Eqs. (1) and (2) to

describe the position of the regime transition point. Fur-
thermore, the correlation given by Eq. (10) is corrected
for the in#uence of pressure on the large-bubble rise
velocity, yielding:

e
B
"0.268

1

D0.18
T

1

(;!;
df

)0.22
(;!;

df
)4@5 A

o
G

o
!5.
B
0.5

.

(12)

Fig. 6 compares total gas holdup, calculated from
Eqs. (1), (2), (7), (8), (11) and (12) with experimental data.
A good agreement is obtained. For estimation of the gas
holdup in systems other than air}water, we recommend
the use of Eqs. (7)}(9), (11), and (12). Fig. 7, compares
these equations for the system air-water with our experi-
mental data. Fig. 8. compares our model predictions
from Eqs. (7)}(9), (11), and (12) with the experimental
air}water data at di!erent system pressures from Reilly et
al. (1994). The agreement is reasonably good.

3. In6uence of elevated system pressure on mass transfer

3.1. Experimental setup

A schematic of the setup for mass transfer measure-
ments is shown in Fig. 9. The bubble column is the same
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Fig. 6. Total gas holdup as a function of super"cial gas velocity,
calculated with Eqs. (1), (2), (7), (8), (11) and (12), compared with
experimental data.

Fig. 7. Total gas holdup as a function of super"cial gas velocity,
calculated with Eqs. (7)}(9), (11) and (12), compared with experimental
data.

as used for the gas holdup measurements. To measure the
dissolved oxygen concentration in the water, a micro-
processor one channel analyzer for oxygen measurement
from Orbisphere Laboratories was used. The mem-
brane of this electrode is packed in a steel housing,
therefore, the electrode can be operated at elevated sys-
tem pressure.

Water #ows from the column through a sample tube
into the sensor housing. Here it makes contact with the
sensor membrane. A minimum #ow of 2 ml s~1 is needed
since oxygen di!uses through the membrane during oxy-
gen concentration measurement. After this, the water

leaves the sensor through an outlet valve. The oxygen
sensor is at system pressure; the pressure drop to atmo-
spheric pressure is over the outlet valve. With this con"g-
uration it is possible to measure oxygen concentrations
at elevated system pressures. The inlet of the sample pipe
is widened so that the liquid velocity is well below
0.2m s~1, making sure that no gas bubbles are present in
the liquid that is sampled. Nitrogen and pressurized air
can be sparged into the column.

3.2. Method

To ensure that the gas phase concentrations are
known with certainty, two methods for dynamic oxygen
desorption are considered: (1) the saturation method with
a discontinuous switch from nitrogen to oxygen, and
(2) the pressure-step method (Linek et al., 1989, 1993).

When using the "rst method, the water is stripped by
nitrogen until the dissolved-oxygen concentration is al-
most nil. Then the nitrogen #ow is shut down, so that all
bubbles escape from the water. Then pressurized air is
sparged into the column, while simultaneously the dis-
solved-oxygen concentration in the water is monitored. If
the liquid is perfectly mixed and the oxygen depletion
from the gas bubble is negligible, the dissolved-oxygen
concentration is described by the relation

dC

dt
"k

L
a(C*!C), (13)

where k
L
a is the volumetric mass transfer coe$cient,

C the dissolved-oxygen concentration in the liquid bulk,
and C* the oxygen saturation concentration at the
gas}liquid interface. Eq. (13) can be integrated with the
boundary condition that at time t

0
(the starting point of

the experiment), the dissolved oxygen concentration in
the liquid bulk is zero. This yields:

C(t)"C*[1!e~kLa(t~t0)]. (14)

The only unknown constant in Eq. (14) is k
L
a, which can

be determined by a regression of Eq. (14) to the actual
concentration data C(t).

When using the second method, the pressure-step
method, the vessel is simply operated at the system pres-
sure and the gas velocity at which the k

L
a measurement is

desired. No gas switch is needed: pressurized air is used
during the entire measurement. After the operating con-
ditions are stable, the pressure in the vessel is elevated
5}10% by pinching of the gas-outlet valve. Due to the
higher pressure, the saturation concentration will in-
crease. After saturation, the oulet valve is opened,
causing the system pressure to decrease almost instan-
taneously to the original operating pressure. The dis-
solved oxygen concentration in the liquid bulk is again
described by Eq. (13), however with di!erent boundary
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Fig. 8. Total gas holdup as a function of super"cial gas velocity, calculated with Eqs. (7)}(9), (11) and (12), compared with experimental air}water data
from Reilly et al. (1994) at di!erent gas densities.

Fig. 9. Experimental setup for mass transfer measurements (nitro-
gen}water and air}water, column diameter 0.15 m, column height
1.22 m, system pressure ranging from 0.1 to 1.0 MPa).

conditions: at time t
0

the concentration in the liquid is
C

0
, the saturation concentration at the 5}10% elevated

pressure. Integration of Eq. (13) now yields:

C(t)"C
0
e~kLa(t~t0)#C*[1!e~kLa(t~t0)]. (15)

Again, k
L
a can be determined by a regression of Eq. (15)

to the actual concentration C(t).

3.3. Sensor response time

One can not directly use the oxygen sensor output as
representing C(t) in Eqs. (14) and (15), because the sensor
has a "nite response time. The concentration indicated
by a sensor of this type, C

4%/403
(t), is related to the concen-

tration in the liquid, C(t), as

dC
4%/403

(t)

dt
"k

4%/403
(C(t)!C

4%/403
(t)), (16)

where k
4%/403

is a sensor constant, quantifying the re-
sponse time of the oxygen sensor. Eqs. (13) and (16) can
be solved simultaneously to yield for the sensor response
in case of saturation:

C
4%/403

(t)"C*A1!
1

k
4%/403

!k
L
a
[k

4%/403
e~kLat

!k
L
ae~k4%/403 t]B, (17)

and in the pressure-step case:

C
4%/403

(t)"C*!
C*!C

0
k
4%/403

!k
L
a

][k
4%/403

e~kLat!k
L
ae~k4%/403 t]. (18)
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3.4. Assumptions

Several assumptions are made when using the satura-
tion or the pressure-step method. These are:

(1) Perfect liquid mixing: This assumption must be
ful"lled to justify for the fact that a liquid sample is taken
at just one single position in the column. The mixing time
of the liquid bulk must thus be much smaller than the
saturation time, or:

q
.*9*/'

@
1

k
L
a
. (19)

Using data from Groen et al. (1995), Ellenberger (1995)
found that the liquid circulation velocity <

#*3#
can be

correlated to the large-bubble velocity <
B

as

<
B
+

4

3
<
#*3#

. (20)

Large-bubble velocities are of the order of magnitude of
1 m s~1. Liquid circulation velocities are thus of the same
order of magnitude. Therefore, in the 0.15 m ID column
used, 1.22 m high, the average liquid circulation time will
be of the order of 1 s. This is well below 1/k

L
a, which is of

the order of magnitude of 10 s. In case of the pressure-
step method, we need only perfect mixing on the scale of
adjacent gas}liquid interfaces. This condition is met far
more easily than perfect mixing of the liquid bulk on the
scale of the entire column. We can therefore conclude
that the assumption of perfect mixing of the liquid bulk is
justi"ed.

(2) Zero oxygen depletion: Assuming <
B
"0.2 m s~1

(the velocity of small bubbles and thus the smallest
bubble velocity appearing in the column), a bubble dia-
meter of 0.004 m, and taking k

L
"5]10~4 ms~1, it can

be shown that around 10% of the oxygen present in the
bubble disappears during saturation. In case of a 10%
pressure-step, only 1% of the oxygen disappears. In the
latter case it is justi"ed to neglect the degree of oxygen
depletion, and to assume that the saturation concentra-
tion on the interface, C*, is constant throughout the
column.

(3) Instantaneous hydrodynamic buildup: The time
needed to arrive at the steady-state hydrodynamic condi-
tions after starting the measurement should be small
compared to the saturation time. In case of the saturation
method this time is unknown and might take even several
minutes. With the pressure step method, the system is
very close to the steady state. With a 10% pressure
change, all bubbles will change 10% in volume, so they
are close to their new bubble size distribution. Due to
a high coalescence and breakup frequency (De Swart et
al., 1996), it can be expected that this new equilibrium
bubble size distribution is reached very rapidly.

(4) Gas-side resistance: To "nd the e!ect of elevated
system pressure on the liquid-side volumetric mass trans-

fer coe$cient, one must be sure that the change with
changing pressure of the gas-side mass transfer coe$-
cient, k

G
a, does not in#uence the results. This condition is

met when k
G
a is much larger than k

L
a at all system

pressures of interest. The ratio k
G
a/k

L
a is approximately

equal to (Cho and Wakao, 1988, Wilkinson et al., 1994):

k
G
a

k
L
a
"

k
G

k
L

+10S
D

G
D

L

+103 . (21)

Eq. (21) holds at atmospheric pressure. The gas-side mass
transfer coe$cient k

G
is, however, inversely proportional

to the square root of system pressure (Oyevaar and
Westerterp, 1989, Wilkinson et al., 1994). Therefore, the
ratio by Assumption (2) will decline with elevated pres-
sure. For air}water, gas-phase resistance remains negli-
gible compared to liquid phase resistance at pressures up
to 10 MPa (at 10 MPa, the gas-phase resistance is still
two orders of magnitude smaller than the liquid-phase
resistance). Therefore, the k

L
a-measurements will not be

in#uenced by a changing k
G
a.

We can conclude that the liquid in the system can be
considered to be perfectly mixed on the time scale of the
k
L
a measurement. The conditions of zero depletion and

instantaneous hydrodynamic buildup are easily met by
the pressure-step method. In case of the saturation
method there is doubt about the hydrodynamic buildup.
Concluding, we can say that the pressure-step method is
the preferred method in practice. A further practical
advantage of the pressure-step method is its experimental
ease.

4. Results

Fig. 10 shows an example of the output signal of the
oxygen probe at a super"cial gas velocity of 0.058 ms~1,
at atmospheric system pressure. The continuous curve is
the "t by Eq. (18). With this "t, both k

L
a and k

4%/403
are

determined: k
L
a"0.099 s~1 and k

4%/403
"0.505 s~1. Fig.

11. shows values for k
4%/403

from all the experiments done
in this work. The average is equal to 0.5s~1. The k

L
a

values were determined again by a data "t, using this
average value of k

4%/403
.

Fig. 12 shows k
L
a as a function of super"cial gas

velocity for system pressures of 0.1, 0.2, 0.3 and 0.4 MPa,
respectively. At every value for the super"cial gas velo-
city, the k

L
a values were determined three times. At lower

pressures, deviation from the average value was well
below 10%. At 0.4 MPa, the deviation deteriorated to
approximately 20%. Fig. 12. shows the average value of
every triplet. A clear in#uence of system pressure on the
value of the volumetric mass transfer coe$cient can be
observed.

Simultaneously with the volumetric mass transfer coef-
"cient, the total gas holdup was determined. Fig. 13.
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Fig. 10. Example of a mass transfer measurement using the pressure-
step method, together with a least-squares "t of Eq. (18).

Fig. 11. Sensor constant, k
4%/403

, determined experimentally by a least-
squares "t of Eq. (18) for all measurement points at di!erent system
pressures and super"cial gas velocities.

Fig. 12. Volumetric mass transfer coe$cient, k
L
a , as a function of

super"cial gas velocity at di!erent system pressures.

Fig. 13. Volumetric mass transfer coe$cient, k
L
a, as a function of the

total gas holdup at di!erent system pressures.

shows the values for the volumetric mass transfer coe$c-
ient as a function of the total gas holdup. It can be
observed that total gas holdup uniquely determines k

L
a:

the ratio k
L
a/e is constant and equal to approximately

one half. This result con"rms the similar observation by
Vermeer and Krishna (1981) and it shows that an accu-
rate prediction of the total gas holdup is su$cient to
predict the volumetric mass transfer coe$cient in
a bubble column at elevated pressure.

Determination of k
L
a was not possible at pressures

above 0.4 MPa when using pressurized air, because the
saturation concentration of the oxygen sensor is
40]10~3 kgm~3. This problem could be overcome by
using a mixture of nitrogen/pressurized air. In this way, it
was possible to keep the saturation concentration of
oxygen in water below 40]10~3 kg m~3 at all system
pressures. Several k

L
a measurements were done at system

pressures of 0.8 and 1.0 MPa, respectively. The results are
included in Fig. 13. One can observe that the ratio k

L
a/e

is constant and equal to approximately one half, up to
system pressures of 1.0 MPa.

At gas holdups larger than 35%, the scatter in k
L
a

increases. The reason is that at higher gas holdups, the
value of k

L
a approaches that of k

4%/403
. In this case the "t

of Eq. (18) becomes inaccurate for determination of k
L
a.

The method works best when k
L
a is less than say one half

of the value of k
4%/403

. The accuracy and the range of k
L
a

values is therefore limited by k
4%/403

, which should be as
high as possible. Sensors with high k

4%/403
however have

a low oxygen saturation concentration. If pressurized air
is used as gas phase, this means that the system pressure
at which the probe can be used is limited. This problem
can be overcome with the concept of dilution of air with
nitrogen, as presented above. In this way, sensors with
low saturation concentrations (but fast response) can be
used at any system pressure desired.

For the estimation of the volumetric mass transfer
coe$cient at elevated pressure, the result k

L
a/e"0.5 can

be used, together with the model for the total gas holdup
developed in this work.
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5. Conclusions

The in#uence of elevated system pressure on gas hold-
up and mass transfer in bubble columns has been studied.
Experimental gas holdup data were obtained in a column
operated at system pressures up to 1.3 MPa.

The in#uence of gas density on the regime transition
point in a nitrogen}water system can be described with
Eqs. (1) and (2). The correlations of Reilly et al. (1994) for
the transition point are closer to these values than the
correlations of Wilkinson et al. (1991, 1992). The Reilly et
al. (1994) correlation however underestimates e

53!/4
at

0.1 MPa, and it overestimates e
53!/4

at the upper end of
the pressure range investigated.

Based on a Kelvin}Helmholtz stability analysis of the
gas}liquid interface, the rise velocity of large bubbles was
predicted to be inversely proportional to the square root
of the gas density. Based on this insight, the correlation
for large-bubble holdup from Krishna and Ellenberger
(1996) was adapted to account for this e!ect.

A model for total gas holdup was formulated. It was
based on Krishna and Ellenberger (1996), using Eqs. (1)
and (2) to describe the position of the transition point for
the nitrogen}water system, and using our insights about
the in#uence of pressure on large-bubble velocity to
adapt the correlation for large-bubble holdup. A good
agreement was found between the model and the total
gas holdup data obtained in this work. For systems other
than air}water, we recommend the correlation of Reilly
et al. (1994) for the regime transition point.

Using the dynamic pressure-step method of Linek et
al. (1989, 1993), the volumetric mass transfer coe$cient
was determined at system pressures of 0.1}1.0 MPa. The
assumptions made (perfect liquid mixing, zero depletion,
fast hydrodynamic buildup) were satis"ed easily using
this method under the conditions studied. The method
was adapted for usage at high system pressures.

A strong in#uence of system pressure on k
L
a was

found. The increase of k
L
a with increasing pressure was

shown to be caused by the increase in total gas holdup:
the ratio k

L
a/e was shown to be constant and to have

a value of approximately one half.
This insight, together with the model for holdup at

elevated pressure, enables one to predict mass transfer
coe$cients at di!erent system pressures in gas}liquid
bubble columns.
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Notation

a gas}liquid interfacial area per unit liquid vol-
ume, m~1

B constant in the Reilly et al. (1994) correlation,
Eq. (9), dimensionless

c wave velocity of disturbance on gas liquid
interface, m s~1

C liquid oxygen concentration, 10~3kg m~3

C
0

liquid oxygen concentration at start of
measurement, 10~3kgm~3

C* oxygen saturation concentration, 10~3

kgm~3

C
4%/403

oxygen concentration indicated by sensor,
10~3kgm~3

d bubble diameter, m
d
s

Sauter mean diameter of bubble, m
D

G
oxygen di!usivity in gas, m2s~1

D
L

oxygen di!usivity in liquid, m2s~1

D
T

column diameter, m
g gravitational constant, m s~2

k wave number, m~1

k
G

gas-side mass transfer coe$cient, m s~1

k
L

liquid-side mass transfer coe$cient, m s~1

k
4%/403

sensor response constant, s~1

N stability parameter, dimensionless
t time, s
t
0

time at start of mass transfer measurement, s
; super"cial gas velocity, m s~1

;
df

super"cial gas velocity in the dense phase,
m s~1

;
*/4

super"cial gas velocity at instability point,
m s~1

;
48!3.

bubble swarm velocity, m s~1

;
53!/4

super"cial gas velocity at transition point,
m s~1

v
G

#uid velocity at gas-side of interface,ms~1

v
L

#uid velocity at liquid-side of interface, m s~1

v
r

relative velocity between gas and liquid at
interface, m s~1

<
B

large-bubble velocity, m s~1

<
B,!5.

large-bubble velocity at atmospheric pres-
sure, m s~1

<
#*3#

liquid circulation velocity, m s~1

<
4.!--

small-bubble velocity, m s~1

Greek letters

e total gas holdup, dimensionless
e
B

large-bubble gas holdup, dimensionless
e
df

small-bubble gas holdup, dimensionless
e
*/4

gas holdup at instability point, dimensionless
e
53!/4

gas holdup at transition, dimensionless
k
L

liquid viscosity, Pa s
o
!5.

gas density at atmospheric pressure, kgm~3

o
G

gas density, kgm~3

H.M. Letzel et al. /Chemical Engineering Science 54 (1999) 2237}2246 2245



o
L

liquid density, kgm~3

o
4:4

gas density at system pressure, kgm~3

p surface tension, Nm~1

q
.*9*/'

mixing time of liquid phase, s

Subscripts

0 referring to time t"0
atm atmospheric conditions
df referring to dense phase
B referring to large bubbles
G referring to gas phase
ins at instability point
¸ referring to liquid phase
sys referring to system pressure
small referring to small bubbles
swarm referring to bubble swarm
trans referring to regime transition point
¹ referring to tower or column
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