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Abstract

The gas holdupg, and volumetric mass transfer coefficiekita, were measured for the air—-water system in bubble columns of three
different diameters, 0.1, 0.15 and 0.38 m. The superficial gas veldeitgs varied in the range 0-0.35 mtsspanning both the homogeneous
and heterogeneous flow regimes. The gas hokdsipows a small decrease with increased column diameter; this effect is due to increased
liquid recirculations with increasing scale. The volumetric mass-transfer coeffikiantlosely follows the trend in gas holdup. Rde> 0.08
m s71, the value ok_a/s was found to be practically independent of column diamanersuperficial gas velocity; the value of this parameter
is found to be about 0.48&. Our studies provide a simple method for estimatiot,@fin industrial size bubble columns operated at high
superficial gas velocities.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction 2. Experimental set-up and procedure

Bubble columns are widely used in industry for carrying Experiments were carried out in columns of 0.1, 0.15 and
out a variety of chemical reactions such as hydrogenations,0.38 m in diameter. Air was used as the gas phase. The liquid
oxidations and the Fischer—Tropsch synthesis. For successphase used in the experiments consisted of demineralised
ful scale up of these processes it is necessary to be able tavater. In all the experiments the initial liquid height was
estimate the hydrodynamics and mass transfer performancekept constant at 1.6 m. A typical column configuration for
as a function of column diameter. Many recent experimen- the 0.15 m diameter column is showrfiig. 1 Each column
tal studies have emphasised the strong influence of columnhad a 1 mnthick brass plate gas distributor with perforated
diameter on bubble column hydrodynamids-10]. While holes of 0.5 mm diameter on a triangular pitch of 7 mm.
there have been several studies of mass transfer in bubbldn the 0.15 m diameter column a total of 625 holes were
columns[11-16] not a single paper has focussed on the in- drilled; for the 0.38 m diameter column the distributor plate
fluence of scale. had 2750 holes. The rate of airflow into all columns was

The main objective of our paper is to investigate the in- regulated by the use of rotameters aligned in parallel, while
fluence of column diameter on the value of the volumet- nitrogen (used as for stripping out the dissolved oxygen) flow
ric mass transfer coefficiert, a and to suggest a scale up was controlled by the use of a manually operated control
strategy for commercial scale reactors. We carried out ex- valve. For the determination of gas holdup, pressure taps
periments in columns of three different diameters with the were installed along the height of the columns. Two of these
air—water system to study the scale dependence of both thaaps were connected to pressure ports on a Validyne DP15
gas hold-up and mass transfer. pressure transducer, which was in turn coupled to a PC via

an analogue to digital converter consisting of the pressure
transducer and a voltmeter, as showrFig. 1
To determine the gas holdup, the gas flow rate into the
mspondmg author. Tels31-20-525-7007: column was aquusted_to the desired value using one of the
fax: +31-20-525-5604. rotameters. Prior to this, the rotameters were calibrated. Suf-
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Fig. 1. Typical experimental set-up for the 0.15 m diameter column.

each column after which the increase in liquid pressure at described in our earlier workl5]. The dissolved oxygen
the higher of the two pressure taps used was recorded. Thisconcentration is measured by means of an oxygen electrode
increase occurred due to the presence of gas bubbles in th€Yellow Springs Incorporated Model 5331), which is con-
column, causing the upward displacement of the liquid. The nected via an ammeter to an analogue-to-digital converter
measured pressure signals, obtained in the form of voltagecard located in the PC. The oxygen electrode is placed in the
readings were interpreted to obtain information on the gas bubble column at a distance of 0.1 m above the gas distrib-
holdups. utor; seeFig. 1 The application of a 0.13 g mt KCl solu-

The volumetric mass transfer coefficiekita was mea- tion between the between the tip of the sensor and an outer
sured by means of the dynamic oxygen absorption method,membrane, ensured its sensitivity to the presence of oxygen.

(a) Sensor response (b) Oxygen absorption dynamics
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Fig. 2. (a) Dynamic response of oxygen sensor obtained in a glass beaker bubbled with oxygen. (b) Typical oxygen absorption curves for bubble column:s
of 0.1 and 0.38 m diameters operatingla&=0.14 m s1.
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(a) gas hold-up vs U (entire data range) (b) gas hold-up vs U (low velocity range)
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Fig. 3. Gas holdup as a function of superficial gas velocity, obtained in three columns. (a) Entire data set. (b) Focus on the values obtained at low
superficial gas velocities.

Firstly, the oxygen was stripped from water almost com- of the oxygen sensor was determined before each set of ex-
pletely by injection of pure nitrogen through the distributor. periments by instantaneously inserting the oxygen electrode
When all the oxygen has been stripped out, air was spargedn a beaker of water that was saturated with oxygen by the
into the column and the oxygen uptake into the liquid phase continuous bubbling of oxygen gas into it. Prior to this, the
was monitored continuously by means of the oxygen sen- sensor was placed in a beaker of water from which oxygen
sor. The total measurement time was chosen large enougthad been completely stripped off with nitrogen and in which
in order to reach the oxygen saturation concentrafn, nitrogen was continuously bubbled. A typical dynamic re-

Assuming the liquid phase to be perfectly mixed, the sponse for the oxygen sensor is showrFig. 2 (a). The
dissolved-oxygen concentrati@his described by the rela- sensor constaritsensorwas then determined by fitting the

tion: response to the relation:
¢ =1-— - £ =1- e—ksensof (2)
Vol T — T a1 c*
C ksensor— kLaL
% [ksensoﬁ—kwu —kLaL e—ksensof] Q) In the example shown iRig. 2(a), ksenso= 0.45 1. The

membrane surrounding the oxygen electrode was replaced
wherek; a_ is the volumetric mass transfer coefficient per frequently and the sensor constant determined for each mem-
unit volume ofliquid in the bubble column an#sensoris brane. The value dfsensorwas found to vary in the range
the time constant of the oxygen sensor. The time constant0.4-0.46 s; this value is significantly higher than the value
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Fig. 4. Variation of gas holdup and volumetric mass transfer coefficidata with superficial gas velocity. (a) 0.10 m column, (b) 0.15 m column,
and (c) 0.38 m column.
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1.0 recirculations with increasing column diame{&t6,9]. In
earlier work we had used CFD models to underline the in-
fluence of column diameter on gas holdup in both homoge-

08 neous[9] and heterogeneous flow regimést].
_ The volumetric mass transfer coefficidqta follows the
o 06 same trend as for the gas holdup; $ég. 4. In Fig. 5we
N o plotk_a/e as a function ofJ for the three column diameters.
% Dcﬁé%gﬁ@@@%ﬁ ng A There is no significant dependencekpf/e on the column
= 04r B diameter for the whole range bfvalues. For superficial gas
© Dr=01m velocities below 0.08 ms', the value ofk_a/e drops from
0.2 A Dr=015m a value of 0.8 51 to a value of 0.5 3! for all three column
g Dr=038m diameters. Fot)>0.08 m s, k_a/e is practically indepen-
N dent of gas velocity and column diameff; the value of
"0.0 0.1 0.2 0.3 0.4 this parameter is found to be about 0.48 sThe physical
o _ significance of the parametkra/e is that it represents the
Superficial gas velocity, Um/s] volumetric mass transfer coefficient per unit volume of bub-
Fig. 5. Variation ofk ale with superficial gas velocityJ for bubble bles. One interpretation of the constancykod/ is that the
columns of 0.1, 0.15 and 0.38 m diameters. effective bubble diametet, is independent of the gas ve-

locity. Vermeer and Krishnfl6] were the first to point out
of k_ ay determined from the oxygen absorption. Two exam- the constancy ok a/e in the heterogeneous flow regime.
ples of the oxygen absorption dynamic curves in the bubble However, the constancy of the effective bubble diamdger
columns of 0.1 and 0.38 m, both operating at a superficial in the heterogeneous flow regime can be rationalised only
gas velocityU =0.14 m s1 are shown irFig. 2 (b). By fit- if we take account of the fact that frequent coalescence and
ting these curves t&q. (1) takingksensor= 0.45 s! yields breakup of the “large” bubbles causes the effective bubble
k.a, =0.223 and 0.15873 for the 0.1 and 0.38 m columns, diameter to be maintained at a low, constant, value; this con-
respectively. The commonly used volumetric mass transfer clusion was reached earlier by De Swart et[&¥] on the
coefficient per unit volume of (gadiquid) dispersion, is basis of video imaging experiments in a 2D slurry bubble

then calculated from column.

kra = kLa (1 —¢) (3)

wheree is the gas holdup. 4. Re-analysis of experimental data of Jordan and
Schumpe [13]

3. Experimental results for scale influence Jordan and Schumgé3] have studied mass transfer co-

efficients at various gas densities in the range 0.19-47 kg
The gas holdug is found to decrease slightly with in-  m~2 using a bubble column of 0.1 m diameter. We have
creasing column diameter; ségy. 3. This decrease in gas re-analysed their set of experimental data using 1-butanol as
hold-up, evident in both the homogeneous (eg 3 (b)) the liquid phase. Both gas holdupandk_ a_ are found to
and heterogeneous flow regimes, is due to increased liquidincrease significantly with increased gas densitiesFages
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Fig. 6. Gas holdup and mass transfer data of Jordan and Schi8pebtained in a 0.1 m diameter column with 1-butanol as the liquid phase. (a)
Variation of gas holdug with superficial gas velocity). (b) Variation ofk_a_ with U. (c) Variation ofk_a/e with U.
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(a) and (b). This result is in agreement with the work of Let-
zel et al[15]. From the data of Jordan and Schunfip& we
have calculatedk( a/e) =k_a (1—¢)/e; the data have been
plotted inFig. 6 (c). We note thatl{ al¢) is practically in-
dependent of the gas velocity and gas density; the value
of this parameter is found to be around 0.45 sslightly
lower than the value 0.48$ found in our experiments. This
lower value could be due to the lower diffusivity of oxygen
in 1-butanol than in water. This result also seems to agree
with the those obtained by Letzel et f5], at varying sys-
tem pressures.

5. Conclusions

We have measured the gas holdgy@nd volumetric mass
transfer coefficienty a, for the air—water system in columns
of three different diameter®1 = 0.1, 0.15 and 0.38 m. Both
¢ andk_ a show similar trends with varying andD+. An
interesting, and important, finding of this work is that, for
U>0.08 m s, the value ofk_a/e was found to be prac-
tically independent of column diametand superficial gas
velocity U. The experimental data of Jordan and Schumpe
[13] also show thak; a/s is also independent of gas density.
The findings of the work reported our paper provide a use-
ful scale up rule for estimating the mass transfer coefficients
for bubble columns of large diameter, operated at high gas
velocities at elevated pressures.

Appendix A. Nomenclature

a_ gas—liquid interfacial area per unit liquid
volume (nT1)

a gas—liquid interfacial area per unit
(gastliquid) dispersion volume (m?)

dp diameter of bubble (m)

C oxygen concentration in the liquid phase
(arbitrary units)

C* saturation concentration of oxygen in liquid
(arbitrary units)

Dt column diameter (m)

kL liquid-side mass transfer coefficient (m3

Ksensor sensor response constart{s

t time (s)

U superficial gas velocity (ms)

Greek letters

3 total gas hold-up (dimensionless)

0G gas density (kg m3)

579
Subscripts
b referring to bubbles
L referring to liquid
T tower or column
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