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Interfacial Area, Bubble Coalescence and 
Mass Transfer in Bubble Column Reactors 

Relationships are developed for determining interfacial areas as a function of 
bubble coalescence and for predicting liquid-film-controlled mass transfer in deep 
seal bubble column reactors. Interfacial area is inversely dependent on mean 
bubble size; the mass transfer constant is directly dependent on bubble size. A 
correction for enhancement due to liquid-phase reaction must be applied, and 
enhancement is shown to decrease with increasing bubble size. 

Experimental measurements on the catalyzed rate of oxygen absorption from 
air in aqueous sodium sulfite solutions were made in a 0.299 m diameter X 9.14 
m high glass column. Water and aqueous solutions of a surfactant and corn syrup 
were used to simulate ranges of surface tensions, densities, and viscosities. Per- 
forated plates with 0.00635-m holes and 2.85% open area were inserted at 1.524-m 
spacing on half of the experimental runs to show the effects of gas redispersion. 
Two-phase flow velocities were adjusted to cover ranges of interest in full-scale, 
commercial bubble column reactor design. 

D. N. MILLER 
Engineering Department 

E. 1. du Pont de Nernours and Co., Inc. 
Wilrnington, DE 19898 

SCOPE 

Reactions in which gas-liquid contacting is required for in- 
terphase mass transfer of a reactant are often carried out in deep 
seal bubble columns. Although reaction occurs in the liquid 
phase, the interphase mass transfer step is often a rate-limiting 
consideration in these systems. 

The size requirement for reactors of this type is continually 
increasing, and reliable scale-up of performance from small- 
scale test data is a problem of ever-increasing importance. 

Characterization of liquid-film-controlled mass transfer in- 
volves determination of two parameters: interfacial area a and 
the mass transfer constant k ~ .  Interfacial area decreases in deep 
seal contacting with increasing distance from the initial point 
of dispersion as bubble coalescence occurs. The overall mass 
transfer coefficient, which is the product kLa, can decrease by 
an order of magnitude or more through a 10-m contacting zone 
as the result of bubble coalescence. 

The mass transfer constant can be considerably enhanced 
over the value for purely physical absorption, where there is 
liquid-phase reaction. This effect increases with increasing 
reaction rate and is most pronounced when all the reaction oc- 
curs in the liquid film at the phase interface. 

Two studies on the prediction of interfacial area and mass 
transfer in gas-liquid contacting have been reported in the re- 
cent literature (Bhavaraju, Russell and Blanch, 1978; Mersmann, 
1979). Both are based on smallscale test work and are useful for 
relatively low two-phase holdup times. They do not, however, 
cover changes that occur with bubble coalescence as holdup 
times are extended in deep seal contracting. 

Calderbank et al. (1962) studied bubble coalescence in a 
cross-flow contactor. A rectangular column 0.1016 X 0.1016 m 
square in cross section and 3 m high was used. Gas was sparged 
in at the bottom; and liquid fed uniformly through one side over 
the full column height and withdrawn through the opposite 
downstream side. With this system balanced for uniform flows, 
aeration and interfacial areas were measured by light trans- 
mittance and gamma ray radiation techniques. Bubble coales- 
cence was found to follow a first-order rate dependence on 
bubble concentration. 

This study was undertaken to develop design procedures for 
predicting mass transfer performance in bubblecolumn reactors 
with two-phase cocurrent upflow, which is the configuration 
most common in industrial practice. 

CONCLUSIONS AND SIGNIFICANCE 

A procedure has been developed for predicting liquid-film- 
controlled mass transfer in deep seal reactors where transfer 
of a reactant occurs between gas and liquid phase in cocurrent 
upflow. 

Interfacial areas were found to be dependent on bubble co- 
alescence which in turn follows a first-order dependence on 
bubble concentration. The first-order constant or frequency for 
bubble coalescence was correlated with two-phase velocity. The 
correlation has been developed for ranges of liquid-phase sur- 
face tensions, densities, and viscosities commonly found in oM)1-1541-83-6671-0312-$2 00 Q The American Institute of Chemical Engineers, 1983 
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practice and for both open columns and columns with perfo- 
rated plates for gas redispersion. 

Both interfacial areas and the enhanced mass transfer coef- 
ficients were obtained directly from mass transfer and aeration 
measurements in the cobalt-catalyzed oxidation of aqueous 
sodium sulfite solutions. Data on the rate constant and oxygen 
diffusivity for this model reaction system were taken from the 
literature (Linek, 1971; Reith, 1968). A rate dependence en sulfite 
concentration was observed and a correction factor to the rate 
expression obtained by trial and error best fit to overall per- 
formance. The “chemical method” used in this analysis was 
confirmed by checking interfacial areas calculated from the 

correlation that was developed against the independent mea- 
surements made by Towell et al. (1965). 

A few experimental measurements were made of mass 
transfer and aeration in copper-catalyzed oxidation of aqueous 
sodium sulfite solutions to show the comparison with a slower 
liquid-phase reaction effect. Enhanced mass transfer coeffi- 
cients and chemical rate constants for the copper-catalyzed 
system were obtained using these data and interfacial areas 
calculated via the correlation discussed previously. 

The enhanced mass transfer coefficients were found to be 
dependent on mean bubble size, and correlations were devel- 
oped for both oxidation systems. 

THEORETICAL BACKGROUND 

Flow Regime 

The two-phase flows in this study were chosen to cover condi- 
tions common in deep seal reactors, where gas-liquid contacting 
and mass transfer can influence overall rates. 

Two vertical, two-phase flow pattern studies are reported in the 
recent literature. Cichy, Ultman and Russell (1969) modified the 
air-water chart developed by Govier et al. (1957) to include the 
effects of variations in physical properties. Oshinowo and Charles 
(1971) provide an independent analysis. 

Both developments are based on data obtained in 0.0254 m i d .  
vertical pipes, and the gas and liquid rates were substantially higher 
than those of this study. By Govier’s classification, the flows of this 
study fall in the bubble, bordering on slug flow regimes. By Oshi- 
nowo’s nomenclature, the flows are in the quiet and dispersed slug 
flow regimes. Quiet slug flow is defined as gas movement in large, 
well-defined bullet-shaped bubbles. Dispersed slug flow is de- 
scribed as similar but with froth formation at the trailing edges of 
the bubbles. 

Aeration 

A review of correlations reported in the literature for gas holdup 
in vertical two-phase flow along with recommendations on the 
preferred calculation procedure is available elsewhere (Miller, 
1980). 

Interfacial Area 

Interfacial area determined in the various experimental runs of 
this study was determined by the “chemical method.” This pro- 
cedure is reviewed in standard texts (Pigford et al., 1975; Danck- 
werts, 1970). Briefly, this involves measurement of a liquid-film- 
controlled gas absorption accompanied by rapid depletion of the 
solute through reaction in the liquid film. The following simple 
mathematical representation is applicable presuming the film 
thickness to be very large relative to the depth of penetration of 
solute: 

d2c 

dx2 D-- kncn = 0 

The solution of this expression (with the boundary condition c = 
0 at x = m) for the concentration gradient evaluated at the inter- 
face, yields 

from which, 
N 

n =  (3) 

If the reaction kinetics and solute diffusivity are known, interfacial 
area can be calculated from mass transfer measurements via Eq. 
n a. 

The absorption of oxygen in aqueous sodium sulfite solution 
catalyzed with cobaltous sulfate has been used as the model system 
for this determination. There is a long history associated with the 
use of catalyzed sodium sulfite oxidation for this purpose. Linek 
(1981) provides an excellent review and comprehensive bibliog- 
raphy. Cupric sulfate used as a catalyst in early studies (Cooper 
et al., 1944; Yoshida et al., 1960, Westerterp et al., 1963) was found 
to be much less effective and reliable for this purpose than cobaltous 
sulfate (de Waal and Okeson, 1966; Linek, 1966). 

The sulfite oxidation has been determined to be first-order de- 
pendent on cobalt concentration and second-order dependent on 
oxygen below a partial pressure of 105 Pa (Linek, 1970). At higher 
oxygen partial pressures, there is a shift to first-order oxygen de- 
pendency. Temperature and pH are also important control vari- 
ables. The relationship developed by Linek (1971) for the low- 
pressure rate constant with a sulfite concentration of 0.795 kg- 

. 

mo1.m-3 foiiows: 

0.6 +0.04 t 
kz = 0.1440 X ~ O ’ ’ C C ~ + +  

Most of the work in this field has been done with 0.795 kgmol- 
m-3 sodium sulfite. Wesselingh and Van’t Hoog (1970) noted an 
increase in k2 with decreasing sulfite concentration, however, and 
attributed this to an inhibiting effect of sulfite on oxygen solubility. 
Linek (1971) later showed this explanation to be insufficient and 
suggested that the effect could be partially the result of rate in- 
hibiting impurities present in the sulfite. More recently, this latter 
explanation has come into question, and Linek (1981) concludes 
that the sulfite effect “has not yet been properly investigated and 
described. ” 

In this study, the negative dependence on sulfite concentration 
was also observed and a multiplying factor extracted for Eq. 4 
which provides the best overall fit to the data. As an independent 
check on the validity of this expression, the final correlation de- 
veloped for interfacial area was tested against the results reported 
by Towell et al. (1965). Towell’s interfacial area determinations 
were made by photographing air-water dispersions in cocurrent 
upflow through a vertical glass column and then scaling dimensions 
of the individual bubbles on the photographs. 

Bubble Size 

Mean bubble size is related to aeration and interfacial area as 

DBM = W/a  (5) 

follows: 

Lehrer (1971) discusses the prediction of bubble size produced 
at the orifices of a sparger. He notes, however, that the relatively 
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large sizes predicted are really conceptual since breakup is almost 
immediate. In this study, results were found to correlate best with 
a minimum, initial bubble size. This minimum size is produced in 
the close vicinity of the sparger by the shearing action of the liquid 
feed. Coalescence then proceeds as the bubbles move upward. This 
conclusion is supported by the observation of Towell et al. (1965) 
that different sparger designs in their equipment had no effect on 
bubble size. Liebson et al. (1956) show the minimum bubble size 
for air-water to be 0.00450 m. 

Mass Transfer 

is characterized by the Boussinesq (1905) equation, 
Ideally, mass transfer between phases in gas-liquid contacting 

- 

The Peclet number ( N p e  = D B M U ~ / D )  contains the terminal 
bubble velocity of rise, which can be calculated from Mendelson's 
(1967) wave equation, 

0.5 
Ut = - (7) 

In practice, however, the mass transfer coefficient in the Sher- 
wood number ( N S h  = kLDBM/D) is dependent on mean bubble 
size. As bubble size increases, kr. increases because of increased 
interfacial fluctuations and distortions. Smaller bubbles tend to 
approach rigid spherical configurations for which kL is smaller. 
The experimental kL's determined in this work have been referred 
to the correspoding values calculated from Eq. 6. These reduced 
ktvalues, which can be used as correction factors in Eq. 6, have 
been correlated with DBM as will subsequently be discussed. 

EXPERIMENT 

Apparatus 

The equipment used in this study was the same as in the gas holdup and 
pressure drop work reported earlier (Miller, 1980). A schematic is shown 
in Figure 1 Air and liquid feeds were passed through a 0.229-m diameter 
X 9.14-m-high glass column in cocurrent upflow Vertical two-phase flow 
behavior is influenced by pipe size for diameters up to 0.1524 m as shown 
by Fair (1962) and Akita (1973). The 0.229-m diameter was chosen large 
enough to avoid any influence of wall effects on performance. Air was in- 
troduced through a 0.1270-m diameter 0.01270-m Schedule 40-pipe ring 
sparger with 96 0.003175-m diameter holes on the underside of the pipe. 
Liquid feeds were pumped in through a nozzle centered in the bottom head 

0229m 1D.GIas 
Column. 6 1524 m 

Sunpla, Tmpratur. / d PrsS",. 1- 

S c h d .  40 Ring 
Spsrpn.96.0.003175 m 
noi- 

Figure 1. Equipment Schematic. 

of the column. The gas-liquid effluent from the top of the column was put 
to a 5.68 m3 hold tank, where gas disengaged and was vented. Liquid was 
then recirculated to the bottom of the column with a 0.00315 m3s-l pump. 
Both gas and liquid feed rates were measured with rotameters. Pressure 
was measured with Bourdon gages at top and bottom of the column, and 
temperatures were measured with in-line thermometers. 

The column was built in six 1.524-m-high flanged sections. Nozzles at 
the top of each section and at the pump were used for liquid sampling. 

During the last half of the experimental program, perforated plates were 
installed between the column sections. Each plate had thirty-seven 
0.00635-m holes on 0.0349-m triangular spacing. 

Procedure 

The tank was charged with the liquid to be tested containing 0.8 k g  
mo1.m-3 of NazS03 along with an oxidation catalyst. 

A sample was taken of the tank mix and the pH determined. Air and 
liquid feeds were turned on to the column and rates adjusted to the desired 
settings. After equilibration, liquid samples were taken at each of the five 
positions in elevation on the column and at the feed point. Temperature 
and pressure readings were taken and the feeds then shut off. Aeration in 
the column was determined by measuring the static height of clear liquid 
after gas disengagement. 

The samples were analyzed for sodium sulfite contents by the idiometric 
titration. The cumulative oxygen interphase mass transfer rate to each 
sample point was then calculated from the corresponding measured de- 
pletion of sulfite ion concentration. 

Pressure at each sample point on the column was calculated by the 
method outlined earlier (Miller, 1980). The corresponding oxygen partial 
pressure in the gas phase was calculated by overall material balance, al- 
lowance being made for the saturation water content. 

The mean driving force for oxygen mass transfer to each position in el- 
evation on the column was calculated by graphically integrating the area 
under the plot of oxygen partial pressure vs. column height for each ex- 
perimental run. 

The Henry's Law coefficient for oxygen in the liquid being tested was 
calculated from, 

(8) 

which was fit to the experimental data reported by Linek (1971). Based 
on data available in the International Critical Tables (1928), H h  was in- 
creased by 20% for those liquids tested with viscositi& in excess of 0.01 
P a s  

Overall liquid film controlled mass transfer coefficients were calculated 
assuming zero oxygen concentration in the bulk liquid: 

(9) 

Air and four different liquids were tested in the open column. The liquids 
included water, water with 0.005% Triton X-100, water with 40% corn 
syrup, and water with 60% corn syrup. The column with perforated plates 
was also tested with air and four different liquids. In this case, the first three 
liquids were repeated; the fourth was water with both 0.005% Triton X-100 
and 40% corn syrup. The Triton X-100 surfactant was used to simulate 
lower surface tensions; corn syrup for higher density and viscosity. The 
ranges of these variables covered were: 0.030 to 0.064 N-m-'; 1,OOO to 1,280 
k g ~ n - ~ ;  and 0.0005 to 0.054 Pps. 

The air-water runs were made at four gas rates at each of three liquid 
rates. Superficial liquid velocities averaged 0.00508, 0.01372, and 0.0503 
m0s-l; superficial gas velocities averaged 0.00559, 0.0300, 0.0625, and 
0.1803 m-s-'. All other runs were made at an average superficial liquid 
velocity of 0.01372 ms-', each with four gas rates which averaged 0.00610, 
0.0310, 0.0630, and 0.1814 m-s-1. 

The oxidation catalyst used for the major portion of this test work was 
0.000550 N cobaltous sulfate. The runs with water and water with 0.005% 
Triton X-100 were repeated with 0.001 N cupric sulfate as the catalyst to 
get comparative rate information. 

Ho, = exp(12.907 - 2832/T - 9.665cso3= + 3,181cso3= / T )  

kLa = Ho2N02RT/(1 - S ) V I P O ~ ~  

Analysis of Results 

Interfacial Area 

Interfacial areas were calculated for the various runs from the 
mass transfer rate and aeration measurements using Eqs. 3 and 4. 
The molecular diffusivity for oxygen in sulfite solutions in Eq. 3 
was calculated from (Reith, 1968), 

(10) Do2 = 0.795 X lO-TT/p 
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TABLE 1. INITIAL BUBBLE SIZE 
Air-Liquid System Dan. m 

Water 
Water with 0.005% Triton X-100 
Water with 40% Corn Syrup 
Water with 60% Corn Syrup 

0.00450 
0.00400 
0.00475 
0.00500 

The absorption of oxygen from air in aqueous sulfite solutions 
being a liquid film controlled rate process, the mean oxygen con- 
centration at  the liquid interface for use in Eq. 3 was obtained 
from: 

cciw = Po,,/HozRT (11) 

Mean bubble size for each run was next calculated from aeration 
and interfacial area using Eq. 5. 

Mean bubble sizes were observed to increase up through the 
aerated column as the result of bubble coalescence. Presuming 
coalescence to occur as a first-order rate dependence on mean 
bubble concentration, 

NBM = NBO expj-fo) (12) 

0 = 4VTp/rrd2uTp (13) 

(14) 

Two-phase holdup time is calculated from, 

and two-phase velocity from, 

UTP = 4(wg/Pg + W1/Pl)/rrd2 

Bubble concentrations for either mean or initial conditions are 
obtained from, 

N B  = 6 4 / ~ D i  (15) 

Bubble coalescence frequencies back-calculated from Eq. 12 

TABLE 2. COALESCENCE FREQUENCY CONSTANTS 
CI? c2. 

Column Air-Liquid System pm-1 ~2.m-z 

Open Water 
Water with 0.005% Triton X-100 
Water with 40% Corn Syrup 
Water with 60% Corn Syrup 
Water with 0.005% Triton X-100 and 

40% Corn Syrup 
Plates Water 

Water with 0.005% Triton X-100 
Water with 40% Corn Syrup 
Water with 0.005% Triton X-100 and 

40% Corn Syrup 

0.850 
0.500 
1.OOO 
1.055 
0.535 

0.700 
0.1765 
0.760 
0.250 

1.890 
1.255 
2.55 
2.70 
1.245 

1.500 
0.255 
1.615 
0.505 

for all the experimental data were plotted versus two-phase ve- 
locity. NBM was obtained using the measured values of DBM in Eq. 
15; NBO,  using the minimum air-water bubble size DBO from 
Liebson et al. (1956). Slightly different DBO values were found to 
provide the best fit for the other air-liquid systems studied. Mini- 
mum initial bubble sizes for the various systems are shown in Table 
1. 

The correlation of coalescence frequencies with two-phase ve- 
locities was also substantially improved by correcting kz for sulfite 
concentration. The final form of Linek’s (1971) equation for kz with 
the correction factor providing the best fit to all the data is, 
kz = [0.263 - 0.15oOC~0,,=] 

x l o ~ ~ c ~ o t t  - 7.9 + 0.04t]z 
0.6 + 0.04t 

exp [-8450 (l- T L)] 293 (16) 

Mean values of sulfite ion concentration in this study ranged from 
0.1 to 0.7 k g - m ~ b m - ~ .  

0.14 I 1 1 I I I I I I 
Curve Svitem 

1 OpenColumn , Air-Water 
2 Open Column , Alr4 .005% Triton X-100 in Water 
3 Open Column , Aor40% Corn Syrup in Water 
4 Open Column , Air-60% Corn Syrup In Water 
5 O w n  Column , A114.005% Triton X 100 and 40% Corn Syrup in Water 
6 Column with Plater , Air-Water 
7 Column with Plates . Air4 .005% Triton X 100 In Water 
8 Column with Plater , A i r 4 0 %  Corn Syrup in Water 
9 Column with Plates . A i r 4  005% Triton X 100 and 40% Corn Syrup in Water 

0 
0 002 004 006 0.08 0 10 012 014 016 018  0 20 

TWO phase Vetocity UTp,rns-l 

Figure 2. Coalescence frequency vs. two-phase velocity. 
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Pt System 
OpanColumn , Air-Water 

x Omn Cdumn . Air-O.OOS% Triton X-100 in Water 
4- Open Column , A i r 4 0 %  Corn Syrup in Water 
0 Open Column , Ai1-60% Corn Syrup in Water * Open Column , Air-O.OOS% Triton X-100 md 40% Corn Syrup in Water 
@ Column with Plates , Air-Water 
8 Column with Plates , Air4).005% Triton X-100 in Water 
8 Column with Plates , Air-40% Corn Syrup in Water 
@ Column with Plates , Air-O.005% Triton X-100 and 40% Corn Syrup in Water 

100 

0 
0 100 200 300 400 500 600 700 800 

a C ~ ~ ~ ,  

Flgure 3. Experimental vs. calculated Interfacial areas for the data of this study. 

The coalescence frequency vs. two-phase velocity curves are 
shown in Figure 2. As expected, the values differ for the open 
column and the column with perforated plates, as well as for each 
of the gas-liquid systems studied. 

The coalescence frequencies have the following dependence on 
two-phase velocity, 

(17) 
and the constants for each system are given in Table 2. 

The open column frequencies for water with 0.005% Triton 
X-100 and 40% corn syrup were obtained from the data taken in 
the bottom column section under the first plate on the runs made 
with perforated plate inserts. 

The plot of experimental versus calculated interfacial areas in 
Figure 3 shows the effectiveness of the correlation. The experi- 
mental values for the various runs of this study were obtained from 
the mass transfer rate and aeration data using Eqs. 3, 10, and 16; 
the calculated values were obtained by applying Eqs. 11 through 
15, 17, and 5. 

As an independent check, the experimental interfacial area data 
of Towell et al. (1965) were compared with the corresponding 
values calculated using Eqs. 12 through 15, 17, and 5. Towell used 
an air-water system in a 0.406 m diameter X 2.74 m high Plexiglas 
column. Mass transfer rate measurements were made by stripping 
COZ from the liquid phase. Interfacial area measurements were 
made by photographic measurements as has been discussed. Three 
sparger types were used: 

1. Forty 0.001588-m holes on the sides of four radial branches 
from a center-feed pipe. 

f = C l U T P  -k c2u;P 
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2. A single 0.00356- or 0.01016-m orifice centered in the 
column. 

3. Twenty 0.00635-m holes in a cone-shaped cap on a 0.0762-m 
diameter pipe. 

Superficial linear liquid velocities in the Towell work were 
0.00254,0.00711, and 0.01219 m-s-1; and superficial gas velocities 
averaged 0.01778, 0.0721, 0.1448, and 0.290 m.s-l. No significant 
differences in performance were detected resulting from the three 
different sparger types. 

The plot of Towell's experimental interfacial areas versus the 
corresponding values calculated using the correlation developed 
in this study is shown in Figure 4. 

Mass Transfer 

ficient were calculated from, 
For the cobalt catalyzed runs, values of the mass transfer coef- 

These values referred to the corresponding constants calculated 
from the Boussinesq Eq. 6 are plotted vs. DBM on Figure 5, which 
illustrates the characteristic increase in ki with increasing bubble 
size, 

klc, = 5 7 . 6 D s ~ O . ~ ~ "  (19) 

Also shown is the curve of kr vs. DBM derived in an earlier study 
(Miller, 1974, 1979) for stripping COz from aqueous solution, a 
purely physical desorption process, 
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Figure 4. Experlrnental vs. calculated Interfacial areas for Towell et al. 
(1965). 
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k r  = (20) 
The calculated Towell (1965) k r  data for COz stripping show 

a broad scatter (0.32 to 1.79) within a relatively narrow DBM range 
(0.00415 to 0.0127 m), but generally confirm the placement of the 
kP* curve. 

The ratio of Eq. 19 to Eq. 20 is the Hatta number, which is a 
measure of the mas  transfer enhancement resulting from chemical 
reaction, 

(21) 

Note that chemical enhancement decreases with increasing bubble 
size, and apparently disappears at a bubble size of about 0.10 m for 
the cobalt catalyzed oxidation. 

A few runs were made with water and water with 0.005% Triton 
X-100 using 0.001 N cupric sulfate at the catalyst. The copper 

N H ~ ~  = kL,/kL = 0.0834 DBM-'.'~' 

catalyzed oxidation of aqueous sulfite is thought to be first-order 
dependent on oxygen and cupric ion concentrations (Westerterp 
et al., 1963; de Waal and Okeson, 1966). The mass transfer coef- 
ficient was calculated by dividing the measured k ~ a  values from 
Eq. 9 by the corresponding interfacial areas calculated from Eqs. 
12 through 15,17, and 5. 

The reduced k t ,  values are shown plotted vs. DBM on Figure 
6, 

k icu  = 15.46 D B M ~ , ~ ~  (22) 

(23) 
Chemical enhancement with copper is only about 0.4 that with 

cobalt and the enhancement effect apparently disappears at a 
bubble size about 0.033 m. 

The first-order rate constants for copper catalyzed sulfite oxi- 
dation were back-calculated from Eq. 3 using measured mass 
transfer rates and aerations along with the calculated interfacial 
area values. The following first-order rate expression were de- 
rived, 

and, 

= kLc, /ke = 0.0224 D B M - ~ . ~  

kl  = 0.460 x 1015ccu++exp (-6190/T) (24) 

The activation energy is taken from Westerterp (1963); the 
pre-exponential constant was fit by trial and error to provide the 
best overall fit to the data. 

The greater scatter in the copper catalyzed data partially reflects 
the fact that no correlation with sulfite ion concentration was at- 
tempted. These values ranged from 0.1 to 0.5 kg-m~l-m-~ on the 
copper catalyzed runs. 

RECOMMENDATIONS 

The following procedure is recommended for predicting liquid 
film controlled mass transfer performance in bubble column re- 
actors: 

1. Calculate two-phase velocity from Eq. 14. 
2. Calculate two-phase holdup time from Eq. 13. 
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3. Obtain coalescence frequency using Eq. 17 with the appro- 

4. Obtain gas holdup as outlined in the prior literature (Miller, 

5. Calculate the initial bubble concentration using the appro- 

6. Calculate the mean bubble concentration from Eq. 12. 
7. Get the mean bubble size using mean bubble concentration 

8. Obtain interfacial area from Eq. 5. 
9. Calculate the Boussinesq mass transfer constant using Eq. 

6. 
10. Apply the kE* correction from Eq. 20 as a multiplying factor 

to the Boussinesq constant to get the corrected value for purely 
physical absorption. 

11. Apply the appropriate Hatta correction as a multiplying 
factor to the constant for physical absorption (Eqs. 21 and 23) to 
get the constant with chemical enhancement. 

The product of the mass transfer constant k~ (from step 10 for 
physical absorption or from step 11 for chemically enhanced mass 
transfer) by interfacial area a (from step 8) yields the overall mass 
transfer coefficient k,a for characterizing mass transfer perfor- 
mance. 

Interfacial area is inversely dependent on mean bubble size (Eq. 
5); and the mass transfer constant is directly dependent on DBM 
(Eq. 20). Although these dependencies are opposed, the former 
effect predominates; and, as has been noted, the overall combined 
product kLa decreases as coalescence produces increased bubble 
size. 

priate constants. 

1980). 

priate minimum bubble size in Eq. 15. 

inEq. 15. 

- I 1 I 1 1 1 1 1  I I I I Ill11 I 1 I ( I l l \  1 I I I I 1 I I  1 1 1 1 I I l Q  - - - - - - - - - CuSO4 Catalyzed O2 Absorption in Aqueous Nap SO3 - - 
- - - Purely Physical Absorption ,Miller 11974.1979) - 
- - 

> - - - - - - - - - - - - - - 
- - 

0' 1.391 
/ 

/ KL = 6 9 1 D ~ ~  - - - Pt System // - - a O p n  Column, Air-Water / d 

- / - 
/ 

1 

I I I I 1 1 1 1  1 I I I I 1 1 1 1  I I I I I I l l  1 I 1 1 1 1 1 1  1 1 I I 1  I l l  

1 -  

- - 
- / X O p n  Column, Air-O.OOS% Triton X-100 in Water - - - 

- - 

, 

0.00001 0.0001 0.001 0.01 0.1 1 

NOTATION 

a 
C = constant 
C = solute concentration, kg-m~l-m-~ 
D = diffusivity mz-s-' 
DB = bubble diameter, m 
d = diameter, m 

= interfacial area per unit aerated volume, m-1 

f 
g 
H 

k 
kL 
N 
N B  

N H a  

NPe 

NSh 

n 
P 
P H  
R 
T 
t 
16 
W 

Subscripts 

co++ 
Cuff 
g 
H+ 
1 
M 

0 2  
SO3= 
TP 
1 
2 

0 

= bubble coalescence frequency, s-l 
= acceleration of gravity, m2.s-1 
= the equilibrium distribution kg.m~l.m-~ in gas per 

= reaction rate constant, (rn3-kg.rn01-1)"-~s-l 
= mass transfer rate constant, m-s-l 
= mass transfer rate, kgmol-s-I 
= bubble concentration, m-3 

- - -\i2Z-P , Hatta number 

kg-rn~l-m-~ in liquid 

kz 
=- DBMu'' Peclet number 

D 

- -- k L D B M ,  Sherwood number 
D 

= reaction order 
= partial pressure, Pa 
= logarithm base 10 of the reciprocal of cH+ 
= gas constant, Pa-m3-kg.rnol.-l.K-' 
= temperature, K 
= temperature, "C 
= velocity, ms-I 
= flow rate, kg-s-' 

= cobaltous ion 
= cupric ion 
= gas 
= hydrogen ion 
= liquid 
= mean 
= initial 
= oxygen 
= sulfite ion 
= two phase 
= first order 
= second order 
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0 
I* = viscosity, Pa-s 
P = density, kgm-3 
0 = surface tension, N-rn-l 
d) = fraction gas holdup 

= two-phase holdup time, s 

Superscripts 

0 = purely physical absorption 
* = Reduced or equilibrium quantity 
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