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Abstract--Interfacial areas and gas hold-ups have been determined at pressures up to 8.0 MPa in a 
mechanically agitated gas-liquid reactor and a bubble column with a diameter of 81 mm for superficial gas 
velocities between 1 and 5 and 1 and 10 cm/s, respectively. The interfacial areas have been determined by 
the chemical method using the model reaction between CO, and aqueous diethanolamine (DEA). Contrary 
to earlier reported results on interfacial area in a mechanically agitated reactor at pressures up to 1.7 MPa, 
a positive influence of pressure on the inter?acial areas has been observed for higher pressures and higher 
superficial gas velocities. The product of the gas density pc and the superficial gas velocity at the orifice vG,or 
was found to be an important parameter for the manifestation of the pressure effect. For values of pG~G,or 
larger than 200 kg/m2 s the interfacial areas increase with increasing reactor pressure. Below this value of 
200 kg/m2 s no influence of pressure could be observed. The gas hold-ups in the bubble column in water as 
well as in an aqueous solution of DEA with antifoam increase with increasing pressure. This pressure effect 
on the gas hold-up in bubble columns originates from the formation of smaller bubbles at the gas 
distributor. The relative increase in the gas hold-ups is smaller in water and also if a porous plate instead of 
a perforated plate is used as gas distributor. The differences in the magnitude of the pressure effect are 
caused by differences in the coalescence bchaviour of the gas bubbles in both liquids and by differences in 
the bubble formation process at the two types of gas distributors, respectively. The interfacial areas in the 
bubble column also increase with increasing pressure. The relative increase in the interfacial areas ap/ual, 
with increasing pressure may be as large as 200% for a pressure increase from P = 0.15 to 8.0 MPa, 
depending on the type of gas distributor and the superficial gas velocity used. 

INTRODUCTION 

Many gas-liquid operations in process industry are 
carried out at elevated pressures. Despite that almost 
all research on gas-liquid contacting is concerned 
with atmospheric pressure. Only in recent years has 
specific attention been paid to the influence of 
pressure on the hydrodynamics and the mass transfer 
parameters in gas-liquid contactors operating at elev- 
ated pressures: 

-for mechanically agitated gas-liquid reactor see 
Sridhar and Potter (198&a, b), 

-for bubble column see Tarmy et al. (1984a, b) and 
Idogawa et al., (1985a, b), 

-for packed bubble column see van Gelder and 
Westerterp (1989), 

-for trickle bed reactor see Hasseni et al. (1987), 
-for sieve tray column see Badssi et al. (1988). 

These studies indicate that the operating pressure may 
have a significant effect on the hydrodynamics and the 
mass transfer parameters in these contactors and that 
the data as obtained at atmospheric pressure are 
inadequate for scale-up and design of high-pressure 
gas-liquid contactors. 

+Prescnt address: General Electric Plastics bv, Bergen op 
Zom, Netherlands. 

fAuthor to whom correspondence should bc addressed. 

Oyevaar and Westerterp (1989) reviewed all studies 
concerning the influence of pressure on mass transfer 
phenomena in gas-liquid systems. They concluded 
that the initial bubble size at a single orifice decreases 
with increasing pressure, that the gas phase mass 
transfer coefficient k, is inversely proportional with 
pressure to the power n, where PI depends on the mass 
transfer mechanism, that the liquid phase mass trans- 
fer coefficient k, is not influenced by pressure, and 
that the gas hold-up cG in a bubble column increases 
with increasing pressure. The combination of larger 
gas hold-ups and smaller bubble diameters may lead 
to considerably larger interfacial areas at elevated 
pressures. However, in order to support this hypoth- 
esis insufficient data on interfacial areas in gas-liquid 
contactors at elevated pressures are available. 

Therefore, Oyevaar et al. (1988, 1989) investigated 
the effect of pressure on interfacial areas and gas hold- 
ups in several gas-liquid contactors for pressures up 
to about 2 MPa. They found that in a mechanically 
agitated gas-liquid reactor and a packed bubble col- 
umn the interfacial areas and the gas hold-ups are 
unaffected by pressure. For a bubble column they 
observed with increasing operating pressure an in- 
crease in the interfacial areas as well as in the gas 
hold-ups. The positive influence of the operating 
pressure on interfacial areas and gas hold-ups in a 
bubble column can be attributed to the formation of 
smaller bubbles at the gas distributor. The other two 
gas-liquid contactors-the mechanically agitated 
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reactor and the packed bubble column-exhibit no 
influence of‘pressure on interfacial areas and gas hold- 
ups, because in both contactors the coales- 
cence-breakup process of the bubbles is dominated by 
the agitator or the packing. 

This study is a follow-up of the aforementioned 
studies of Oyevaar et al. (1988, 1989), which were 
limited in their pressure and superficial gas velocity 
ranges. We will report on interfacial area determina- 
tions in a mechanically agitated gas-liquid reactor, 
equipped with two gas inlets and two turbine impel- 
lers of different size, at pressures up to 8.0 MPa and at 
superficial gas velocities between 1 and 5 cm/s. Fur- 
thermore we will discuss our results on interfacial 
areas and gas hold-ups as determined in a bubble 
column, equipped with a perforated plate or a porous 
plate as gas distributor, for pressures up to X.0 MPa 
and for superficial gas velocities between 1 and 
10 cm/s. 

EXPERIMENTAL 

Experimental method 
The interfacial areas are determined by the chem- 

ical method using the model reaction between CO, 
and aqueous diethanolamine (DEA). We have shown 
(Oyevaar et al., 1989) that the absorption rate as 
derived by Danckwerts (1970) for the penetration 
theory becomes equal to 

@ co2 = m&.aV,E,Acco,,, 

= mk,aV,~~Ac,,,~, (I) 

where Acco2, G is the average driving force for mass 
transfer. If the conditions for the pseudo-first-order 
reaction regime: 

Z<Ha@E,,, (2) 

with 

and 

Ha = Jkl&L.D.., 
k, 

(3) 

are met, the interfacial areas can be obtained from 
absorption rate measurements without knowledge of 
the exact value of the liquid phase mass transfer 
coefficient k,. The interfacial areas in the reactor can 

then be evaluated from 

where the numerator represents the absorption rate of 
COZ. Determination of the interfacial area in a 
gas-liquid contactor with the reaction between CO, 
and DEA in water thus requires knowledge of the 
driving force for mass transfer of CO, and of the 
absorption rate constant m [k 1. p (cB, L)p D,o,)0.5 of this 
specific gas-liquid system. 

Earlier, Oyevaar et al. (1988) determined that in a 
mechanically agitated gas-liquid reactor realistic val- 
ues for the interfacial areas are obtained if the resi- 
dence time distribution (RTD) of the gas phase is 
taken to be equivalent to that of a continuous stirred 
tank reactor (CSTR), provided the conversion level of 
CO2 in the gas phase is kept below 80%. For a RTD 
of the gas phase equal to a CSTR the driving force 

Accoz. ci is equal to the CO, concentration in the gas 
outlet: 

AC C0I.G = %oz,G.o"*~ (6) 

The gas phase in the bubble column reactor can be 
assumed to be in plug flow and for this case Ac~~~.~ is 
equal to the logarithmic mean difference between the 
in- and outlet gas phase concentration: 

~~~~~~~ = ‘C02.G.i” - cCOz.G,out 

ln(CCo2.G.inICCoI,G.out)' 
(7) 

The same commercial-grade aqueous DEA solu- 
tions as in Oyevaar et a[. (1988, 1989) are used for the 
determination of interfacial areas in the mechanically 
agitated reactor and the bubble column. An empirical 
correlation for the absorption rate constant 
m~k~.p(cs,~)PDc~~10.5 at 298 K in the gas-liquid 
reaction system as a function of the free DEA concen- 
tration (0.2-2.0 mol/kg) is given as eq. (8) in Table 1. 
Experimentally determined correlations for the solu- 
bility m, viscosity ,LQ and density pL as a function of 
the total DEA concentration are also given as 
eqs(9Hll) in Table 1. 

Experimenta! installation 
Besides the construction of the equipment the 

major problem in the design of a high-pressure 
gas-liquid installation is the large consumption of the 
gas phase reactants and inerts. Tn order to reduce this 
large consumption we decided to recycle the gas 
around the reactor. In Fig. I a flow sheet is given of 

Table 1. Data for DEA-water system at 298 K 

rnJk 1,p&A,L D C01 = 9.39 x 10-4[DEA]F;d,s - 2.61 x lo-‘m/s 

m = 0.79 1 - 0.044 [DEA] * 

pL = 995.8 + 15.55 [DEA] - 1.141 [DEAIZ kg/m3 

pL = 10m3 exp ( - 0.1135 + 0.257[DEA] + 4.694 x 10 2 [DEA]*) Ns/mz 

[DEA] in mol/kg and [DEA]* in mol/l 

(8) 

(9) 

(10) 

(11) 
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the experimental installation, which has been de- 
signed for absorption experiments up to pressures of 
10 MPa [for more specific information see Oyevaar 
(1989)]. Provisions are made for a quick exchange of 
the reactor. 

In the bubble column the gas can be sparged into 
the liquid through several gas distributors. As gas 
distributors either a perforated plate with 21 holes of 
0.4 mm or sintered porous plates with average pore 
diameters of 30 and 100 ,um are used. A liquid inlet 
tube is installed at the top of the column just below 
the dispersion level, resulting in a countercurrent flow 
of gas and liquid through the column. As the gas 
distributors in the bubble column are 3.0 cm high we 
have subs&acted 3.0 cm from the dispersion height. 
So all the reported specific interfacial areas and gas 
hold-ups are based on the true reaction volume above 
the gas distributor. 

The gas and liquid system. A pure inert N, stream 
and an stream containing ca 1 ~01% CO, are taken 
from high-pressure gas tanks and supplied con- 
tinuously to the recycle gas flow or the bypass. The 
recycle gas passes through a helical mixer, is heated to 
the reactor inlet temperature and introduced into the 
reactor. The gas leaves the reactor at the top and is 
recycled by means of a high pressure gas booster. A 
separation unit is installed before the gas booster in 
order to separate entrained liquid droplets from the 
gas flow. The performance of the gas booster is con- 
trolled by means of a backpressure regulator, which 

The reactors. The geometries of the mechanically 
agitated gas-liquid reactor (D = 81 mm and H/D 
= 1) and the bubble column (D = 81 mm and H/D 
= 10) are shown in Figs 2 and 3, respectively. Both 

contactors operate continuously with respect to the 
gas and the liquid phase, and are thermostatted at 
298 K. The reactors are equipped with two or six glass 
windows with a diameter of 2 cm. Through these 
small windows the dispersion level can be determined 
and also the behaviour of the dispersion can be 
studied. 

The mechanically agitated reactor has been de- 
signed according to the standard geometry (Oyevaar 
et al., 1988). Two standard six-bladed disc turbine 
impellers of DJD = 0.4 and 0.5, respectively, are avail- 
able for agitation. The gas mixture of CO, and N, is 
introduced into the reactor via a gas inlet in the 
bottom of the reactor, which is located centrally be- 
low the impeller. The gas inlets are simple tubes with a 
diameter di = 3 or 8 mm, respectively. 

Fig. 1. Experimental installation: reactor (1) overflow vessel (2), gas booster (3) system backpressure 
regulator (4) gas tanks (5), infrared analyzer (6), bypass (7), liquid pump (X), liquid burettes (9). and liquid 

storage (10) and regeneration (11) vessels. 
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Hw 

.h=27mm 

Fig. 2. Experimental mechanically agitated reactor. 

regulates the output pressure of the booster and 
through which also a part of the gas flow, which is 
pressurized by the booster, is recycled around the gas 
booster itself. A helical heat exchanger is installed in 
the gas line directly behind the booster in order to 
prevent overheating of the gas and the booster. After 
pressure regulation by a pressure regulator the recycle 
gas flow is controlled by means of two mass flow 
meters each connected with a separate control valve. 
The recycle gas flow rate has always been kept a factor 
IO-20 larger than the supply gas flow rate of N, or 
PI-CO,. The system pressure is controlled by means 
of the backpressure regulator, which is installed in the 
recycle section just before the gas booster. 

In order to be able to experiment over a large range 
of operating conditions, provisions are made to oper- 
ate the installation in a conventional set-up without 
the gas recycle section (see the separation marks in 
Fig. 1). This allows for measurements at moderate 
pressures and thus for comparison with the results as 
obtained in similar gas-liquid systems and reactors by 
Oyevaar et al. (1988, 1989). On the other hand within 
a certain range of operating pressures and for other- 
wise identical conditions measurements can be per- 
formed with and without the gas recycle section. 

The reactor in- and outlet gas flows are sampled 
continuously by switching a three-way valve. The 
CO, concentrations are determined on-line by means 
of an infrared gas analyzer. Including the sampling 
gas lines this infrared analyzer has a response time of 
cu 90 s. Due to the large volume of the entire experi- 
mental installation the response time for the CO, 

gas inkA 

Fig. 3. Experimental bubble column reactor 

concentrations throughout the installation after a 
change in the operating conditions is in the range of 
3000 s. The relatively short response time of the CO, 
concentration measurement therefore allows for quick 
determinations of the CO, gas phase conversions over 
the reactor at different operating conditions. 

A fresh or regenerated DEA solution is fed from a 
cooled storage vessel and heated up to a temperature 
of 298 K before introduction into the reactor. The 
liquid flows through the reactor and via an overflow 
vessel into a liquid buffer vessel. When the buffer 
vessel is filled up completely, the experiments have to 
be stopped, and then the buffer is emptied into the 
regeneration vessel. The regeneration vessel with a 
volume if V, = 60 1 is kept at temperatures around 
380 K and under agitation the CO, contained in the 
DEA solution is stripped continuously with N,. Re- 
generated solutions are recycled to the storage vessel 
and used for new absorption experiments. Liquid 
samples are taken to determine the DEA concentra- 
tion and the CO,-liquid load for each fresh or regen- 
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erated batch of DEA solution. The DEA concentra- 
tion is determined with a standard acid-base titration 
and the amount of absorbed CO, by means of the 
method described by Verbrugge (1979) and used by 
Blauwhoff et al. (I 984). 

ExperimentaZ procedure 
For each new experimental series the installation is 

pressurized by means of N, and the output pressure of 
the gas booster and the recycle gas flow rate are 
regulated and controlled up to the desired setpoints. 
The supply gas flow rate of N, and the gas flow 
towards the infrared analyzer are regulated and con- 
trolled. The N, is supplied at a rate equal to the flow 
rate of the N,#-ZO, mixture as desired later on for 
interfacial area determinations. At the same time the 
N,-CO, mixture is supplied at the desired flow rate 
to the bypass in which the pressure is the same as in 
the reactor. When the pressures and gas flow rates 
throughout the whole experimental installation have 
reached their desired setpoints the liquid pump is 
started. For the mechanically agitated reactor and for 
the bubble column the DEA concentrations in the 
aqueous solutions are equal to cu 1.0 and 2.2 mol/kg, 
respectively [see also Oyevaar et ul. (1988, 1989)]. The 
liquid flow rate is adjusted on the basis of a maximum 
allowable DEA conversion of 20% if all CO,, which is 
supplied to the installation, is absorbed from the gas 
phase. The dispersion level is regulated by means of 
the overflow vessel and if necessary the agitation also 
is started. 

As the dispersion level in the reactor is stabilized 
the two three-way valves in the gas supply lines are 
switched simultaneously and instead of N, the 
N,-CO, mixture is supplied to the recycle gas flow at 
the desired supply gas flow rate. Directly after the 
switch of the three-way valves the CO, concentrations 
in the gas phase throughout the installation will in- 
crease rather sharply and part of the DEA in the 
solution flowing through the reactor will be con- 
verted. After a certain time, which depends on the gas 
and liquid flow rates, the CO, concentrations 
throughout the installation change more slowly. The 
determination of the CO, conversion over the reactor 
can then be started by switching the three-way valve 
in the gas line connected to the infrared analyzer and 
measuring the reactor in- and outlet gas fractions of 
CO1. A measurement in duplicate will take ca 5 min, 
after which the new operating conditions can be ad- 
justed. In all the experiments special care is taken in 
order to meet the criteria for the pseudo-first-order 
reaction regime as given in eq. (2): the Hatta number is 
about 4 and at all pressures E,, _, is larger than 30 [see 
also Oyevaar et al. (1988, 1989)]. 

RESULTS 

Mechanically agitated gas-liquid reacfor 
Interfacial areas up to 1.2 MPa. As mentioned 

before Oyevaar et al. (1988) performed interfacial area 
determinations up to pressures of 2.0 MPa in a mech- 

anically agitated gas-liquid reactor. In a reactor made 
of glass and with a diameter of D = 8X mm they 
performed measurements for superficial gas velocities 
between 0.25 and 2 cm/s at agitation rates of 8.3, Id7 
and 25.0 rps. They used a standard six-bladed disc 
turbine impeller of DJD = 0.4 and in most of their 
experiments the reactor was equipped with a gas inlet 
of d, = 3 mm. The interfacial areas as determined by 
Oyevaar et al. (1988) were found to be independent of 
the reactor pressure. 

In order to verify these findings and to extend them 
to a higher range of superficial gas velocities and 
reactor pressures we performed interfacial area deter- 
minations for the same geometry; thus with Di/D 
= 0.4 and di = 3 mm. The results for pressures up to 

1.2 MPa and for superficial gas velocities of uG = 1.0, 
3.0 and 5.0 cm/s are shown in Fig. 4. It can be seen 
that the interfacial areas for a superficial gas velocity 
equal to 1.0 cm/s remain constant and are independ- 
ent of pressure. This is qualitatively in good agree- 
ment with the results obtained for the same operating 
conditions by Oyevaar et al. (1988). However, for a 
superficial gas velocity of uG = 3.0 cm/s a small in- 
crease in the interfacial area with increasing reactor 
pressure can be observed; as can be seen in Fig. 4 this 
increase is even more pronounced for a superficial gas 
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Fig. 4. Interfacial area vs reactor pressure: DJD = 0.4 and di 
=3mm. 
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velocity of vG = 5.0 cm/s. Therefore it can be con- 
cluded that for higher superficial gas velocities and 
reactor pressures an inff uence of pressure on the inter- 
facial area in a mechanically agitated reactor is 
present. 

A quantitative comparison between the interfacial 
areas as determined by Oyevaar et al. (1988) for a 
superficial gas velocity of u. = 1.0 cm/s at N 
= 16.7 rps and the interfacial areas as obtained for 

identical operating conditions in this study is shown 
in Fig. 5. Also the results obtained by Oyevaar ef al. 
(1988) for a gas inlet with a porous plate of di = 1.0 cm 
and an average pore diameter of 30 pm are shown. It 
can be seen in Fig. 5 that for the identical gas inlet of 
di = 3 mm the interfacial areas as determined in this 
study are ca 25% smaller than those determined by 
Oyevaar et al (1988). It should be noted that the 
agitation rate of N = 16.7 rps at which the compari- 
son is made lies in the transition range near the critical 
agitation rate N, (Westerterp et al., 1963), which itself 
is strongly affected by the reactor size especially in 
smal1 reactors. The difference may also be caused by a 
systematic error in the determination of the dispersion 
level. This level is difficult to determine through the 
small glass windows of the reactor used in this study, 
while it is easier to observe through a reactor wall 
made entirely of glass as used by Oyevaar et al. (1988). 

Interfhcial arem up to 8.0 MPa. Interfacial areas for 
a superficial gas velocity of uG = 3.0 cm/s as deter- 
mined with a reactor geometry of DJD = 0.4 and di 
= 3 mm up to pressures of 6.0 MPa are shown in 

Fig. 6. It can be observed that the increase in the 
interfacial areas with increasing reactor pressure con- 
tinues and can be as large as a factor of 10. For uG 
= 3.0 cm/s, for this reactor geometry and for 

pressures higher than P = 6.0 MPa interfacial areas 
could not be determined due to excessive foaming of 
the DEA solutions. This causes difficulties in the 
measurement of the dispersion level and leads to large 
liquid entrainment. 

Due to these experimental problems for the gas 
inlet of di = 3 mm interfacial areas could not be deter- 

am 
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Fig. 5. Comparison between the interfacial area of the pre- 
sent study at uG = l.Ocm/s and N = 16.7 rps with those of 

Oyevaar et al. (1988): DJD = 0.4 and d, = 3 mm. 

mined for pG~G,or > 1600 kg/m’s_ Therefore, we in- 
stalled a gas inlet of di = 8 mm in which the gas 
velocity in the orifice oG,or is a factor of 7 lower. The 
r.esults for this gas inlet, for pressures up to 8.0 MPa 
and for superficial gas velocities of oG = 1.0, 3.0 and 
5.0 cm/s are shown in Fig. 7: the increase in the inter- 
facial area with increasing reactor pressure becomes 
considerably smalIer than for the gas inlet of di 
= 3 mm and is never larger than 50% for all superfi- 

ciat gas velocities. 
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2 4 6 8 10 12 
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Fig. 6. Interfacial area vs reactor pressure at uG = 3.0 cm/s: 
DJD = 0.4 and di = 3 mm. 
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Fig. 7. Interfacial area vs reactor pressure: DJD = 0.4 and d,. 
=8mm. 
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Fig. 10. Relative increase of the interfacial areas in the 
mechanically agitated reactor at N = 16.7 and 25.0 rps 

(N zoor>N,). 

suggested by Shridhar and Potter (1980a, b), but it 
seems to be more an effect of pressure at the gas inlet 
only. Such an effect has already been observed to 
cause the positive influence of pressure on interfacial 
areas and gas hold-ups in a bubble column (Oyevaar 
et al., (1989)-j. 

Discussion of the results. All experimental results 
seem to support the conclusion that the positive influ- 
ence of pressure on the interfacial areas in a mechan- 
ically 
inlet: 

(1) 

(2) 

(3) 

(4) 

agitated reactor is caused by an effect at the gas 

The increase in the interfacial area with increas- 
ing reactor pressure is larger for higher superfi- 
cial gas velocities. 
The increase in the interfacial area with increas- 
ing reactor pressure becomes considerably 
smaller for the gas inlet of di = 8 mm. 
The relative increase in the interfacial area 
ap/aalm with increasing reactor pressure is the 
same for agitation rates above and below the 
critical agitation rate N,. 
The relative increase in the interfacial area 
+/a,,, with increasing reactor pressure is the 
same for both impellers of different diameter Di. 

The first two observations indicate that the gas velo- 
city in the orifice of the gas inlet uG,_ is very important 
for the manifestation and the magnitude of the 
pressure effect on the interracial areas. The other two 
suggest that only a pressure effect at the gas inlet is 
responsible for the positive influence of pressure on 
the interfacial areas. 

We refrained from correlating all the results by a 
product of dimensionless groups with their individual 
exponents as done by many authors [e.g. Calderbank 
(1958) and Sridhar and Potter (198Oa, b)]. This would 
not only suggest a too simple mechanism for the 
formation of interfacial area in a mechanically 
agitated gas-liquid reactor, but would also imply 
effects of severa process parameters such as pL, mL. 

and ~1~. which have not been varied systematically in 
this study. 

In order to compare the experimental results for 
both the impellers and both of the gas inlets we 
plotted the reIative increase in the interfacial area 
.+/a_,, as obtained over a large range of reactor 
pressures, superficial gas velocities and agitation rates, 
vs the product of the gas density and the superficial 
gas velocity at the orifice pc Us,_. For N = 8.3 rps 
(N < N,) this is shown in Fig. 9. It can be seen that 
+/a,,, remains constant and is unaffected by pressure 
for values of pG~G,or up to 200 kg/m’ s. Increasing 
flc Us,*, further, either by increasing the superficial gas 
velocity and thus the gas velocity in the orifice of the 
gas inlet OG,or or by increasing the reactor pressure 
and thus the gas density pG, for otherwise identical 
operating conditions will lead to an increase in the 
interfacial area at elevated pressure aP compared to 
the interfacial area at atmospheric pressure aa,,,,_ 

The same plot as in Fig. 9 for N = 8.3 tps is shown 
for N = 16.7 and N = 25.0 rps, where N z or > N,, 
in Fig. 10. Although the results for these two agitation 
rates are somewhat more scattered they show the 
same kind of dependence of a,/a,,, with increasing 
value of pGvG._: no influence of pressure for 
pG~ti,Or -C 200 kg/m2 s and an identical increase in 
up/uatm for higher values of pc u~,~, . 

Overall it can be concluded that a positive influence 
of the reactor pressure on interfacial areas in a mech- 
anically agitated gas-liquid reactor occurs only at 
values of pG uc, or higher than 200 kg/m’s Below this 
specific value of pG~G,or no influence of pressure on 
the interfacial area exists. These findings are not de- 
pendent on either the agitation rate or the impeller 
diameter; this is in contrast to what has been observed 
by Sridhar and Potter (1980a, b). Earlier results for an 
almost identical reactor and gas-liquid system as 
reported by Oyevaar ef al. (1988) did not exhibit an 
effect of pressure on the interfacial areas, because they 
have been obtained at values of pC~G,or lower than 
200 kg/m2 s. 

Bubble column. 
Gas hold-ups. Oyevaar and Westerterp (1989) re- 

viewed all studies concerning the influence of pressure 

0.6 I I 

__. v. = 8.0 ml/s 

Fig. 11. Gas hold-up in water vs reactor pressure in the 
bubble column with the perforated plate gas distributor. 
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on the gas hold-up in a bubble column and concluded 
that the gas hold-up in a bubble column increases 
with increasing pressure. Their conclusion is restricted 
to bubble columns equipped with multi-nozzle gas 
distributors such as perforated plates, bubble caps 
and sparger rings. Studies with porous plates as gas 
distributors show a much smaller influence of pres- 
sure or sometimes at low superficial gas velocities no 
influence of pressure at all on the gas hold-ups [see 
also Oyevaar and Westerterp (19X9)]. As an explana- 
tion for this difference it has been suggested that gas 
bubbles formed at a porous plate show much inter- 
action with each other on the surface of the porous 
plate, leading to coalescence of the bubbles and so to a 
partial or total disguise of the effect of pressure on the 
bubble formation process and thus on the gas hold- 
ups. 

In order to verify these findings we performed gas 
hold-up measurements with three different gas dis- 
tributors; a perforated plate with 21 holes of 0.4 mm 
and two sintered porous plates with average pore 
diameters of 30 and 100 pm, respectively. The gas 
hold-ups have been determined by means of a liquid 
level indicator connected to the bubble column 
(Fig. 3). The liquid level in this indicator under gas 
sparging conditions was found to be equal to the non- 
gassed dispersion height present in the column. 

Experimental results 
Results for the gas hold-ups in water, for pressures 

up to X.0 MPa and for superficial gas velocities bc- 
tween uG = 1.0 and 10.0 cm/s are shown in 
Figs 11-13. Pure nitrogen was used in these experi- 
ments. The gas hold-ups in the bubble column with 
the perforated plate are presented in Fig. 11. They 
show an increase with increasing pressure: this in- 
crease is larger the higher the superficial gas velocity!! 
Comparison of the gas hold-up differences at P = 0.15 
and 8-O MPa for the two superficial gas velocities of uG 
= 2.0 and 8.0 cm/s result in relative increases of 70 

and 270%, respectively. This gas velocity dependence 
of the magnitude of the pressure effect is in contrast 
with the findings of Oyevaar et al. (1989), who also 
observed an increase in the gas hold-ups in water with 
increasing pressure, but this increase was not depend- 
ent on the superficial gas velocity. The difference with 
this study is probably caused by the small range of 
operating conditions (Pu, -Z 3.5 MPa cm/s), which 
could be applied by Oyevaar et ul. (1989). while in the 
present study WC were able to work over a much 
larger range of pressures and superficial gas velocities. 

The increase in the gas hold-up in water with 
increasing pressure takes place mainly in the range of 
pressures between P = 0.15 and 2.0 MPa. For superfi- 
cial gas velocities of vG = 1.0, 2.0 and 4.0 cm/s a 
maximum in the gas hold-up is reached at P 
= 2.0 MPa; for vG = 6.0 cm/s this maximum is 

reached at P = 6.0 MPa. For superficial gas velocities 
vG = 8.0 and 10.0 cm/s a maximum in the gas hold-up 
cannot be determined within the pressure range ap- 

Fig. 12. Gas hold-up in water vs reactor pressure in the 
bubble column with the porous plate gas distributor of 

30 pm. 

0.6 

0.5 - 

=G 0.4 - 

I 

“G = 10.0 an/s 

-.-. “O=8.Dcm/r 

l -* vG=6.0an/r 
.-. vc=4.0an/s 

-.-. -.-_.- l 12.0 an/s YG 
-~-~-D-~-. ” a l.Om/* 

.n-m-*e’G~. 
0 2 4 6 8 10 12 

P 
--- MPa 

Fig. 13. Gas hold-up in water vs reactor pressure in fhe 
bubble column with the porous plate gas distributor of 

100 grn. 

plied. We expect that a maximum in the gas hold-up 
will occur at higher pressures. Qualitatively the same 
observations can be made in Figs 12 and 13 for the 
porous plates of 30 and 100 pm as gas distributors, 
respectively. Although an influence of pressure on the 
gas hold-up is present, the relative increase in the gas 
hold-up with increasing pressure is much smaller than 
for the perforated plate. The increase in the gas hold- 
up with increasing pressure is a factor of 3 smaller 
than for identical conditions with the perforated plate 
as gas distributor. 

Oyevaar and Westerterp (1989a) concluded that all 
studies claiming no intluence of pressure on the gas 
hold-up in a bubble column have been executed at 
low superficial gas velocities between 0.1 and 3.5 cm/s 
and with porous plates gas distributors. Other studies, 
with different gas distributor types, always found a 
smaller effect of pressure when a porous plate was 
used. The results as obtained in this study-relatively 
smaller pressure effects for the porous plates and for 
low superficial gas velocities-are in agreement with 
the literature and confirm this conclusion. It can also 
be seen in Figs 12 and 13 that the increase in the gas 
hold-up with increasing pressure mainly takes place in 
the range of pressures from P = 0.15 to 2.0 MPa, and 
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Table 2. Literature correlations of the gas hold-ups and interfaciai areas in bubble 
columns 

Akita and Yoshida (1973) 

Akita and Yoshida (1974) 

Akita and Yoshida investigated column diameters in the range of 0.154.6 m 

EG _ = ,,44v~5sp~120;o.16’“~‘-P, 
1 -EC 

Idogawa et al. (1985b) 

SI units except for P in MPa and cI. in mN/m 

that there is no significant difference between the gas 
hold-ups for the two porous plates. 

Comparison with literature data 
If we consider the gas hold-ups in Figs 11-13 at a 

pressure of P = 0.15 MPa it can be observed that at 
identical conditions the results for the porous plates 
and those for the perforated plate are of the same 
magnitude. A comparison between our data at P 
= 0.15 MPa and the relation of Akita and Yoshida 

(1973) is given in Fig. 14. This relation (Table 2) is 
recommended by Shah et al. (1982) and used by 
Oyevaar et al. (1989). Also additional gas hold-up 
measurements up to a superficial gas velocity of vG 
= 20.0 cm/s are presented in Fig. 14. Over the whole 

range of superficial gas velocities and for both gas 
distributors the gas hold-ups as obtained in this study 
at P = 0.15 MPa agree very well with those as pre- 
dicted by the correlation of Akita and Yoshida (1973). 

As already mentioned before the increase in the gas 
hold-up with increasing pressure is smaller for the 
porous plates than for the perforated plate. Therefore, 
at higher pressures and at otherwise identical condi- 
tions the gas hold-ups for the bubble column 
equipped with the porous plate differ substantially 
from those for the perforated plate: at elevated pres- 
sures the geometry of the gas distributor has a pro- 
nounced effect on the gas hold-up in the bubble 
column!! Hence it is impossible to correlate the gas 
hold-ups at elevated pressures with one single relation 
for different types of gas distributor. 

Idogawa et al. (1985b) determined at elevated 
pressures gas hold-ups in different liquids for a bubble 
column of diameter D = 5 cm, which was equipped 
with a perforated plate with 19 holes of 1 mm as the 
gas distributor. They worked at pressures up to 
5 MPa and applied superficial gas velocities between 
0.5 and 5 cm/s. They correlated their results by the 
correlation given in Table 2. A comparison between 
the experimental gas hold-ups in water for the superfi- 
cial gas velocities of uG = 2.0 and 8.0 cm/s for both the 
perforated plate and the porous plate of 100 pm with 
those as predicted by the relation of Idogawa et al. 
(1985b) is presented in Fig. 15. For the lower superfi- 
cial gas velocity of uG = 2.0 cm/s the correlation of 
Idogawa et al. (1985b) results in a too strong pressure 
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Fig. 14. Comparison between .sG of the present study at P 
= 0.15 MPa and those predicted by the correlation of Akita 

and Yoshida (1973). 

m perforated plate I 
0.6 

T 0.5 

eG 
0.4 

I 
0.3 

0.2 

0.1 

0.0 

. poro”S plate(loopn) 
- Idogawa et al(1985b) 

J 
0 2 4 6 8 10 12 

P --- MPa 

Fig. 15. Comparison between 6G of the present study at 
elevated pressures and those predicted by the correlation of 

Idogawa et ul. (1985b). 

effect. For the higher superficial gas velocity of uG 
= 8.0 cm/s it results in gas hold-ups at elevated pres- 

sures, which lie in between the gas hold-ups for both 
types of gas distributor. The agreement with the rela- 
tion of Idogawa et al. (1985b) is bad. However, it 
should be noted that according to the relation of 
Idogawa et al. (1985b) the increase in the gas hold-up 
also mainly takes place in the range of pressures from 
P = 0.15 to 2.0 MPa. 
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Overall it can be concluded that the operating 
pressure in a bubble column has a positive effect on 
the gas hold-ups in water. The main increase in the 
gas hold-ups takes place in the range of pressures 
from P = 0.15 to 2.0 MPa. The magnitude of the 
pressure influence is larger for higher superficial gas 
velocities and is also larger if a perforated plate in- 
stead of a porous plate is used. The pressure influence 
on the gas hold-up in bubble columns originates from 
the formation of smaller bubbles at the gas distribu- 
tor. These smaller bubbles have lower rising velocities, 
which lead to higher gas hold-ups and higher inter- 
facial areas at constant superficial gas velocity. 

Inter-bciul UPBUS. For the determination of the inter- 
facial area in the bubble column we used an aqueous 
solution of DEA (c DEA,L = 2.2 mol/kg) [see also 
Oyevaar et al. (1989)]. During an absorption experi- 
ment the gas hold-up and the interfacial area could be 
determined simultaneously. Preliminary experiments 
in the aqueous solution of DEA showed a rather good 
agreement between the gas hold-ups and the inter- 
facial areas in the bubble column of this study and 
those for identical conditions in the bubble column 
used by Oyevaar ef (II. (1989). However, at higher 
pressures (Pv, > 5 MPa cm/s) excessive foaming oc- 
curred, which ied to insurmountable difficulties in the 
measurement of the level of the dispersion and also Ied 
to large liquid entrainment. For these conditions gas 
phase conversions of CO, higher than 0.98 occurred 
and in some extreme cases the outlet concentration of 
CO, could not even be determined within the experi- 
mental accuracy of the infrared gas analyzer. 

In order to overcome these foaming problems we 
added a few droplets of oleylalcohol-an antifoam- 
to the aqueous solution of DEA. In doing so we were 
able to suppress the foaming of the solution and for all 
operating conditions the gas phase conversions of 
CO, appeared now to be lower than 0.98. This gen- 
eral decrease in the gas phase conversions of COz can 
be explained by the activity ofthe antifoam, which is a 
surface-active agent, normally insoluble in the con- 
tinuous phase and effective in very low concentra- 
tions. Near the gas-liquid interface the antifoam neu- 
tralizes tht: foam-stabilizing compoueut DEA and the 
froth layer in the upper part of the dispersion reduces 
or disappears. As a consequence of the addition of the 
antifoam larger gas bubbles also occurred, which led 
to lower interfacial areas and thus to lower gas phase 
conversions of CO,. 

Gas hold-ups in the aqueous solution of DEA with 
an tifoam 

As already mentioned the gas hold-ups and the 
interfacial areas are determined simultaneously dur- 
ing the absorption experiments. Results for the gas 
hold-ups in the aqueous solution of DEA with anti- 
foam, for pressures up to 8.0 IviPa and for superficial 
gas velocities between vG = 1.0 and 10.0 cm/s are 
shown in Figs 16 and 17. Once again it can be seen 
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Fig. t6. Gas hold-up in the aqueous solution of DEA with 
antifoam YS reactor pressure in the bubble column with the 

perforated plate gas distributor 
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Fig. 17. Gas hold-up in the aqueous solution of DEA with 
antifoam YS reactor pressure in the bubble column with the 

porous plate gas distributor of 30 +-I. 

that the gas hold-ups in the bubble column increase 
with increasing pressure and that the pressure influ- 
ence is smaller if the porous plate instead of the 
perforated plate is used as the gas distributor!! 

Apart from the three highest superficial gas velo- 
cities of uG = 6.0, 8.0 and 10.0 cm/s for the perforated 
plate in Fig. 16, where the hold-ups are far too high 
for a more or less uniform dispersion, the main in- 
crease in the gas hold-ups with increasing pressure 
takes place in the range of pressures between 0.15 and 
2.0 MPa. This is in agreement with the results for 
water as the liquid phase. In contrast with the results 
for water at higher pressures no maximum value in 
the gas hold-up is reached. 

Further comparison between the results in the 
aqueous solution of DEA with antifoam and those in 
water shows that the gas hold-ups in both liquids at a 
reactor pressure of P = 0.15 MPa and for identical 
superficial gas velocities are the same. However, the 
magnitude of the pressure effect is larger in the aque- 
ous solution OF DEA with antifoam: at elevated 
pressures and for otherwise identical conditions gas 
hold-ups in the aqueous solution of DEA with 
antifoam are higher than in water. 

The difference in the magnitude of the pressure 
effect is probably caused by differences in the coales- 
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cence behaviour of the gas bubbles in both liquids. 
Water is a pure liquid and does not hinder the coales- 
cence of the gas bubbles. However, the coalescence in 
aqueous solutions of DEA is affected indeed, as has 
already been observed in the preliminary experiments 
without antifoam and by Oyevaar et al. (1988, 1989). 
The addition of antifoam reduces the coalescence 
hinderance of gas bubbles in the aqueous solutions of 
DEA, but there are still ions and a second organic 
component present in the solution, which will affect 
the coalescence in the dispersion. Smaller bubbles 
formed at the gas distributor in the aqueous solution 
of DEA with antifoam will probably coaIesce at a 
slower rate than they will in water, and the magnitude 
of the pressure effect on the gas hold-up will be larger 
than in water. 

Interfacial areas in the aqueous solution of DEA with 

The results of the interfacial area determinations in 
the aqueous solution of DEA with antifoam, for 
pressures up to 8.0 MPa and for superficial gas velo- 
cities between vG = 1.0 and 10.0 cm/s are presented in 
Figs 18 and 19. As expected the reactor pressure has 
also a positive effect on the interfacial areas in the 
bubble column!! The pressure influence on the inter- 
facial area is also smaller if the porous plate instead of 
the perforated plate is used as the gas distributor. Also 
the increase in the interfacial area with increasing 
pressure is larger the higher the superficial gas 
velocity. 

However, the relative increase in the interfacial 
areas with increasing pressure is smaller than the 
relative increase in the gas hold-ups for the same 
pressure increase and for otherwise identical condi- 
tions. This has also been observed by Oyevaar et al. 
(1989). As the Sauter mean bubble diameter dmb is 
related to the gas hold-up and the interfacial area 
according to 

this means that the mean bubble diameters increase 
with increasing pressure. However, such an increase in 
the mean bubble diameters should lead to lower inter- 
facial areas, and this is in contrast with all the experi- 
mental results on a and eG up till now. 

Oyevaar et al. (1989) concluded that a part of the 
gas hold-up does not contribute to the mass transfer 
of CO,. They attribute this to: 

(1) the formation of a froth layer in the upper part 
of the dispersion, which is less effective in the 
mass transfer of CO,. 

(2) the occurrence of tiny bubbles with diameters 
smaller than 1 mm, which accumulate in the 
dispersion and do not contribute to the mass 
transfer of CO,. 

With the addition of antifoam to the aqueous solution 
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Fig. 1X. Interfacial area in the aqueous solution of DEA with 
antifoam vs reactor pressure in the bubble column with the 

perforated plate gas distributor. 
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Fig. 19. Interfacial area in the aqueous solution of DEA with 
antifoam vs reactor pressure in the bubble column with the 

porous plate gas distributor of 30 y-n. 

of DEA in this study both the froth layer and the 
amount of tiny bubbles are reduced. A comparison of 
the mean bubbIe diameters, as calculated from Q and 
.sG for a superficial gas velocity of t’G = 2.0 cm/s and 
for the perforated plate in this study, with those of 
Oyevaar et al. (1989) for the same superficial gas 
velocity and for their cross-shaped gas distributor 
with 16 holes of 0.5 mm is shown in Fig. 20. As 
expected the mean bubble diameter at P = 0.15 MPa 
for this study is larger as the antifoam reduces the 
coalescence hinderance. It can also be seen that the 
increase in the mean bubble diameter d,, for this 
study is considerably smaller: probably the froth layer 
and the amount of tiny bubbles are reduced. However, 
as the mean bubble diameter dmb for this study still 
increases with increasing pressure it is highly probable 
that some froth or tiny bubbles are still present in the 
aqueous solution of DEA with antifoam. 

Furthermore, it should be noted that at a superfi- 
cial gas velocity of uG = 2.0 cm/s and at atmospheric 
pressure the bubble column operates in the huhhly 
flow regime and the bubble diameters are normally in 
the range of 2-6 mm (Shah et at., 1982). For the lowest 
operating pressures the mean bubble diameters, as 
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Fig. 20. Comparison between d,, of the present study at vG 
= 2.0 cm/s and for the perforated plate with those of 

Oyevaar et al. (1989). 

calculated according to eq. (9) and shown in Fig. 20, 
are in this range. However, at higher operating 
pressures the calculated mean bubble diameters be- 
come larger than 6 mm. If it is further taken into 
account that with increasing pressure the transition 
from the bubbly flow towards the churn-turbulent 
regime occurs at higher superficial gas velocities it can 
be concluded that mean bubble diameters larger than 
6 mm are not realistic. For higher superficial gas 
velocities these unrealistic mean bubble diameters are 
even more pronounced. Once again this indicates that 
in the aqueous solution of DEA with antifoam a part 
of the gas hold-up still does not contribute to the mass 
transfer of CO,. 

Comparison with literature data 
If we consider the interfacial areas at P = 0.15 MPa 

for both types of gas distributor it can be seen that the 
dependence of the interfacial area on the superficial 
gas velocity is smaller for the porous plate. For this 
gas distributor the interfacial areas increase from a 
= 55 to 85 mm1 for an increase in the superficial gas 

velocity from oti = 1.0 to 10.0 cm/s, while the inter- 
facial areas for the perforated plate and for identical 
conditions increase from Q = 26 to 105 m- ‘. This 
indicates that the dispersion for the porous plate is 
more uniform over the total experimental range of 
superficial gas velocities. 

A comparison between the interfacial areas for the 
perforated plate at P = 0.15 MPa and those of 
Oyevaar et al. (1989) at the same reactor pressure is 
shown in Fig. 21. The interfacial areas as predicted by 
the relation for interfacial areas in pure liquids of 
Akita and Yoshida (1974) (Table 2) are also plotted. It 
can be observed that the addition of antifoam to the 
aqueous solution of DEA has a pronounced effect on 
the interfacial areas. It reduces the interfacial areas in 
the bubble column with a factor of 2-3 and leads to 
interfacial areas, which agree much better with those 
as predicted with the relation of Akita and Yoshida 
(1974). 

DISCUSSION AND CONCLUSIONS 

For the mechanically agitated gas-liquid reactor the 
results concerning the influence of pressure on the 
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Fig. 21. Comparison between the interfacial areas of the 
present study at P = 0.15 MPa and literature data. 

interfacial areas for operating conditions identical to 
those as used by Oyevaar et al. (1988) (P < 1.7 MPa 
and uG < 2.0 cm/s) are the same: no influence of 
pressure. However, for pressures and superficial gas 
velocities outside this range a positive influence of 
pressure on the interfacial areas can be observed. For 
some experimental conditionsespecially for higher 
superficial gas velocities-the reactor pressure has a 
considerable effect on the interfacial areas in the 
mechanically agitated reactor. 

The pressure effect in the mechanically agitated 
gas-liquid reactor seems to be only a gas inlet effect 
and not to depend on the ratio (ET/PG) as suggested 
by Sridhar and Potter (1980a, b). The product of the 
gas density pG and the superficial gas velocity at the 
orifice uG,_ was found to be an important parameter 
for the manifestation of the pressure effect. For values 
of pG ~~~~~ larger than 200 kg/m2 s the interfacial areas 
increase with increasing reactor pressure. Below this 
value no influence of pressure could be observed. 
Oyevaar et al. (1988) found no effect of pressure 
because they worked at values of pG~G,or lower than 
200 kg/m” s. The relative increase in the interfacial 
area apla.l, seems to be only a unique function of 

PGvC.or: no specific dependence of a,/a,,, on the 
agitation rate or the size of the impeller has been 
observed. 

For the bubble column the gas hold-ups increase 
with increasing pressure in both water and an aque- 
ous solution of DEA with antifoam. The pressure 
influence on the gas hold-up originates from the 
formation of smaller bubbles at the gas distributor. 
These smaller bubbles have lower rising velocities, 
which lead to higher gas hold-ups and to higher 
interfacial areas at constant superficial gas velocity. 
The relative increase in the gas hold-ups is smaller in 
water than in the aqueous solution of DEA with 
antifoam and is also smaller if a porous plate instead 
of a perforated plate is used as the gas distributor. 

The difference between the magnitude of the 
pressure effect on the gas hold-ups in both liquids can 
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be attributed to specific differences in the coalescence tion should be paid to the effect of pressure on the 
behaviour of the gas bubbles in both liquids. As water interfacial area and the gas hold-up. 
is a pure liquid no coalescence hinderance of the gas 
bubbles will occur. Contrary to water, coalescence Acknowledgements-The investigations were supported by 

the Netherlands Foundation for Chemical Research with 
hinderance of the gas bubbles will occur in the aque- financial ald from the Netherlands Organization for the 
ous solution of DEA with antifoam as ions and a Advancement of Scientific Research. We also acknowledge 
second organic component are present in the solution. A. Pleiter and his assistants for their technical support. 
Therefore, smaller gas bubbles formed at the gas 
distributor wiI1 probably coalesce at a slower rate in 
the aqueous solution of DEA with antifoam than they 
will do so in water. This will lead to a larger effect of 
pressure on the gas hold-ups in the aqueous solution 
of DEA with antifoam. 

The difference between the magnitude of the 
pressure effect on the gas hold-ups for both types of 
gas distributor---either a porous plate or a perforated 
plate-is caused by differences in the bubble forma- 
tion process at the gas distributor. The gas bubbles 
formed at the porous plate show much interaction 
with each other on the surface of the porous plate. 
This will lead to coalescence of the gas bubbles and 
reduce the effect of pressure on the bubble formation 
process and thus on the gas hold-ups. Generally, the 
increase in the gas hold-up with increasing pressure is 
a factor of 2-3 smaller for otherwise identical condi- 
tions if a porous plate instead of a perforated plate is 
used as the gas distributor. 

The interfacial areas in :he bubble column, as deter- 
mined by means of CO, absorption into the aqueous 
solutions of DEA with antifoam, also show an in- 
crease with increasing pressure. The relative increase 
in the interfacial areas with increasing pressure is 
smaller for lower superficial gas velocities and is also 
smaller if a porous plate instead of a perforated plate 
is used as the gas distributor. The relative increase in 
the interfacial areas up/uatnr with increasing pressure 
may be as large as 200% for a pressure increase from 
P = 0.15 to 8.0 MPa, depending on the type of gas 
distributor and the superficial gas velocity used. 

In this study we refrained from correlating our 
results at elevated pressures, because they are ob- 
tained in gas-liquid contactors with one diameter of D 
= Xl mm and only for water and one other particular 

gas-liquid system. Before these results can be correl- 
ated and applied to industrial gas-liquid contactors 
more research on larger gas-liquid contactors and 
other gas-liquid systems is necessary. Furthermore, 
correlating the results by a product of dimensionless 
groups would also imply effects of several process 
parameters such as pL, oL and p,, which have not 
been varied systematically in this study. 

However, the results as obtained in the mechan- 
ically agitated gas-liquid reactor as well as those in 
the bubble column indicate that the operating pres- 
sure in these gas-liquid contactors has a considerable 
effect on the interfacial area and the gas hold-up. 
Correlations for the interfaciat areas and the gas hold- 
ups as determined at atmospheric pressure may there- 
fore lead to considerable miscalculations. As the inter- 
facial area and the gas hold-up are important design 
parameters for gas-liquid contactors specific atten- 
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NOTATION 

specific interfacial area, m2/m3 dispersion 
concentration, mol/m3 
driving force for mass transfer, mol/m3 
diameter, m 
gas inlet diameter, m 
Sauter mean bubble diameter, m 
vessel diameter, m 
diffusivity of component A in the liquid 
phase, m2/s 
diRusivity of component I3 in the liquid 
phase, m’/s 
impeller diameter, m 
enhancement factor req. (l)] 
enhancement factor for an infinitely fast 
reaction [eq. (4)] 
total energy input into the dispersion, W 
gravitational acceleration, m2/s 
impeller height, m 
gas inlet height, m 
dispersion height, m 
Hatta number [eq. (3)] 
liquid phase mass transfer coefficient, m/s 
reaction rate constant for a reaction of order 
(n, p). m 3cp+n- i)/mop+n- 1) s 

distribution coefficient (cL = mcc) 
agitation rate, s-l 
critical agitation rate, s-l 
pressure, Pa 
gassed power input, W 
superficial velocity based on the empty 
cross-sectional area of the vessel, m/s 
volume, m3 
terminal rising velocity of the gas bubbles, 
m/s 
baffle width, m 

Greek letters 
E hold-up 
i conversion 
P dynamic viscosity, N s/m’ 
V kinematic viscosity, m’/s 
VB stoechiometric coefficient of component B 

(v.4 = 1) 
P density, kg/m3 

surface tension, N/m 
flow rate, ml/s or mol/s 

Subscripts/superscripts 
A component originally in the gas phase 
air air 
atm atmospheric 
b bubble 
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B component originally in the liquid phase 
free free amine 
G gas 
in inlet 
L liquid 
n reaction rate order for component A in the 

liquid phase 
or orifice 
out outlet 
P reaction rate order for component B in the 

liquid phase 
P pressurized 
R reactor 
V volumetric 
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