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Chaprer 5

ABSTRACT

The intexfacial area a, - in 2 gas-liquid contactor as determined by the chemical method devimes
from the true geomeimical interfacial area By because the overall conversion of the gas phase
reactant represents an incorrect average if bubble sizes and residence times are not uniform. The
deviations of ag,., frow 3, become Jarger the broader the distribution <,/d, and the higher the
overall conversion €2, of the reactant in the gas phase,

Model calculations, which mke into account both the effect of gas phase backmixing as well as
the effect of bubble ¢oalescence on the deviation of 4, from Ao AT performed for a
mechanically agitated gas-liquid reactor and a bubble column at practical micro- and macro-mixing
conditions. For 2 gas-liquid model reaction, which is first ordzr in the gas phase reactnt, it is foumd
than

1. ¥or a mechanically agitated reactor the emror in ay . will always be smaller than 10% if Q, is
Iower than (.99.
2. For 2 bubble column the «rror in 2, will be smaller than 20% for most practical
appiications if £2, 15 Jower than 0.99.
Gas-Hquid model reaction systems with absorption of CO, in alkanolamine solutions are
recommended for the dewrmination of interfacial areas in gas-liquid conractors.
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Chapter 5
1. INTRODUCTION

Since its introduction by Westesterp et al{1963) the chemical method has been widely used for the
determination of mass mansfer parameters in gas-liquid contactors. Both the interfacizl area and the
volumetric gas and Hquid phase mass transfer coefficients, which are important parameters for the
desipn of gas-liquid contactors, can be determined by the chemical method. The major drawback of
the chemical method is its restriction to specific gas-liquid systermns and their particular
physico-chermical properties. Therefore, in recent years nupoerous alternative physical methods bave
been developped for the detertmination of interfacial areas.

All these physical methods are based on Iocal determinarions of the interfacial area a, which have
to be integrated in onder 10 obeain the overall value. Some of these physical methods determine the
values for the local interfacisl arezs by means of oprical techniques based on Hght scattering and
light reflection, see Le. Calderbank(1958) and Sridhar and Potrer(1978). Other methods determine
bubdle size distributions either Iy means of photography or with oprical and condncrivity probes,
see Reith and Beek(1968), Deckiver et al(1978), Buchholtz et 21{(1979) and Schumpe and
Deckwer(1982), The interfacial area is then evaluated from the Santer meqn diameter d, and the gas
hold-up & acconding to:

625
-0 (1)

However, these physical methods suffer systematically from restricions in the maximum
detectable interfacial areas, geometrical limitadons, maldistribution of the bubbles, ~ubble
identificarion problerns and an underestimation of the valoe of d, for non-sphearical bubbles. Be sides
that, it is doubtful whether the hydrodynamics of the dispersion are unaffeceed by the s of probes.
Therefore, in our view the chengical method is still the best available method for the determination of
interfacial areas in gas-liquid contactors, becanse if it is applied carefully an overall value for the

“Ite reaction between oxygen and aqueous sodinm salphite solations caralyzed by cobaltous ions
Co?* has been widely used as the standand model system for the chexmnical method. However, there
is still disagreement about the reaction kinctics and especially abouot the reaction order in oxygen.
This is probably cansed by the sensitivity of the reaction towaxds small impurities in the witer, the
amlystm'tbamlpb.itcsalt,seeﬂ!emvicwofﬁnekandVa'nek(ESl).Themﬁnadvmngcaﬁhis
model system is the possibility to change the reaction rate constant over a wide range by changing
the Co®* catalys: concentration. However, it is restricted to aqueous solutions; moreover, the
non-coalescencing behaviour of this jonic system also limits irs use, see Bartos and

Satrerfield(1986).

133



Chapter 5

The reaction berween CO, and agucons alkanolamive solutions was first introduced by
Danckwerrs and Sharmaf{1965) as an alwmative mode] system for the determination of mass
transfer paramerers. Larer Sridbaran and Sharma(1976) showed thar the reaction between €O, and
alkanolamines in organic and viscous solutions car zlso be used for the same purpose. The reaction
Tae can be varied by choosing the amine type. In recent years alkenolamines have beea nsed
determine mass mansfer parameters in varions reactor types, see 2.0, Mehtz and Sharma(1971),
Midoux et al(1984), Oyevaar et al(1988) and Versices(1988).

Advartages of the reaction berwesn O, and alkapolzmines are:

1. the ability to meet the diffcrent regimoes of the chemical method by choosing different armines

and different copcentrations of these anzines.

2. the possihility 10 work with both aqueous and organic and viscous solutions as well.

3. the certainty that the maction ander in CO, is equal 1o one.

The main disadvantage of this alternative model system is the rather high solubility of CO,
coanpared w other gases, which generally results in kigh CO, conversions. '

Schumpe and Deckwer(1980) showed thar the combination of high conrversions of the reactant in
the gas phase and of pop-uniform bubble sizes in gas-liqnid dispersions can Iead 10 an
nderestimeation of the interfacial srea. This is a direct resolt from the use of 25 overall cogversion
oveT the reactor 1 calcnlae the imerfacial area, while the conversion within 2 single bubble depends
non-lineariy on the specific arce of thar bubhle. Besides that, the bubbles may have different
Tesidence tmes T, These two phenomena, the use of an overall conversion and the difficrent
residence times of the bubbies, Jead o devistions of the chemically determined interfacial area a,
ﬁ-um&:mg:ummﬁcinmfadﬂmaxm:ﬂndwhﬁmshemmhrgammdatbe
dismibution of ,/d,, and the higher the conversion of the reactant in the gas phase, see Schumpe 2nd
Deckwer(1980).

hﬂwm%uamﬁﬁcmﬂmﬁmdﬂnmhﬂzgx
mm&hmmmmmmﬁymmﬁmmmzm.
Model calculations will be given for both mechamically agitated reactors and bubble colomas. For
the mechanically agitated reactor it will be assomed that the bubble size distribution is represemted
by the distribution of Bayens(1967), while for the babble colurn the bubble size distribution will
be described by a log-normal distribotion as proposed by Alkita and Yoshida(1974).

In extension 1© Schumpe and Deckwer(1980), who assomed plug Sow bebaviour for the gas
phase, a constant Tesidence time T, far all babbles, a compier segregation of the gzs phase and no
imteraction between the bubbles, we will tike into accomt the effecs of gas phase backmixing as
well 25 the effect of bubble coalescence on the deviation of 8, from 2, In this stody we present
caiculation resulrs for a serics of extrone mactomixing and intermedine micromixing conditions of
the gas phase:

1. The gas bubbles do not mp=ract, remain completely segregared and all bobbles have the cone

residence dme T, We will call this the plog flow cese.
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2. The gas bubbles do not intcract, remain completely segregated and the residence fimes of the
individual gas bubbles are distibuted according to the distribution found in a complewly
mixed mnk We will call this the complete rpixing case.

3. The gas bubblzs do interact by means of coalescence and breakup processes. We will
consider the two extreme cases of the individual bubbles having all the same residence time
as in plug HBow or all having a2 RTD as in a completely mixed tank. We will cgll this the
intermediate micromixing case. The micromixing of the gas phase will be simulated by the
made] of interaction by gxchange with the mean{TEM model).

Resuls will be given for zero, first and second order reactions in the gas phase reactant It will be
shown that, for practical conditions and a first order reaction for the gas phase reactanr, which ho. s
for the reaction between OO, and alianolamines, micro- and macro-mixing will reduce the deviation
of ag, from a ., sebstantially in comparison 1o the results for the extreme plug flow condirions of
Schampe and Deciower(1980). All our model calculations are perfotmed for non-shrinking bubbles
and for absorption of a diluted ga« phase reactant.

2. THEORY
2.1. Chemical method.

The chemical method is based on the theory of chemically enhanced absorption of 2 gas phase
reactant A into a liquid in which an irreversible reacton takes place with a reacsant B, see Sharma
and Danckewexs(1970) and Westerierp et al(1984). The general equadon for the chemically
enhanced mole flux J, of 2 componen: A from the gas into the Iiquid phase, as derived by
Dancikcoerts(1970) using the penetration theoxy, is

&J1+le(mcm- c‘u'z)

I 1 + Ha

: (2)
: kaJl+Haz
ke

1+

The Hana number, Hi, equals

2 P a-? -
—_k {me, ) D
Ha = =1 g GBI AG A (3)

k

135



Chapter 5

if the chemicel reaction rate in the liquid is given byRc=kw(cB'L)P(cA_L)". In case the reaction
is fast enough o0 consume A already completely in the film or if the bulk volume is much greater
than the film voiume, the bulk concentration of component A in the liquid ¢, ; equals zero.
Topether with the fact that in most gas-liquid rezcrors and for systems with moderate reaction rates
and Jow gas solubilitics no gas phasc mass ransfer limimtior occurs, Eq. (2) becomes

2

L=k mey1+He (4)

Wnl;mdep!eﬂonofmmpmtBip&eﬁqﬁdphmmﬂnimu&manﬂ!ﬁ>2dmpxndon4he
order mole flux J, becomes equal 1o

_ (n+11/2
=K s (5)

2 P {n+1) v
n+
Kn=[n+1"n-p°n.!.DA‘“ ] (6)

Enowing K and the residence time disuibotion(RTD) of the gas phage the interfacial area in 2
gas-liquid contactor can be obtained bry measuring the overall conversion of the gas phase reacrznt,
becanse the absorption rate §, equals J,aVy. Values of K, are usually determined separaiely in a
gas-Tiquid contactor with a kbown interfacial ares, ie. a stirred cell or a wetted wall reactor. The
RTD of the gas phase is nommally chosen on the base of dam from lteratre.

22. Absorption from a single bubble.

Schumpe and Deckwer(1980) considered the absorption of 2 reactant A from a single bubble into
2 liquid in which a fast reaction occurs of the n-the order in A and for which the mole flux J, can be
described by Eq. (5). After imtegranion of the mass balance for a single bubble with the assomptions
of constant pressmr, of constant bubble size and of isothermal conditions, these authors obtained
zelations for the conversion C,; these are presented in Table 1. In these welations §, is given for
reaction ordess equal to 0, 1 and 2 respectivily as 2 fonction of the Stanton nurnber St, and the
fraction y, of A In the bubble at the inlet of the comtactor,

The conversion {, it a single bubble acconding to these relations is plotted In Fig. 1 for all three
reaction orders. The valoe of y_ is raken  be egqual w 0.21, wiich is the oxygen fraction in air. k
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Table 1. Relations for the conversion of a reactant A in the gas phase of a single bubble
with a fast neaction occuring in the liguid phase.

n Ky Sty Ca
{N/m ?) VA T2} mig

5o 6 2 fy, -5
o 2mko.pcgJ_DA K"J—IF-% 1- T,

S 6 -5q
1 m,f 1::1_1,%‘,’_1_1;‘k K, —dzl 1-e
6th 4

[ 1 2 3 4 5

—

BEmml: Coowazion of reactant A in fwt gas phase of
a zinglc bobbic va. the Stxmen mumber.
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can be seen that £, depends non-lincarly an St and thus also non-linearly on the interfacial area a,
which is proportional to 1/d,, see Eq. (1). Only for Jow conversions [, the dependence on the
interfacial area a can be taken as being linear, However, for higher conversions , one must be alert
that {, depends nop-linearly on the i =facial area 2. In the case of different bubble sizes, as
present in 2 gas-liquid dispersion, this. - inear dependence can give rise to considerable errors in
the interfacial areas as calculated fror the overall conversion of the gas phase reaciant, see Schurnpe
and Deckwner(1980).

2.3. Absorption from a dispersiosn.

‘The bubble sizes in 2 gas-liquid dispersion are usually not uniformy, but have a certain size
distribution which depends on the operating conditions, the reactor geometry and the
paysico-chemical properties of the gas and the liquid phasc. In order to calculate the effect of the
bubble size distribution on the deviation of ag,.,, from a,, it has to be known. For the mechanically
agitated reactor we assumed taat the bubble size disiribution is represented by the distribution of
Bayeas(1967)

2 2
d'b 1 dh 2 db
_—~“ = e ™ -k — 7
k| g | =T (7
with
3
k= 2 o K=4E (72)

34z F

This distribution has been snccesfully used by Padmanabhan and Gal-Or(1968) and by Midoux et
al(1980). For the bubble coluan the bubble diameters were assumed 1o follow a log-normal
Hstriboti

2
(lhd -Id . )
E(db)=...........3.._.__ exp [ - % zmb } . (8
dbahJZx 2a,

which was proposed by Akita and Yoshidz(1974) and usaed by Schumpe and Deckwer(1980) for
their calcolztions. The two bubble size distribution functions are drawn in Figs 2 and 3 for a
constant Sauter diameter of d, = 3 mm. Acconding to experimentally determined data of Akita and
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Yoshida(1974) varinnces ©,,2 equal to 0.10 and 020 are realistic values for 2 log-normal
distribution of bubble sizes ina tubble column.

Together with the assumption of vomplete segregation of the gas phase and rhus no interaction
berween the bubbles, these distributions can be used for the calenlation of the overall conversion O,
of the gas phase reacmnt A in a gas-liquid contactor from

Jee,) g0a) &3 da,
_0

Q

A €9)

fﬁ%)d.?ddb
0

The coaversion of reactant A in a single bubble {,( d, ) for Eq. (9) can be obmined from the
relations as given in Table 1 if the absarption rate coastant K, and the residence time of the bubble
T, are mown.

In ap absorpdon experiment under these conditions an overall conversion £2, equal w the one as
calculated from Eqg. {9 will be determined. The saroe values for K, and T, will also be used with
the relations of Table 1 in arder  cvaluare the Stantou number St ., and the effective interfacial
arez 2, from the experimenizlly determined overall conversion {2, . However, the relations
between the overall conversion and the Stanton numbers 8§ given in Table 1 are only valid for an
ideally sicromixed gas phase and will therefore lead to deviations of 2, ., from g, The assumed
bubble dizmeter distributions can also be used to calculate the true geometrical valaes for St ., and
apﬁm:bSammmbnbbhdimmmonwahmdapm be compared
and used to calcnlete the effects of the overall gas phase conversion and 2 bubble size distribution
op the deviation ofamfmmapnndu-segmgamdeundiﬁms.
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This deviation then represents the maximurn exror in the determination of the interfacial area by
means of the chemtical method, Any interaction between the bubbles will average the concentration
of the gas phase reactant among the bubbles and will therefore lead 10 smaller errors. In the next
part of this study we will generalize this calcslation medel and evaluate the effects of both
backmixing of the gas phase and coalescence of the bubbles on the deviations of a,, ., froma,,
considerably.

3. MODEL CALCULATIONS
3.1. The plug flow case.

3.1.1. Calculation backgrounds.

Schurmpe and Deck ver(1980) showed that the emor in 3, can be as large as 50% for fast
gas-Hiquid reactions and high conversions of the reactant originally preseat in the gas phase. These
anthors assumed plug flow bebaviour for the gas phase with a constant residence time z, for all
bubbles and used the log-normel distribution #s given in Eq. (8) o caleulate 2, /2., as 2 function
of T,.. In their calculations they varicd the variaace 6,,% and assumed the rocan bubble diameter d,,,,
to be consmnt. As a resulr of this assumprion in their calcularions the Sauter mean diameter d, and
thus 2, varied with 0,2, In our view it is bester to keep d, constant i order to stdy the influence
ofchzmaﬁlam.bmoﬂyfmﬂismﬂdonamismmmfwwh Sauter diameter d,.
This will be done in the calculations thar are presented in the next part of tis study. The mean
bubbie diameter d,, cop then be calculated from the following relation as derived by Aldra and
Yoshida(1974) for the log-normal distribution function

d 2532 .
—tmeg B . (10)
mb

3.1.2. Calcularion results.

RESOMS OD 8oy /8yege 25 Calculated acconding to the aforementioned relations, under the
assurmption of plug flow behaviour for the gas phase with 2 constant residence time T, for all
bubbles arc given zs a fonction of (1 - &,) in Fig. 4. The results are obizined for a first order
reaction and a Jog-normal distribution with d, = 3 om and 6, 2 =0.10 or 0.20. It can be seen that
ermrors in 8, larger than 20% occur only ar overall conversions £2, larger than (.90 and thar for
Q, < 0.99 the crors in 3., Will be always smaller than 35%. Errors in the yange of 50% as
reported by Schumpe znd Deckwer(I980) can only be obtzined at extremely high overall
comversions O, above 0.95.
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Plotting the results in. the form of Fig. 4 revealed also thar for 8 log-normal diswibution as well as
foraBzyensdlmbuuonwmmrm ﬁrs:mdsnmmdmdumous:sonlya
functon of the overall conversion Q, and independ ; 2
inlet fction v . ﬂusoﬂ'mthcposnbﬂnymgmmhzethemsdmonadﬂlawmdcpmdmtﬂom
d, and y, in order to study the effects of bubble size distribution and overall conversion Q, on the
deviation of 35,.,, from a,,,, more closely.

Rwulsasalculawdonadmiawfuranthmmcﬁon orders are plotted versus (1 - Q,)in
Fig. 5 for a log-normal distribution with &2 = 0.10 and 0.20. It can be seen that for an ovezall
conversion 2, above 0.85 the deviation of a_,, from 2, decreases with increasing reacton
order.

3.2. The complete mixing case.

32.1. Caleulition backgrounds.

‘The assamptions of pleg flow behaviour for the gas phase and of a copstant Tesidence time 7, for
all bubbles is certzinly not realistic for a mechanically agimied gas-liquid reactor, The scarce
lirerature data on the RTD of the gas phase for this reactor indicate that, above the critical agitation
rate N, for a fully developped dispersion, the RTD of the gas phase is in berween that of one and
two completely mixed tank reactors in serics, sec Hanhan et al(1963) and Gal-Or and
Resmick(1966). Therefore, it is justified as a first approximation 1o assume that the RTD of the gas
phase in a mechanically agitated reactor is equal o thar of a complerely mixed tank reactor and can
be described by the distibation funcdon
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| L
E()=>ep ° - (11)
T

H we furthermiore assume that the bubbles of one particular diameter d,, have the same RTD as
r.hegasphase.wamnalwlm&cwmﬂmvuﬁmfwmhclassofbhbbles“&mdimmdh
from

RCTH RIOTRCEIP TR o
[+

For a 2ero and first order reaction Eq. (12) can be solved analytically, which results for 2 zero order
reaction in

Sy, S %

F —

L. (d)= ( exp
Adb ’yo' 2,0

-1) (13)

and for a first order reaction in the well known relation

CM"‘»’ ™ e TI&I . (14)

For a second order reaction Eq. (12) can oaly be solved numericatly. The conversion {, (d,, ) fora
class of bubbles with a RTD of a completsly mixed tank reactor according to these relations is
plotz=d in Fig. 6 for all three reaction orders. After substitation of §, {d,, ) ic Eg. (9} the overall
conversion Q, over the whole reactor of the gas phasc reactant A can be calculated. Especially fora
second order reaction these calculations derpand long compuration times.

The relations berween St g, and £, for a complerely mixed gas phase, which is perfectly
mixed on a microscale, are different from the relations for plug flow as given in Table 1, because
the driving force for mass wansfer from the gas to the liquid phase is different. The following
genera! relation between St . and Q, holds for a completely niixed gas phase, which is
perfectly mixed on a microscale, and is used for the evalparion of absorption experiments
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These values for St ., &rc then substituted in the relations for the Stanton numbers in Table 1 in
onder 10 cvaleate the effective interfacial arca 8., -

For a compltely mixed and segregated gas phase with only onc uniform bubble diameter dy the
overall conversion Q. as calculated from Eq. (9), is equal to the experimentally determined
mnvuﬁmofﬁcgasyhmm;OﬂyuMa&emwnﬁﬁmsamqua‘,mmwmn
mmnA.Hm,mymmeﬁmebubbkﬁmwiﬂmammmm
a‘,,,beausemcwnvaﬁmg(dh)hadasofbnbblesvﬁﬂ:dimdbmasmn-ﬁnnﬂy
on the interfacial area of the bubble, see Fig. 6.

322 Calculation results.

Weulcdamdahhpfathetmmkm%ofplugﬂwmdofmplmnﬁﬁngmde:r
segtegawdcondiﬁﬂnsﬁcwmlmmpbmdinﬁg?fwanaymdisﬁbnﬁmmdfmaﬂ:hm
reacrion onders. Yt can be concluded from Fig. 7 that for a cornpletely mixed gas phase and a first
arder reaction r.hedevia:ionofaﬁm&ma‘“ﬁnﬂwaysbemnu’thano.mwaA<o.99.
However, for a zero and second order reaction the deviations of a, , from a,,,, become
wnﬁdﬂaﬂylugu&mhplugﬂowbehmufmegasphmhmmmmmc
CITOTS i B4, becOMme larger than 50% for overall coaversions Q, lerger than 08s.

In the case of a zero order reaction these large errors are caused by the presence of bubbles with
Sty > 2 y.93, see Table 1, which are deplered of gas phase reactant and do not contribute anymare
to the mass transfer from the gas to the liguid phase. This Jeads w an underestimation of the true
frsterfacial area in the dispersion, because i, is evaluated with the assumption that all bubbles
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contibute 1 the wass transfer unri the gas phasc is completely depleted of reactant.

The cascads model of N complerely mixed rank reactors in scrics can be used to describe
intexmediate moacromixing behaviour of the gas phase in between plug flow and complete mixing.
Some results for intermediate macromixing of the gas phase and a first order reaction are given in
the Appendix. As expected these results are in between the resnlrs for the two extreme RTD's and
do not alter the conclusions, waich can be drawn from Fig. 7.

The main conclusion now is that the error in a ., 25 determined by the chemical methed, is
affected considerably by the macromixing behaviour of the gas phase. For a zero and second arder
reaction and a completely mixed gas phase the error in a4, is 2 syong function of the overail
mmﬁmQA.Emplsofgas-ﬁqﬁdmddrwﬁonmwkhamandmdmm
respect to the gas phase yeactant are the absorption of oxygen in aqueocas dithionite and aqueous
sulphite solutions respectivily, see JThaveri and Sharma(1968) and Linek and Vacek(1980). We see
that in a roechanically agitared gas-liquid reactor with a completely mixed gas phase the accuracy
for these systems is always within 10% if the overall conversion ©, is kept below 0.40 ang 0.50
respectivily, whatever the real micromixing bebzviour of the gas phase will be. The use of these
synansahigbacmvuﬁonlwelsladsmexmdylxgemhmedmﬁmofme
inserfacial area.
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As mentioned before the major disadvastage of the reaction berween CO, and zlkanolamine
solutions is the ‘rather high solubility of CO,, which can jead to kigh conversions of CO,.
However, for the particular case of a mechanically agitated gas-liquid reactor and a first order
reaction, which is the case for the reaction berween O, and allanolamines, it can be concluded that
tbccuorinacwwﬂlalwaysbcsmalknhm 10% for overall conversions Q, smalier than 0.99,
provided the gas phase and e¢ach class of bubbles are completely mixed, whatever the real
micromixing behavionr of the gas phase will be. This means that the gas-Bquid model reaction
syswems with absorption of €O, in alkanolamrine systems can be vsed with a good accuracy for the
determination of interfacial areas by the chemical method in mechanically agitared gas-Hquid
TEACIOTS.

3.3. The intermediate micromixing case.

3.3.1. Calculation backgrounds.

Up till now we considered only the influence of the macromixing behavionr of the gas phasc on
the error in 2, . While we assumed the gas phasc o be completely segregared and thus no
inweracticn b ween the gas bubbles. Therefore, we calculated the maximam error in a,,, ., if
micromixing effects are totally neglected. However, especially in bubble columns with long
residence timy.s for the bubbles and in mechanically agirated gas-liquiid reactors with high degrees of
turbulence the gzs babbles are likely o interact. The gas bubbles are subjectsd to complex
coalescence and brewcup processes on a microscale, which are unfortumately not very weill
understood. Qualitativily it can be argued that such interactions between the babbles will level out
the concenration differences of the gas phase reactant in the bubbles and will therefore iead to 2
smaller errors inagy, .

Iu order to get an idea of the magnitude of the effect of bubble coalescence and breakop upon the
deviation of 2, from a,,, we adopted the well known microwixing model of interaction by
exchange with the mean(TEM modei}, sec Villermaox(1981) and Westerterp et al(1984).
Villermaux{1981) calctlated that the IEM roodel compares very well to the random coalescence
model(RCM) in: which a fluid is considered 10 contain only aggregates. These aggrepaes coalescs
aggregazes having the average composition of the two original aggregares. The whole process can
be described by the coalescence frequency o, the number of coalescences per uniz of time. This
parameter bas a clear physical meaning in a gas-liquid dispersion. Howeves, this RCM requires

We therefore used the IEM model, which is easier to compure and compares very well to the
RCM ss the characteristic micromixing parameter of the IEM model 1, equals 4/, see
Villermanux(1981). In the IEM model z single agzlomerate, which exchanges mass with the average
content of the rest of the reactor, is followed from its birth at the reactor feed inlet. The average
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content is derived from the RTD for the reactor and from the concentration in typical agglomerares
with different residence dmes. .

The IEM model can be used 1o simulare the effects of bubble coalescence and breakup if the gag
bubblies arc considered as the agglomerates. For reasons of simplicity the IEM medel will only be
ennsidered for 2 first order reaction with respect to the gas phase reactant, The mass balance for the
concentration of reactant A in a single bebble with diameter d, then equals

de, (d ) ¢, - -¢, (drx)
a (G = A 'a {9y 'i“;%(%-‘) (16)

d: tEll db

in which ¢ is the time constant for mass exchanpe between the bubble and the rest of the reactor,
and ¢, ., theaverage concentration of A in the gas phase. )

Fmacomplewlynixdgaspbasghwﬁchanhdasofhbblesvﬁmdhmadbhasmesam
RTD as the gas phasc, the average concenmation ¢, , can be calculated from

-2)

an(d) = [e (e T ar )
L]
and
JEE) o nie) 8024,
cA.I:V = 2 o (18)
[Ea) e eq,
0

For plug flow behaviour of the gas phase the bubble only exchanges mass with the average content
of the bubbles with the same residence time and the concentration ¢, (t) can be obmined from

fmayeanadas

CAJ"(;) =2 . (19)

fwm:ddb
1]

Botk sets Egs (16)-(17)-(18) and Eqs (16)-(19) require an iteration procedure in order to be solved.
The resohing average concentration ¢, ., ¢t be used to calenlare the overal! conversion €2, which
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can be substiruted in Eq. (15) and the relarions of Table 1 in onder 1o obtain a; . The solutions of
Eqs(16)and(lnfmmpletcmiﬁngandplugﬂowoﬂhcgmphasemmmdinTabl=2..

Table 2. Relations for the fraction of reactant A in a single bubble and for the average
cantent of reactant A for the IEM model with a fast reaction occuring in the ligoid,

-3-1-5:.1:
y t 1 y,(d, t=0)
Yaw(d) = —2I = : 2% - (20)
I+St1lm1+-s—+5t".' 1+ 48 1
tﬂ 1 tm 1
3
LR PANCRT TS
yﬂ.ﬂ = 2 - (2])
[Ee4p el aq
0
Plug flow:
1 - 1 -
(v SL,) 1L -(—4-&1”
Y, ..(1) t t r
yfdp) = —AT . ® } 4y, (du=0)amp °
l+.'."ul Iy
(22)
Jeap v, ag
YA'“(t) = o oy (B)
x4yl aq
0
S
with St = -1
Ty
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332 Calculovion resulrs.

Literature data oo coalesceace frequencies of gas bubbles in gas-liquid contaciors are very scarce,
For a mechanically sgitated gas-hquid reacror Hassan and Robinson(1980) and Reith and
Beck(1970) reporned coalescence frequencies ranging from 1 to 15 s -4 the mapnitnde depending
both on the operating conditions, like superficial gas velocity and agitation rare, and on the liquid
phase propesties. We calculated with the TEM madel] the effect of coalescencs on the deviation of
amla!mﬁorampletclyn:ixedgasphaseinamechaninﬂyag‘mwdmor.mrsuhsm
plotted in Fig. 8 for a Bayens disrribotion with 2 Santer mean bobble diameter &, of 3 1 and for
values of r, oqual 10 025, 1 and 4 s, which correspond 1o coalescence frequencics of 16, 4 and
1 571 respectivily. The line representing 2 completely mixed gas phase andar segregarted conditions
is als> ploted in Fig. 8. It can be seen thar 25 expected coalescence of the gas bubbles reduces the
deviation of 2., from a .. At the lowest time constanr for mass exchange 1, the error ina,,
becomes smualber than 5% for overall conversions £, Iower than 0.99. The calculanions also show a
shight infloence of the assumed Santer mean bubble dizmeter d, co the deviation of 2, from 3.

108

F—

09 F Ly =253

»
-l.-l!

......._vg"

- i mas

A1, ==t
os Free ——r
6.01 Q.10 1.00

—_— 10, Y

Sgmc & Raos,, /A, of 2 Baycnsdswibation with
dy=3mmvs. (1- ,)fors lorder esction
and complets mixing of the ges piose ¢
alontater] accxwiiing to the TEM model.

To our knowledge no guantative data on the coalescence freqoencies of gac bubbles in 2 bubbie
column are available. However, from the papers of Calderbunk(1967) and Deckwer et al(1978) it
can be qualitarivily calculated that the coalescence frequencies of gas bubbles in a bubble colrm ane
in the range of 0.5 to 5 s "L. Culculation results for a Jog-nornal diswribution in 2 bubbie column
with 2 Santer mean bubble dizmeter d, of S o with 6,2 = 0.10 2nd 020 and for valves of 1,
equal to 1 and 4 s are ploted in Figs 92 and 9b respecyivily. The line representing plng flow:
micromixing conditions the emor in a,__ rednces considerably and is always smaller than 25% for
overall conversions 2, suxaller than 0.99. Also these calculations show a slight dependence of the
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resulis on 4.

These calculations with the IEM model indicate thae, if bubble coalescence and breakup in a
dispersion of a gas-liquid contactor are taken into accownt the deviation of 2., from 2. as
compared to segregated conditions, becomes smaller. I realistic coalescence frequencies are
considered the crror in 3, may reduce a factor 3. For 2 mechanically agirated reactor and a first
order reaction with respect to the gas phase this means that the emror in 2, becomes smaller than
5%. For a bubble colume and a first order reaction the calculations indicate that for most practical
conditions the exror in a,_, is swaller than 20%, if the overall conversion of the gas phase reactant
Q, is kept below 0.99. The gas-liquid model reaction systems with absorption of CO, in
alkanolamine systems ¢an therefore also be used with a rather good accuracy for the determination
of inteefacial areas by the chemical method in bubbie colamn reactors.

1.0 10
heer 1 L
‘! LY "‘ 08 —1
] O.BT’ |0:-'0.ID _‘_@E.D-SE._— a:-m
2 % 2
T e7r Ly mls T 0.7 :", 9 Ligmiz
- 1 =i
asf Z.l_ &3 06k T4
3.!_--1: - ll-n-:
Q. 2 s )
50.01 0.10 1.00 0,01 0.10 1.00
..—--.-(]-Q‘)—-—- —-——(I-QA)———-

bmee® Rativz,, ., A, of 2 log-normal Gsribation with d, = 5mmvs (1 - 0,) fora l-ander
reaction xd plog fow of the: gas phise. a5 caleniaed acoding 10 t IEM more!,

4. DISCUSSION AND CONCLUSIONS

In this smdy ir is shown that due to the: use of an overall conversion 2, for the gas pbase reactant
the cvahmtion of 2, from absorption expernents may leas w serious errors, because the overzll
conversion O, represents an incorrect » ~rage if the bubble sizes and residence times arc not
oniform, see Schompe and Deckwer(1980;). :uetse authars comsidered only plag flow behaviour for
the gas phase under complersly segregated conditions, while we studied for practical conditions
both the effect of gas phase hackmrixing as well as the effect of bubble coalescence and breakup on
l:hedevnnonofamﬁmna . T several case smdies we performed model] calculations for both
mechammﬂyagmdgas-ﬁqmdmandhnbbhcolms.

1, Fmaﬁrnwdzrmmwﬂmw&cgaspmmtandngrcgmmmdn
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emror in &, will always be smaller than 10% if the overall conversion Q,, is lower than
0.99.

2.For a zero and second order reaction with respect 1o the gas phase reacrant and segregared
conditions the exrorsin a ., become larger than 50% for overall conversions 2, larger than
(.85 and the crrors in a, . will be smaller than 10% only for 2, < 0.40 and 0.60
Tespectivily.

3. If bubble coalescence and breakup are taken into account, calculations for a firsr order
reacrion according to the TEM model show that the errorin a, . as compared to segregated
conditions, redoces and becomes 2 factor 2-3 smaller.

‘Therefore, it can be concluded that gas-liquid mode} reaction systems, which are zero and second
order in the gas phase reactant, result only in an accurate value for the interfacial area in a
mechanically agitated gas-liquid reactor if the overall conversion &, is low. Mode! reaction
systems, which are first order in the gas phase reactant, can be used very well for the determinarion
of interfacial areas in 2 mechanically agitated reactor, provided the RTD of the gzas phase is known.
As already aforementioned the Everamure data on the RTD of the gas phase in this reactor are scarce,
Hhassan and Robinson(1980) and Oyevaar et al(1988) - se¢ also Chapter 2 - showed tha: for CO,
madel reaction systems, which are first order in €O, and for which the overall conversions £, is
lower than 0.80, the assumption of a completely mixed gas phase leads 1o accurate values for the

gk e, D whbile column it has been calculared thar:

1. Fcrnﬁ:nordarmaﬁdngngmdmnsmemmammnalwaysbcsmaﬂa
than 35% if the overall converion &, is lower than 0.59.

2. Fmsegregaadcmdumﬂhedﬂmofa&nﬁmaﬂdmumMmmngm
order for an overall conversion £2, above 0.85.

3. If bubble coalescence and breakag are taken into account, qualitative czlculations for 2 firsr
order reaction according to the JTEM mode] indicare thar the evror in a, ., 35 comnpared 10
segregated conditions, reduces and becomes smaller than 20% for overall conversions
Q, <099. '

These calculatiors demonstrate that the interfacial areas in 2 bubble column can be determined by
the chemical method with 2 rather good accuracy even for overall conversions Q, up 10 0.99,
provided the gas-liquid model reaction used is first order in the gas phase reactant. The Hmirs with
respect to the overall conversion £2,, as presented by Schumpe and Deckwer(1980) for a bubble
column, are extended to bigher valnes for £, if bubble coalescence nd brealup are taken into
account. It shonld be kept in mind thar in the calcnlarions for the baubbie columm we considered the
RTD of the g5 phase to be plug flow_ This will be the case ar low superficial gas velocites in the
bubbly flow regime and also in columns with 2 small diameter, see Shah et al(1982). Deviations
from plug flow will occur in the chuom nirbulent regime ac higher superficial gas velocities and in
columns with larger diameters doe to Ligmid circolarion and to differens rising velocities of the
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bubbles.

It can be concluded that, provided the RTD of the gas phasc is known, ges-liquid model reaction
syswms with absorption of CO, in alkanolamine selutions can be used for the determination of
accurate valoes for the interfacial areas in gas-liquid conmctors, despite the high solubility of CC,
compared to other gases, which genexally results in high CO, conversions. Taking into account the
advanrages of the reaction between CC, and alkanolamines compared 10 the taditional reaction
between O, and sodium sulphite as aforementioned, the use of CC,-alkanolamine systems for the
determination of interfacial areas by the chemical method is therefore recoummended.
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Chemical Rescarch(SON) with financial aid from the Netherlands Organization for the
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Appendix

‘The distribotion fanction of the cascade model with N completely mixed mank reactors in series
&quals
NN -y R

— o M (a1)
N1y

EN(’) =

and can be nsed in Eq. (12) w calcnlate the conversion of the gas pbase reactant for each class of
bubbles {, (d, ). For a first order reaction Eqg. (12) can be solved analytically and resuls in the
well known relation

N
1
;A(db)=l-[1*stl-"1"] - (82)

5t 3py can be calculated from

i
-1
Sty chem = [ (1-a)W ] (23)
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The limits of the cascade mode] represent plug flow behaviowr for N —2> == and complete mixing
forN= 1. Rﬁultsoua‘hmiawformmtwomkm'sm already shown in Fig. 6 and are
ploned again in Fig. al together with results for a cascade of 2 and 5 completely mixed tank reactors
in series for a first onrder reaction. As expected it can be seen that the lines, which represent the
intermediate macromixing behavioar, lie in between the lines for the rwo extreme RTD's.
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