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Chapter 2

Interfacial areas and gas hold-ups
in a mechanically agitated gas-liquid reactor
at el sted pressures from 0.1 tv 1.7 MPa.
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Chapter 2

ABSTRACT

Interfacial areas and gas hold-ups have been determined at pressares up to 1.7 MPa in a glass
vessel of 88 mm diameter and of standard geometry. Superficial gas velocities between 0.25 and
2.00 ¢my/s bave been used and the agitadion rare varied berween 4 and 30 rps. ’

The interfucial omeas have been determined with the chemical method using the maode) reacrion
between CO, and aqueous diethanolamine/DEA) and hold-ups by observation of height differences.

Realistic valoes of the interfacial areas could be determined provided the conversion levels of CO,
in the gas phese were kept befow 80%. In contrast o the scarce informarion in Hieranre the gas
hold-up as well as the interfacial area are found to be indcpendent of the reactor pressure.
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1. INTRODUCTION

In:hapmviuuscmptcrw:mvicwedanﬁmmdmonmassmsfaphemmcnain gas-liquid
_mcwrsa:clcvawdprssm.Weooncludedd:atmeliquidphasemassuansfa-codﬁcimtk,_is
independmtofmbutnmsumegasphasemssuansfacoefﬁcim:kawhicbappwed:obe
inmﬁlypmporﬁona]withpresmwmcpown.whmnisdcmminedbymetra.nst‘a-
mechanism. Farthermore we concluded that there is no common agresment abour the infleence of
pmnemtheintafadalmmdth:gashdd—upbuhhﬂomdﬂmphasbubﬂcmlmmd
mechanically agitated reactors, We thereforc decided 10 investigate the influence of the operating
mammmemuﬁdﬂmmdmegashou—upinthﬁemm:ypesmomwimmmupon
our mderstanding of the mass transfer phenomena #t elevared pressures. The results will be used for
ammwﬂﬁngdm&mmseeWmaal(lm).andalsomayleadwabeua—dsign
and understanding of high pressure gas-liquid reactors.

hﬁspmmrgﬁuomlmm&em&miuﬂyagiﬁmdmﬁqﬁdmmmmw
resalts on the interfecial aveas and & gas hold-ups in a small agitated gas-liguid reactor operating at
mﬁupul.?h&mmﬂmﬂym&ﬂﬂ%ﬂ}.heinmﬁdﬂmmdmdbym
chemical method using the model reaction between ©0,, and aquecas dicthanolamine(DEA). The gas
hom-upshavebemmmnedbymﬁngmeheigh:ﬂiffﬂmusb:mtheyswdandmc
non-gassed dispersion level.

The mechanically agitared reactor is  very popular device for contacting gases with liquids and
shurries. Tt has a number of advantages such as the ease with which the Equid phase residence time
andﬁedegeeofmhﬂmumbevaﬁeimmhaﬁmnyaghamdmmbewed
semi-batchwise for the liquid phase or for pure gas as a dead-cnd reactor. The main disadvantage is
that both the liquid and the gas phase are 2lmast completely backmixed. A considerable amount of
hfmﬁmmmanddnuphmmhaﬁmﬂyugimdmmsisawﬂableandmmebuﬁw
revicws are given by Van Landeghem(1980), Charpentier(1982) and Joshi €t a1(1932). These
reviews are restricted to research at ammospheric pressute and do not take into account a possible
inflnence of the Fressare on the s wansfer parameters in 2 mechanically agitated reactor.

h&amlwwﬂnﬂdmhgx&ﬁqﬁdmmeiniﬁﬂbubbhsinuaﬁnﬂcm
decreases with increasing pressure. Several authors, see Kling(1962) and LaNaaze and
Harris(1974), attributed the reduction in size of the babbles to the increased contribation of the
momentum or the kinetic energy to the bubble formation process, as caused by higher pressures.
SagmmdQﬁnn(lQ?G)omefmmgassmhmhthcmﬁmoEmegas
hbﬂswhmﬁeymmepmmehﬁd:y&ﬁqﬁdmmmpmhiﬁaﬂy
mﬂabnbblﬁandmgamﬁmmmnuhhbkswimm@gvdodﬁs.
Thi.sgivesrisewlmwindaﬁalmsandgashold—upsinw—ﬁqﬁﬂm

Sridhar and Porter(1980a, 1980b) observed an increase in the interfacial aress of as rouch as 75%
inamachanimﬂyagimdm(b:&ﬁm)fwammmﬂ.lml.OMPa.'I‘hey
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worked with O,-cyclohexane as gas-liquid systern and determined local interfacial areas in the
Teactor with a light transmission probe. These local values were integrated to arrive at an average
value for the interfacizal area, They attributed the increase of the imerfacial area to the increase with
pressure of the kinetic energy content of the inlet gas flow. They correlated their results by
maltiplying the equation of Calderbank(1958) with a factar (E¢/Pg) ( pg/p, )15 o

™Ml p
a=tas| YT _(-&)”(i)(—c)‘“‘ (1)
a6 v P
S, 5 air

The part { Ep / Pg ) represents the ratio of the tol (kinetic and mechanical) energy supplied o the
reactor and the power inpur: by agitation only. A second comrection factor for the gas deasity had 10
be applied, so it was not pos: "ble 1w accoun for the influence of pressure solely by the increase in
kinetic encrgy content of the gas inlet flow. Forthermore it is very questionable, as is also put
forward by Miller(1981), whetner all the ‘extra’ kinetic energy of the inlet gas flow is usad to creats

&mwﬂymﬂ:memﬂsVafopulosuﬂ(lQ?é)obsavedm'mﬂumofmmonkLa,aand
£ in a mechanically zgitated reactor (D = 0.44 m). They worked with an sir-water system and
within the same pressuic range from 0.1 to 1.0 MPa They determined the values of k a by physical
absorption of O, and measared gas hoki-ups by taking the beight differcnce between the gassed and
non-gassed dispersion Jevels. These gas kold-ups were used together with average bubble diameters
evahuated from photographs taken throngh the wansperent wall of their reactor to calculare interfacial
arcas. All three parameters are not influenced by pressare and Vafopulos et al(1976) state thar this is

So there is no general agrecmnent between the two different groups of researchers with respect to
the inflvence of the operaring pressure on the mass transfer parameters in 2 mechanically agitated
TCacIor. A syswrmatic investigation of this fmportant effect seetns 1) be justified.

2. CHEMICAL METHOD
2.1. Theory.

The chenrical method will be used to detenmine the intexrfacial arcas. The method is based on the
theory of chemically enhancsd abscrption of a gas phase component A into a liquid in which an

irreversible reaction occurs with a liquid phase componenat B. By a careful choice of the
physico-chemzical conditions it is possible to determine either a, ki a or kga, see Sharm and
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Danckwerts(1970) and Westernerp 1 al(1984).

Thcgmaa]eqmmforthechcmcaﬂymhanwdmlcﬂuxl of a component A from the gas
phascmmthchqmd,asdmvedbybamkwms(lg?musmgthcpmcmon theory, is

I:LJI+ (me, )
I+Ha.

. 2)
T kaJ—-i-Ha

The Hatta number, Ha, equals

2 n-1
Ha:\/m-k“c;_(mcm} D, 5
k
ifthgchu:ﬁcalmw&unmin:heﬁqtidisgivmbykcmku(mﬂ(cu)“. If the reaction is
fanmnghwmnmaﬁabsubedAh&cﬁlmmif:hehkvclmismchmmtbmﬁeﬂm
mmmmdemmmmc&mm.Twmmm
ﬁshmgx&ﬁqﬁdmnﬂmwﬁhmﬂuamwﬁmmandhwgasmhbﬂiﬁﬁm

2

J,=k mec, E, =k mc,,+1+Ha (4)
provided
AlHa®>> 1 and 3)
kG»kaJHHa‘ with (6)
1-
Sk L, _ (62)
aD,
2
E =yl1+H . (6b)
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In Eq. (6b) E, 15 the cohancement factor which accounts for the effect of the liquid phase reaction on

the rate of absorption. With no depletion of the component B in the iquid film and a reaction first
onder with respect to the absorbing component A the Hama oumber becomes

kip 3 P ‘
Ha = X1 2 ‘ 7
7y (7)

Ha << E, (B)

where according o the penetration theory

AL ) 9
Fan ™ \/ \[ = @

E 4 is the enhancement factor for infinitely fast reactions. Acconding o Eq. (6b) the value of E,
becomes within IO%QqnalmmyfnrHacojandequaltoHaforHa>2

Ha< 5:E, =13ad]J, = kme,, (10}

Ha>2:E, =Haand I, =mc,, fk_of D, . (11)

Application of this theory o chemical reactors makes it possible 10 determine volumetric Liguid
phase mass transfer coeflicients and imerfacial areas from zbsorption rare measyrements, because
¢4 =7, 3 Vi This requires a knowledge of the physico-chemical parameters and of the driving foree
to check the criteria and to make the correct evaloations.

2.2. Gas-liguid maode! systems.
The reaction between oxygen and aqueons sodium sulphite solutions catalyzed by cobaltons ions
Co?* has been used extensivily as a model system. However, there is still disagreement about the

Teaction kinetics and especially abour the reaction order in oxygen. This s probably causad by the
sensitivity of the reaction towards small impurities in the water, the catalyst or the sulphite sgit, see
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Linek and Vacek(1981). The main advantage of this reaction is the possibility to change the reaction
rate consmnt over a wide range by changing the Co?* canalyst concentration. However, it is restricted
1o 2quecus solutions; moreover, the non-coalescencing behaviour of this ionic system also limits its
use, see Bantos and Satterfield(1986). )

The reaction between CO, and zqueous alkanclamire solutions was first introduced by
Danckwerts and Sharma(1966). Later Sridharan and Sharma(1976) showed that the reaction
between CO, and alkanolamines in organic and viscous solutions can also be used for the same
purpose. The reaction rate can be varied by choosing the amine fype. In recent years alkanolamines
have been used to determine mass transfer parameters in various Teactor fypes, see a.0. Mehta and
Sharma(19713, Midoux et al{1984), Versteeg(1988c) and Bartos and Satterfield(1986). Advantages
of the reaction between CO, and afkanolamines arc:

1. the zbility to meet the diffrent regimes of the chentical method by choosing different amines

and different comcentrations.

2. the possibility 10 work with bot.: acuecus, organic and viscons solurions as well.

3. the certainty that the reaction ordst 1 CQ,, is equal w one.

“The main disadvantage is the rather high solubility of CO, compared to other gases; this geoerally
results in high CO, couversions making the evaluation of the mass wansfer parameters sensitive

3. EXPERIMENTAL
3.1. Chemical system.

Blanwhoff e1 al(1984) reviewed the data available on the kinetics of pritoary (MEA), stcondary
(DEA, DIPA) and tertisry (TEA, MDEA) alkanclamine solutions in water and provided additional
data for DEA, DIPA, TEA an MDEA at 298 K. From their results it can be concluded that agqueous
solutions of diethanolgmine (DEA) ar 298 K fallfif the criteria to measure interfacial areas with the
chemiical method in a mechanically agitated gas-liquid resctor,

Commercial grade agueons DEA solutions of 80 vol% with a purity of & 98%. supplied by
BASE, are used in the absormtion experiments. The reaction zates of this alkanolamine are
determined and compared with che resulis of Blanwhoff er al(1984) and Versteeg and van
Swazij(1988a). An excellent agreement in reaction rates at 298 K is found for DEA concengations
between D.5-2.0 mol/L The kinetic experimeats are carried out In stired vesscls with a smooth
gas-liquid interface. The experimental ser-up is identical to that of BlauwhofT et al(1584); in our case
the pressare decease is followed by a pressare transducer connected to a microcomputer, which,
using Eq. (11), directly calculases the sbsorption rate constant m (k, (&5, )P D)%%, From this
constant the pseudo first order overall reaction rate constant k,,, = k) , (¢ )P can be calculated,
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provided m and D, are known

The overall reaction rare constant is determined separately for the first rweaty fresh or regenerated
bawches of DEA solations as used in our absorption experiments: no significant inflnence of
imprities or degeneration products is found. Fer the following batches k. is no more determined,
The overall reaction rae constant is also not infiuenced by the CO,-load in the liguid. This indicates
that the deprotnation of the "zwirterion” is not influenced by the bydroxy! ion and that the
absorption rate of €O, is rot influenced by the bicarbonate formation reaction, see Blauwhoff e
al(1984).

Interfacial areas in the reactor can be evaluated with Eq. (11) without knowledge of the exact
values of the parameters m, k, , . 6y - p and D, provided we are sure that the condition E, = Ha is
folfilled. In that casc the value of the absorption raw constant m (k, , (g )P Dy ) % s directly
evaluated from 2 kinetic experiment ¢an be used in the absorption experiments and in Eq. (11). This
avoids the cumulatve errors arising from calculation, estimation and measurement of the separame
paramerers .

About 70 kinctic experiments have been executed at 298 K o determine an empiricat correlation
for the absorption rate constant m ( ky , (g )P D, ) %5 as 2 function of the free DEA
congentration from 0.2 to 2.0 mol/kg. The comrelation is given in Table 1 tog=ther with
cxpcrhn:nlaﬂydctu‘uﬁnedcmclaﬁonsfonbesolubﬂitym.:heviscom‘wn,_and:hedcusityp,_asa
fnncﬁonofﬂn:mnlDEAconneuuaﬁomIfmewlucokaﬂubemmhanimuyagimmdmris
known we can pow choose the conditons where 2 < Ha<<E, ..

Table 1. Daza for the DEA-water system at 298

m [k, ey Do = 93910 [DEAIC® - 26110 mss (12)
m = .791 - 044 [DEA] (13)
pL = 9958 + 1555 [DEA] - 1.141 [DEA]> kgfm 3 (14)

# =107 exp(-.1135 + 257 [DEA] + 4694102 [DEA]?) Nsm2  (15)

[ DEA ] in mol/kg and { DEA ]* in mol1
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We did not take into acoount a possible reversibility of the reactions concerned. Alkanolamines
acmally react reversibly with CO,. Versweeg ot al(19882, 1988b) showed that for great deviations
from mreversibility the application of the equarions above in kinetic and absorption experiments can
cause considerable erors. With their numerical model we chiecked this for different CO, parnial
pressures, DEA concentrarions and conversions and we concluded that no serious deviadons from
irreversibility ocour in our kinetic and absorption experiments.

3.2. Experimental installation.

An experimenm] installation has been constructed to perform absorption experiments at elevated
pressuyes. Provisions have been made for 2 quick exchange of the reactor. Either a mechanically
agitated reacmn (H/D = 1) or a cotumm reactor (H/D = 6.2) can be insralled In this paragraph we will
only consider the mechanicelly agitared reactor. The flow sheer of the insiallation Is given in Fig. 1.
Except for the reactor 21l parts are made of 316 stainkess sweel

3.2.1.The reactor.

The mechanically agitated reactor, see Fig. 2, is 2 modified bigh pressire antoclave made of glass
and maonfactired by SFS(Zarich). It bas 2 diameter of D = 88 mm and a wital beight equal w 190
oo, The peactor can be aperared 2t pressures up to 2.0 MPa and is thermaostated at 298 K. The
Teactor opexates continuounsly with respect to both the gas and the liquid phase and is equipped with a
stanciard six-bladed dise terbine impelier with a diameter of /D = 0.4, installed a3 a height of /D =
0.33 above the flar bonom plax. Four baffles of width W/D = 0.1 are mounted in the reactor. The
dispersion Ievel is mainmined a1 a height of H/D = 1 by nsing an overflow vessel. A gas mibure of
€0, and N, is inrodoced inio the neactor via a sparger located centrally below the impeller. The
sparger is either a sintered plae of d; = 1.0 ¢m and an avemge pore diamcter of 30 ptm or & simple
tabe of d; = 3.0 mun. The agitation rate is regulated with 2 variable gear motor and is monitored
continoously with 2 mchometer. A three-way valve is installed in the gas inlet line just before the
reactor for gas hold-up measurements.

322, The gas system.

Carbon dioxide (Hoek Locs, purity = 99.5 vol%) and nimmogen (Foek Loos, purity = 99.90) are
mken from gas boales. After pressure regulation by rwo Tescom series 2200 presaure regulators the
gases are supphied 1o the reacror over four Brooks series 5850 TR and series 5851 TR mass fiow
controllers, whick keep both the gas flow rate and the gas composition conszant. The flow rares
applied for N, range from 0 to 2.5-10°3 pm®/s and for CO, from 0 to 8.3-10 5 nm¥s. The gases
are mixed in a helical beat exchanger and the inlet wexpperabre of the gas is coatrolled with an clectric
beating coil. which is connected w a Ewrotherm remperanere regularor. The pressure in the
installation is controlied by 2 Tescom series 2300 backpressere regolator in the outler gas flow.
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backpressure. fegulator (4). biquid pump (5). Liquid buffer vessel (), gas botles (7),
mmmmﬂqﬁum@)mmamm
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Bigid ooy D=70D}

Hgore 2;  The experimenat mechanically agitated reactor with
3 standzrd erhine disc impelier.

Thein-andomlagasﬂmmmphdwnﬁmmslybyswimﬁngadnu-mym.mcoz
concentrations are determined on-fine by means of a Varizn seties 3300 gas chromaograph equipped
wi:hamumlwudw&ﬁtydmwandmanmaﬁcsampﬁngmmgasmhis
connected 1o a Hewlett Packard 3392A inwegrator, which inftiatcs the sampie taking and evaluates the
results. Helium is used as carrier gas and a 1/8” diameter 15 m long Porapak-P column for the
analysis.

32.3. The liquid system.
Rﬁhm'mgmedDEAseluﬁonsrcfdﬁomasmgnmdwiﬁavdmofVL=ﬁﬂlinm
therﬂmorbymmsofalEWA—mbmnepmp:ypeElﬂd—].MDEhsoluﬁmsintbemgc
mmmuamwmmmmxbymdmﬁngm,wm
flows throngh the jacket of the vessel. The purmp has a maximum capacity of 1-10-5m?/s and the
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liquid flow is adjusted either manuwally or autorpatically by changing the stroke length of the pump.
Two burettes arc available for calibration of the liquid flow rate.

The liquid feed is kept at 2 constant temperature of 298 K by means of two helical heat exchangers
berween rthe liquid pump acd the reactor. The liguid flows through the reactor and viz an overflow
vessel mio 2 liquid buffer vessel with 2 volume of V) = 28 1. When the buffer vesszl is filled up
completely, the experiments have 1o be stopped and the buffer is emptied into the regeneration
vessel.

‘The regeneration vessel with 2 volume if 'V, = 60 1is kepr ar temperatres between 350 and 370 K
by means of hot water from a thermostat. Under agitartion by two rarbine impellers the €O,
contained in the DEA solurion in the regeneration vessel is stripped continnously from the solution
wikh nitrogen. Regenerated solutions arc recycled to the storage vessel and used for new absorption
experimments.,

Liquid samples are taken w determine the DEA concentration and the €Q,,-lquid load for cach
fresh or regenerated batch ¢ DEA solution. The DEA concentration is determined with a standard
acid-base titration and the arount of absorbed CO, by means of the method described by
Vertxugee(1979) and used by Blaowhof et al(1084).

3.2.4. Automation.

The experiments in the installation are partly auomared by means of a HP 9816 microcompater
and a HP 3497A dat acquisition and control unit. The mass flow controilers and the ligquid pump
can be adjusted automzrically by the computer. '

The reactor pressure and temperanmes, the in- and ootlet emperamres and the sct points of the
mass flow controllers and of the Liquid pump dre contipuously monitored by the coraputer. Other
Proctss parameters such as the agitation rare, the DEA concentration, the CO,-liquid Ioad as wel as
the results from the gas analyses have 1o be fed manually into the computer. The compnsr calculates
the flow rates, the snperficial gas velocity as well as the CO, concentrations in the gas swearts and
coatinuously dispiays the process condifions. Afier an experiment all dara are stored in datafiles 1o be
processed by data manupalation programs later on,

3.3. Experimenial procedure.

velogity, the desired CO), fraction in the gas feed and the estimated DEA and CO, concentrations in
the liquid fead are supplied 1o the compurer. The coraputer thet: calculates the set points for the mass
flow controllers and the liquid pump. The lignid flow is adjusted on the basis of a maximom
allowzble DEA conversion of 20%, if all CO, is absorbed from the gas phase.

The DEA concentrations ir: the solurions, which are nsed to determine the interfacial areas, vary
Serween 0.8 and 1.1 molfkg. For a realistic value of the liquid pbase mass transfer coefficient k;_for
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agueous solutions in an agitated reactor exqual to 210 més, sex Westenterp et 2l(1984) and Mehta
and Sharma(1971), this results in Hatta numbers in the range of 4, see Eq. (7). The CO,-fraction in
the gas feed ranges from 1 to 2%. For values of Ppyp /Do, = 0.5 and of m=0.7 - 0.8 at 2
temperatore of 298 K this resulrs in values of E, > 30 at a1l pressures.

At atmospheric conditions the mass transfer coefficient in the gas phase kg is a factor 1000 larger
than the mass transfer coefficient in the liquid phase k; . Even after taking into account the inverse
prcpordonaﬁ:yhctwmkcand:besqmmmofp:smasfoundhyVamgc:alﬂQS?}.:his
results in 4 gas phase resistance which never accounts for more than 2% of the total resistance to
mass transfer at 2.0 MPa. The gas phasc mass wansfer resistance therefore can be neglected Thus
211 the criteria for the application of Eq. {11) are mez with and the interfacial area can be deternined
from absorption ratc meassremments under the experimental conditions mentioned.

For cach absorption experiment the CQ, concentrations in the in- and outlet gas flow and the DEA
concentration and the CO,-Jiquid load in each fresh or regencrated batch of DEA solution nsed are
determtined. From

%o, = % (“m,0m ~ Sco,tom) (163

the absorption rare is cakeulated.

4, RESULTS
4.1. Visual and photographic observations.,

To onder to get a first qualitative impression of the performance of the reactor at elevated pressures
several photographs wexe tzken of a nitrogen in waurdispasimadiﬁ'mmlnﬂme
experiments the gas was introdiced inw the reactor throngh the sintered piawr. Some photographs are
presented in Figs 3, 4 and S. Fig. 3 shows picrures ar three different agitation rates at a constant
pressure 0.1 MPa and at a consiant superficial gas velocity v = 0.5 cm/s. The gas fraction in the
dispersion increases with increasing agitation rate. The critical agitation fate for a fully developped
dispersion, menﬂ(l%}.msﬁumwmwwm 11.7 and 15.0 1ps. Figs 4
and S show photographs of the dispersion in the reactor at the same agitation rates and saperficial
gas velocity, but for two differear pressures of P = 0.6 and 1.1 MPe. Both series show an increase
of the gas faction with increasing agitarion e,

At constnt agitaion rate we visnally observe an increase of the gas fraction in the dispersion with
increasing pressure. This is in contrast with the findings of Vafopulos et al(F976), who found no

" influence of pressure in 2 ransparent mechapically agitated reactor with D = 0,44 m, D/D =033,
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N=1171ps N = 15.0 1ps N=2501ps
Beus3: Photographic observations at P = 0.1 MPa and v, = 0.50 coys.
BIPES B '

N=1171ps N=1501ps N=2501ps
Egure 4 MmhicobsavaﬁonsmP=0.6WaandvG=050cmls.

.7':}‘.: )

[

N=1171ps N=150ms N=2501ps
Beure 5: Photographic observations at P=1.1 MPa and v; = 0-50 cmy/s.
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H/D = 1 and vg = 0.22 - 1.75 cmis. For pressures berween 0.1 and 1.0 MPa they deermined
photographically the bubble diameters and calculated the imerfacial areas in an air-weter dispersion.
They observed no influence of pressure on both parameters. We reczll, see Charpentier(1982) and
Joshi et 21(1982), that the photographic technique is subject to serions uncenainties and only gives
local values of bubble dizmeters and inwerfacial areas at the wall.

4.2, Evcluation of the absorption experiments.

4.2.1. Driving force for mass transfer.

To determine the inzerfacial area from an absorprion experiment the Liquid phase is assamed to be
ideally mixed. In Eq. (12) from Table 1 the concentration [DEA}g,,, refars to the free DEA
concentration. The total DEA concentration is corrected for the CO,-liquid load in the feed and for
the amount of CO, abscrbed from the gas phase, as par: of the DEA in the feed and in the reaction
mixture itscIf is etready conversed. 1he resulting free DEA concentration is nsed for the calculaton
of the absorpiion rax constant from Eq. (12). The interfacial arcas in the reactor can now be
evaluated by combining Eqgs (11) and (16) 1o

_ ¢'(c%'cm“)
mVy /kwc;m_nm: Bco g

in which Acgg, g is the average driving farce for mass transfer. I the residence dme distriburion
(RTD) of the gas phase is equivalent 1o that of a continnous stired tank reactor (CSTR), thea
Moy is equal 1o the OO, concentration in the gas outlet

(17)

A‘o:.,.s=cm,ﬁ.u . (18)

Fmaysphmmﬂugﬂwmamcsqwmﬂwbmmmmm
in and ontlet gas phase concentration

¢ 0,00 ~ Sy )

er In( c, n;’cm) : (13)

Therdaﬁvﬂyﬁghmhbﬂiwofcorwmpmwnommmmﬂtinmﬁwe
CO,cunvusionsinﬁegusphase.meEqs(l?). (i8) and (19) it can be seer that for a high gas
phase conversion:
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i. large differences between the calculated mass ransfer parameters are obtained for the two

extremes of the mixing in the gas phage.

2, large eyrors int the calculaied mess transfer paramaters will be found even for a small deviadon

from an assumed mixing behaviour of the gas phase.

Only very Lirmited dara on the RTD of the gas phase arc available despite the extensive research on
mechanically agitated gas-liquid reaciors throughout many years. The studies of Hanhart =t al(1963)
and Gal-Or and Resnick(1966) indicatc thar above the cridcal agitation rate N, the RTD of the gas
phase is equivalent o thar of a cascade in between one and two completely mixed tank reactors in
series. At otherwise identical experimental conditions both Mehta and Sham(1971) and Hassan and
Robinson(1980) determined interfacial areas ar different levels of conversion of the absorbing gas
phase component, This allowed them to sidy the infloence of the gas phase conversion op the
evalution of the inrerfacial aress. Mehta and Sharma(1971) proved qualitarivily that in their
experiments with verions CQO,-acyine systems the gas phase was complexcly niixed at agitation rates
above the critical agitation rate Ny Hassan and Robinson(1980) reparted for coalescencing systems
and conversions below 809 that fer all practical calcuiations the ges phase can be considered to be
completely mixed

4.2 2. Absorption experiments.

In a series of absorption experiments at differer.: OO, conversion levels (40 - 99%) we examined
the sensitivity of our interfacia] area deteyminations towards the OO, conversion in the gas phase for
the two extreznes in the mixing hehaviour. Experiments were canried oot with the sintered gas inlet at
four supcxficial gas velocities of vg = 0.25, 0.50. 0.75 and 1.00 cvs and at three agitation rates of
N =8.3, 16.7 and 25.0 1ps respectivily. These experiments were carried out at seven pressures af
P=0.11, 02 0.3, 0.5, 0.7, 0.9 and 1.1 MPa respectivily.

ad L] 25 cmh
B Yo m2Sanfy | jmeg =
_I:v::_ﬁmfs - mLﬂvO-.SOHFI :
I & vy =75 cmk I Avg =25 oo o
Asunmmﬂ 4 v w100 cxvs
] i 2ok . =
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Table 2 Experimental dara for 2bsarption experiments at P = 3 MPa.
Data: { DEA ] = 0.79 molkg.

vg102 N Yoo  Gooe a(CSTR)  a(FFR)
mfg s % lm Ym
25 83 0210 74 139 65
25 16.7 0210 96 1097 153
25 250 0210 92 3027 200
50 33 0155 51 101 69
30 16.7 0185 79 383 155
50 25.0 0195 93 1263 257
75 83 0158 o 115 8s
75 167 0198 68 317 169
a5 250 0191 86 890 287
100 23 019t 29 127 98
1.00 16.7 0198 62 321 150
1.00 250 0198 30 782 313

Intecfacial areas measured at P = 0.3 MPx are ploned versos the agitation raxc in Figs 6 and 7 for
thedﬁvingfurcea.sg've_nbyEqs(IS)and(B)mpecﬁvﬂy.mwmdmmgimin
TﬁhkﬁmmcﬁuﬂkﬁcfwhmﬁsuoﬁamEﬂmﬁmdhqﬁmswﬁb
mcampdonofawmplenﬂynixdgasphseamcmhwestpsvdodﬁﬁmdmchighm
aginﬁmﬂmmdmhmmﬂyhrgevﬂmfor&ehmfadﬂm%kmmeﬂbyﬁm
exnunelyhighcozoomsionsinlheg:Sphaseof>90$.Asuuﬁngplugﬂowbebaﬁowforﬂ1c
gasphmmishuhausch&ehuﬁdﬂmwi&hanﬁngsasvdudﬁsudam
increasc in the interfacial area with increasing agitation mte. The divergence of the imerfacial aves ar
vG=O.25cm{sandN=25.0ms.disphy=dinﬁg.T,Wtwﬁﬂapbﬁnnofthegasbnbblﬁ.

‘Weststrerp et al(1963) showed that for N < N, the interfacial area is hardly atfected by the
agimﬁmmmdoﬂydependsmtbesupﬂ‘ﬁdﬂgasvdndtywmforN>No it depends
Emiymﬁcagimﬂmm:ndismaffemdbythemﬂﬁdﬂgsvﬂoﬁmmsmmnﬁrmaﬂ
by Mehta and Sharma(1971) and van Dierendonck(1970) and ior N < N, by Sridhar and
Potter(1980a). Only Sridhar and Potter(1980a) fomnd for N > Ny an inflnence of the superficial gas
vdod:ymthcinwrﬁdalmmdthegshdd—np.ﬂwm,ﬂ:eyomedminauseinmc
mﬁdﬂmmmﬁngmﬁdﬂgsvdmﬁsmdmaWasissbomhﬁg.&

Evaluation of our absorption experiments at one gas velecity with Eq. (19) for the driving force
fummsﬁamﬂshaﬁmhmuofﬁchmﬁﬁﬂmm&cwhokmgoﬂgim
mmasnmpﬁmofamphwlymedgasphmmdswamapmﬁmaﬁmoﬁhc
Mmhamhaﬁcalbaﬁmdmmrwmmmexhﬁtaaiﬁdaginﬂmms
fmdinﬁmmendobwvadvimaﬂy.Wethnefmmndudedmmegasphmmbe
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considered completcly mixed for a commect evaiuation of the absorption experiments.

An additional problem are the extremely high conversions at low gas velocities and high agitation
rates. As stated before, these high gas phase conversions can cause large errors in the calculation of
mcmmfaﬁﬂmmfmsmaﬂdcﬁaﬁuns&ummcassmdmjﬂngbehaﬁmmﬁishmnm
in Fig. 6 in which the calculated interfacial arcas above the critical agiration rare N, and at the Jowest
gas velocity vg = 0.25 cny/s are extremely large and nor realistic. This is probably cansed by small
deviations from the assumed complere mixing of the gas phase. Tt is also shown in Fig. 6 thatthe
Mﬁdﬂmmhmmmmsﬁmcozmwuﬁmsbhwmmwowuaﬁw
agitadon rate N, are practically equal. This is in agreement with the results of Westerterp et al(1963)
an:lo:has.Wedmfomoomludedmmthecozoonvaﬁonsm:obekcptbdowﬂﬂiﬁnmdcrw
make a correct evaluztion of the interfacial areas.

The first conclusion regarding the mixing in the gas phase agrees with Mehta and Sharma(1971),
while both the conclasions about the mixing and the maximum conversion level are in accordance
with the conciusions of Hassan and Robinson(1680).

4.3. Inisrfacial areas.

The conditions of 2 maxinmm gas phase conversion of §0% icad experimentaily to the use of
minimom saperficiz) gas velocites of vi; = .50, 0.75 and 1.00 emfs at agitaton rates of N = 11.7,
16.7 and 25.0 1ps respectivily. In the following only experiments cone ar superficial gas velocities
above the minimmm aliowsble are presented and the interfacial areas are calenlated on the basis of 2
complersly etixed gas phass.

Table 3. Averaged interfacial aregs at different conversion levals.
Damr: [ DEA] = 0.8 - 0.9 mol/kg ard yoop i, = 0.0204,

cmis ips % mA-1
050 8.3 56 124
0.75 83 46 124
0.75 167 68 305
1.00 83 41 132
1.00 16.7 61 306
1.00 25.0 i 762
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Table 4. Interfacial areas at different pressures and N =16.7 rps.
Data: [ DEA ] = 0.8 - 1.1 molkg.

P a(vy=100cmfs) aly= 150cmis)  a(vy=2.00cmfs)
MPa mr1 m*-1 mA1
0.11 365 411 405
020 384 388 404
030 385 386 411
050 55 413 425
Q.50 362 444 456
130 419 428 441
1.70 418 455 459

The interfacial areas determined at v, = 1.00 cmys ane plomed versus the reactor pressure in Fig. §:
theve is no inflnence of pressure ar al?f!? Fig. B is represenmative for all our experiments. Also at other
gas velocities and agitation rates no influence of pressure conld be detected as long as the CO,
conversion conditions were folfilled!? The interfacial srees and CO, conversions, which arc
determined for these experiments at different pressares, are averaged and are given in Table 3.

At the agitation rae of N = 16.7 1ps - higher than the critical agiration rase N, whick is arommd
12.5 1ps - an additional scric of experiments was carvied out with the single o.ifice as gas inlet.
Intexfacial areas were determined for three superficial gas velocities of vg = 1.00, 1.50 and 2.00
cmys and at seven pressures up to 1.7 MPa respectivily. The Tesuits ave given in Table 4 and ploned
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in Fig. 9; again there 1S no significant influence of the operating pressure @ be found?! The accuracy
of the separate experiments kas been deteymined to be equal 10 5%. A distinedon berween the
interfacial areas for the three superficial gas velocidies cannot be made because of the aceuracy and
the sooall influence of v on the interfacial arcas at N=16.7 rps, which is above N,

So no influence of pressure on the imerfacial areas can be observed in all experiments reported
here in the pressore range of 0.1 t 1.7 MPa. This is in contrast to the findings of Sridhar and
Porter{1980a, 1980b), who used 2 Light transmission probe 1o determine the interfacial areas and
reported an increase in the mrerfacial areas of as much as 75% for an increase from amnospheric

pressure up to 1.1 MPa.

4.4. Gas hold-ups.

The absorption experuments are laborious and time consuming. Additional gas hold-up
measrTmenis were carried out 1o get a quick impression of the influence of the vperaring pressure
on the gas hold-np at several agitetion rates and in three gas-liquid systems. The gas hold-ups were
determined by measuring the height Gifference between the gassed and the non-gassed dispersion
level The gaseed dispersion height H was always exual to the diameter of the reactor D. The surface
of the dispersion is severely distarbed ar agitation rates below N = 10 1ps by irregular outbursts of
lzrge bubbles and at agitadon rates above N = 25 1ps by the high shear forces. This leads o
inzccuracies in the measurements of around 10%, while ihe more accurate values are obtained ar
intermediate agitation rates. Dispersions of nizrogen in an aguecns DEA soludon with similar
composition a5 used in the absorption experiments, in a fresh unconverted DEA solution and in
water have been investigaied. Two superficial gas velocities of v; = 1.00 and 2.00 cmy/s are used
over a wide range of agitation rates from N = 4.2 to 29.2 rps. The fresh DEA solution showed
fomming a1 higher agiration rates. )
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Table 5. Gas holdups at different agitation ratcs in water and in a DEA solution partiafly loaded with
COy. Datz: [ DEA ] = .9 molkg and [ CO, 1 = .09 mol/kg.

N £ (water) & (CEA) £ (wawx) . &(DEA)
Ps (vg = 1.00cmis) (vg = 1.00 cm/s) (vg =200 cmss) {vg = 2.00 cmss)

42 0.032 0.022 0.042 0.032

83 0.044 0.034 - 0.046 0.047
125 0.070 0.055 0.102 0.082
16.7 0.102 0078 0.140 0.117
208 0.135 0.117 0.187 0.153
250 0.183 0.150 0.230 0.210
292 0228 0.192 0285 :

For v = 2.00 cm/s the resnlts are plonted in Figs 10, 11, and 12: again no significant influence of
vressure on the gas hold-up can be observed!! The results at v, = 1,00 caos are also independent of
pressure. These resnlts are opposite to the photographic observations in Figs 3, 4 and 5; they
accenmare the care which should be wken in interpreting visual or photographic observations. They
are also opposite to the results of Sodhar and Pouer{1980b), who determined gas hold-ups in their
reactor with the manometic method and found a clear influence of pressure, see further comments in
the discussion.

The gas hold-ups, which are determined in the two pon-foaming systems at the differsnt
Pressurcs, are averaged and the resulis are given in Table 5. They are compared in Figs 13 and 14
for both superficial gas velocites respectivily; the gas hold-ups in the DEA solation are lower than
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the gas hold-ups in water. The gas bold-ups for both systems show 2 strong dependence on the
agitation rate above N = 12.5 1ps and & weak dependence below N = 1205 rps. It is also shown that
the gas hold-ups above the critical agitation rate are depeaden: on the superficial gas velocity.

5. DISCUSSTION

The seemingly conmadiciory resplts from our photographic observations and from our interfacial
area and gas hold-up determinations once again demonstrate the pitfalls of local moethods such as
phowgraphic ar visual observations through the wall of 2 vessel. The locat values at the wall are not
pecessarily representative for the averaged overall valves of the bubble diamerers and the interfacial
arcas o an aginmed vessel

Sridhar and Porrer(1978, 1980a) used a light transmission probe 2nd determined inside the reactor
at about 40 locarions the imrerfacial areas, which were averaged 1o obzain an overall vales for the
enrire reactor. The size of their probe, which consisted of stainless stexl mbes of § mn diameter, is
laxger than their average bubble diamerer of 3 - 4 mm: in our view this may canse serious
distmrbances to the hydrodynamics in the vessel and specially at the sampling point. Allthough
Sridhar and Potter(19802) also present some valnes of the interfacial area close 1o the impelier,
probably the interfacial area in the impeller region itself, where the smatlest bubbies can be found,
could por be dersrmined by them becanse of the gromerric Emitations of their probe. We suspect thar
the results of Sridhar and Poter(1978, 1980a) depend on the experirental technique and are not
Tepresesiative for the tme interfacial area in ap agitated gas-liquid dispersion,

Sridhar and Potter{1980b) also determined, using the manometric method, an increass in the gas
hold-up with an increase in the reactor pressure. They corrected their measurements for the dynamie
pressure difference caused by the radial and tangential flow of the lig=d. Tt is our experience thar this
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dynarmic pressure difference is very sensitive w the Iocal position of the sampling points and leads to
considerzble amors especially in small mechanically agitated reactors. With 2 simple caleulation it can
be evaloated thas a difference in liguid velocity at two sampling points of 1 m/s already leads 10 a
static head difference of around 5 cm.

It is obvious that the pressure independence found in the gas hold-up measurements supports the
results of the absorption experiments, which are quite complex and in which several assumptions
were made 10 evaluate the inorfacial arcas The pas hold-up results show the sarne depsndence on
the agitarion rate as the interfacial areas evaluated on the basis of 2 comapletely mixed gas phase.

The use of Eq. (18) is restricted to a micromixed gas phase. In the mechanically agisated reactor
tie dispersed pas bubbles are subjected 1o finite coalescence and breakup rates and moreover, the
bubble diameters are not uniform. If the absorption ratc is first order in the component being
absorbed from the gas phase, which ic the case for our CO, system, Eq. 118) can also be applied ©
2 completely segregated gas phase with & uniform bubble diameter, se¢ Hanhart ¢t al{1963).
Compared o a bubble column. th.. babble diameter distribution in the mechanically agitaied reactor is
rasher small, but still not yniform. This means that for higher CO, conversions we should also take
into account the bubble size distibution as explained by Midoux et al(1980) and Schumpe and

Deckwer(1980). ‘This will be discassed in Chaprer 5.

6. CONCLUSIONS AXD FINAL REMARKS

Based on the scarce litcrature 7esulrs about the RTD of the gas phase wgether with the
characteristic behaviour of the reactor and our own experiments, we may conchude analitativily that
ar agitarion rates above the critical agiration rae N, the gas phase is compietcly mi--. Furthermore
we may conclude that for N > Ny the CO, conversion in the gas phase has to be kept below 80% 1o

In a stnall mechanically agitated reactor we find no infincnce of operating pressures up o 1.7 MPa
on the interfacial aress in an aqueons DEA solution. In this system and in water we 2lso find -
witin this pressure range and over a wide range of agnation rates - no influence on the fs hold-up.
Before general and fina! conclusions reganding the influence: of the operating pressure on the rmss
transfer parameters in mechanically agitated gas-liquid reactors can be drawn firther research in
larger vesscls and at higher pressures is required. To this end we bave developped an experimental
installarion for pressures up to 10 MPa and we will report the resulrs as obtained in this installation
in Chapter 4. ’

This smdy indicates thar comrelations for the mass ransfer parameters as derived on the basis of
expaimnamosphaicmdmmbeusdhﬁghmmxhaﬁaﬂyagimﬁ
gas-liquid reacors.
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