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Chapter 3

ABSTRACT

Interfacisl areas and gas hold-ups have been determined 2t pressures up to 1.85 MPa in a bebble
column with a diameter of 5.5 mm and for superficial gas velocities between 1 and 10 emy/s. In
some experiments the bubble column has been packed with glass cylinders of 5.0 x 4.0 mm. The
interfacial areas have been determined by the chemical method using the model reaction between
€O, and aqueous diethanclamine(DEA) and kold-ups by observadon of height differences,

The ineerfacial areas in the packed babble colomn are unaffected by pressure. The gas hold-ups
as well as the interfactal areas in the bubble colurnn increase with increasing operating pressure. The
magnimde of the pressure infleence depends on the superficial gas velocity. This positive influence
of pressare on the gas hold-ups and the interfacial areas in the babble colurrm originates from the
formation of stnafler bubbles at the gas distributor.
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1. INTRODUCTION

In this part of our study on mass transfer phenomena in gas-liquid reactors at elevated pressures
we present the resnlts of our investigations on intezfacial areas and gas hold-ups in 2 two phase
bubble column operating at pressures up tc 1.7 MPa. The same experimental procedure, as used in
Chapter 2 for the mechanically agitated gas-liguid reactor, is applied to the determination of the
mass transfer parameters in the bubble column: the interfacial arcas arc determined with the chemical
method using the reaction between CO, and aqueons dicthanolamine(DEA) and the gas hold-ups by
aking the difference in height between the gassed and the non-gassed dispersion Ievel respectivily.
In addition we present some results obtained in a three phase packed bubble column. This packed
bubble column has similar geometries as the packed column used by van Gelder and
Westererp(1988) for the determinatio of Lquid phase residence time distribution and of hoid-ups
at ¢levated pressures.

Both the mechanically agitated gas-riquid reactor and the bubble column ere widely applied in
process industry fox contacting gases with liquids. Bubble columns are easier to operate and have
lower operating costs in comparison to mechanically agitated reactors. They can be ased either as
gas-liquid reactors or as ahsorbers or strippers. Generally the backmixing in both phases will be
smaller, therefore bubbie columns may be preferred either for selectivity or for absorption
efficiency. This is cansed by the lower degree of urbulence in bubble colurnns also leading to larger
buabbles and smaller interfacial areas per voleme of Hiquid in comparison to a mechanically agimted
reactor. For operation ar elevared pressures bubble colutons have the additional advantage of a3
simple constction and oo sealing probiems.

A considerable amount of informarion is available on the hydrodynamics and muss wansfer
characteristics in bubble columns, Comprehensive reviews are given by Van Landeghen(1980) and
Shah er 21{1982). These reviews are restricred 1o research at ammospheric pressime, nothing is seid
of a possible influence of the operating presswre oo the hydrodynamics and mass tupsfer
parameters in bubble colupms. This despite the fact that &t bas beent known since the Late thirties that
some high pressure bubble columns operate at extrernely high gas hold-ups, see Tarmy ct al(1984a,
1984b).

The upward gas flow in bubble columns is normally characterized into three separate flow
Tegimes, which occur in onder of increasing gas flow rate; the bubbly flow, the churn turbalent and
the stug flow regime respectivily, see Shah et 21(1982). In the bubbly flow regime, which ocours at
superficial gas velocides below 5 an/s, the bubble diameters are more or Iess uniform and the rising
velocity of the bubbles lies between (.18 and G.30 m/s. At higher superficial gas welocities an
unsteady flow pamernt occurs and this flow regime, the churn mrbulent regime, is characrerized by
Large bubbles moving with high rising velocides in the presence of small bubbles. Increasing the
superficial gus velocity fimther will lead to the formation of very large bubbles stabilized by the
reactor walls, the stug flow regime.
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In Chaprer 1 we concluded that in pressurized gas-liguid systems the injtial bubble size at a single
orifice decreases with incressing pressure. Several anthors, see Kling(1962) and LaNauze and
Harris(1574), auributed the reduction in size of the bubbles at higher pressures to the increased
contribudon of the momentum ¢or the kinetic energy 1o the bubble formation process. Sagest and
Quinn{1976) observed for some gases an increase in the coalescence time of the gas bubbles when
- they increased the pressure in their gas-liquid systems, Both vhenomena, initially smaller bubbles
and larger coalescence times, result in bebbles with lower rising momusandgwense to larger
interfacial areas and gas hold-ups in gas-liquid contactors.

In Chapter 2 we found no influence of pressare on the interfacial areas and the gas bold-ups ina
mechanically agitated gas-liquid resctor. This may be due to the dominating influence of the
agimtion on the coalescence-breakup process of the bubbles in this reactor. Such 2n influence is
absent in 2 bubble colurnn, whe fe the bubble diameters and gas hold-ups are largely determined by
the type of gas distributor and the coalescence-breakup processes in the column. Therefore, if
pressure affects the formation of the bubbles or the coalescence-breakup process, an influence of
pressure on the interfacial area and the gas bold-up ¢an be expected in a bubble column.

All hiteranore dara on mass transfer parameters in bubble columns a1 elevated pressures are
semmarized in Table 4 of Chapter 1. In Fig. 7 of Chapter 1 it has beea shown thar a rwofold
increase in the gas hold-up with a pressure increase from (.1 10 2.0 MPa can be obtained.
However, there are also stodies in a bubble column known in which no influsnce of pressure on the
gas hold-up and the bubble diareters kas been found. A remarkable point is that all the swudies,
which repart no influence of pressure, were execoted in bubble columns with porous plates as gas
distributors end with low superficial gas velocities berween 0.1 and 3.5 eo/fs.

Idogawa et al{1986) reported that with increasing pressure ar 2 single orifice the critical gas
velocity separaring the mulriple bubbling and jetting regions decreases. Such a kind of change was
iso observed for the flow regimes in a bubble colutn by Tanmy et al(i984a, 1984b) and Tewrlings
et al(1986). These authoss reported that ar higher pressures the wansidon from the bubbly flow
towands the chutn-nrbulent regime accurs at higher gas velocities and higher gas hold-ups. Tarmy
et al{1984a, 1984b) remarked that the persistence of the bubbly flow regime az higher gas hold-ups
can be caused by the presence of very small, non-cozlescencing bubbles at higher pressures. This
combination of Jarger gas hold-ups and smaller bubble dismeters may lead w considerably larger
interfacial areas at elevated pressures.

Only Idogawa et al(1985) derermined simalteneousty gas hold-ups and babble diameters in 2
bubble column at élevate:? pressures. For air-warer at 2 constant superficial gas velocity of 1 cm/s
their correlations predict an increase in the gas kold-up of a factor 2.7 and a decrease in the average
bubble diameter with 2 factor 0.6, when the pressure is fncreased from 0.1 up o 5 MPa- this results
in an increase with & factor 4.5 in the interfzcial area. Such an exmeme large influence of the
opcrating pressure on the imterfacial area should be a swrong incentive for further rescarch of this
phenomenon in bubble columns.
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2. EXPERIMENTAL
2.1. Experimental metkod.
The interfacinl areas are determined by the chemicai method using the model reaction between

CO, and aqueous dictharolarnine(DEA), We showed in Chapier 2 already that the absorption mte,
as dexived by Danckwexts(1570) for the penetration theory, becomes equal to

U
2
tcg, = ™ kL2 VB, Moo, = @k 2 Ve 1+ M2 %o, - (1)

If the conditions for the psendo-first ovder reaction regime

2<Hi<<E, {2)
with
P p
Ha = kl.k‘:-m. A (3)

and
bo)
E = A, -D—B BL__ {4)
Ao Dy D, mc, vy

are met, the interfacial ar2as can be obtained from abscrption rate measurements without knowledge
of the exact valpe of the liquid phase oeass transfer coctiicient k; .

The gas phase in the bubble column reactor can be assumed to be in plug Sow and for this case
the average driving force for mass transfer, A, .., becomes equal o

C . =€
Ac _ cQ,Gin  "CO,.Gou

= . (5)
€0,6 :
" °cozc.m

<
€0, G.om

This results in the following eqnation from which the inrerfacial areas in the bubble cohmn can be
calculated
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The same commercial grade aqueous DEA sojutons as in Chapter 2 are used for the
detcrmination of nterfacial areas in the bubble colomn. An empirical correlation for the absorption
rate constanem ( ky , ( gy )P Doy ) 22 298 K i the gas-liquid reaction system as 2 fanction of
the free DEA concentration(0.2 - 2.0 mol/kg) is givan as Eq. (7) in Table 1. Expetimentally
dexemriped correlations for the solubility m, the viscosity ji; and the density py as a function of the
total DEA concentration are also given as Egs (8), () and {10) in the same Table.

For cach absorption experimer ¢ the OO, concentrations in the in- and outlet gas flows, the DEA
concentration and the CO,-liquid load in the inlet liquid flow are separately determined. The total
DEA concentration is corrected for the CO,-liquid load in the feed and for the amonar of CO,
absorbed from the ges phase, as part of the DEA in the feed and in the reaction mixture jtself is
atready converted. ‘The resuliing froe DEA concentration is used for the calculation of the abscrption
_1ate constant from Eq. (7) and then for each absorption experiment she interfacial areas are
calcularsd from Eq. (5).

(6)

Table 1. Daia for the DEA-water systen at 298 K.

m f k, ey Do, = 939107 [DEALT - 26110 mis (N
m = 791 - 644 [DEA] (8)
P, = 995.8 + 1555 [DEA) - L.141 [DEA]? kgim® (9)

2

m = 10 exp(-.1135 + 257 [DEA] + 469410 [DEA]®) Ns/m (10}

[ DEA ] in mol’kg and [ DEA ]* in mol/1

L)
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2.2. Experimental installatiorn and procedure.

Thesameexpﬁim:nmlinsmlhﬁonasdﬁaibedindcmﬂinChapt:r2isusedfortheahsm'pﬁon
experiments in the bubble column reactors. Only the mechanically agitated reactor is replaced by a
oolumna]somad:ofg]assandmmufacun:dbySFS(quich).seeFlg. 1. It has a dizmeter of
D=SS.Smmandam:a.[hdgmequalmﬁS-Om:.ﬁconhmmmbeoperatndmpresumupm
2.0 MPa and is thermostatted at a constant temperature of 258 K. The column is operated
continuously with respect 1o both the gas and the liquid phase. A gas mixture of CO, and N, is
introduced into the columm via a gas distributor locared az the bottom, A hiquid mlet wbe is insmlled
a:mempofmceolunmjnstbelowLhedispersioulcvel,mﬂ:inginamunmamtﬂowofys
andliquidrhronghtheoolumn.Thedispasionlevcliskcpta.taeons:anthdgh:ofl—bb:é.l.In
order to obtain a uniform bubble flow through the bubble column we have used in maost of the
experiments a cross-shaped gas distrib ator with 16 holes of 0.5 rom, se= Fig. 1.
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Forr the experiments with a packed bubble column we have £lled the ¢olumn with glass cylinders
with a length and a diameter ¢qual 10 5.0 and 4.0 mm mspectivily. The density of the packing
mzterial is equal to 2200 kgfm 3 colurmn and the bed porosity equals §.35. The packed column also
operzies continuously with respect 1o both the gas and liquid phase and the phases flow
countercrzrently. The cross-shaped gas distributor in the packed bubble column leads to serious
maldistributions of the gas. Therefore, we have replaced it by a circular distributor with 69 holes of
0.2 mm for *he experiments with the packed bubble colunn, sce also Fig. 1.

The same experimenl procedure as described previously, in Chapter 2 is followed for all the
absorption measurements. Special care is aken 1o keep the DEA conversion below 20%. The gas
hold-ups are detepmined by measuring the height difference berween the gassed and non-gassed
dispersion level. As the gas distributors are 41 ram high we have subsracted 41 mm from the
dispersion height. So all the reportid specific interfacial areas and gas hold-ups are based on the
true reaction volume above the gas distribusor.

2.3. Liquid phase mass transfer coefficients and experimental conditions.

As stated before, we do not need 10 know the exact value of k; for the determination of the
interfacial area if the conditions of Eq, (2) for the pseado-first order reaction regime are fulfilled.
However, a rough jdea of the magnitude of k; and its dependence on the operating condidons is
necessary in order to know whether Ha is larger than 2. This allows us w estimate the DEA
concentrations in the liquid phase and CQ, concentrations in the gas phase at which the conditions
of Eq. (2) are met, so that the interfacial areas can be derermined. In Chapter 1 it has been
concluded that the ¥quid phase mass transfer coefficient in gas-liquid reactors is not affected by the
operating pressure. Therefore, k; can be determined at amoospheric conditions and the results can
be used for the choice of the experimental conditions ar elevated pressures.

By means of the Danckwerts plot method we have determined k) in a series of absorption
experiments at one constant pressure of P =0.15 MPa and at four different superficial gas velocides
of vg = 1.0, 2.0, 4.0 and 6.0 cmys respectivily. This method is based on a form of Eg. (1) rewritten
w

¢Coz

= 2, .2 P
3 =(ga} +2 kl_pcDEIIDcoz . (11)

R A%, G

By plotting the left hand side of Eq. (11) versus k; , (pp 43 )P Deg; the values for ky and a can
be obrained by combination of the slope and the interz2pt on the vertical axis of the straight line
through the experimental results.
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Fipre:  Deockwerts plots for the bubbic columa ot 2
pre sure of 0.15 MPa.

The absorption experimenrs were performed in six different aqueous DEA solutions with DEA
conceatrations berween 0.10 and 1.10 mol/kg. This reselts in a fortyfold variation in
ky p {epear ) ¥ Doy The Danckwers plots as obtained from these experiments are shown in
Fig. 2. A major drawback of this merhod is the variation in the liquid phase properties of the
different solutions, which may affect the hydrodynamics in the reactor. This may give rise to
experimental errors, especially in CO,-amine systeros in which the variation in the reaction raze can
orly be rcalised by changmg the amine concentrations and not by the addition of a cawlyst
However, the 1eafold change in the DEA concentration from 0.10 to 1.10 molkg causes only 2
minor change in the lquid phase viscosity from 0.92-10 % 10 1.25-10 % N s/m 2 and can probably
be neglected. This is confirmed by the Danclowerts plots in Fig. 2, which show straight Bnes over
the whole range of operating condirions and indicate that k; and 2 are constant within the applied
range of viscosities.

The values of k; and 2, which are obtained from Fig. 2, arc summarized in Table 2. It cen be
secn that ky is practically constant over the range of superficial gas velocities applicd: it has an
average value equal to 3.5-10 * m/s. The same independence of the liquid phase mass wansfer
coetiicient has been reported recently by Schumpe et a}(1987). These authars have calenlared values
for ky from individual results on z and k; a, as obtained in a bubble column with a diameter of
D = 9.1 e with the gas-Hiquid sysiem O,-aqueoss sodium sulphire{0.2 N Na,50,). They have
fonnd a constant k; value of abont 32-10 m/fs, which agrees rather good with the averags k.
from dhis smdy. '

The int=rfacial areas increase with ap increasing superficial gas velocity up to 4 cmy/s, bur above
that start 0 decrease, The decrease in the interfacial area indicares a wansition from bubbly flow o
churn-trbulent flow regime around vg = 5 cx/s, which is Iikely to ocour around this superficial gas
velocity according to Shzh et al(1982). A decrease of the intrrfacial area after the wransition from oot

7
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Table 2. Results of the Danckwerts plots foe
the bubble column at a pressure of
0.15 MPa
Data [ DEA ] =010 - 1.10 molkg.

va© 102 k,__-lO 4 a
/s m/s ifm
1.0 354 71
20 338 170
40 3.39 283
T4 378 251

fiow Tegime to anotber hes aiready been reported by Schumpe and Deckwer(1980) and will also be
discussed furtberon in this stdy.

A comparison with litratre correlations, as given for the liquid phase mass ransfer cosfficients
in bubble colurtns by Calderbank and Moo-Young{1961) and Akita and Yoshida(1974), is made in
Fig. 3. The dam for k; from the preseat work coincide with the relation of Calderbank and
Moo-Young(1961) and differ a factor 2.5 from the relation of Akita and Yoshida(1974). Therefore.
it can be concluded that the usc of an average value of ky = 3.5-10 ! m/s leads 10 conservative
values of the DEA concentration at which the conditon Ha > 2 in Eq. (2) is fulfilled.

] = PICEDE Sty
at
g0t L o o
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ky xnd dara firixa the present stdy.
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From Eqs (7) and (8) it can be calculated thar with k; = 3.5-10 % my/s the free DEA concentration
should be equal to 1.6 mol/fcg to obtain a Hatta number of 3.5. Together with the experimental
condition of a maximum DEA conversion of 20% this leads to a2 miniraum value for the otal DEA
concentration equal to 2.0 mol/kg for the amine solutions with which the interfacial areas in the
bubble column can be determined. All interfacial arcas for the bubble column will be determined
with amine solutions with a toral DEA concenmation between 2.0 and 2.2 mol/kg. The
CO,-fractions, as supplied in the gas feed. are the same as in the mechanically agitated reactor and
range from 1 1o 2%. For values of D /Deg, = 0.5 and of m = 0.7 - 0.8 at a temperatre of 298 K
this results at all pressures in values of E, _ > 60.

3. RESULTS
3.1. Gas hold-ups in the bubble columr.

3.1.I. Experimerial results.

Gas hold-op measurements have been performed with nitrogen in distilled water and in an
agqueous DEA solution partially Joaded with CO, having 2 cpp, ; = 2.16 mol/kg and
Copp s = 0.190 mal/kg. The results are plotted in Figs 4 2nd 5. The operating pressures of these
measurernents range from 0.15 o 1.85 MPa and the soperficial gas velocities vaty between 1.0 and
9.0 cm/s. Because of experimental restrictions it is not possible 10 work below presnures of
0.15 MPa and 1o use gas flows larger than 20-10 3 pm %5, The gas hold-ups can not be
determined with sufficient accwzacy at gas velocities above 10 cm/s and the reported results are
therefore also restricted to gas velocitiss below 10 co/s.
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It is evident froro Figs 4 and S that there is a positive influence of the operating pressure on the
gas hold-up. Both Figures show an increase in the gas hold-up with increasing pressure. It can be
seen that both the relasive and the absolute increase in the gas hold-up are larger in the aqueons DEA
soladon than iz water. For water the relative increase of the gas hold-up can be calculated to be
indapendent of the superficial gas velocity applied. For a pressure increase from 0.15 10 0.30 MPa
it amonns 1o 10 - 20% and for an increase from 0.15 10 0.60 MPaz it amounts ar all ges velocities to
20 - 30%. Contrarily to this, for the aqueous DEA solution the relative increase of the gas hold-up
depends on the gas velocitics. For a pressure increase from 0.15 10 0.30 MPa it ranges from 20% az
iow superficial gas velocities up 10 90% at high superficial gas velocities. Comparison of the gas
bold-ups in the agueous DEA solution at (.15 and (.60 MPa shows a relative increase of the gas
hold-zp ranging from 40 vp 10 150%.

3.12. Comparisor. with literature correlciions.

The correlations of Akira and Yoshida(1973) and Hikita ¢t 21(1980) are recommended by Shzah et
al(1982) for the calculation of gas hold-ups in bubble columns with single or mult-nozzle gas
distributors. These correlations - given in Tabie 3 - are based on arnespheric measerements. Hildea
et al(1980) have nsed different gases with differcnt densities 0 account for the effect of the gas
density on the gas bold-up. It has been argued by Pijis ¢t al(1985) that the effect of the operating
pressure o the gas hold-op cannot be simulated by using gases of different densitics. Also our

, results skow a mnch larger dependence on the gas density than as suggested by the exponent 0.062
T in the relation of Fokita et al{1980).

A comparison berween the gas hold-ups az (.15 MPa from this study and the relations in Table 3
is given in Fig. 6. It can be seen thar the gas hold-ups in water agree fairly well with the
correlations, whereas these ia the 2queouns DEA solution differ substantially compared 10 the gas
hold-ups as predicead by Akita and Yoshida(1973) and Hikita et al(1980). Recently, also Oztirk et
al(1987) have reported gas hold-ups in mixtures of Bquids 20 be sometimes higher than as calculated
from the aforementioned literarure correlarions, which have been derived on the basis of
measurements in water and in pure organic Hquids.

A comparison berween our experimental gas hold-ups in waser and those predicred by the
comrelation for gas hold-ups in a bubble column at elevated pressures, as presented by Idogawa et
al(1985)

5 _ 144 vgss PGo.n o6 eEnC-P) (12)
(1-¢)

L
ST units except P in MPa god oy in mN/m

is made in Fig. 7. This parity plot shows that the relation of Idogawa ex 21(1985) predicts too high
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Table 3. Literature correlations on the gas holdup and the interfacial areas in bubble
¢columns.
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gas hold-ups in water at the low gas velocires of 1 and 2 cro/s respectivily, but for gas velocides
above 3 cm/s the agreement is satisfactory at all pressures. Contrarily to these findings for water,
we have foand that the relation of Idogawa ot al(1985) cannot be used to predict either the absolute
ges hold-ups in the aqueons DEA solution or the dependence of the gas hold-up on the pressure and
the superficial gas velocity respectivily.

3.13. Influence of pressure on the flow regimes.

Tarmy et al(1984a, 1934b) have also found a positive influence of the operating pressure on the
gzs hold-up. Farthermore, these anthors observe that at higher pressires the transition from the
bubbly flow towards the chur=-turbulent regime occurs at higher gas velocites and gas hold-ups.
This transition in flow regime is normally evaluaed in a plot of the drift flux g, versus the gas
hold-up, see Wallis(1959). The drifc flux q is defined as the volumetric gas flux reladve to a
surface moving at the average velocity of the dispersion. For a semi-barch system with a
non-flowing Bquid the drift flux is equal to

Y=vgll-%) - (3)

Plots for the drift flux in water and in the aqueous DEA solution ave presented in Figs 3 and 9.
At 0.15 MPa the drift flux data in both liguids can be divided into two regions. In the first region
comesponding to the bubbly flow regime the drift flux is relativily low and increases slowly with
intreasing gas hold-up. The second region comresponds to the churn-nrbulen: regime where the
dﬁﬁﬂuislmgaandiumraﬁﬂ!ywirhinaushgpshold—up.lnbothliqaﬁdsaxamof
0.15 MPa the transition from the bubbly flow regime towands the chumn-wrbalent regime ocours
around €g = 0.12 - 0.15. This is in accordance with literanmre dat2 on bubble colupms with
multi-nozzle gas distributors at atmosphetic pressire, sce Shah et af(1982).
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Also it can be seen in Figs 8 and 9 that both the absolute values of g, as well as the increase in q
with £ are smaller ar the higher pressures of 0.30 and 0.60 MPa. This indicates that at higher
Pressures the bubbly flow regime persists at higher gas hold-ups and gas velocities, which agrees
with the findings of Tarmy et al(1984a, 1984b),

The highes gas bold-ups at elevated pressures can be atributed 1o the initially stoalier bobbles at
the gas distribytor as concluded in Chapter 1. These smaller bubbles have lowes rising velocities,
which Jead © higher gas hold-ups at constant superficial gas velocity. The persistence of the tubbly
flow regime at these bigher gas hold-ups alse indicates that these smaller bubbles may be
noncoalescing and therefore keep their identity throughout the whole colupm.

In a series of additional experiments we bave determined gas hold-ups in water in the bubble
column with a lower dispersion height of 27.0 co(H/D = 3.2}). The results of these measurements
are presented in Fig. 10. A comparison with the gas hold-ups of Fig 4 in water at H/D = 6.1
shows that at H/D = 3.2 the gas hold-ups are higher, except a1 v, = I cm/s. This means that ar
bigher gas velocites 2nd thus at higher gas kold-ups the bubbles still coalesces in the upper part of
the columnn. Also the influence of the operating pressure on the gas hold-up is soonger at A/D = 3.2
even for v, = 1 co/s. For an inctease in the pressure from 0.15 to 0.30 MPa the relative increass in
the gas hold-up ranges from 20% at vg = 1 cm/s up © 40% at vg = 9 em/s. These resalts ars a
strong indication that the positve infloence of the operating pressure on the gas hold-up origirates
from the formation of smaller bubbles at the gas distributor. Both the increase in the gas hold-up as
well as the decrease in the bubble digmeters cause 2n increase in the interfacial area with pressure a5
will be shown in the nexr part.

o7
]. a6 - Pemk
05 o
tG / Temis
0.4: - u'/-
l o3k < e SCTS
ozf +
3 3o
%0 o
ap L= - . § co
0.9 G 0.6 o8 12 15
P
MPs

o 1k Gas boldup i wase ve_ the fedting pressies in
the bubble aolnme and with H/D = 3.2,




Chapter 3
3.2, Interfacial areas in the bubble column.

3.2.1. Experimental results.

The operating pressures and the superficial gas velocitics, which are applied in the absorption
experiments for the determination of interfacial arcas. are the same as in the gas hold-up
experiments. The results are given in Table 4 and panially plotted in Fig. 11. It can be seen from
this Figure that also the interfacial areas are influcnced by the operating pressure and increase with
increasing pressure for all the superficial gas velocities. The relative increase of the interfacial areas
is the largest for a pressure increasc from 0.15 to 0.30 MPa and varies between 10 and 30%. At the
higher superficial gas velocities it seemns that the interfacial areas approach a maxiroum value at a
pressure of 0.5 MPza.
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Bigmell: Iecfacial mrea in 2 DEA slotion perially losded with €O,
v the reaczor pressore o the bubble colmm.

The infloence of pressure on the interfacial areas is smaller than on the gas hold-ups in an
aqumsDEAmhﬁmofﬁmﬂnmpoﬁﬁmmmpauFigsSanle.AsmeSammnbubbh
digmeter d,,,, is related 1o the gas hold-up and the interfacizl area acoording o

i =%
a

" . (14)

this means that the bubble diameters increass with facreasing pressure, see Table 4. However, such
an increase in the bubble diameters with pressure bas not been observed visually and is completely
inconuastwithalltbelimmezgmhsuptinmw,scChaplal.Bcsidﬁ.lzgabubblsshouId
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Table 4. Interfacial areas and Sauter mean bubbie diameters in
the bubble column at different pressures.
Darz: | DEA ] = 2.0 - 2.2 mol/kg.

vg'102 P Scon a 102
s MPa % lm m
1.0 0.15 96 66 31

030 97 77 3.0
0.60 97 T 3.8
1.10 98 80 37
1.60 59 98 33
1.85 99 o7 35
2.0 0.15 96 147 33
030 98 163 39
0.60 98 158 4.6
110 S7 150 " 5.6
1.60 98 156 1.6
3.0 0.15 as 198 4.3
Q.30 97 228 45
Q.60 o6 212 56
0.85 98 238 6.3
1.20 96 207 88
40 Q.15 93 221 4.5
030 96 263 5.0
0.60 97 254 63
0.80 97 252 g6
50 0.15 86 211 5.1
0.30 92 266 57
0.60 95 309 84
Q.75 94 291 98
6.0 Q.15 82 217 5.6
030 a9 286 6.3
0.60 91 296 10.2
7.0 Q.15 80 240 55
0.30 83 314 68
050 &7 304 10.9
20 0.15 79 263 55
0.30 84 305 g3
9.0 0.15 76 268 59
0.20 81 3i2 5.4
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also lead 1o lower gas hold-ups and interfacial areas, which is in contrast with the experimental
results on 2 and €. Therefore, we can ask ourselves whether cither the experimental results on the
gas bold-ups are oo high or the abtorption experiments result in an underesimation of the
interfacial area.

322, Underestimation of the interfacial areas.

The usc of Eq. {5) for the evaluaton of interfacial areas from absorpton experimpents is in fact
resmicted w an ideally micromixed gas phase in plug flow. However, the gas phase in the bubble
colurmn is dispersed and subjected to finite coalescence and breakup rares. Moreover, the bubble
sizss are not wnifonm. Schumpe and Deckwer(1980) have shown that in gas-liquid dispersions with
non-unifarm bubble sizes the chemicat method can Jead to an underestitnation of the interfacial area,
‘This underestimation is a direct resul: of the nse of an overall conversion for the reactant in the gas
phase, while the conversion of the gas phase reactant in a single bubble depends non-lincarly on the
specific area of the bubble. Besides that, the bubbles way have different residence times . These
two phenomens Jead o deviarions of the chemically determined interfacial area 2, from the mue
geouetric interfacial arca 8, These deviations become larger the broader the distribution of 7/d,,
and the higher the oversll conversion of the reactamt in the gas phase, see Schumpe and
Deckwer{1980).

InChapwrSwemdiﬁad:hcmahodofSchmnpcmdDeckwuﬂQSO)inmdcrmcalcﬂﬂc
ad,ufa‘masaﬁmeﬁonof&wmumeAﬂMgspmmn:mmebubblcdm
distribation. Some calculated resalts for a bubble column and 2 first order reaction with respect o
the gas phasc reactant, being the reaction berween €O, and DEA in water, are given in Fig. 12,
Bubble size distributions equal to a Jog-norms] distribution with variano:sofchz =0.10 and 0.20,

0.01 G.19 1.0¢
— ‘l-n.\)—_'
Eoure 1 Reto g My, for a log-pormal distibution

ve {1- £,)fora first oxder resction xad plog
flow of the gat phase.
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as found to be valid for a bubble column with single or multi-nozzle gas distributors by Akita and
Yoshida(1974), have been used for the calcoladons. All bubbles are assumed to have the same
residence time T, 2nd to move separately and completcly scgregated. Overzll the gas phase is
assumed to be in plug flow. The geometric interfacial area &y, can be obtained from the Sauter
mean bubble diameter, whereas the chemically determined interfacial area a, . is evaluated from
the overall conversion £1, as obtained by 2 surmmation of the conversions per class of babble
diarneters, see fanber Chapter 5.

It can be seen in Fig. 12 that a,../a,,,, decreases with increasing overall conversions Q,, and
varianees ©,,2. The error in a,,, becomes larger than 20% for overall conversions 2, larger than
0.90 ard amounts about 35% at 2, = 0.99 and ;7 = 0.20. However, in Chapter 5 it is also
reparted that, if realistic coalescence and breaknp rates between the bubbles are taken into account,
the error in &, will reduce considerably and becomes less than 20% for averall conversions 2,
lower than 0.99, see also Fig. 12. Therefore, it can be concluded that the use of Eq. (6) for the
evalugtion of interfacial areas is justified and does not lead to the Lage anderestimations of the
intexfacial arca, which could account for the increase of the Sauter mean bubble diameter with
pressure, as shown in Table 4.

Becanse also the absorption rate constants m (k, |, (Spg, 1 J? Dopy ) & are known within an
expezimental accuracy of 5%, this means thet part of the cxperimentally determined gas hold-ups
docs not contribute to the mass wansfer of CO,. This is probably caused by two phenomens, which
have been observed visually in the agueoas DEA solutions at armospheric and at elevated pressuores:

1. The formation of a froth layer In the upper part of the dispersion. This froth layer is more
pronounced at higher superficial gas velocities and is less effective in the mass transfer of
€O,

2. The occurence of tiny bubbles with diameters simaller than 1 oomn and with long residence
times. These tiny bubbles accumulate in the dispersion and are in equilibrivm with the liqnid
phasc. They do not contribute to the mass ansfer of CO.,.

‘These two phenomena have also been obscrved in agueons glycol mixnmes by Bach and
Pilhofer(1978) and in organic Liqid mixmres {zmrk et al(1987). The dny bubbles originare from
the gas distributor 2nd are more pronoanced at high kinetic cnergy contents of the gas phase, thus at
higher pressures and at higher gas velocities, see Idogawa et al(1986). These findings indicate thar
part of the dispersed gas phase does not contribute or contributes less 1o the mass mansfer of CO,-
However, sad to say 1t is not possible to determine the bold-uop of taese tny babbles within the
experimental bobble colurmm separately from the other bubbles.

323, Comparisor with lizerazre correlations.

A comparison between the interfacial areas at .15 MPa from this sty and those calculated with
the correlation of Akita and Yoshida(1974), see Table 3, is preseated in Fig. 13. Tt can be seen thar
the interfacial areas as predicied by the relarion of Akit: and Yoshida(1974) are aroand a factor 2
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lower than the experimental values of this study. It is known thar this relaton of results in a
conservasive valne for the inerfacial areas, see Shah et al(1982). A much berter agrecment can be
obtained with Literature data on interfacial arezs in sulfite soluticns in bubble columns, see Schumpe
and Deckwer(1980, 1982). These authors summarize dam on interfacizl areas, which have besn
presented by several investigators for differeat bubble columnns over a wide range of operating
conditions. The comparison between these literature data and the interfacial areas in aqueous DEA at
0.15 MPa is good. Therefore, it can be concluded that the interfacial areas at ammospheric pressures
as determined by us are realistc.

‘The Bne representing the interfacial areas at 0.15 MPa as can be calculared from the reladons of
Tdogawa et al(1985) for the gas hold-up, see Eq. (12), and for the Sauter mean bubble diameter

_ 3 Q028 0088 exp(-P)
d,=31010" g o . (13)

ST units except P in MPa and ¢} in mN/m

is also plomed in Fig. 13. In contrast 1o the relation of Akita and Yoshida(1974) it can be seen that
the interfacial areas according to the relations of Idogawa et al(1985) compare rather good to the
experimental dam for the interfacial areas at 0.15 MP2. A parity plot between the interfacial areas at
211 pressures and those predicred by the correlations of Idogawa ct 21(1985) is presented in Fig. 14.
The parity plot shows that the literanme relations of Idogawa et al(1985) predict oo kigh interfacial
ar¢as for the lower superficial gas velociries at the higher operating pressures. Moreover, our
interfacial areas are more or less independent of pressure for the Iower superficial gas velocities,
whereas Idogawa et al(1985) do predict a strong pressure influence. However, the agreement at
superficial gas velocities higher than 3 cn/s is satisfactory for ail experimental conditions.
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It can be scen in Fig. 13 thac the inverfacial areas at 0.15 MPa increase with an increasing
superficial gas velocity up w 4 cm/s, then remain constant around a value of 220 m *! for superficial
gas velocities up 1o 6 cm/s and start to increase again for higher gas velocities, This has already
been observed for the interfacial areas as obtained from the Danckwerts plozs, see Table Z. The
platean value of the interfacial areas as a function of the superficial gas velocity is caused by the
transition from the bubbly flow towards the chum-turbulent regime argund superficizl gas velocities
of 5 cm/s, sex Shah et al(1982). Schumpe ct al(1979) bave demonstrated experimentally that the
transition in flow regimes is accompanied by a sharp decrease in the conversion of the gas phase
reactant. This effect ean also be observed for the CO,-conversions at .15 MPa in Table 4.

The results for the gas hold-ups in both water and in an aqueous DEA solution at elevared
pressures reveal that the mansition from the bubbly flow towards the charn-turbulen: regime is
influenced by the operating pressure. The interfacial areas at 2 pressure of (.30 MPa are therefore
also plotzed in Fig. 13 in order o verify whether this can also be concluded from the resulis on the
interfacial arcas. As cap be seen in Fig. 13 the platcau has almost disappezared at a pressure of
0.30 MPa and indeed the mansition berween the two flow regimes is irfluenced by the operating
pressure.

3.3. Interfacicl areas in the packed bubble column.

In addition to the experiments in the two phase bubble column we have determined gas hold-ups
and interfacial areas in a three phase packed bubble column. We have filled the column with glass
cylindets with a length and diameter equal 10 5.0 and 4.0 mm respectivily. This resulis in a packed
bubble column with similar peometries as the one used by van Gelder and Westerterp(1988) for the
dererzoinarion of liquid phase residence time distribution and of hold-ups ar elevared pressures.

Packed bubble columns are used e.g. in hydrogenpation and oxidarion processes for which Iong
liquid phase residence times and low liquid phase backmixing are required. Literature data on the
hydrodynamics and the mass mansfer characteristics in packed bubble columns are scarce and are
often obtained for Iarger columns with larger and other types of packing and for higher gas and
liquid flows than applied in this study. Besides the aforementioned arzicle of van Gelder and
Westererp( 1988) no information for packed bubbls columns at clevated pressures is available: they
conciuded that ar constant volumetric gas flow rares, the hold-nps in a packed bebble columnn are
umaffected by the operating pressure,

3.3.1. Liquid phase mass ransfer coefficients.

Liguid phase mass transfer coefficisnrs ky in the packed bubble colutnn were determined by
means of the Danckwerts plot method in a scries of zbsorption experiments at 0.15 MPa and at four
different superficial gas velocities 0f 0.5, 1.0, 2.0 and 3.0 cm/s respectivily. These superficial gas
velocities arc based on the empty cross scctional area of the column and correspond to gas
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velocities, based on the empty cross sectional area of the packed column, equal to 1.4, 2.9, 5.7 and
8.6 cmy/s respectivily. In order 10 compare the performance of the packed bubble coluom 1o the
bubble colume all results on interfacial area and gas hold-ups reponed for the packed bubbie
column will be corrected for the bed porosity and based on the wee volume available for gas and

Tiquid.

The absorption experiments have been performed in five different aqueous DEA solutions with
DEA concentrations between 0.10 and 0.85 mol/kg. The Danckwerts plots as obtained from these
experiments zre shown in Fig. 15 and the valucs for k; and a as obtained are given in Table 5:itcan

" be seen that k; remains practically constant and has an average vatue of 2.6-10 < nvs. This value
agm:sverywellwiﬁ:\thcvalmon.‘S—lO“‘mlsasobtainedforkl_bychidrandGmrpmﬁer(IWS)
in a bubble column packed with 6.4 mm Raschig rings and with a column height and diamerer of
1.75 m and 0.10 m respectivily. From Eqs (7) and ¢3) it can be calculaied that with k; = 25104
m/s a free DEA concentration of 1.2 mol/kg results in Ha = 4.0. Together with 2 maximum DEA
cogversion of 20% this leads m 2 recommended total DEA concentation of 1.5 mol/kg in the amine

solutions for the deternination of interfacial areas.

L | ™ Yom=lScnh

ke wo= 1.0 cmls

4 Yem2Clomls

A vﬂ-:i.nm

“Table 5. Results of the Danckwerts plots for

the packed bubble column at a

pressure of 0.15 MPa_

Data: [ DEA | = 0.10 - 0.85 molikg.

wis 3

l VG-IOZ kl'_'104 a

° :
Q 1 2 3 4 5 6 mfs mis l/'m

Yo ear Peo,
TS 7% — 0s 2.98 200
m s 10 2.49 297
_ 20 207 423
Bwe.ls: Danckowers plots fox the packod bubble ol 50 2.54 443
ata pressure of 0,15 MPa

3.32. Interfacial greds.

Absorption experiments in the packed babble colunn have been performed for pressures between
025 and 1.30 MPa and at superficial gas velocides of 1.0, 2.0 and 3.0 cm/s. All experimental
yesults are given in Table 6 and the resehs are ploticd in Fig. 16: it is evident thar the interfacial
areas in the packed bubble cohuman are not influenced by pressure Bp to cperating pressures of
1.3MPa.'I'hisisinagreementvdthd:cindcpendmceofthegashold—upsoupressminapackcd

bubhble column as reported by van Gelder and Westerterp(1938).
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Table 6. Interfacial areas in the packed bubble
¢olumn at different pressures.
Data- [ DEA ] =15 molke.

V102 P Coon a
m/s MPa % l/m
1.0 025 9 340
0.40 99 340

0.70 98 271

1.00 98 274

1.30 99 306

20 025 95 431
040 95 449

0.70 95 426

1.00 95 423

130 9 423

30 025 o2 517
040 % 551

0.70 91 526

1.00 %0 506

130 91 506
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At the same operating conditions all interfacial arezs in the packed bubble column are much
higher than the interfacial areas in the bubble column as presented in Table 4. A comparison
between the interfacial areas in the two bubble columns on the basis of the reactor volurne of the
colurmn is shown in Fig. 17; it can be seen thar at the lowest superficial gas velocity of 1.0 cra/s the
jnterfacial areas in the packed bubble column are still higher. However, for the superficial gas
velocity of 3.0 em/s the interfacial areas in the packed bubble column as based on the total volume
of the column become smaller than in the bubble colugm.

The higher inverfacial areas at 1.0 cm/s can be atmibuted to lower rising velocites of the bubbles in
the packed colurmn and to the fack that larger bubbles are broken on the edges of the packing
material, see also Pexidr and Charpentier(1975) and Béxkes and Hofmann(1975). It has also been
observed that the bubbles iend to form chains of bubbles throughout the packed column. These
cheins of bubbies lead to 2 smaller increase of the interfacial area in the packed bubble column with
increasing gas velocity as compared to the interfacial areas in the bubble column.

Results on interfacial areas obtained by the chemtical method at high conversions of the gas phase
reactant should be considered carcfully. As the conversions of CO, become larger than 30% the
evaluation of interfacial zreas becornes sensitive towards the assumed residence rime diswibution of
the gas phase, se¢ Chapter 2. Therefore, we have also performed absorption experiments in a
shorter packed column with a packing height of 27.0 cm(H/D = 32). This Jower height results in
CO,~conversion levels around 70%. The interfacial areas at a superficial gas velocity of 2.0 cm/fs
are plotred in Fig. 18: the values are equal to those at 2.0 cny/s in the packsd bubble column with a
packing height at H/D = 6.2, This indicates that the inrerfacial areas as determined in the packed
bubble column with 2 pacidng beight ar H/D = 6.2 are realistic and that the assimed plug flow
behaviour for the gas prase is conect

gr———e 2cmfs

a
= - g B

¥ 8 8 8

i I
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bubble colunn and with D = 3.2,
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4. DISCUSSION AND CONCLUSIONS

The results from this stndy show that the gas hold-ups in the bubble column increass with
increasing pressure. The positive influence of the operating pressure on the gas hold-ups in warer is
qualitativily in agreement with Literarare results, as eported for water and organic Jiquids in bobble
columns at elevated pressures, see 2.0. Tanmy et al(1984a, 1934b), Pijls et al(1985) and Teurlings
et al(1986). The gas hold-ups in water can be predicted fairly well with the correlation of Idogavwa
et al(1985). For an agueons DEA solution the increase in gas hold-up with presswre is even larger
than for water. However, interfacial arca determinations indicate that part of the gas hold-up in this
DEA solution consists of a froth layer, which is less effective for mass transfer.

Plots of the drify flux q, versus the gas hold-ups in the bubble column ar elevared pressures
indicate that the transiztion from the: bubbly flow towands the churn-trbulent regime occurs at higher
gas velocities and higher gzs hold-ups. These findings are in agrecment with the reselts of Tarmy et
al{1984a, 1984b). It offers the interesting possibility of operating a bubble column at elevated
pressures in the bubbly flow regim: at higher volemetric gas throughpets than arinable in a
column operating at amnospheric pressare. Operating a bubble column in the bubbly flow regime
may be required for high gas phase conversions, but may aiso be preferred, if low liquid phase
backmixing is required, for selecdvity. So, if selectiviry is an important design objective, the liquid
phase residence ime distribntion at higher pressures should be investigated in the developmentof a
gas-liquid process in a bubbie column operating at elevated pressures.

Inpzfacial areas in the bubble column as determined by the chenrical method in an aqueons DEA
solution show also an increase with incneasing pressure. However, this increase is stoaller than the
increase in the gas hold-ups for the same solurion. Comparison shows 1hat the relative increase of
the interfacial area in the aqueous DEA solutions with pressure is more in line with the relative
increase of the gas hold-ups in water for the same range of operating pressures,

As no inforogation in literature is available on interfacial areas in bubble columns at higher
pressures no direct comparison is possible. The correlations of Idogawa et al(1985) on gas
hold-ups and Sauter mean bubble diameters in bubble columms at elevated pressures can be used for
2 calculation of interfacial area. Allthough the gas hold-ups, as calcutawed from these relations, do
not agree with the experimental gas hold-ups in the aqueous DEA solution, the calculated interfacial
areas agrec fairly well with the experimental interfacial area However, i order to answer the
question whether the relations of Idogawa et al(1985) can be used to predict the influence of
pressure oa gas hold-np and interfacial area in a bubble coliumn, further research over 2 wider range
of operating conditions and colmpn geornermies should be conducted.

In Chapter 1 we conclude that the initial bubblc size at 2 single orifice decreases with increasing
pressure. Gas bold-up measurements in the bubble column with a dispersion level at half of the
criginal height indicate that the positive infiuence of pressare on the gas hold-up originams from the
formation of smaller bubbles at the gas dismibutor. These smaller bubbles have lower rising
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wvelacities and lead to an increase in the gas hold-up and interfacial area with increasing pressures.

Comparison of the gas hold-ups and the interfacial areas in the bubble and the packed bubbile
colurmn of this study and the same results for a mechanically agitated reactor at elevated pressures,
se= Chapter 2, confirins that the pressure influence originates froo the formarion of smaller bubbles
ar the gas distributor, Both the mechanically agitated reactor and the packed bubble column exhibit
no influence of pressure on the gas hold-ups and imterfacial areas, because in both gas-liguid
contactors the coalescence-breakup process of the bubbles is dominated by the agitator or the
packing. Any influence of pressure on the bubble formation ar the gas distributor is therefore
masked by the coalescence-breakup process in these CORLastors.

In a bubble colums the ges hold-up and interfacial areas arc partly depenadent cn the bubble
formation process at the gas distributor and therefore this contactor exhibits a positive pressure
effect. "The effect of pressure may be masked also in long bubble columns ih which the gas
hold-ups and interfacial areas are mainly determined by the coalescence-breakup equilibrium in the
column.
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