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Chapter 1

ABSTRACT

All irmpormnt sudies on the influence of pressure on mass wansfer phenomenz in gas-Tiquid
systems and reaciors are critically reviewed. Points of agreement and conflict will be indicated and
discussed.

It is concluded that
1. The initial bubble size at 2 single orifice decreases with increasing pressure.

2. The pas phase mass mansfer cosficient k; is inversily proportional with pressure w the

power n, where n depends on the mass gansfer mechantsn.

3. The liguid phase mass transfer cocffcient k; is not infiuenced by pressure.

4. The gas hold-up €5 in babble colmmns increases with increasing pressure.

However, insnfficient data on the influence of the operating pressure on the interfacial ares in
gas-liguid contactors are avallable,



Chapeer ]
1. INTRODUCTION

In this chaprer all imporrant swdies on the influspce of pressure on mass mansfer phenomena in
gas-liquid systems and reactors are critically reviewed. Points of agrecment and conflict will be
indicated and discussed in onder to fmprove upon the understanding of the mass transfer phenomena
in pressurized gas-lquid reactors. The major conclusions and points of conflict are given at the end
of the chapter .

Some rwenty papers have been published whick deal with or touch vpon the infivence of the
operating pressure in gas-fiqutid systemgs They can roughly be subdivided into three groups dealing
with the inflaence of the operating pressure on:

1. the formation and coalescence behavioor of single bubbles in gas-liquid systems.

2. the gas and liquid phase mass wansfer coefficients in gas-liquid reactors.

3. the volmoetric Hquid phase mass transfer coefficient, the inerfacial ayez 2nd the gas hold-up

in gas-liquid reactors.

In the next three paragraphs these groups will be discussed separately. It is boportant to note that
in mentioning gas flow rates we will 2lways base omrseives on the volumnettic rates. This means that
at conssant volumetric flow rates, the mass flow rates are increased with pressgre because of the
increasing densiry. Superficial gas velocizies as sed by us therefore refer w the volumetric gas flow
Tare ar the presure in the reactor divided by the empty cross-sectionzl area of the reactor.

2. PRESSURE REVIEW
2.1, Formation and coalescence Pehaviour of single bubbles.

AN siodies conceramg the influence of pressre on the formation of babbles have been performed
at single arifices, being commected either with 2 gas chamber oc a capillary mbe. Demils of these
swdies like the operating pressure, the system properties and the infinence of the operatling pressure
are summarized in Table 1.

Kling(1962) was the first one to observe that an increase in the operating pressure ar cqual
superficizl gas velocity and ar a single gas inlet orifice canses a decrease in the infrial bobble
volome Conscquently the bebble frequency ar e orifice increases, Kling(1962) suggested thar the
increase in energy conent causes the gas to penctrate decper imo the Liguid, leading to more obloog
bubbles which detach easicr from the crifice. This resnits i smaller bubbles at higher pressares.

LaNarze and Hamis(1974) investigated phomgraphically the formation of CO,-bubbles in water
ar three orifices with differenr diamecters and at pressares op to 2.1 MPa. At atmospheric pressure
they observed 2 lipear incresse in the initial bubble volme with increasing gas flow rate, At higher
pressares the babble volome does not show this hinte dependence anymare and an increase i the
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Epgel: Bubble volume va the gas flow mue ar differen: Hpe2: Buabbie volume vi. the prettune o1 diffoem gas
pressures; OO - waset, &, = 4.8 mwodig. 7 Sow tatzs; O, - water, 4, = 4.8 cxnifig. 10of
of LaNmere andl Harris(1974)). LaNauze snd Hervis(1974)),

gas flow rzte is accomodared by a simniuneous increase in the bubbk volume and the bubble
frequency, sec Fig. 1{fignre 7 of LaNauze and Harris(1974)). With regrard to the cffect of the
opezating pressure the bubble volume decreases circa 50% with an iacrease from 0.1 1o 1 MPa, bt
afier that only slightly from 1 1o 2.1 MPa, see Fig. 2{figure 10 of LaNagze and Harris(1974)). This
reduction in initial bubble volume results in 2 large degree of interaction and coalescence near the
orifice at higher mass flow rates. LaMNanze and Hanris(1974) awributed the redostion in the size of
the bubbles and the highey formation frequency to the increased contribution of the momentum of
the gas to the bobble formarion process as caused by higher pressures or by higher flowrates.

Experiments of Bier ¢ 21(1978) showed 2 rather similar dependence of the initis] bubble vohume
oa the operating pressure, Their experimental techmique consisted of sparging N, He or SF,
throngh a single orifice into ‘water, ethanol or 2 refrigerant. However, these anthors find a mach
smalier influence of the operating pressare if the gas is sparged through a capillary twbe instead of
through an orifice connected with 2 gas chamber. This gas charnber, of course, prevents oscillations
of the pressure as occnr in narrow gas sopply lines. Kanfmann(1981) determined the diameter of
bobbles formed by injection of a N/O, mixmre ir 2 sodium sulfitc solution through a capillary
tnbe at pressures up to 10 MPa. He observed a slight decrease of 25% in the bubble diameter with a
pressure increase from 0.1 o 10 MPa.

Kdogawa et al(1986) observed the bubble formation at a single orifice in air-water and zir-ethanol
sysiems and for pressures up o 15 MPa. They reported a decrease in the initial bubble diameter of
25% at a pressmre increase from .1 to 15 MPa. The ¢ritical gas velocity separating the multiple
bubbling and jeming regions decreased with increasing pressure. This critical gas velocity was
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Chapter 1

correlated in an equation based on their own measurements, the results of LaNauze and
Harris(1974) and oo some atrmospberic resulis as follows;

4_ -8
We_ = 1410 Rej (1)

Both the Weber and the Reynolds nember are based on the orifice dizmeter and the orifice velocity,
Re ranges from 4-10 2 ep w 2.5-104, Gas velocities which result in 2 value below We_, . and
with Reg o > 10* result in the formation of single bubbies. Above the critical Weber number
Jjening occurs.

Sagert and Quinn(1976) measured with highspeed photography the coalescence time of two N,
CO, or H,S bubbles in water at pressures up to 3.4 MPa. They observed no influence of the
operating pressure on the coalescence time of N, bubbles and below 2.0 MPa no influence ca the
coalescence time of CO, bubbles. However far CQ,, the coalesceace time rises fom 2 - 3 ms at
2.0 M¥Pa to 20 ms ar 3.4 MPr. For H,§ bobbles the coalescence time sirongly depends on the
Pressure and rises from ground 10 ms at 0.1 MPa 1o 100 ms ar 1.5 MPa_ The anthors posmlated
that specific interactions of the gas with the agueous surface layers are responsible for the incease
in the coalescence time.

Reeference GlL-symcm L™ [
{Refemace Gfl.nrm dor Kmfoma | 2,70, .M 5oy ml | et
LaNgere. ued Hurzis - 105 smm
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o . X 2 L L
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Chapter 1

All together it ¢an be concluded thar there exists 2 good agrecmuent on the influence of pressure on
the bubble formation at single crifices. An increase in the system pressure causes 2 decrease in the
jnirial bubble size and an increase in the bubble frequency, which result in a large degree of
jnteraction near the orifice. The effect of pressure is larger if the orifice is connected with a gas
chamber instead of a capillary tube. This is shown in Figs 3 and 4 in which normalized bubble
volumes of all the mentioned studies are ploned vs. pressure respectivily for an orifice connected
with 2 gas chamber and a ¢apillary mbe. The bubble volumes ar a single orifice connecaed with a pas
chamber decrease circs a factor 3 with an increase in pressure from 0.1 to 2.0 MPa. The decyease in
the bubble volurnes at a capillary tube is of the same order of magnimde, however, a sixfold larger
increase in pressure from 0.1 to 12 MPa is needed to accomplish this. Coalescence measurements
for some specific gases also indicate that the coalescence time increases at higher pressures.

2.2. Gos and Lguid phase mass transfer coefficients.

In most stadies the infloence of the operating presae on the gas and liquid phase mass wansfer
coefficients k; and ky is drtermined in stirred autnclaves with a flat surface. Vafopulos et 21(1975)
are the only ooes who report on Liguid phase mass wansfer coefficients ar higher pressures in a
bubble colinmn and a roschanically agitated reactor. Details of these smdies are given in Table 2

In a stired autocleve at pressures berween 0.1 - 3 MPa Yoshida and Arakpwa(1968) determined
liquid phase mass transfer coefficients for the systems of oxygen in water and oxygen in an
aqueons KC1 solution, They observed ar higher agitadon rates a sall decrease of ky with pressune:
and at the lower agitarion rate a large decrease of 2 factor 2 in ky with 2 pressure increase from 0.5
t© 2.0 MPz They suggest that the pressure dependence of ky is due 1o a change in the surface
menewsal rate or the degree of interfacial mrholence, which could be accomated for by the change in
surface tension doe 1o the gas pressure,

Contrarily 10 these results Tetamoto et 21(1974) using a strred antoclave with a flar suxface
observed o influence on k; of operating pressures between 02 - 10 MPz in absorption
measurements with varions gases into water, ethanol and p-xylene. This was confirmed by Albal e
al(1983), who worked with O,-water and He-water as gas-liquid systems and at pressures between
2 - 9 MPa. For three different Fischer-Tropsch type liquids and working ai pressares ranging frow
1 o 5 MPa also Deimling et al(1984) mentioned that they did not obsexrve 2 nelation berween ky and
pressare in a stimed autoclave with a flat surface. ATl aprhars explained their results by the fact that
pressure does not change significantly the physical properties of a liguid and therefore does not
affect the Liquid phase diffusiviry of the gas. :

In air-water systems Vafopulos ct 21{1975) determined separately both volmmetric liquid phase
mzss nansfer coefficients k; a by physical absorprion and interfacisl ateas & by photography. They
worked in a bubble column and & mechanically agitated reactor and ar pressure: ranging from 0.1 w0
1 MPa. From these resnlts they caleuiamd values for the Equid phase mass transfer coefficient
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Chapter 1

which appeared to be independent of pressre. Vafopulos et al{1975) also explained the pressure
independence of ky by the fact that the liquid phase properties are not affeczed by pressure.

Contrarily the gas phase mass transfer cocfficient kg counld be influenced indeed by pressure,
because the diffusivity is inversily propontional to the ml system pressure, for in ideal gases the
product of the density and the diffusivity is constant, sce c.g. Prausnitz et 21(1978). Up till now
only Versteeg ot al(1987) have determined gas phase mass transfer coefficients k., a1 elevated
presstres between 0.1 - 1 MPa. In a stirred antoclave with 2 flat interface they did so by ahsorption
of a diluted gas phase component from an inert gas phase ino a Bquid whens an instantancous
reaction occurs berween the absorbed component and 2 liquid-phase reactant. The gas phase mass
wansfer coefficient appearced to be inversily proportional 1o the square reot of the pressure as
predicted by the penetration theory, see Fig. 5.

Except for the resulrs of Yoshida and Arakawa(1968) all stodies indicare that there is no influcnce
of the operaring pressure on the Bquid phase roass transfer coefficient k; . This seetns rather obvious
becanse there is no influcnce ot pressuwe on the Iiquid phase properties. The gas phase mass
ransfer coefficient k; seems to depend on the operating pressure. The results of Versteeg et
a1(1987) indficate that

kg = P (2)

where the value of the exponent camresponds to the predictions of the penefration mechanism.
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Chapzer 1

2.3. Volumetric Bguid phase mass transfer coefficients, interfacicl areas and gas
hoid-ups.

Most studies in pressurized gas-liquid systems concern the influence of pressure on the overall
mass transfer parameters k; &, &, and the gas hold-up & in agitated reactors and bubble columns.
They are discussed in the next two paragraphs and the details are sormmarized in Tables 3 and 4
respectivily. It will be shown that there is no general agreement among the several anthors on the
effect of pressure on the mass mansfer paranneters in these reactors. -

2.3.1. Agitared reactors.

Four recent studies on mass transfer coefficients in stimed autoclaves for the gases H, and CO
and Fischer-Tropsch type Tiquids are an example of the contradictory results concerning the effect of
pressure. Alhal et al(1984) determined volumetric liquid phase mass transfer coefficients k; a for H,
and CO in molten paraffin wa» and &~ pressures ranging from 1 - 3.5 MPa. They worked under
conditions of surface aeration and observed that k; 2 was independent of the operating pressure.
Deimling et 21{1984) used the same installation and determined k; a for B, and CO in three
Fischer-Tropsch type liquids and at pressures ranging from I to 4.5 MPa. At an increase in
pressere from 1 1o 4 MPa for both gases they observed a strong presswre effect resulting in an
increase of kya by circa & facior 1.5 for the light fraction and 2 maximyum of 4 for the heavy faction.
According to these authors dhis is mainly due 1o the «ffect of pressure on the imverfacial ares 2. They
suggest that a increases with pressure because of the change in swrface tension, which is around
40% for the pressure range and liguids used. This results in the formation of smaller entrained
bubbles. Addition of inext solids did not change this suong pressure effect. Ledakowicz et al(1984),
using the sanoe experimental sechaique as mentioned sbove, reported on k; a dat for Hy, CO, N,
and €O, in a molten wax under Fischer-Tropsch conditions and pressures between 0.1 - 6 MPa.
‘They did not observe any effect of pressure. Contrarily at pressures between 1 - 4 MPa Karandikar
c1 al(1986) again fonnd a prononnced influence of presswre on k1 for H, and CO in 2 medinm
fraction of Fischer-Tropsch type Equid. At all agitation rates their data show an increase of Iy a with
a factor of 2 at g pressure increase from 1 w 4 MPa.

All smdies are summarized in Fig. 6 in which a normalized volumewic liquid phase mass transfer
coefficient is plotted vs. pressute, Karandikar et al(1986) did not give an explapation for the
pressure effect, but from these four studies in which the same experimental method and gas-liguid
systems zre nsed, i is evident that - even if there is any effect of presswre on ky 2 - its magnitude is
prohably dependent on the specific suface properties of the Yiquid phase.

The same cxpezimental techniqoe has also been used by Alba! et al(1983) and by Teramow et
1l(1974) to determine k; 2 data for H,, O, and N, in water, They worked at pressares from 02 1
10 MPa 2nd both groups did not find any inflnence of prescure on k; a. .
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Contradictory results regarding the infinence of pressure can also be found in sparged
mechanicaily sgitated reactors. Working with an air-water systemn and ar pressures between
0.1 - 1 MPa Vafopulos et al(1975) did ot find any influence of pressure on k2, a and e ina
mechanically agitated reactor. Within the same pressure range Sridhar and Potter{1980a, 1930b)
observed an increase of as mnch as 75% of ihe interfacial area in a mechanically agitated reactor
with the system O,-cyclohexgne, Sridhar and Power(1980a, 1980b) artributed this increase of the
mass transfer parameters o the increase with pressure of the kinetic cnergy content of the inlet gas
How. To correlate their results they modified the equations of Calderbank(1958) by multiplying
them by a facwor (Eq/Pg) { pg/ Pajr ) %', where the first factor represents the ratio of the total
{kinetic anci mechanical) energy supplied to the dispersion and the power input by agitation only. A
second correction factor for the gas density had to be applied, so it was not possible 10 account for
mchﬂmofmmuy_bymemmmeﬁneﬁcmmm:ofﬁcgasﬂw.

R T Ligad N
Alawd ploailin wax 6757 s
f Lodakewicz < sl ) paradfin wax > .78

Deimling ez al | Faches-Thupeaeh type Bguads | 133 me
Kemndiarcral | FachoeTropsch sotaion 167 s

10

e e 4

Egge§: Nommioed wolometmie Equid phese gxass transfer coefficient
vs. the pr in sarface: d agizured

2.32. Bubble colinns.

That not only the increass in the kinetic cnergy content is responsible for the increase in gas
hold-np with pressure has been confirmed far a bubble coloxom by Pijls et al{1985). They found a
twofold increase i gas hold-up for a pressure increase from 0.1 10 2 MPa They used a N,-water
system and different sparger rings and concluded that neither an increase in the kinetic energy nor in
the mementum of the gas flow can account for the incaease in the gas hold-up. They also observed 2
smaller cffect of pressure with a sintered glass plate than with the sparger rings. Pifls er 21(1985)
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Chaprer 1

explain their results qualitatively by a simultaneous decrease of the initial diamerer and of the
coalescenee rate of the bubbles with an increase of pressure. Teurlings et al(1986) determined
bubble diameters in the same experimental system with a multipoint resistiviey probe. Again they
found a promounced effect of pressure on the gas hold-up. This influence was smaller for the
sintered glass plate as gas diszributor. They obssrved with increasing pressure a decrease of the
average bubble dizmeter in the column. Bubble size distributions were measured a different heights
in the bubble column and at different pressures: it could be concluded thar the coalescence of
bubbles was not influenced by pressure. Tearlings er al(1986) also observed that with increasing
pressure the fraction of fast moving bubbles becomes simaller. According to thexn this indicares a
change in the hydrodynammics: at higher pressures the transition from the bubbling regime wwards
the churn-turbulent regime, see Shah er 21(1982), oceurs at higher gas velocities.

Tarmy et al(1984a, 1984b) reported on gas hold-up measurements in a bubble columm with
N,-heptane as the gas-liguid syster and bubble caps as gas dismibutors. They vaticd the pressures
between (.12 - .62 MPa and found a strong influcoce of pressure. The gas hold-ups at 0.62 MPa
were about twice those at the pres sure of 0.12 MPa. Also Tammy e al(1984a, 1984b) calculared that
a change in flow regimes occurs: at higher pressores the wansition from the upiform bubbling
tegime wwards the churn-turbulent regime occurs at higher gas velocities and gas hold-ups, see
Shzh et 2l(1982). Acconding o them the fact thar the bubbling regime persists at higher ges
hol@-ups indicares that at kigher pressures very small, non-coalescencing bubbles are present in the
system. :

With zn electric resistiviry probe Idogawa et al(19852) studied the behaviour of bubbles in the
air-water system in 2 bubble column. They vsed different gas distributors and worked af pressures
rapging from 0.1 to 15 MPa. With an increase in pressure the gas hold-up and bubble frequency
increased, while the bubble size decreased. Above 5 MPa the bubble size diszributions become
nayrow and the size of the bubbles almost uniform. The effect of pressure was much smaller when
porous plates were used as gas disziburors instcad of single orifices or a perforated plate_ In a
seemdmdymogawaaﬂ(mssb)mdedm&mmhwoﬁummnﬁsﬁngoﬂlmHe
or air as gases and of water, mcthanol, cthanol, aceson or aqueons solutions of alcohols s liquids.
In these experiments the pressure ranged from 0.1 to 5 MPz2 and as gas distribitor a perforated plare
with 19 holes of 1 mm dizmeter was nsed. The following comelations were obtained for the gas
hold-up and the average bubble diarreter
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Tn these expressions SI units bave 1o be used, except far the pressure P and the surface tension Oy,
which bave o be expressed in MP2 and mN/m respectivily. Their experimental range was v =
0.5-102 - 5102 m/s, pg = 0.084 - 1208 kg/m? , 6 =22.6-72.1 mN/m and P=0.1 - SMPa
For air-water ar a conszot superficial gas velogity of 1 cm/s these correlasions predict an increase in
tke gas hold-up with a factor 2.7 and a decrease in the averags: bubble diameter with a factor 0.6,
when the pressure is increasad from 0.1 up o § MPa: this resulrs in an increase with a factor 4.5 in
the interfacial area

Petuhkov and Kolokol'tsev(1965; sudied liquid entraimment in a bubble column with afr-water
as the gas-liquid system and at pressures from 0.1 o 2.5 MPa. At pressures of 0.1, 0.3 and
2.5 MPz they also determined the gas hold-ups and found that the gas hold-up was proportional
with (pg /P )02

All these six studies indicate that there is an ¢ffect of pressure on the gas hold-up and bubble
diameters in 2 bubble column, see Fig. 7. In contradiction with these smdies Kolbel et al(1961),
Vafopulos et al(1975) and Deckwer ez al(1980) did not find any influence of pressure op the gas
hold-up and bubble diameters in txo ane. three pliase bubble columns.
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Kélbel et al(1961) worked at pressures between 0.1 - 1.6 MPa in 2 bubbic column with air-water
as gas-liquid system 2nd a porous plate as gas distributor. They determined bubble diameters by
phomgraphy and could ot find any influence of pressure. They also measured gas hold-ups by the
hright difference method and found them to be independent of the operating pressure. Vafopulos et
al(1975), who used the same cxperimental technique, also reported bubble diameters and gas
bold-ups to be independent of pressure in a bubble column. They worked also with air-water as
gas-liquid system and a porons plate or a cupillary twbe as gas distribuor at pressures from 0.1 ©
1 MPa. Besides bubble diameters and gas hold-ups Vafopuolos et 2l(1975) determined by physical
absorption volumernic liquid phase ozss transfer coefficients k; a end found them 1o be independeant
of pressure.

Deckwer e1:21(1580) studied the inflocnce of pressure on the gas hold-op at pressures from 0.4
1.1 MPa in two babble columns with 2 porous plare as gas ditributor and the three-phasc system of
N,-ALO,-molten paraffin war. In agreement with Kolbel et al{(1961) and Vafopulos et 2i(1975)
they did not find any influence ¢ f1t-¢ o perating pressare on the gas hold-up.

All together there sezms w be 2 lot of disagreement betwesn the several authors on the inflvence
of pressurc on the ovexail mass tranfer parameters kya, a and the gas hold-up £ in agitated reactors
and bobble columms. However when the operating conditions and experimental systems are
considered more closely some specific remarks can be made as will be dope in the next paragraph.

3. DISCUSSION

All studies on the bubble formation at a single orifice in a presamized gas-liquid system indicaw a
decrease in the initial bubble size when the pressure increases. This decrease is larger when the
orifice is connected with 2 gas chamber instead of using only 2 capillary abe. Modelling of the
experimental resnlts was oply partly successful LaNanze and Harris(1974) modelled their
cxperiments af higher pressures with a modified version of the bubble growth model of Davidson
and Schiler(1960). They extended this model w altow for the rate of change of gas momentum and
for varying gas chamber pressures. Their model showed good agreement with their experimental
resulrs at lower flow rates, bat discrepancies ocenr at higher flowrates, becanse the theory deals
with single bubbles oxly and assumes no intesaction of bubbles. For an orifice connected with a gas
chamber as well as their results for a capilary ube Bicr et 21(1978) compared their resulrs wih the
semi-empirical diagrams for bubble formation ar a single orifice a5 given by Mersmann(1977).
These diagrams are based on the two step bubble formarion mode! of Kurnar and Koloor(1570,
which assumes a constant gas flow rate duving the bubble formation process. An excellent
agreement was found between the experimental results with a capiliary tobe and the prediction by
the diagrams, while for an orifice connected with a gas chamber the results showed considerable
deviations. Bier et al(1978) argumented that this probably is caused by the fact that the gas flow
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T2 is inregular during the bubble formarion at an orifice connected with 2 gas chamber, while it is
approximately constant for the capiflary wbe. Finally they correlated their resulis snceesfully with
an empirical comelation, but unformmnarely this correlation is specific for their experimental
configuration and conditions.

“Therefore at this moment it scems not possible o predict the initiz] bubble volume at a single
orifice in press_sized gas-lignid systems. However, the qualitative results can be used for a better
mdersmnding of the influence of pressure in gas-liquid reactors on the overall mass wansfer
puametersk,_a.aandthegashold—upea.Bcsidcsmis,onemaywondcrwhemucmmlaﬁonsfm
the initial bubble diameter are uscful 1o the designer of pressumized gas-liquid reactors, because
consideble coalescence is known 1o =ke place in the vicinity of the gas spatger.

The infloence of pressure on rhe gas ard lquid phase mass wansfer coefficients kg and k; can be
separared in an effect of pressure on the bydrodynamics of the phase and an effect of pressure on
the physical properties of the phase under consideration. Importmt liquid phase properties like the
viscosity, the specific gravity and the diffosivity of the mansferred component in the liquid phase are
only affected considerably at extremely high pressizes. Conoarily the gas phase density and the
diffusivity in the gas phase ate affected by pressure indeed and approxirgately proportional to
. pressure. As shown by Versteeg et al(1987), sec Fig. 5, this results in a considerable influence of
pzssare on te gas phase mass transfer coefficient ke,

‘The changes with pressurs in the bubbling regiznes at a single orifice and in the flow regimes ina
bubble colomn as reported respectivily by Idogawa et al(1936) snd Tarmy e1 al(1984a, 1984k}
indicate the possibility of an effect of pressure on the hytrodynamics in gas-iquid reactors. This
most certainly will affect the characteristic mass transfer parameter(film thickoess or smface renewal
time) of the prevailing mass transfer model or even the spplicability of the nwass wansfer model
irself, Chanpes with pressure in the gas hold-up and bebble diamneters may also influeace the mass
wransfer cocfficients. Farthermone Massoodi and King(1974) and Sagert and Quinn(1978) reported
an inflnence of pressure on the sorface tension and also on the apparent viscosity of the smface of
different gas-liquid systems, which may affect the bydrodynamics of the phases. With this in raind.
we should be very careful in stating that the lquid phase mass transfer coefficient k; s independent
afmalbnguwmnmabaﬂuﬁymﬁaﬁehyﬂmdymuﬂcsofﬁcg&&ﬁmﬁdsym
are not affected by the pressure.

The results in swiace aerated agitated reactors for the foor suxdies ider Fischer-Tropsch
condirticas and the two smdies with water show no simitar effect of pressive on the volumeric
Squid phase mass ranyger cocfficient kya. However, there seems 1o be a specific relation between
the effect of pressime and the liquid phase psed. It is possible o distinguish between the stodies
with Fischer-Tropsch type liquids {Deimling et 21(1974) and Kzrandilar et al(1986)} and with
water {Teramoto et 21(1974) and Albal et a}(1983)) and molien waxes {Albal e al{1984) and
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L=dakowicz et al(1984)] respectivily. The sudies with the Fischer-Tropsch type liquids show a
pronounced cifect of pressure, which 1s ever dependent on the composidon of the liquid, see Fig. 6
and Deimling et a(1934). Both the studies in water and with molten waxes show no influence of
pressure at all, In our view this indicates thar specific gas-liquid interaction paramelers like the
surface tepsion and the foaming characterisdcs of the liquid could have 2 strong influence on the
observed pressure effect, Whether these specific gas-liquid interactions are ziso the reason for the
contradictory results found in sparged agitated reactors by Vafopalos et al(1975) and Srighar and
Pouer(1930a, 1980b), who used water and cyclohexape respectivily, cannot be concluded.

A critical review of 211 stadies on the influence of the operating pressure on the overall mass
fransfer parameters kpa, a and the gas hold-up & in bubble colwnns leads 1o the following three
Temearks:

1. All three smdies, which claimed that no influence of presswre exists, used a porous plate(<
100 pm) 2s gas distdb ror. The other stndies nsed different gas diswibutors and in case they
oo used porous plates, they observe 2 much simaller effect of pressure, see Fig 7 {sintered
glass plate(200-500 pm) as discussed by Pils et al(1985) and Tewlings et al(1986); porous
plares(2, 100 pm) by Idopawa et al(19852}).

2. It is not possible 30 make a distinction berwesn the studies in bubble columns cn the basis of
the liquids used, as was the case with the surface acrated agitared reactors. Kéibel et al{1961)
and Vafopulos et al(1975) used water as Hquid and did not find an effect of pressure. On the
contrary Perchkov and Kolokol'rsev(1965). Idogawa er al(19852, 1985D), Pijis et al(1985)
and Teodings et al(1986) all found a ronounced effect of pressure in their water containing
systems. The same findings hold for organic liquids, where Tarmy et 2l(19842, 1984b) and
Idogawa et al(1985b) found a pronounced pressare influence, while Deckwer ct al(1980)
observed no effect aralt.

3. In all three studies, which clairned that no influence of pressure exists, low superficial gas
velocities between (.1 - 3.5 cm/s were applied. In most studies, in which an influence of
pressure was found, higher gas velocities between 2 - 20 cm/fs were used. The studies of
Idogawa er al{1985z, 1985b), who found a pressure effect working with rather low
superficial gas velocities berween 0.5 - 5 cmyfs, are an exception.

Bubbles formed at a porous plate have a rather broad size distribution and show much interaction
with each other on the surface of the porous plare. This could easily lead to coalescence of the
bubbles and so disguise an effect of pressure on the bobble formartion process at a porous plare.
This could be the reason thar most sindies with parous plates show no effect of pressure on k; 2, a
and £5. Another possibility is that an effect of pressure may occnr cnly ar higher superficial gas
velocites.

The change in flow regimes with an increase in pressurc as reported by Tarmy ot al(1984a,
1984b) and Tearlings et al(1986) can be explained by the formation of smaller bubbles at higher
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pressures, These bubbles have lower rising velocities lcading to an increase in the gas hold-up. It is
interesting 1o nots that this may resalt in the operation of 2 bubble column still in the bubbling
Tegime at high gas hold-ups and at bigher pressures. In the work of Tarmy et a}(1984a, 1984b) it
can be scea shat at 4 ges hold-up of €, = 0.3 and at P={.62 MPa the bubble colunn stifl operates in
the bubbling regire, while at armospheric pressure the change from the bubbling regime towards
the churn-turbulent regime normally occurs at gas hold-ups between 0.10 - 0.15, see Shah et
al(1982). The combination of decreasing bubble dizmerters ard increasing gas hold-ups can result in
a spectacular increase in the interfacial arcas. This was already shown with the correlations of
Idogawa et al(1985b) in Eqs (3) and (4), which showed an increase of a factor 4.5 in the interfacial
arca with am increase in pressore from 0.1 0 5 MPa for water and at v = I am/s.

4. CONCLUSIONS

We may draw the following canclusions after reviewing the papers mendoned:

1. The initial bubble size ar a single orifice decreases with increasing pressure- The effect is
larger if an orifice connected with a gas chamber is nsed iostead of a capillary wbe.

2. The critical gas velocity separating the muliiple bubbling and jetting regimes ar a single onifice
decreases with increasing pressare.

3. The gas phase wass wansfer coefficient Xk; is inversily proporfionz] with pressure to the
power 0.5, This exponent is in accordance with the penetration theory.

4. The Lquid phase mass mransfer coefficient k;_is not influenced by pressure provided the liguid
phase hydrodynanmmics are unaffected by pressure.

5. The influence of pressure on the volumetric liquid phass mass transfer coefficient k, a in
surface acrated agitated reactors seems o depend on specific gas-liquid interaction parameters
Iike the surface wencion and the foaming characteristics.

6. The gas hold-up &g in bubble columns increascs with incrcasing pressure. This pressure
inflnence is absent if 2 porous plare is used as ges distributor.

7. In bobble columns at higher pressures the ransition from the uniform bubbling regime
towards the chum-mrbulent regime occurs at higher superficial gas velocites and at higher
gas bold-ups than ar armospheric pressure. '
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