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ABSTRACT

The performance of three sparger diamet®es<0.6D, Ds =D, Ds= 1.@) in combination with three positions
(below, above or level with the impeller) for gaguid dispersion and mass transfer were evaluatetd case
of the Rushton turbine and the A315 propeller in apdown-pumping mode. The results show that thst b
results in terms of gas handling and mass tramsfgacities are obtained for all impellers with sparger placed
below it and with a diameter at least equal toitheeller diameter. For the sparger position belbe agitator,
thek a values of the Rushton turbine are greater thasettod the A315 propeller, whatever the pumping mode
The A315 propeller in up-pumping mode is, howeweore economically efficient in terms of mass transfn

all cases, the up-pumping mode gives better rethdtsthe down-pumping one.

KEYWORDS

mixing; stirred tank; gas-liquid; mass transferiger location; up-pumping; axial flow impeller

CORRESPONDING AUTHOR'S ADDRESS
Correspondence concerning this paper should beessiehl to Dr. C. Xuereb, Laboratoire de Génie Chimiq
UMR CNRS 5503, 5 rue Paulin Talabot, BP-1301, 31T66louse Cedex 1, France.

E-mail: Catherine.Xuereb@ensiacet.fr

INTRODUCTION

Fermentation, wastewater aeration, oxidation argtdgenation represent only a large number of theptex
mixing processes where gas dispersion is emplayadeichanically agitated tanks. Traditionally, gepérsion
in agitated vessels is carried out using radiat tlisbines, such as the Rushton turbine, in comijomavith a
ring sparger of diameter smaller than the impeflesitioned below the stirrer. However, the masssdtier
capacity depends not only on the impeller type iéladxial or mixed) but also on the sparger desigul
location.

Nienow et al. (1986) found that using large diameter ring spardé.2D), positionedD+/25 below the
Rushton turbine blades, resulted in an increassdhgadling capacity, a higher relative power dra, aas a
consequence of these effects, a higher specifics rirasisfer coefficient. Breucket al. (1988) studied the
influence of various sparger designs on the twosphand three-phase operational behaviour of a nuothe

agitators, including the Rushton turbine, a dowmping propeller and a down-pumping pitched bladbiie.



They found that ‘near-wall’ ring spargers were ueato flood the stirrer. This arrangement also ftesuin
substantially improved suspension behavior. Thehgdd-up, however, is lower in this case than vétHar-
wall’ ring sparger. Rewatkar and Joshi (1991a, )1%@®e tested several sparger types and configasatising

a pitched blade turbine in the down-pumping modkeyT found that the critical impeller speed for gas
dispersionN¢p, depended on the impeller design, the spargegulesie sparger location and the superficial gas
velocity. Among the sparger designs they studiked,doncentric ring sparger and the large ring saf#D)
were found to be more energy efficient for an edifpersion of gas. They recommended the use arfge Iring
sparger (D). Rewatkar and Joshi (1991a, 1993) also found tetvalue ofNcp increased with decreasing
distance between the sparger and the impellerttiadeached a maximum when the gas is spargedeahev
pitched blade down-pumping turbine. They have shtvat the effect of the diameter of the ring spangas
predominant when it exceeds the impeller diameatdrgdaced below and away from the impeller. Theiealof
Ncp were found to be the lowest when the ring diametdwice the impeller diameter. Rewatkar and Joshi
(1991a, 1993) also found that the hole size andhtimeber of holes on the ring sparger have a nédgigffect
when the sparger is located near the impeller. Hewethese variables become important when thegepas
located away from the impeller. For such a spartper,value ofNcp decreases with decreasing orifice size or
increasing number of holes. Rewatkar and Joshilfipthade the same remarks and conclusions as Rawatk
and Joshi (1991a, 1993) did on the critical impedfgeed for gas dispersion. Rewatéaal. (1993) have studied
the gas hold-up in gas-liquid reactors using a dpwmping pitched blade turbine with several types a
configurations of spargers. Of all the spargerteteshe ring sparger gives the highest gas hoidt8go 25%
higher than that obtained when using a single mpatger. They found that a sparger located abmventpeller
always gives a lower gas hold-up than a spargeatdacbelow the impeller. When the sparger dianistérD,

a sparger located closer to the impeller giveswetagas hold-up than the same sparger locatedaay &rom

the impeller. For a sparger diameter of®.8he opposite is found. Rewatkairal. (1993) observed that a ring
sparger of diameter equal to D.&nd D gives the maximum gas hold-up. The latter is revemded in view of
stability. In the case of the ring sparger, a senalumber of holes and holes of a smaller size gilarger gas
hold-up. Rewatkaet al. (1991) carried out a similar study, whereby adcsslispension was added. They found
that the values of the critical impeller speed $otid suspension in the gas-liquid-solid systemhvét ring
diameter of ® were lower at high superficial gas velocities)(0094 m.3). Bakker and Van den Akker (1994)
have used four sparger types and two impeller8® &d a propeller in the down-pumping mode. Bylysia

of the Pg/P curve, they found that the use of a ring spargeated away from the impeller decreased the amount



of power needed to disperse a certain amount ofiges authors, however, found no clear effect efgparger
type on the gas hold-up. On the other hand, itfaasd that the sparger with a diameter of @4fves the best
result in terms of mass transfer performance. MdaRa et al. (1995) have tested several sparger types and
configurations using two propellers in the down-piumy mode. They recommend the use of a large pagger
(0.8D) with a large sparger-impeller separation (0.®18C), since the relative power drawn, the gas handling
capability and the energy efficiency in dispersgas are all enhanced. Birch and Ahmed (1996, 18ave
worked with a Rushton turbine and a pitched blaid turbine in the up-pumping and the down-pumping
modes. They tested three sparger diameters and gusitions for the sparger: above, level and belosy
impeller. It was found that the most suitable lgmafor introducing the gas appears to be in tiselthrge flow
of the impeller. The most suitable diameter for #parger is the larger one: D.4In summary, it may be
concluded that 'larger than impeller' sparger igeben terms of gas handling capacities and gdd-tp.
However, little information is available in termEroass transfer performances.

In the present work, the performance of two impsli@n A315 hydrofoil propeller both in the down-
and up-pumping modes and a Rushton turbine) witkraé ring sparger configurations are quantifiedemms
of the volumetric mass transfer coefficient, them¥ transfer efficiency, the standard oxygen dfanrate, as
well as the power dissipation. For the down-pumpmngfiguration, the sparger is placed below theppler
and in the up-pumping configuration it is placedah In the case of the Rushton turbine, the spasgaaced
below or level with the turbine in the dischargaxflof the agitator. In this latter case, the gasjected towards

either the top or the bottom of the tank.

METHODS AND MATERIALS

Equipment & Experimental Conditions

The experiments were performed in a dished-bottgindrical vessel wittDr = 0.19 m with an aspect ratio of
1, i.e. the liquid heightH) in the vessel was equal to the tank diamdg}.(The tank was equipped with four
baffles b = Dy/10), which were placed 90° from one another, flagiainst the vessel wall. The impeller
clearance wa€ = D+/3, whereC is defined as the distance from the vessel bottothe lowest horizontal plane
swept by the impeller. The performances of two iltepe were studied: a 4-bladed A315 hydrofoil (Ltigih) in
both the down- and up-pumping modes and a Rushitxine. In all cases, the impeller diameter wasaét

D = D¢/2 and the agitator sha € 0.008 m) extended to the bottom of the vessel.



The experiments were carried out at room temperand atmospheric pressure. Plain tap water was
used as the working fluid (coalescent system) andvas fed into the tank via a ring sparger. Thsparger
diameters were useb; = 0.8 (ring S — Small size]Ds =D (ring M — Medium size)Ds = 1.8 (ring L — Large
size). The sparger placed below the impeller (mosi) has a clearanc€; = 0.6C, and the air bubbles upwards.
This position ‘b’ was chosen following the recommations of McFarlanet al., 1995. For the sparger located
above the impeller (position a, only for A315 pri@ with C, = 0.6C, the gas bubbles downwards towards the
impeller. This position of the sparger was chosdnitrarily as it is not a typical configuration atiderefore it
may not be the optimal position. However, care ta&en to place the sparger at distance relativielsecto the
impeller to promote gas dispersion. When the spasgelaced level with the centreline of the impel{position
I, only for the turbine) withCs = C, the gas is bubble either downwards or upwardbsspdrgers have 43 x
0.0009m diameter holes and the configurations anengarised in Table 1, Table 2 and Figure 1. Theeilap
rotational speedy, remained constant at 5" §corresponding to fully developed turbulent flowilst the gas
flow rate varied between 0.3 — 3510* m’s™, which is equivalent to a gas flow numbEt, variation from

0.012 to 0.075. The flow number is defined as:

- %
Fl = 1
D (1)

whereQg is the gas flow rate.

In addition to the mass transfer experiments, Wwhice detailed below, the power consumption was
measured in order to characterise the agitatioresys The power consumption of the agitator, witth without
gas, was determined by measuring the restrainirguéoof the motor. For these experiments, the icotak
speed of the agitator was kept constant whilstgtie flow rate was varied. The power consumptioahbisence

of gas was represented as the dimensionless pawgrer :

P
wherepis the liquid density.

(@)

PO =

Mass Transfer

The volumetric mass transfer coefficiekt,a, was measured using a dynamic measurement methsdming
perfect mixing in the liquid phase and the firsier no depletion model for the gas phase. The ehwmi@ first
order model for the gas phase is justified by #e that such simplified models still preserve riblative order

of merit of agitators, making them useful comparigurposes (Lopes de Figueiredo and Calderbank))197



Furthermore, for lovk_a values (< 0.0679), like those obtained in this study, the differefmtween first and
second order (eg. perfectly mixed or plug flow misflenethods is negligible (Bakker, 1992).

Tap water was used as the operating fluid andfingtly deoxygenated by bubbling nitrogen through i
until the dissolved oxygen concentrati@h, was< 0.2 mg.I* using an impeller rotational speed of . §he
increase inC, was then measured over time as air re-oxygenatedatik water. Thé_ a was then calculated

from:

Ct - C* N E-C_*k_l_sloj) (kLalj_e_t/r _e—kLam) (3)

whereC' is the oxygen concentration at saturatiGgis the oxygen concentrationtat 0 s and is the response
time of the oxygen probe. A temperature correctthek a was then applied using the relation (Bouaifi and
Roustan, 1994):
SV 1'024(20_T)(kLa)T 4)
whereT is the temperature of water during the experiment.

Measurements were made for various gas flow reaesjing from 0.45 10 to 3.2x 10* m’s™ (0.5 —
4.0 vwm), whilst the impeller speed remained camtséd 5 S*. In all cases, a complete dispersion flow regime
was obtained.

Using theka values, an economic performance criterion was cedlun order to compare the
efficiencies of the different agitators: the Overatansfer Efficiency QTE), which represents the mass of

oxygen transferred to the liquid per kWh (BouaifdaRoustan, 1994):

(3'6x106 )x (kL a)zo’c Corc V

Py

OTE =

()

whereV is the volume of liquid in the vessel aRglis the gassed impeller power consumption.

RESULTS AND DISCUSSION

Power Consumption

The ungassed power numbers of the different agitatindied are shown in Table 3. The results anergdy in

good agreement with those published in the liteeatihe power values measured for the A315D arechiew
somewhat greater than the values reported by Baklg9?2). These discrepancies may be explained dyse
of a different tank geometry including a flat-botted vessel and a different impeller-vessel conéigon

(diameter, off-the-bottom clearance ratio, ...).



The gassed to ungassed power ra@gP, against the gas flow numbEt for the Rushton turbine is
plotted in Figure 2. The small and the medium sprdelow the impeller induce a fall in tRg/P ratio from
0.9 to 0.6. For the small sparger, this decreasudslen and occurs &t = 0.025, whereas for the medium
sparger the decreaseRyP is comparatively slow. The three large spargeffigarations induce only a small
decrease in thBy/P ratio from 1 to 0.9 and thus have a higher gasllivagpn capacity. This can be explained by
the indirect loading of the impeller that occursenta large sparger is used, whatever its positithn ne'spect to
the impeller.

For the down-pumping A315 propeller (Figure 3§ tise of spargers below the impeller firstly induce
a plateau of thé&y/P ratio (at 1 for the small sparger and 0.9 for thedium and the large ones), and then a
regular increase fdfl = 0.035. This can be explained by the direct opjmrsibetween the discharge flow of the
propeller and the gas flow coming from the spariéhen the sparger is above the propeller,Rge ratio
decreases rapidly to 0.8 (small and medium spamed)9 (large sparger) and then remains at tHisevéor all
of the gas flow rates studied. There appears ta enall influence of the sparger diametePgi?, however the
position of the sparger with respect to the impe#igoredominant.

The small and the large spargers located abovA34é& propeller (Figure 4) in the up-pumping mode
induce a regular increase of tRgP ratio from 1 to 1.2. As for the down-pumping irpe| this increase is due
to the opposition between the discharge flow of pnepeller and the gas flow coming from the sparger
However, when the sparger has the same diameteheasmpeller, this phenomenon is not observed.
Nevertheless, for this sparger and the spargetsatiapositioned below the impeller, the decreasthe Py/P
ratio upon gassing is minor. This indicates thedydspersion capacity of the impeller for the ramgdlow

rates studied.

Mass Transfer
Firstly, in order to verify the accuracy of the he@jue adopted for the measuremenkdd, the results for the
Rushton turbine with the small sparger placed betlogvimpeller have been compared with the coralati

reported by Van't Riet (1979):

P 04
k.a= o.oz{vgj v 0 (6)

wherePy is the power consumption under aeration @yid the superficial gas velocity.



The average difference between the experimentakanelated results is approximately 4%, with the
maximal difference being no greater than 8%. Cansig this comparison, the experimental method eygu

in this work is considered to be valid for the rard operating conditions used.

Volumetric Mass Transfer Coefficients

The evolution of the volumetric mass transfer deefhts as a function of the gas flow number fdrodlthe
sparger configurations studied with the Rushtobing is shown in Figure 5. As expected, the mamssfer
coefficients increase with an increasing gas fleumber due to the increased gas holdup. Like foPgff ratio,
the more effective spargers are the large obgs=(1.8) placed below or level with the impeller, the datt
configuration discharging the gas in a downwardedtion. ForFl < 0.05, the medium spargddd = D) enables
k.a values similar to those given by the large sparteibe obtained. At larger gas flow numbers, hargethis
is no longer the case because B ratio decreases, which indicates the beginninthefgas loading regime
and therefore the gas handling capacity of the limpdecreases.

Figure 6 plots the volumetric mass transfer cogffit against the gas flow number for the A315
propeller in the down-pumping mode. Here, the higkga values are obtained with the spargers that ale® gi
the best gas handling capacities (the lowestriaihéPgy/P ratio), i.e. those which are placed below the iltepe
The diameter of the sparger, however, has a muelkevénfluence on thig a.

The results for the A315 propeller in the up-pumgpinode are shown in Figure 7. Surprisingly, thet be
values of the volumetric mass transfer coefficiareé obtained for the spargers which are situatéowbthe
impeller. It is only at high gas flow ratesl & 0.05) that the medium sparg&s(= D) placed above the impeller
enablegq a values, which are similar to those given with Hpargers below the impeller, to be obtained. This
can be explained by the smaller amount of gasabatimulates below the propeller when the gas eciefl
above the agitator (Figure 8(B)) compared with whi@ngas is injected below the impeller (Figure }3(Xhe
differences in the gas distribution can be expkibg the liquid flow fields generated by the up-pging
impeller. Two circulation loops are created, arsgrone in the lower part of the tank and a weaker io the
upper part (Aubin, 2001). When the gas is injedtetbw the impeller, the majority of it is entraineg the
lower circulation loop and remains there for a ddesable time. This was also observed by Audial. (2004)
for an up-pumping pitched blade turbine. When tparger is placed above the impeller, however, te ig

entrained by both of the circulation loops. The thes circulates in the upper loop escapes morigllyagp the



liquid surface, which decreases the bubble reseléine and therefore thea. In addition, the bubbles appear

to be bigger when the spargers are placed abovengelers.

Overall Transfer Efficiency (OTE)

The evolution of the overall transfer efficien€&TE, as a function of the gas flow numbgEt, for each impeller
and sparger configuration is shown in Figure 9uFegl0 and Figure 11. For all of the configuraticthe OTE
increases with an increasing gas flow number. Thibecause as the gas flow rate increasesk thelso
increases but the gassed power consumption desreasemains more or less constant.

For the Rushton turbine, only the best configuration terms of gas handling capacities (i.e. tRgi®
ratios) have been shown in Figure 9. The configomatvith the large sparger below the turbine giskghtly
higherOTE values than the other two configurations.

For the A315 propeller in the down-pumping mode @TE values for the small, medium and large
spargers situated below the impeller are plottefigure 10. These spargers were shown to give éserbsults
in terms of gas handling capacities dqd. For high gas flow rates;| > 0.04, the system with the medium
sparger below the impeller is more efficient thaa dther configurations. Fél < 0.04, however, the small and
the medium spargers below the agitator give sinndauilts.

The OTE values for the A315 propeller in the up-pumpingdeoFigure 11, show a clear difference
between the sparger configurations below and abiwvémpeller: those located below the agitator gelatively
higher efficiencies. Furthermore, the small spatgdow the impeller gives consistently higl@TE values than
the medium and large spargers. The differenc@TiR values between the sparger positions correspanetstig
to the fact that the configurations below the infgregive much highek a values and that the,/P ratio for all

configurations varies very little.

Comparison of the different impeller configurations
For the sparger position below the impeller andtfiar three sparger diameters (small, medium angt)athe
performances of each impeller are compared togéthrms ofk,.a andOTE. For each characteristic quantity,
the performance of the impellers studied can bensanized in decreasing superiority as the following.
Interms of k a:

Rushton turbine > A315 up-pumping mode > A315 dg@umping mode

In terms of OTE:



A315 up-pumping mode > A315 down-pumping mode >HRws turbine

Overall, thek,a values for the Rushton turbine are much highen tthese for the A315 propeller.
Regardless of the sparger position, e values for the radial turbine are in average 33%a@r (small
sparger) and 50% greater (medium and large spartfeaim those obtained with the down-pumping A315.
Comparison with the up-pumping A315 shows thatRiishton turbine givel a values which are 30% greater
than the former impeller for all sparger diametditss is explained by the fact that the experimevese carried
out at a constant rotational speed and not at anhgiower dissipation. Since tkea is a function of gassed
power consumption, the Rushton turbine has a machet mass transfer coefficient because it dissipat
significantly more power than the other impellettgdged at constant impeller speed. For the A31pglter, the
up-pumping configuration givelg a values which are approximately 20% greater tharsehobtained in the
down-pumping mode.

It can be seen that when using B€E as a comparison criterion, the Rushton turbinethadowest
performance in terms of mass transfer efficienoynpared with the other impellers. Even though thisH®on
turbine enables a large quantity of oxygen to bedferred quickly to the liquid phase, it requisdarge amount
of power for carrying out the process. In comparjsihe OTE values of the A315 propeller in up- or down-
pumping mode are approximately 1- 1.5 times grethtan those of the Rushton turbine. Looking ateffect of
axial pumping direction for the A315 propeller dve OTE shows that the up-pumping mode gives higher values
than the down-pumping mode: 10% greater for theimmedparger, 20% for the large and 35% for the bmal
one. More details on the comparison between difteradial and axial agitators can be found in Saglet al.

(2003).

CONCLUSIONS
This paper deals with the gas-liquid mass transéeformance of various sparger configurations imisimation
with a down- and an up-pumping axial flow impell&315 propeller) and a radial flow impeller (Rushto
turbine. For each impeller, the sparger configoratithat give the best performance in terms ofhgamslling
capacity k .a andOTE are summarised in Table 4.

By merging the information of the three columng able 4, the adequate sparger for each impeller can
be proposed:
Rushton turbine:

Large sparger¥s > D) below the impeller or



Large sparger discharging gas downwafisX D) level with the impeller
A315 propeller in down-pumping mode:
Medium spargerls = D) located below the impeller
This configuration is preferred over the small dadye spargers located below the agitator becaugeées
equivalent or better perfromances in terms@f and OTE. Furthermore, th&,/P ratio for this configuration
remains between 0.8 and 1, which means that @tileoded at high gas rates.
A315 propeller in up-pumping mode:
Small Os < D), mediumDs = D) and largeDs > D) spargers located below the impeller
The spargers positioned below the impeller areepredl for theirk.a and OTE performances, whilst loosing
littler power upon gassing.

In general, it can be concluded that the spargeneter does not have a very important effect @ th
mass transfer performance of the impellers studikdough it appears that for the most part a ggadgameter
equal to or larger than the impeller diameter efgmable, whatever the type of agitator. The spgpgsition, on
the other hand, has an important effect on massfea The results of this study indicate thatsitnost
advantageous to position the sparger in a locatiaich favours the gas to be entrained into theutaton loop
present in the lower part of the tank. The gas tiena longer residence time in the vessel, whicmptes mass
transfer.

The comparison of impeller types shows that theh&an turbine gives the highdsa values but is the
least efficient impeller in terms @&TE values due to its relatively high power consummtidhe most energy
efficient impeller for mass transfer, on the othand, is the A315 propeller in the up-pumping matighough,
the mass transfer performance of the down-pumpBtsApropeller is less than in the up-pumping mode.

Future work will concentrate on the local measuneneé gas hold-up and bubble diameters in order to
better understand the phenomena observed in this Whe influence of the distance between the drigleller

and the sparger positioned above it has also tovestigated.

NOMENCLATURE

A315D A315 propeller in down-pumping mode
A315U A315 propeller in up-pumping mode

C impeller clearance (m)

Cs sparger clearance (m)



G dissolved oxygen concentration at titr&g.n>)
Co dissolved oxygen concentrationtat 0 (kg.n)
(ol oxygen concentration at saturation (kg)m

D impeller diameter (m)

Ds sparger diameter (m)

Dy tank diameter (m)

H liquid height in tank (m)

k.a volumetric mass transfer coefficient'{s

N impeller rotational speed (3

P ungassed impeller power consumption (W)
Py gassed impeller power consumption (W)
P, Dimensionless power number (<)

Qs gas flow rate (fhs™ or vvm)

Qo, mass flow rate of oxygen (kg5

s shaft diameter (m)

t time (s)

T temperature (°C)

T response time of the oxygen probe (s)
Vs superficial gas velocity (MY

\Y; volume of liquid in the tank (A

0 liquid density (kg.ri?)
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Sparger position Above the impeller Level the impeller Below the iatipr

Cs 0.2C C 1.6C

Gas discharge direction Towards the impeller 2 cases, see below Towards the impeller
Sparger size

Small size

Ds = 0.6D S-a S-b

Medium size

De=D M-a M-b

Large size L-a Gas discharged upwards:. L-l-up L-b

Ds=1.D Gas discharged downwards: L-I-down

Table 1



Agitator Configurations studied

Rushton turbine S-b/ M-b / L-b / L-I-down / L-l-up
A315 propeller down-pumping mode S-b/ M-b bLF S-a/ M-a/ L-a
A315 propeller up-pumping mode S-b/ M-b/ LHS-a/ M-a/ L-a

Table 2



Impeller type Py, — This work (Error £ 5 %) P, — Literature

Rushton turbine 4.6 £9
A315D 1.32 0.76 - 1.26:0.05
A315U 1.34 1.17#0.07

Table 3



Sparger giving the best results in terms of:

Impeller P4/P ratio k.a OTE Recommended
sparger
b= Fl <0.05
Rushton turbine L-I-down = I\F/:E ; %)Sb = L-I-down L-b = L-I-down L-b = L-I-down
L--up L-b = L-I-down
Fl <0.04
A315 o e M-b = L-b )
down-pumping Sb=M-b=L-b  Sb=M-b=L-b FI > 0.04 M-b
M-b
A315 S-b=M-b=L-b=
up-pumping oomMas e SH=Mb=Lb SbxM-b=Lb Sa=Ma=La

Table 4



LIST OF FIGURES

Figure 1: Schematic diagram of the experimentalrayement.

Figure 2: Evolution of the gassed to ungassed poatér with increasing gas flow rate for the Rushtorbine
with the different sparger configurations.

Figure 3: Evolution of the gassed to ungassed poatar with increasing gas flow rate for the A3lseller in
down-pumping configuration with the different spargonfigurations.

Figure 4: Evolution of the gassed to ungassed poat&r with increasing gas flow rate for the A3lspeller in
up-pumping configuration with the different spargenfigurations.

Figure 5: Volumetric mass transfer coefficientaadsinction of the gas flow number at constant ingredpeed
(N = 5 8" for the Rushton turbine with the different spargenfigurations.

Figure 6: Volumetric mass transfer coefficientsadsinction of the gas flow number at constant ingpedpeed
(N = 5 8" for the A315 propeller in the down-pumping modéhvthe different sparger configurations.

Figure 7: Volumetric mass transfer coefficientsadsinction of the gas flow number at constant ingpedpeed
(N = 5 s for the A315 propeller in the up-pumping modehutie different sparger configurations.

Figure 8. Photographs of the gas dispersion oldaivith the A315 propeller in the up-pumping modétvithe
small sparger below the impeller (A) and aboveitimgeller (B) forFl = 0.075.

Figure 9. Overall Transfer EfficiencDE) as a function of the gas flow number at constapeller speedN =

5 s%) for the Rushton turbine with the different spargenfigurations.

Figure 10. Overall Transfer Efficienc@TE) as a function of the gas flow number at constapeller speedN

=5 g% for the A315 propeller in the down-pumping modiéwhe different sparger configurations.

Figure 11. Overall Transfer Efficienc@TE) as a function of the gas flow number at constapeller speedN

= 5 %) for the A315 propeller in the up-pumping modehathie different sparger configurations.



L]

H=T =0.190m

C=T/3

D="T/2

Location above
— the impeller

_, Location level
the impeller

Location below
the impeller

Figure 1



PgP (-)

Rushton

04 4

—— Small - below

B - Medium - below

-k Large - below

—&— Large - level - gas discharging downwards

—3 - Large - level - gas discharging upwards

0.0
0.00

0.01 0.02 0.03 0.04
Fl (-)

0.05

0.06

0.07

0.08

Figure 2



PgP (-)

1.4

0.6 1 —— Small - below A315D
—e— Small - above
0.4 1 —& - Medium - below
—B— Medium - above
0.2 1 -4 Large - below
—A— Large - above
0.0 T T T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Fl (-)

0.08

Figure 3



PyP (-)

A315U

0.6 1

0.4

—<— Small - below
—<— Small - above
—B - Medium - below
-3 - Medium - above
-4 Large - below

-~ Large - above

0.0
0.00

0.01 0.02

0.03

0.04

Fl (-)

0.05

0.06

0.07

Figure 4



0.035

0.030 - <k
0.025
0,020 -

5 1
20015 A Rushton-N=355
G —<— Small - below

0.010 7 —& - Medium - below
~& Large - below
0.005 —@— Large - level - discharging gas downwards
—3 - Large - level - discharging gas upwards
0.000 T T T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
FL (-)

0.08

Figure 5



kia (s1)

0.025

0.020

0.015

0.010

0.005

0.000

—— Small - below
—&— Small - above

— - Medium - below

—F - Medium - above
~& Large - below

-y Large - above

A315D-N=5¢

0.00

0.01 0.02

0.03 0.04
F1 (-)

0.05

0.06

0.07

0.08

Figure 6



0.030

0.025 +

0.020

—e— Small - below
—&— Small - above
— - Medium - below
-3 - Medium - above
-k Large - below
-/ Large - above

A3ISU-N=55¢"

0.015 +

kia (s1)

0.010 ~

0.005

0.000
0.00

0.01 0.02

0.03

0.04

Fl (-)

0.05

0.06

0.07

0.08

Figure 7



Figure 8



OTE (kgOaz.(kWhy')

1.6

& Large - below ‘
1.4 4 —&— Large - level - discharging gas downwards

—& - Large - level - discharging gas upwards 3 //8
1.2 9 | Rushton-N=5 "
1.0
0.8
06 b - 2

-~
og
0,4 T T T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
FI (-)

0.08

Figure 9



OTE (kgOz.(kwhy')

4.0

1.0

—— Small - below A31SD-N=5g!

—& - Medium - below M

& Large - below } -

0.00

T T T T T T T
0.01 0.02 0.03 0.04 0.05 0.06 0.07
Fl (-)

0.08

Figure 10



OTE ( kgOz(kWhy")

45

4.0 -

35

L5

0.5

—&— Small - below
—<&— Small - above
— - Medium - below
—=+ - Medium - above
- Large - below
~-- Large - above

A315U-N=5¢"

0.00

0.01 0.02

Fl

0.04
(-)

0.05

0.06

0.07

0.08

Figure 11



