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ABSTRACT

The performance of a down- and up-pumping pitcHadéturbine and A315 for gas-liquid dispersion araks
transfer was evaluated and then compared withah&ushton and Scaba turbines in a small laboratoaje
vessel. The results show that when the axial flmpéllers are operated in the up-pumping mode, tezatl
performance is largely improved compared with tlesvickpumping configuration. Compared with the radial
turbines, the up-pumping A315 has a high gas hagdtiapacity, equivalent to the Scaba turbine and is
economically much more efficient in terms of masmsfer than both turbines. On the other hand,ughe
pumping pitched blade turbine is not as well ad&ptesuch applications. Finally, the axial flow ietiers in the
down-pumping mode have the lowest performanceldhalimpellers studied, although the A315 is pmefe of

the pitched blade turbine.
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INTRODUCTION

Fermentation, wastewater aeration, oxidation ardtdgenation represent only a small 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. Howewar the last
10-15 years, an increased interest in axial floweahers for gas-liquid applications has evolvedsé@arch of
overcoming some of the weaknesses of disc turbi@gshigh power number, limited gas handling cagaci
poor top-to-bottom mixing in multi-stage systemsa.complete description is given by McFarlatel., 1995
and Nienow, 1996). Customarily, axial impellers ased in the down-pumping mode. In this operatiragie)
axial flow impellers have provided significant adteges over radial flow agitators, including a lonaerated
power number and improved top-to-bottom mixing inltrimpeller vessels (McFarlane and Nienow, 1995;
1996). However, upon aeration, these impellers edosque and flow instabilities (Nienoet al., 1983;
Chapmaret al., 1983; Bujalskiet al., 1988; McFarlane and Nienow, 1996), which mayl leaexcessive vessel
vibrations (Nienow, 1996). More recently, up-pungpaxial flow impellers, which were first studiedttme early
1980s (Kuboi and Nienow, 1982; Nienaival., 1983), have been shown to provide further adggstaver disc
turbines and down-pumping axial impellers (Niend®90a; 1990b; 1996), particularly for gas-liquidkmg. In
single phase applications, the single up-pumpiritatoy generates two large circulation loops, whpchvide a

higher circulation rate of liquid in the vessel ahdrefore leading to improved turnover and redwbeald zones



(Mishra et al., 1998; Aubinet al., 2001). Moreover, power numbers remain signifilalower than those of
Rushton turbines (Nienow, 1996; Ozcan-Tas#timl., 1996; Hari-Prajitneet al., 1998) and mixing times are
reduced significantly (Hari-Prajitnet al., 1998; Aubin, 2001). Upon gassing, the problefm#oov and torque
fluctuations are totally eliminated and power lessinimal @,/P ~ 1 for varying gas flow rates), which means
that adequate gas dispersion is possible everwainipeller speeds (Nienow, 1996). In addition, eerg study
has shown that the global gas holdup in a vesse¢dtoy an up-pumping pitched blade turbine is\gigantly
greater than for the down-pumping configuration et al., 2004b). This suggests that by using up-pumping
axial flow impellers, the mass transfer potentialld be possibly improved due to a potential insecan the
volumetric mass transfer coefficient.

Although several studies have dealt with up-pumpaxial flow impellers and have highlighted the
advantages of these agitators over others for sintile- and multi-phase applications, these ingastns have
been focussed mainly on mixing time and power attarstics (McFarlane, 1991; Hari-Prajitebal., 1998;
Kuzmanic and Ljubicic, 2001, or on the measurenfbhishraet al., 1998; Aubinet al., 2001; 2003a; Ozcan-
Taskin and Wei, 2003) or prediction of turbulerwl fields (Jaworsket al., 1998; 2001; Aubiret al., 2003b;
Ozcan-Taskin and Wei, 2003). To the authors’ kndgée it appears that there has been no attempt to
characterise the performance of up-pumping ax@l fimpellers with respect to mass transfer poténbig
measurement of the volumetric mass transfer coefffic

In the present work, the performances of two afleal impellers (pitched blade turbine and A315) in
both the down- and up-pumping configuration arentjiad in terms of the volumetric mass transfeefticient,
the overall transfer efficiency and the standarggex transfer efficiency, as well as the overai galdup and
the power dissipation. These characteristics aga tompared with those of two radial impellers, wstiRon

turbine and a Scaba 6SRGT.

EXPERIMENTAL METHODS

Equipment & Experimental Conditions

The experiments were performed in a dished-bottglindrical vessel D+ = 0.19 m) with an aspect ratio of 1,
i.e. the liquid heightH) in the vessel was equal to the tank diamedbg).(The tank was equipped with four
baffles p = D¢/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 laripellers were studied: a 6-blade 45° pitchedlelturbine



and a 4-bladed A315 hydrofoil (Lightnin) in bothetdown- and up-pumping modes, and then comparddawit
Rushton turbine and a Scaba 6SRGT. In all casesntpeller diameter was equal Bo= D+/2 and the agitator
shaft 6= 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) dndvas fed into the tank via a ring spargé; € 1.0D),
which was placed below the impell€s(= 0.75C). For three different impeller rotational speeNs=300 rpm,
400 rpm and 500 rpm) corresponding to fully devetbpurbulent flow,, the gas flow rate varied betw@e3 —
3.5x 10* m’s™* (which is equivalent to 0.3 — 4.2 vvm).

In addition to the mass transfer experiments, ki detailed below, other basic parameters ssich a
power consumption and global gas holdup were medsiur order to characterise the agitation systerhs.
power consumption of the agitator, with and withgas, was determined by measuring the restraiingé of
the motor and the global gas holdup was measurezbimparing the liquid level in the tank with andivaiut
aeration. For these experiments, the rotationatdmé the agitator was kept constant whilst the ftag rate

was varied. Measurements were taken for severadllerspeeds.

Mass Transfer
The volumetric mass transfer coefficiekt,a, was measured using a dynamic measurement methsdming
perfect mixing in the liquid phase and the firstl@r no depletion model for the gas phase. The ehmi@ first
order model for the gas phase is justified by #w 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 (< 0.0673), like those obtained in this study, the differeretween 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 concentratid®, was< 1 mg.I" using an impeller rotational speed of B. She
increase inC, was then measured over time as air re-oxygenatedatik water. Thé a was then calculated

from:

C, =C’ +—£C—*k: goﬁ) (kLaﬁe’“ ' —e‘kta[ﬂ) (1)

whereC' is the oxygen concentration at saturatiGgis the oxygen concentrationtat O s and is the response
time of the oxygen probe. The response time ofbthgen probe can be evaluated using the first arelation

given by equation (2) (Merchuk al. (1990). In this work, the response time was messto be 9.4 seconds.
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A temperature correction to thea was then applied using the relation (Bouaifi amaiftan, 1994):
(k a)yc = 1'024(20_T)(kLa)T 3)
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 camséd 5 §*. In all cases a complete dispersion flow regime
was obtained.

Using thek a values, two performance criteria were deduceddeioto compare the efficiencies of the
different agitators. The first criterion is the B&dard Oxygen Transfer Efficienc$®TE), which is defined as the
ratio of the mass of oxygen transferred to theidigo the mass of oxygen supplied to the systemupértime
(Gillot and Héduit, 2000):

(kL a)zo°c CEO"C \%

O,

OTE =

4)
whereV is the volume of liquid in the vessel a@y, is the mass flow rate of oxygen into the systeime T

second criterion is the Overall Transfer Efficied®©fE), which represents the mass of oxygen transfea¢e
liquid per kWh (Bouaifi and Roustan, 1994):

(36x10° Jx(k, a) g Chc V

Py

OTE =

()

wherePy is the gassed impeller power consumption.

RESULTS AND DISCUSSION
Power Consumption
The ungassed power numbers of the different agitatindied are shown in Table 1. The results anergdy in
very good agreement with those published in therdiire. The power values measured for the PBTDtland
A315D are however somewhat greater than the vakmsrted by Bakker (1992). These discrepancies leay
explained by the use of a different tank geomeirgluding a flat-bottomed vessel, a different inipetiameter
ratio (0=0.4D1) and the possible use of a different off-the-bmtidearance ratiocdG=0.4Dy).

The gassed to ungassed power rdtjgP, for each impeller configuration against the dgerahumber
with varying gas flow rate and for three impellpesds is plotted in Figures 1 (a)—(c). For the Rarskurbine

and the PBTD at the three impeller speeds, a amtitlecrease iRy/P from >0.9 to <0.6 is noticed as the gas



flow rate increases. However, the fall RyP for the PBTD is generally about 15-20% greatentfar the
Rushton turbine foNa up to about 0.06. As the impeller speed increabe®y/P curves are shifted vertically
towards lower values as expected (Warmoeskerkersarith, 1982). For the A315U and the Scaba 6SR@T, o
the other hand, the power fall upon gassing isigibdg andPy/P L1 for all three impeller speeds. This means
that even at high gas flow rates these impellezsstill capable of dispersing gas and floodingrsvpnted. For
the PBTU and the A315D, the vertical shift in P curves is more significant than for the Rushtaibine
and the PBTD. It is also noticed that at the lovilegteller speed and fdta greater than 0.084/P remains >0.8
for the PBTU, however a steep increas®§fP to 1 is observed for the A315D. At first sightjstincrease in
power demand appears somewhat surprising. Prewtugies have shown that for a single down-pumping
A315, Py/P, falls a little at low gas flow rates and thenrsiigantly when the gas flow rate is more important
(Bakker and Van den Akker, 1994; Hari-Prajitetcal., 1998; Aubin, 2001). It is interest to note, hoes that
the size of the sparger used in these previoussweds at least 20% smaller than the impeller diam®YD <
0.8), where as in the present study the spargdigistly larger than the impelleD¢D = 1.05). A study carried
out concerning the effect of sparger design ondggsersion, for various disc turbines, has shova tie gassed
power consumption using spargers with< D is remarkably different to that whéd > D (Birch and Ahmed,
1997). These authors reported that the large spa@@e> D) lead to indirect loading of the impeller, whiah i
turn, hindered the formation of the large gas éevibehind the impeller blades and thus signifigargduced
the power loss with aeration. Bakker and Van dekehl(1994) also studied the effect of sparger sizghe
aerated power draw of an A315D, however, the spaiges tested were both smaller than the impelleeir
results suggest thdly/P of the A315D is particularly sensitive to the gpar size. Thus, the unusual power
increase observed for the A315D in this study cdaddxplained by a modified loading regime duéhtouse of

a larger sparger); > D). Due to the high solidity ratio of the impellefas may accumulate underneath the
impeller and modify the forces acting on it, theading to improved pumping capacity and a highexeguo

draw.

Gas Holdup

The experimental gas holdup for the different ingyslhas been determined only for the lowest inspelpeed

N = 300 rpm (Figure 2). Values at the rotationalesfehave not been measured due to the difficulty in
determining accurately the height of the free ligaurface when the impeller speed increases. Atderation

numbers (< 0.03), the gas holdup values are vemiasifor most of the impeller types. However, s gas flow



rate increases one can distinguish different gédupacapacities of the various agitators. The ldwgas holdup

is observed for the Scaba 6SRGT, which entrainsertivan 20% less gas than the down-pumping PBT and
A315. When these latter impellers are operatethénup-pumping mode, however, the gas holdup ineschy
10-15% for the PBT and 20-25% for the A315. Thusthie up-pumping mode, the gas holdup capacithef t

A315U is indistinguishable from that of the Rushtarbine.

Mass Transfer
Firstly, in order to verify the accuracy of the he@ue adopted for the measuremenkdd, the results for the

Rushton turbine have been compared with the cdisalaeported by Van't Riet (1979):
P 04
k.a= 0.02{79] v 0 (6)

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

Figure 3 compares the experimental valuesNfiar 300 rpm obtained in this work with the correthte
values. The average difference between the expetahand correlated results is approximately 3%h e
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

In order to assess the importance of surface aerati the gas-liquid mass transfer, preliminary srasnsfer
measurements were made for the various impellefigtoations without bubbling gas through the spardge
general, the mass transfer coefficients due toasarfieration were not greater than 5 % of the nmassfer
coefficients measured with sparger aeration, ane wWerefore judged as negligible.

The evolution of the volumetric mass transfer doifhts as a function of the aeration number wih fiow rate
for all agitators at different rotational speedssi®wn in Figures 4 (a)-(c). As expected, the nteamssfer
coefficients increase with increasing gas flow e to the increased gas holdup. Also,kilzevalues for each
impeller configuration increase with increasihg This is because as the impeller speed incredméshle
breakup is enhanced, thus increasing the surfasereeded for mass transfer. Clearly for all roteti speeds,
the mass transfer coefficient for the Rushton twehs much higher than those for the other impsllbeing on
average greater than 55% more. This can be expldigethe fact that the experiments were carried aiut

constant rotational speeds and not at constant ipdissipation. Since thikya is a function of gassed power



consumption, the Rushton turbine has a much largess transfer coefficient because it dissipatasfgigntly
more power than the other impellers studied at temismpeller speed. Physically, the energy digeigbdy the
Rushton turbine is used both for bubble break-aps increasing, and for enhancing turbulence effects at the
proximity of the gas-liquid interface, which inceesk . Of course, there is a limit where an increasegimill

no longer affect thi a.

For the other impellers studied, it can be seahdbN = 300 rpm, thé a values are relatively similar.
However, adN increases, the mass transfer coefficients of flipumping PBT and A315 increase at a higher
rate than the down-pumping configurations and tbab&. At 500 rpm, thé& a values for the up-pumping
configurations are as much as 50% greater tharetbhbshe down-pumping impellers and the Scaba nerbi
This could be explained by an increased gas haddupgher rotational speeds: as the impeller spraeases,
the lower circulation loop generated by the up-pungpmpellers becomes stronger and entrains thégbkles

in the lower half of the tank for a longer timeushincreasing the gas holdup and the capacity &ssriransfer.

Standard Oxygen Transfer Efficiency (SOTE)
Figure 5 presents the oxygen transfer efficiency danction ofNa with varying gas flow rate for different
impeller speeds. It can be seen that for all ingpeltheSOTE decreases with increasing gas flow and decreasing
N. The former observation is contradictory to whia¢ evould expect, which would be constant oxygenstier
efficiency since thé& a increases with increasing oxygen flow. This cotintaitive result may be explained
with respect to the gas flow regimes. At low gas\frates, the gas is completely dispersed anduhblés have
a relatively long residence time, which promotessmaansfer and thus tiS©TE values are relatively high. As
the gas flow rate increases, however, the gas femime moves away from complete dispersion and rdsva
flooding of the impeller. As a result, the bubbére not as well dispersed and have a shorter residigme in
the tank, which decreases the time for mass traasfe thus the quantity of oxygen transferred redueven
though the oxygen input increases. When N incredsagever, théq a increases, thus improving t8OTE.
Comparing the efficiencies of the different agitat a similar trend to the evolution of thea is
observed. The Rushton turbine produces signifigdrigherSOTE values than the other impellers. These values,
however, decreases more quickly with increasingflgas than theSOTE values of the other impellers, which
follows the poor gas handling capacity of the Rasttrbine. For the other impellers, it can be gbanthe up-
pumping configurations become clearly more effitidran the down-pumping impellers and the Scabthas

impeller speed increases.



Generally, for the impellers studied, the oxygemsfer efficiencies are low, which is due to thetf
that the experimental pilot used is small (appratety 5 L with a liquid height of only 0.19 m) arbde
residence time of the bubbles is therefore sheducing the time for mass transfer to occur. Ofreeuin an
industrial sized vessel where the bubble residéimese would be much larger, high&€TE values would be

expected.

Overall Transfer Efficiency (OTE)

The evolution of the overall transfer efficiencyexch impeller system as a function of the aeratiomber is
shown in Figure 6 (a)-(c). For all impellers, tB&8E increases with increasing gas flow. This is beeassthe

gas flow rate increases, thga also increases but the gassed power consumpttreat®s or remains more or
less constant. As the impeller speed increasesOfffe of course decreases due to the increased power
consumption at higher rotational velocities.

In can be seen that when using this criterionRbshton and Scaba turbines generally have the towes
performance in terms of mass transfer efficiencynpared with the other impellers, and are as efficas one
another. Even though the Rushton turbine enablasga quantity of oxygen to be transferred to glyidk the
liquid phase, it requires a large amount of poweorider to carry out the process. On the other hémedScaba
turbine requires less power than the Rushton tarbint transfers a smaller quantity of oxygen to lieid
phase. Looking at the effect of axial pumping dicton theOTE shows that there is little consequence on the
values for the A315, however the up-pumping PBTess efficient than the down-pumping mode excehat
highest rotational speed. As the impeller speettases however, the axial flow impellers appedret@qually

efficient, and significantly more efficient tharethadial turbines.

CONCLUSIONS
This paper deals with the performance of down- @gmgumping axial flow impellers (PBT and A315) fgas-
liquid mass transfer applications compared withgbgormance of the Rushton and the Scaba turbiweseach
characteristic quantity, the performance of theeligps studied can be summarized in decreasingisuipe as
the following.
In terms of gas handling capacity (from gassed p@easumption):

e A315U & Scaba 6SRGT > A315D & PBTU, Rushton turbinEBTD

In terms of gas holdup capacity:



¢ A315U & Rushton turbine > PBTU > A315D & PBTD > ®ea6SRGT
In terms ofk.a andSOTE:

* Rushton turbine > A315U & PBTU > Scaba 6SRGT, A3¥%BBTD
In terms ofOTE:

* A315U, A315D, PBTD & PBTU > Scaba 6SRGT & Rushtarbtne

In general, it can be seen that when the axial floyellers are operated in the up-pumping modey the
often give superior performance in gas-dispersind gas-liquid mass transfer applications than tberd
pumping configuration (in the range of operatingditions studied). This is due to the extremelyedént flow
patterns that are generated by up- and down-punipipgllers. In the up-pumping mode, axial flow ifipes
generate bulk flow patterns that are similar tosthoreated by radial tubines: two primary circolatioops are
formed, one in the lower half of the vessel and ionthe upper half (Aubimt al., 2001; Jaworsket al., 1998,
2001). Of course the upper circulation loop enableseased recirculation of the gas phase, thosvaly more
time for gas-liquid mass transfer to occur. Funtere, the modification in the global flow patterrosh likely
alters the local pressure fields around the impdilades, resulting in improved gas handling cajesci
Regarding the radial impellers, it appears thdtaalgh the Scaba 6SRGT has an extremely high gaflitgn
capacity and relatively low power consumption,pigsformance for gas-liquid mass transfer is moéedate to
its low gas holdup capacity and consequent kpav The Rushton turbine, on the other hand, has b bap
holdup capacity and a but is energy demanding, making it economicalbfficient. Overall, it appears that the
A315U gives the highest performance for all impsllen terms of gas handling capacity and mass fieans
efficiency. On the other hand, although the dowmping axial flow impellers have a bett&TE than most
others, they have additional disadvantages forligagt dispersions, such as the generation of exttg high
torque fluctuations, which can cause mechanicaladgmo the stirred tank system (Hari-Prajigt@l., 1998),
making them perhaps the least well suited to gasdimass transfer applications.

Finally, it should be pointed out that although theults presented here only concern the physiemadal
side of mass transfer, they will be particularlgfus for the development of simple liquid flow mdslesuch as
the Compartment Model Approach (CMA) (Vraletlal., 2000), which can be easily used by process eegn
for design purposes. In addition, since in indastbioreactors and fermenters the physico-chengaatliquid
mass transfer process is most often coupled wigmatal reaction, it would be interesting to intégranto the

model more detailed results concerning the trarsffexygen to the liquid phase, which is then coned by a



bioreaction. This would provide an advanced modelbioreactors, which could be used as a tool tainka

more complex and complete picture of the relevaehpmena occurring in the reactor.

NOMENCLATURE

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
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