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Abstract: Liquid phase hydrodynamics in an aerated tankestiby a down- and an up-pumping pitched blade
turbine have been investigated using Particle Imégecimetry. The effect of agitator configuratiand the gas
phase on the mean velocity fields and turbulenntti@s in the vessel have been investigated. Tblead) mean
gas holdup has also been evaluated for the two mgngonditions. For the gas flow rate used, thes@mee of
gas only slightly alters the liquid flow patternsoguced by both the down- and up-pumping configonatand
causes a general decrease in the mean liquid tiekcrhe turbulent kinetic energy in the impeliischarge
region was not affected by the presence of gasjrbtite bulk of the tank, aeration caused a deer@ashis
value. Global gas holdup was found to be ~36% grefat the up-pumping impeller and a large amodrgas

was found to be entrained by the primary circutataop.
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INTRODUCTION

Fermentation, wastewater aeration, oxidation ardtdgenation represent only a small number of thmaptex
mixing processes where gas dispersion is emplayadeichanically agitated tanks. Traditionally, gepedrsion
in agitated vessels is carried out using radiat tlisbines, such as the Rushton turbine. With tirecd reducing
the weaknesses of disc turbines in gas-liquid apptins, an increased interest in axial flow imgrslifor such
operations has evolved. Customarily, the axial ilepgeare used in the down-pumping mode and hawveiged
significant advantages over radial flow agitatokécFarlane and Nienow [1, 2]). Recently, the up-pingp
concept, which was first conceived in the early @®8Kuboi and Nienow [3]; Nienowt al. [4]), has been
shown to provide advantages over the down-pumpjpeyasion (Nienow [5, 6, 7]) especially for gas-idu
applications. Since the mid-1990s, the investigatb up-pumping impellers aerated and non-aeratekisthas
primarily been focused on power characteristics mindng times (McFarlane [8]; Hari-Prajitnet al. [9]; Hari-
Prajitno [10]).

The local investigation of velocity fields of twdase flows in stirred tanks has been the subjefedvof
reported works (Patterson [11]; Mishra and JosBi;[Rousar and Van den Akker [13]; Deen and Hjextag
[14]; Ranadeet al. [15]). Most of these use Laser Doppler VelocimetrpV) to study flows produced by
Rushton turbines. Particle Image Velocimetry (PiB/& recent non-intrusive experimental techniqueder the
study of instantaneous flow fields, both single gghand multiphase. Due to the inherent difficuléssociated

with the highly 3-dimensional flow in stirred tankBIV has been used very little for the investigatiof



hydrodynamics in such configurations. Lambegtaal. [16] used PIV results to validate Computationalidl
Dynamics (CFD) simulations of the laminar flow irtamk stirred by a Rushton turbine. In the turbtlgow
regime, Shengt al.[17] used PIV to determine the mean flow field amdulence characteristics produced by a
down-pumping 4-bladed pitched blade turbine and pamed these results with imposed boundary condition
CFD simulations. Meyerst al.[18] investigated flow instabilities induced bylawn pumping 4-bladed pitched
blade turbine and a down-pumping HE-3 (Chemineat), compared these instantaneous flow fields witl-t
averaged data. Gas-liquid flows in agitated vesgets/ide additional complications with respect tatad
acquisition and processing, and therefore publishedk in this area is very scarce. A gas-liquiddstwas
carried out by Deen and Hjertager [14] using PIVamements. They compared single phase flow pattern
produced by a Rushton turbine with the liquid vélptields in a two-phase system. Ranadeal.[15] also used
PIV to study the liquid flow field of an aeratedrstd tank, concentrating on the effect of the @ rate on the
trailing vortices behind the blades of a Rushtabine.

In this work, the hydrodynamics of the liquid pha@sean aerated vessel stirred with a 6-blade pitche
blade turbine (PBT) have been investigated using Rlpreliminary study has involved the determipatof the
single phase flow fields in order to provide a refee point for the two phase study. For the twaspitase, the
influence of the presence of gas on the mean ligaldcity field has been studied, as well as tHectfof the
axial agitator configuration, i.e. down-pumpingup-pumping, on the turbulent liquid flow field. Witespect
to the gas phase, the bubble distribution and ¢lgées holdup have been assessed and discussettlitiom, the

effect of aeration on the pumping number has beatuated for the different pumping configurations.

EXPERIMENTAL APPARATUS

PIV measurements of instantaneous radial and ariakity components were performed in a dishedeott
cylindrical vessel made of Perspex. An aspect w@ftib was used, i.e. the liquid height)(in the vessel is equal
to the tank diametefT}, whereT=0.19 m. The tank is equipped with four transpateffles made of Perspex
(b=0.1T), which are placed 90° from one another, flushiregathe vessel wall. The impeller clearance is
C=0.331, whereC is defined as the distance from the vessel bottothe lowest horizontal plane swept by the
impeller. The cylindrical vessel is placed insidesguare tank whose front panel is transparent lmwal
distortion-free measurements. This tank was filkeith plain water in order to minimize refraction dte
cylindrical surface of the inner vessel. A 6-bla#fe® pitched blade turbine operating in the downd ap

pumping modes was investigated. The impeller diametas equal t®=0.5T and the agitator shaf$<0.008 m)



extended to the bottom of the vessel where itdittdo a Teflon hub to avoid ‘wobbling’ of the inlfer. The
rotational speed of the agitator was 300 rpm whgclequivalent to a Reynolds number of 45000. Aiswa
sparged into the tank using a ring sparger witlmeizrDs=0.8D at a positionC=0.6C. The gas is introduced
into the vessel at 0.5 vvm and an aeration nunyerequal to 0.01, which corresponds to a completpeatsion
regime.

The PIV measurements were taken using a doublegwknilite Nd:YAG laser (Continuum) that has
a variable frequency between 1 and 15Hz, and alesgth of 532nm (green). A black and white CCD ceane
(Kodak) with a resolution of 1008 1018 pixelé was used to record simultaneous images of the diow plane
midway between two baffles. A MasterBox links thedrs, camera and computer, and allows severahtopger
parameters to be optimized. The experimental sésghown in Figure 1. The liquid phase was seadsig
30um hollow glass particles with fluorescent rhodam{Bantec) implanted on the surface. These particles
diffuse light at a wavelength of 575nm which isajer than the wavelength of light diffused by tirebabbles,
550nm. A filter is fitted to the camera which eregbbnly light with a wavelength greater than 55Conibe
captured. Images are acquired at 10Hz with an expdme delay of 5Q@s and are not synchronized with the
passage of the impeller blade. These images acegsed using a commercial software VISIORZIP (Lot
Oriel / Coria, France). Each image is divided up imterrogation areas of 6464 pixel$ (8.6 x 8.6 mnf) with
50% overlap, and the cross-correlation functioeach area is then calculated using fast Fouriesfioams in
order to determine the corresponding spatially ayed displacement vector. The instantaneous veldaita
attained for a number of image pairs are used terchine the time-averaged radial-axial velocitydge The
number of image pairs used to determine the medasfior each case are summarized in Table 1. ASs
data results when bubbles pass the interrogatis &wvo correction criteria have been applied wiail&raging
the instantaneous data. The first criterion assuthedsall vectors with a signal to noise ratio (9Né&s than 2.0
are erroneous due to the gas phase and are tleerefbtaken into account in the calculation of tiiean value.
The second criteria is applied for the two-phaseliss only. If less than 15% of the vectors at ecijt point
have a valid SNR (i.e. SNR > 2.0), then it is assdithat at that point, the gas phase is often ptesel a liquid

phase vector is not effectuated.

RESULTSAND DISCUSSION
Bubble Distribution and Gas Holdup
Figures 2 (a) and (b) are instantaneous photogragptsiges of the aerated vessel stirred by the PBfe down-

and up-pumping modes, respectively. In the downgaogimode, the agitator disperses the bubbles ¢t
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the vessel with oscillations between hydrodynartw fpatterns, and some gas accumulation occurstiehie
impeller blades. These observations are companatite gassed flow patterns described in previouslietu
(Bujalskiet al.[19]; McFarlaneet al, [20]). In the up-pumping mode, the bubble disitibn can be divided into
two parts. In the lower half of the tank, an extedyrlarge number of bubbles are entrained in a taireulation
loop, such that impeller is surrounded by the dassp. It was noticed that even when the gas fldes \as
halted, a significant number of bubbles remainetagmed in this loop for at least three minutestHa upper
half of the vessel, the gas holdup appears to $®tkean in the lower half, however, and the bubbheswell
dispersed. Furthermore, the hydrodynamic fluctueatiooted in the down-pumping case do not exist tith
PBTU, which agrees with the observations made hrerteported works concerning up-pumping axial flow
impellers (Bujalskiet al [19]; Nienow [7, 21]).

The global gas holdupy,, for the down- and up-pumping configurations watineated by simple
observation of the liquid level without gassing,axd with gassing, x The difference, x- divided by the
liquid level without aeration, X, is the global gasldup, ay (assuming a flat bottomed vessel). The valuesg,of
for the PBTD and PBTU are given in Table 2. In th|ppumping mode, the PBT entrains approximately 36%
more gas in the vessel than in the down-pumpindigaration. These results correspond well with Higual

observations made, represented by Figure 2.

Effect of Aeration on Mean Liquid Velocity Fields
Vector plots of the mean velocity fields in the plane at 45 to the baffle plane for the PBTD and PBTU
without and with aeration are shown in Figures & &nrespectively. In the ungassed case, Figusg,3he flow
pattern is typical for down-pumping pitched bladebines (Ranade and Joshi [22]; Aukinal.[23]). A primary
circulation loop exists in the lower part of th@kaand extends up to almost three-quarters of dssel. In the
upper quarter of the tank, the liquid velocitieg &mw and circulation is poor. Just below the cemtethe
impeller a region of up-flowing liquid exists, wihids evidence of a secondary recirculation loope Ba the
dished bottom of the vessel, this entire secondacylation loop could not be captured with the PRor the
aerated case, Figure 3 (b), the liquid velocitytees show that the principal circulation loop idl giresent,
although its form is slightly smaller than thattbé single phase case, extending up to only alveatthirds of
the vessel height. This ‘shortening’ of the cirtiga loop is due to the change in pressure arobedrpeller
upon gassing. The flat, inclined blade of the mttiblade turbine leads to the formation of a lowspure

trailing vortex at the rear of the blade (Warmoek&n et al. [24]). Upon aeration, gas is concentrated in these



low pressure regions forming gas cavities. Theges of these low pressure zones may cause thd tmbe
drawn in by the vertical side of the impeller adlvas the top, which in turn may decrease the ffth of the
circulation loop. This also results in the dispimest of the circulation center towards the vesseskb In the
upper third of the vessel, the velocities are sendhan for the single phase system which suggleatshe flow
in this region is controlled not only by the imgelbut also by the gas phase. In the outflow ofitigeller, the
fluid is discharged strongly at about°3@om the vertical, which is different from the gla phase case where
the fluid jet is at about 45rom the vertical. As a result, the conical upafleegion is significantly smaller in the
case of the two phase flow. This phenomenon coelduz to the build up of gas behind the impelladbs and
consequent change in the pressure field.

In a more quantitative manner, radial profilesttod axial velocity for the PBTD at several vertical
positions in the vessel are shown in Figure 5 Jakt above the gas sparger, in the lower part ®ftdhk
(2=0.19), the axial velocity is greater for the aedatase than for without gassing. This may be duthe
upward rising flow of bubbles from the sparger ttatsequently entrain nearby liquid. In the impedlischarge
region atz =0.31, the magnitude of the axial velocity for betle gassed and ungassed case are very similar.
Above the impeller, however, at positions=0.49, 0.65 and 0.78, the presence of gas causgniicant
decrease in the axial velocity. This suggests tthatiquid flow in the upper part of the vesset@trolled not
only by the impeller but also by the gas phase.il&mesults of liquid velocity profiles producedg b Rushton
turbine in a two phase system have been reportéakby and Hjertager [14] and Ranadel. [15].

The mean vector plots for the up-pumping PBT withand with gassing are presented in Figure 4.
The single phase flow produced by the PBTU, Figufa), results in two distinct circulation loops,the lower
and upper parts of the vessel, and a well defirmte-shaped region of down-flowing liquid just abdhe
impeller. These results agree well with previousd&s on up-pumping pitched blade turbines and dfgdr
impellers using LDV (Aubiret al [23]; Meyers and Bakker [25]; Mishet al. [26]). The liquid phase velocity
vectors for the two-phase case, Figure 4 (b), sthaivthe lower circulation loop is conserved in pinesence of
gas. The liquid is drawn in by the underside of BT at an angle towards the impeller shaft anthén
projected at approximately 25owards the vessel wall by the upper side of tingeiler. The liquid moves down
the vessel wall towards the bottom, where it i®talip by the impeller once again, forming the fiistulation
loop. As for the single phase case, down-flowingilil is present in the center of the upper plarnth@impeller.

In the region around the agitator tip, many liquédocity vectors are not present, which indicatigh thocal gas



holdup according to the criteria used during thetyprocessing in this work. These results agreé wigh the
observations of gas dispersion shown in the phafdgc image in Figure 2.

In the upper half of the vessel, the flow patteforsthe single and two phase flows are ratheredft.
In the presence of gas, the strong down-flowingeities coming from the center of the vessel angasgnt.
This flow joins the impeller jet and is projecteaivards the tank wall. Most of the liquid then fell® the
movement of the circulation loop, however, someitigis deflected and moves up the vessel wall, flogna
secondary circulation loop. This second loop is Imiess well-defined in the two-phase case andpeaps that
conservation of mass is not satisfied, suggeshiagthe flow rate and patterns may be dependetiteposition
of the baffles and /or the tangential velocity cament is non-negligible. It would be therefore resting to
compare these results with measurements takeneirbdffle plane. Unfortunately, the latter is notreatly
possible due to the existing experimental setup.

Figure 5 (b) shows the radial profiles of the axiglocity for a range of heights in the tank stdrby
the PBTU. Below the impeller, at=0.19 and 0.31, and in the discharge region=0.49, the presence of gas
causes a decrease in the axial velocity of aboUt. 30 the upper part of the vessel, however, cleséne liquid
surface, the effect of gassing on the liquid fleanegligible. This indicates that the impellerti#i sontrolling
the liquid flow even in the presence of gas whigfgests that the flow of gas bubbles is dominatethé liquid

flow pattern and are entrained in the tank by #@ad circulation loop.

Effect of Aeration on Turbulence

Contour diagrams of rms velocities and turbulenekic energy for the PBTD and PBTU are shown irufdg 6
and 7, respectively. Without aeration, the maximugiocity fluctuations for the PBTD are found in tingpeller
discharge (0.1%;, for the axial component and OMJj for the radial component). Above the impeller, rms
velocities range from 0.0§, to 0.V, and the distributions for the two components afferént. These results
suggest that the flow is generally anisotropichia timpeller discharge and also in the bulk of daekt Upon
gassing, the maximum rms are found in the impeallscharge but vary in magnitude for the two compisie
(0.12vy, for the axial component and 0M;f for the radial component) which shows anisotrdpythe upper
part of the tank, however, the rms velocities agaegally not greater than 04 and the flow field tends
towards isotropy. Comparing the turbulent kinetiemgy distributions, Figures 6 (a-iii) and (b-iighows that
the maximum value is found in the impeller discleafgr both cases. Without aeration, relatively highs

found in the region of the primary circulation loapd into the upper part of the vessel. Upon ggss$iowever,



the energy in this upper region is damped, withuealclose to zero. It is important to point outt tttee
maximumk found in the impeller discharge is equivalent fwatvalue of 0.02\8ﬁp2), whether gas is present or
not. Bubble break-up occurs through bubble int@wast with turbulent eddies that have sufficientbtent
kinetic energy (Hinze [27]). These results therefsuggest that the impeller’'s performance for ttoelpction of
turbulent kinetic energy is not decreased withatidition of gas and will therefore favor bubbledk-eip.

Radial profiles ok” at different heights in the vessel for the PBTB stown in Figure 8 (a). Below the
impeller, the magnitudes & are similar whether gas is present or not. Abtneeimpeller, however, it can be
seen that upon gassikgis decreased by more than 50%.

In the up-pumping mode without aeration, the highes velocities (0.1My, for the axial component
and 0.1%;, for the radial component) are found in the impetlescharge and the bottom half of the tank,
corresponding to the lower circulation loop. In thgper part of the tank, the velocity fluctuatians generally
low, not greater than 0.84,. In comparison with the single phase rms velo€igyds of the PBTD, the
turbulence produced by the PBTU has an overall nsmteopic nature. The addition of gas does notekse the
maximum values of the fluctuations but the spatiatribution of these high fluctuations is reducétiove the
impeller, however, the presence of gas slightlyeases the rms velocities. Overall, for the aeragse, the
flow field tends to be slightly more anisotropicathwithout aeration. Maximum turbulent kinetic emeis
located in the impeller discharge with values dTZ(DNﬁpz without gas and 0.022/‘§p2 with gas, and relatively
high values are found in the region of the lowecuation loop, although the spatial distributiandecreased
upon gassing. Even though the maximum values grmaimately 30% smaller than the down-pumping rssul
the addition of gas increaskswhich favors bubble break-up. In both cases, thleulent kinetic energy is close
to zero in the upper part of the tank (correspamdinthe upper circulation loop) which suggests thaimal
bubble break-up will occur in the region.

In a more quantitative manner, the radial profdé& are presented in Figure 8 (b). As for the PBTD,
the magnitudes d€ in the impeller discharge are similar. In the lowart of the tank, however, the presence of
gas decreases thkeby approximately 50%. Like for the axial velocitiproduced by the PBTU, there appears to

be no effect of aeration on the turbulent kinetiergy in the upper part of the tankzat0.65 andz =0.78.

Flow Number
Table 3 presents the flow numbers for the down- apgpumping PBT in a non-aerated and aerated tank.

Comparison of the single phase results shows liedEltfor the down- and up-pumping modes are quite aimil



having a value of about 0.7. These values aresatsitar to those found using LDV (Aubkt al. [23]). For the
down-pumping case with gassingl is approximately 20% less than th¢ without gas. This decrease in
pumping capacity is due to the accumulation ofigafe low pressure regions behind the impelledéga For

the up-pumping PBT, the value of the gasBkds again about 20% lower than the single phase.dashould

be noted, however, that this value was estimatethteypolation of the radial profile of axial velbc at the
impeller discharge because due to high local gdduposome measurement points were not obtained. Up-
pumping pitched blade turbines have been foundatalle more gas before flooding occurs and less jgmp
capacity is lost than in the down-pumping mode @Bkji et al [19]). Hence, it would be expected that the
gassed-| value for the PBTU would be greater than for tl8TB. Therefore, the value given here is perhaps

underestimated due interpolation.

CONCLUSIONS
PIV measurements have been carried out in an devatsel stirred by a 6-bladed PBT operating indinen-
and up-pumping mode. Mean velocity vector fieldd aurbulent fields of the liquid phase have shoha effect
of gassing on the liquid and have been comparell siiigle phase results. Instantaneous photograpirs h
enabled the bubble distribution of the up- and dgwmping PBT to be assessed.

In the down-pumping mode, the presence of gas sausbortening of the primary circulation loop and
the flow in the upper part of the vessel no lorggpears to be controlled by the liquid phase. Euntiore, the
liquid jet is projected with a stronger axial compat and the cone-shaped up-flow region is consglyue
reduced. In the up-pumping mode, a strong primaoulation loop is well defined and entrains a Eamount
of gas in the impeller region. A second circulatioop also exists in the upper part of the tankibuiot so well
defined as in single phase flow. Relatively stralmyvnward velocities are present in the upper ceotdhe
vessel which join the lower circulation loop. Futimore, the 2D flow appears not to satisfy consemeof
mass, which suggests that the flow may be deperatettie position relative to the baffle. Quantitaly, the
presence of the gas has been shown to decreas# Vigjocities, which agrees well with previous djasHd
mixing studies.

In general, for both the up- and down-pumping sasebulent kinetic energy is similar in the impel
discharge, whether gas is present or not. Thisesigdghat the ability of the impeller to providebulent energy

does not decrease in the presence of gas and ubhtebbreak-up may be favored. In the bulk of thekt



however, the turbulent kinetic energy is decreageon aeration which suggests that minimal breaksilp
occur.

Instantaneous photographs of the PBTD- and PBirtedttanks have shown that the gas holdup is
concentrated in the impeller region for the PBTWhwgood dispersion in the upper part of the vesgkkreas
the PBTD entrains less gas and disperses it thomighe tank. The global gas holdup has been détedrior
both configurations and the PBTU has shown to entapproximately 36% more gas than the PBTD. This
suggests an improved process performance andficierty with up-pumping axial flow impellers.

This work has concentrated on a local study of ltheid phase hydrodynamics which could be
complemented by further studies which aim to charéme the gas phase in a local manner. It would be
interesting to undertake mass transfer studieth®determination of the mass transfer coefficikera, and also
to investigate the effect of bubble size on therbgiginamics, in order to further assess the perfoomaf up-
pumping impellers in agitated tanks. Nevertheltss detailed results on the liquid phase can bd tesestart the

validation of two phase CFD simulations in stirtadks.

NOTATION
b baffle width (m)
C impeller clearance (m)
Cs sparger clearance (m)
D impeller diameter (m)
Ds sparger diameter (m)
ay global gas holdup (-)
Fl flow number Qr/ND?)
k turbulent kinetic energy (fa%)
K turbulent kinetic energy (fs")
k.a volumetric mass transfer coefficient')s
H liquid height (m)
N impeller rotational speed (re¥)s
Na aeration numbeiQy/ND?
Qn impeller pumping rate (fa%)
Qq gas sparging rate (1)
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shaft diameter (m)

tank diameter (m)

Vi, V, velocity components (111§

ViV, rms velocity components (s

impeller tip speed (3
liquid level without gas (m)

liquid level with gas (m)
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LIST OF TABLES

Table 1: Number of instantaneous image pairs used for girgdhe velocity fields.

Number of Image Pairs

PBTD Single Phase 312
PBTU Single Phase 312
PBTD Two Phase 624
PBTU Two Phase 936

Table 2: Global gas holdup.

Global GasHoldup, ay

PBTD 3.7%
PBTU 5.8%

Table 3: Flow numbers for down- and up-pumping PBT withand with gas.

Fl
PBTD PBTU
Single Phase 0.68 0.72
Two Phase 0.59 0.57

" value estimated by interpolation.
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LIST OF FIGURES

Figure 1. Experimental set-up. (1) double pulsed Nd:Yagriaseirce; (2) optics; (3) lens; (4) laser shee}; (5
Masterbox; (6) computer; (7) CDD camera.
Figure 2: Images of gas-liquid flow in the vessel stirredhwa (a) PBTD and (b) PBTU.

Figure 3: Mean radial-axial vector plots for the PBTD witti@nd with aeration.

Figure 4: Mean radial-axial vector plots for the PBTU withi@nd with aeration.

Figure5: Radial profiles of dimensionless axial velocitydéferent height in the vessel.

Figure 6: Contour maps of rms velocities and dimensionladsulent kinetic energy for the PBTD (a) without
aeration and (b) with aeration.

Figure 7: Contour maps of rms velocities and dimensionlagsulent kinetic energy for the PBTU (a) without
aeration and (b) with aeration.

Figure 8: Radial profiles of dimensionless turbulent kinegitergy at different height in the vessel: (a) PBTD
(b) PBTU.

-15 -



iy

]

Il 2
Al I
5 [ ]
- [ [T T0]
==
| 6

Figurel

-16 -



(a) PBTD with gas (b) PBTU with gas
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