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ABSTRACT

The effect of the pumping direction of an axiaMilimpeller, the feeding rate and the number of fiedets on
the operation of a continuously-fed stirred tank haen studied using CFD. The flow patterns geeeénay the
up-pumping and down-pumping impeller, under botypital’ and ‘intensified’ operating conditions, are
compared. The effect of various tank configurationsthe performance of the vessel is assessed dlysargy
the flow and power numbers, as well as the conagair field of a non-reactive tracer. Furthermdhe inlet
feed jets are reduced using traditional jet sirtifaainalysis and are compared with that of a tylpioand jet.
The results show that up-pumping impellers improweulation in the upper part of the tank and redshort-
circuiting of the feed stream with only a smallnegse in power consumption. Furthermore, by usiodiphe
feed inlets to increase the total throughput cdapathe amplitude of torque fluctuations is deceshsnd
impeller bypassing is also decreased. The enseafbt®nclusions suggest that the throughput capaity
mixing quality of a CSTR can be improved, withoublplems of short-circuiting, by employing up-pumgin

impellers coupled with multiple surface feed paints

KEYWORDS

Stirred tank, mixing, CFD, CSTR, Mixel TT

INTRODUCTION

Mixing in mechanically agitated vessels is one led tmost common operations encountered in the pgoces
industries. Such vessels are used for a multitddasks, including simple liquid blending, solidsspension,
liquid-liquid emulsification, gas-liquid dispersisnand chemical reactions. Often in industrial aggtions,
agitated vessels are used in a continuous operatinde. Continuous stirred tank reactors (CSTR) have
advantages over batch operation as they allowisestdigh production rates, improved control andrdased
operation time with the elimination of pump-out diiling stages, as well as between-cycle clear{idlyishue,
1983).

The performance of a CSTR is highly dependentherhtydrodynamics and turbulence levels generated
in the vessel, which are determined by many faciaduding the operating conditions; the agiteod vessel
geometry, as well as the positions of the inlet antlet streams. In chemical reaction applicatidngnse
turbulence with a high rate of energy dissipatieroften desired to enhance mixing at the moleclateel,

coupled with good convection and blending at a m&cale to equalise the mean concentration gradietigh



throughput capacity with limited operating time andsts are important factors determining the preces
performance.

In a typical CSTR setup, the feed enters via tipeafothe tank, circulates in the vessel due tofline
generated by the impeller and then exits at thobotThe choice of the feed flow rate in a CSTR] s the
mean residence tima € V/Q), is often related to the macromixing timg, in a batch vessel. Industrially, a
typical value of the ratio / t,, ~ 10 is often employed (Mavres al, 1997; Zannouet al, 1991). For values of
T /1, < 10, short-circuiting may be likely to occur, ping at risk the performance of the reactor (Mawbsl,
2002). Theoretically, submerged inlets or dip tulbdsch feed close to the impeller in a zone of nise
turbulence are recommended for efficient mixingaddcally, however, these may generate operational
problems, such as mechanical vibrations, corrosiomyanted side reactions, and clogging (Bhattacharyd
Kresta, 2004). Surface feeds are therefore oftefeped. These however may be subject to mixindplpros
due to poor circulation and low turbulence in thmer region of the tank. This is especially true dtandard
batch configurations with down pumping impelleravdrskiet al, 1991; Kresta and Wood, 1993; Bittorf and
Kresta, 2000, Aubiet al, 2001).

In today’s age where the environment and sustatnaddvelopment are key issues, process
improvement is a major preoccupation of indusstali To improve the performance of CSTRs in terins o
mixing and hydrodynamics, but also throughput cépaoperating time and costs, several approachss e
taken.

< If the inlet stream is fed into the tank as a higlocity ‘jet’, it is expected that the surroundibglk
fluid will be entrained into the feed zone, thusphaving mixing, regardless of the local turbulence
levels. In addition, the high inlet velocity meahat the feed will be transported quickly to theetler

region where it will then be exposed to high tudmde and better mixing. Bourne and Hilber (1990)

have previously shown that high feed velocities barbeneficial for fast chemical reactions in semi-

batch reactors, resulting in a decrease in by-progield. Applied to CSTRs, a high velocity feedutnb
also be interesting for ‘intensifying’ the operatisonditions by increasing the liquid flow rate and
reducing the mean residence time, as already disdusy Mavro®t al. (2002). However, the major
difficulty associated with high velocity inletstisat the jet can pass directly through the impedieept
volume to the outlet, bypassing the majority of tiiek volume and turbulent zones. To avoid this, th

impeller speed has to be increased significantly.



* Up-pumping axial flow impellers have been showmptovide considerable advantages over the typical
down-pumping mode and also traditional radial disbines, with respect to power and mixing
characteristics in both single and multi phase iappbns (Nienow 1996, 1999; Hari-Prajitred al,,
1998; Mishraet al. 1998; Aubin, 2001; Aubiret al, 2001). In batch systems agitated by a single
impeller, the up-pumping agitator generates twadacirculation loops, which provide a higher
circulation rate of liquid in the vessel and betterbulence characteristics, especially in the uppe
regions of the tank (Mishret al, 1998; Jaworsket al, 2001; Aubin 2001; Aubirt al, 2001, 2004).
This feature is particularly interesting for suddeed applications. Bhattacharya & Kresta (20G4)eh
recently shown that an up-pumping pitched bladkiner situated close to the liquid surface is a sbbu
configuration for improving micromixing and thus mmizing by-product formation in cases where
surface feed is required in a semi-batch tank. Aeofeature of up-pumping impellers is the reduced
mixing times by up to 20% compared with the dowmaping operation (Aubin, 2001). Considering a
time ratiot/t,,~ 10 at a given agitation speed and feed flow fatea standard down-pumping
configuration, an up-pumping impeller operatinghe same conditions will give rise to a higher time
ratio due to the shorter mixing time. This suggestat the inlet flow rate of the up-pumping
configuration can be increased to obtaitt, ~ 10, thus increasing the total throughput cagaeihilst
remaining in a ‘safe’ operating zone.

e The location of the feed position also plays anarntgnt role in the operability of a continuouslytfe
stirred tank. Khopkaet al. (2004) have shown using CFD that by reversingflitn@ direction of an
CSTR —inlet at the bottom and overflow type outletoupled with an increased rotational speedd flui

short-circuiting is reduced compared with the tgpimonfiguration.

The motivations behind this work are based on dllewing observations and conclusions. Firstlyajipears
that in CSTRs with down-pumping impellers, shortgiting problems are decreased when the feed fod/
the impeller pumping direction are counter-curr&@gcondly, under intensified operating conditionkereby
the feed flow rate is increased, mixing may be pr@u for surface feeds however there is a risk tatigh
velocity feed will pass straight through the impelkwept volume, leading to short-circuiting. Thirdhe use of
up-pumping axial flow impellers has been shown g¢ardase the mixing time and increase turbulendmich
reactors, as well as to lower by-product formatidmmeactive systems in semi-batch tanks. Theserohens

suggest that the operating performance of a contisly fed stirred tank could be improved in onévad ways:



1. By using up-pumping axial flow impellers the mixitigme decreases, which means that higher feed
flow rates can be handled for the same charadtetiiste ratio,t / t,, This could then lead to decreased
operating times and therefore higher throughputtheumore, the counter-current configuration of an
up-pumping agitator and a feed inlet at the topheftank suggests that short-circuiting problemsgao
possibly be overcome, whilst improving mixing ctaeaistics in the upper tank.

2. By adding a second feed inlet to the reactor, dted feed flow rate into the tank can be increatimas
intensifying the process, without the short-ciritgtproblems caused by a high velocity jet.

In this work, the effect of the pumping directioham axial flow impeller, the feeding rate and thenber of
feed inlets on the operation of a continuously-$#ided tank has been studied using CFD. The flawtepns
generated by the up-pumping and down-pumping irapelinder both ‘typical’ and ‘intensified’ operagin
conditions, are compared. The operating conditemesintensified by increasing the total flow ratgeging the
vessel. This is done by either simply increasirgftbw rate through a single inlet or by addingeaand inlet.
The effect of each tank configuration on the perfance of the vessel is assessed by analysing dheathd
power numbers, as well as the concentration fiéld non-reactive tracer. Furthermore, the inletfgsts are

reduced using traditional jet similarity analysislaare compared with that of a typical round jet.

VESSEL GEOMETRY

The vessel used in this study is a cylindrical disbottom tankH = T = 0.19 m) equipped with a 3-blade axial
flow Mixel TT (MTT) impeller © = T/2; C =T/3) and four baffleslky, = T/10) positioned flush against the
vessel wall. The impeller is used in either the dewr up-pumping modes, designated at MTTD or MTTU,
respectively. In a typical setup of the continucele operation, the liquid stream is introduced the tank via

a single tube with an internal diameter of 0.01dx.{), located midway between two adjacent baffles48.M
away from the agitator shaft and the tip at 0.158@m the vessel bottom. The outlet is 0.04m inntbéer
(doutiey @nd is situated at the centre of the bottom efubssel. This is the same setup that has beenimsed
previous experimental Laser Doppler Velocimetry {)Dstudies for both batch (Aubiet al. 2001) and
continuous (Mavrost al. 1997) mode operation. An ‘intensified’ setup oé tbontinuous mode includes a

second inlet tube, which is situated directly ofteothe first inlet. The apparatus is shown in Fegl.



CFD METHOD

The numerical simulation of the flow in the veshak been performed using ANSYS CFX5 (ANSYS, 2004)
which is a general purpose commercial CFD package tolves the Navier-Stokes equations using #efini
volume method and a coupled solver.

The commercial mesh generator CFX-Build was usecdraate a mesh composed of tetrahedral,
prismatic and pyramidal elements, the latter tyijpeing generated during the mesh inflation procesedrease
the boundary layer resolution on walls, e.g. arotimel blades and on the tank walls. The mesh coegris
225 000 nodes (886 000 elements) and is showngir&i2. In this application, the mesh on the ingrdilades
was constructed from an IGES CAD file, allowing thdl details, including the thickness of the blade be
modelled. The baffles, however, are modelled adswaith zero-thickness. A preliminary grid convenge
study was carried out in order to verify that thewf solution is grid independent. For this, vel@st and
turbulent quantities were monitored at differensiions in the vessel (close to the impeller disghaand in a
quiescent zone in the upper part of the tank) haddsults of three different grid sizes were camgpa

A no-slip boundary condition is imposed on the @it blades, baffles and vessel walls. The rotation
speed of the impeller, N, was 3 Hz, which corresisaio a Reynolds number of 27 000. Water at 25 1a
atm is used as the operating fluid and the freaidicgurface is modelled with a zero-flux and zetress
condition applied. The boundary condition at thedfénlet(s) was a mass flow rate, @ flow rate of 1.068x
10" kg.s* (6.4 LmirY) was compared with an intensified total flow rafel.931x 10" kg.s* (11.6 Lmin™).
The intensified flow rate enters the vessel via omet at 1.931x 10" kg.s* or two inlets with 0.966< 107"
kg.s® in each for an equal intensified total flowratéheTcorresponding time ratios /(t,), feed Reynolds
numbers (Rg, and macromixing characteristics are given inl@db At the outlet, a constant average pressure
condition (Rye = 0) was imposed. After convergence of the tunuflew field, a non-reacting scalar was added
at the inlet in order to observe the mixing of tsyeecies.

In a baffled stirred tank under turbulent condiip baffle-impeller interactions exist which cauwse
periodic, time-dependent flow. When the tank israfieg in the continuous mode, the feed inlet a@isoses a
time dependent flow. Such interactions necessttaeteuse of a modelling approach for several movzoges,
such as the sliding mesh model (Leioal, 1993) or the multiple reference frames method(kual, 1994). In
order to simulate the mixing of two species asra&fion of time in the continuous flow vessel, thidisg mesh
model was required. The interface between theingfednd stationary zones was positioned at midxdist

between the impeller and the vessel wall, andgbsive and below the impeller swept volume. The nvesh



refined in the rotating zone, as can be seen inrBi@. A time step equal to % 10° s was used, which
corresponds to an impeller rotation of 5.4 °.

The CFX5.6 solver was used to solve the momentamtjrauity and turbulence equations for the fluid
flow in the vessel. The turbulence model used i well known standard-£ model with standard wall
functions. The advection terms in each equationeveiscretized using a bounded second order diféangn
scheme. Simulations were typically considered coye@ when the normalised residuals for the velegitind
turbulence quantities fell below T0and when the mean power number was stable. Thisashieved after

approximately 20 impeller revolutions with, in geale4 internal iterations for each time step

RESULTSAND DISCUSSION

The first part of this section describes the eftddhe feed on the hydrodynamics in the vesselanthe global
operating characteristics of the impeller for ttaieus CSTR configurations, and compares them tattch

operation. Secondly, the mixing quality of the dge configurations is assessed via the analysisackr

dispersion in the tank. Finally, the inlet feedsjate reduced using turbulent jet theory and angpeoed with a
free round jet. The aim is to determine the extenthich jet theory is applicable to the feed stneaas well as

the influence of the recirculating flow surroundithg jet and the possible interactions betweenjétgo

Hydrodynamics and Global I mpeller Characteristics

Down-pumping configurations

Figures 3 (a-f) show the radial-axial flow pattegenerated in the various CSTR configurations withdown-
pumping impeller and compares them with the egaimabatch stirred tank (Figure 3 (g)). The vectmtp
shown correspond to mean velocity fields, mid-wagween two baffles, which have been averaged dwer t
angular rotation of the impeller. For all caseg, itpeller forms a primary circulation loop in tlesver half of
the vessel, flowing upwards at the wall, regardlebghe inlet flow rate or the number of inlets.rRbe
configurations with a single feed point, howevég flow patterns are not symmetric: it can be sedhe upper
corner of the vessel, furthest from the feed, thatcirculation is minimal and is not much differérom the
batch case. Furthermore, in these cases, the riguté the secondary circulation loop below thepigter
appears to be lost. With two feed inlets, howevke, bulk flow patterns are much more symmetrical an

circulation is induced close to the liquid surfagarticularly in the plane at 90° to the feed.



The level of bypassing occurring when an impelliedb is directly beneath the inlet is assessed by
evaluating the mean down-flowing axial flow_uneg, and its standard deviation in the horizontal pl&mm
below the impeller swept volume (Table 2). It i sarprising that when the feed flow rate using amlet
increases, the mean down-flowing axial ﬂOWneg, and its standard deviation also increases. Tiuiease in
the standard deviation signifies a divergence fromiform downward flow below the impeller, therefore
suggesting possible short-circuiting. When the fled is increased by adding a second inket t, = 3.76),

there is only a slight increase in the downwardvfidue to the fact that the second inlet enters éetwwo
blades, however the standard deviation remainsahe as when/ t,, = 6.80.

The impeller flow number, Fl, and mean power numlﬁ_gr are also presented in Table 2. Additionally,
for the batch cases, the experimental values thaé lbeen reported in the literature (Mavedsal, 1996;
Baudou, 1997; Aubirt al, 2001) for the same vessel are also tabulated.caltulated values of botﬁ) and
FI are in general agreement with these experimetatd, which supports the simulations. Nevertheldss
difficulty of obtaining these data is shown witlettange of values given by the three experimetidies, all of
which were carried out in the same vessel but lffer@int experimentalists and with sometimes diffiere
measuring equipment. In addition, small differenageshe simulated impeller geometry compared wihlr
impeller and its inherent imperfections (e.g. duenanufacturing techniques) can lead to variatiorike power
consumption, as discussed by Chapple et al. (2@#)cerning the impeller flow number, it can bensthat as
the feed inlet velocity increases/(t,, = 3.76, 2 inlets>» t/t,=6.80> 1/t,,=3.76), Fl also increases. It is
interesting to point out that with a high feed rétét,, = 3.76) and two inlets, Fl is not much differelman for
batch operation. This suggests that minimal impdigpassing occurs when the tank throughput iseased

using two inlets. Comparison of mean power num%r,, for the various configurations shows that therktile

effect of the feed on this parameter. Howeversitnteresting to consider the effect of the positaf the
impeller blades with respect to the position of feed inlet. Figure 4 shows the power numty, as a function
of the relative impeller blade — feed inlet positiofhe reference value of 0° is where an impelledé is
directly beneath the feed inlet. Looking at théeéll symbols in Figure 4, it can be seen tRatoscillates in a

sinusoidal manner with a minimum when the impelixde is directly beneath the feed inlet. The atugé
increases with the feed inlet velocity and the diestey is equal to the product of the rotationalesiehe

number of blades and the number of feed inletsf i=eN x Ny, x N;.



Up-pumping configurations
The radial-axial circulation patterns in the feddng and at 90° to the feed plane for the up-pumpases are
presented in Figures 5 (a-f), and are compared théHlow pattern of the equivalent batch operafiigure 5
(9)). Like for the down-pumping results, the vecpdots shown correspond to mean velocity fieldsj-may
between two baffles, which have been averaged hveangular rotation of the impeller. For the caséh a
single feed inlet (Figures 5 (a-d)), the upward éitgr discharge stream is at 45° towards the taak When
this jet impinges on the wall, it separates into,tferming a clearly defined circulation loop iretbpper part of
the tank, which is similar to the flow patternsthe batch configuration. Below the impeller, howewhe
circulation pattern is extremely irregular. Wherotwlets feed the vessel (Figures 5 (e-f)), thaul@gupper
circulation loops are completely disrupted, giviigg to an irregular flow pattern throughout thekta

The lower half of Table 2 shows the mean down-it@naxial flow and its standard deviation below the
impeller for the up-pumping cases when an impdilade is directly below the feed inlet. For theecashere
T/t,=8.13, there is almost no downward flow at thedoimpeller plane, implying no short-circuiting.néh
the feed flow rate is increased using one or twetsn the down flow velocities and standard dewoiati are
slightly higher, which is expected. However, fol @bnfigurations, these values are significantlwéo than
those for the equivalent down-pumping cases. Assalt, since the MTTU removes the down flow, ih&der

for the feed stream to get to the outlet and tiwastscircuiting may be reduced.
The effect of the various configurations on Fl dﬁd are also shown in the lower part of Table 2. For

all cases, the value of Fl is very similar to tiohtthe batch tank. A slight decrease in Fl is obsérfor
1/t,=8.13; this may be because the inlet jet counterthe impeller discharge, thus reducing the pumpi
capacity. When the flow rate is increased using mhet (1 /t,, = 4.50), Fl increases slightly. This is most
probably not an increase in pumping capacity btheraan increase in the flow discharge from theeiep

swept volume due to the fact that the inlet jet tmase of a tendency to pass through the impelldrild3v/the
down-pumping configurations had no significant effen the mean power consumptidi, for the up-pumping

cases increases with increasing feed veloaityt{ =4.50, 2 inlets> 1/t,,=8.13> 1/t,,=4.50). In addition,
P, for the up-pumping configurations is generallyh@gthan for the down-pumping impellers (0.6-1.0Vs to
0.7) and the fluctuations of Rs a function of the relative impeller blade —df@det position are more important
(Figure 4, open symbols). The amplitude of thesgllations increases with increasing feed velodtyd is

dependent on both the number of impeller bladesraats, as for the down-pumping cases. Sugfiugtuations



are important to consider when designing the pEsshigh amplitude oscillations can rapidly leadthe

deterioration of the agitator, shaft and motor.

Mixing Analysisusing a Non-Reactive Tracer
The mixing performance of the various CSTR confagions is assessed by simulating the convection and
turbulent diffusion of a non-reactive tracer fe€the concentration fields, as well as the mean trace
concentration and corresponding standard deviatimafter 10s of mixing are depicted in Figures 6 @ndor
the down- and up-pumping cases, respectively. Hocages, the concentration fields in the feed @land
normal to the feed plane are highly asymmetric eledrly emphasize the three dimensionality of thring
field. The authors wish to point out, however, ttiat exact numerical values of the tracer disparstould be
taken with caution. It is well known that the ufeRANS equations for modelling turbulence in stitranks
does not allow the correct estimation of the tuebak quantities. As a result, the turbulent dispers also
incorrectly estimated, which directly affects tra@mncentration. Nevertheless, the calculated auragon
fields are useful for the qualitative comparisordidferent configurations and for understanding timéformity
of tracer dispersion as done here.

The deviation from uniformity of the tracer dispersis assessed by the standard deviation of trenme
concentration in the vessel. For all cases, extbpt high feed rate with the down-pumping impeller

(t/t, = 3.76), the mixing quality is relatively similarith values ofc in the range 0.052-0.067. For the down-

pumping case with / t,, = 3.76, howeverg = 0.103, which suggests significantly poorer mixin

Analysis of the Feed Jet
Considering the velocity, {Jand Reynolds number, Ref the various feed streams studied in this w@ible
1), the feed inlet is expected to possess feagineitar to those of a fully turbulent jet. Howevéne behaviour
of the feed is also expected to deviate from ttict ree jet due to the confined geometry of the@awnding
tank, as well as the complex three dimensional fiedd induced by the impeller. In this sectione tleed jet in
the CSTR is reduced using classical turbulenthebty and compared with the behaviour of a freeutar jet.

The behaviour of axisymmetric turbulent jets hasrbstudied extensively (see for example, Rajamatna
(1976) and Pope (2000)) and is therefore well wstded. Close to the inlet, the jet flows with arduminished
velocity equal to kb (= Uf). Further away from the inlet, the jet gradualigrss to slow down and spread out

radially. At any axial distance from the inlet, the maximum axial velocity, 4} is at the centreline, and



decreases in the radial direction. The jet halftith, corresponds to the radial distance, r, ftloencentreline of
the inlet where the axial velocity, U, equalg/R. In addition, the radial profiles of the axiallecity at different
axial locations collapse onto a single curve wheis dcaled with L} and r is scaled with bn(=r/b). For
circular jets, the decay in the jet velocity is énsely proportional to the distance from the inlehjist the jet
expands linearly as it moves away from the inlegj@iRatnam, 1976). Having compared both the Tollnsied
Goertler solutions with experimental data, Rajaaatn(1976) suggests the following equations for jéte

expansion and velocity decay for the turbulent cbjen:

b=C,(z-2,) [1]
Um - 63 dinlet [2]
lJcore -7,

where G is a constant equal to 0.1Q,4lis the diameter of the feed inlet andsthe virtual origin of the jet.

Similarity profiles

Figure 8 shows the similarity profiles of the fed velocity for the various configurations of tlESTR
compared with the Goertler solution for a free wlac jet (Rajaratnam, 1976). For all graphs, théoaity
profiles correspond to a relative impeller bladalet position of 0° (i.e. the impeller blade isgittoned directly
beneath the inlet), unless stated otherwise. Toéstipn is expected to create the highest amoummtefaction
between the feed jet and the surrounding flow.

For the lower feed rates, Figures 8 (a, b), itlsarseen that the velocity profiles are self-simitarthe
range—-1.0 <n < 1.0 and correspond very well with the solution & free turbulent jet. In addition, the flow
patterns created by the impeller, regardless ofptlmaping direction, do not influence the similarit§ the
velocity profiles. When the feed flow rate is ingsed, Figures 8 (c, d), two distinguishing featamesobserved.
Firstly, the range of self-similarity is extendedalmost-2.0 <n < 2.0; secondly, the centreline of the velocity
profile is shifted towards the tank wall (i.e. tawsn >0), due to the tangential flow induced by the éffgr. In
addition, it appears that the similarity profilekte feed jet are not affected by the pumpingdiom of the
impeller. When the feed enters via two inlets, pihefiles for down- and up-pumping configurationsg{ifes 8
(e-h)) are quite different. For the down-pumpingfiguration, Figures 8 (e, g), self-similarity isrserved for
the range-1.0 <n < 1.0 for both feed streams. For the feed strédwnenters between two blades, the similarity

profiles are in very good agreement with the solutior a free circular jet. For the feed positiormer the



blade, however, the centreline of the profile idtetl towards the outer part of the tank, as oleein Figures 8
(c, d). For the up-pumping case, when the feedrerietween two blades, self-similarity is conserfed
-1.0 <n < 1.0, although the centreline of the velocityfides shifts slightly towards the outer tank. Whitie
inlet is positioned over the blade, however, seifilarity is completely lost. As the jet travels awfrom the
inlet, the centreline of the scaled velocity pregiimoves further and further towards the vessdl Wais feature
suggests that the jet is influenced significantyythe second feed stream, the blade position amdntpeller
pumping direction.

Overall, these results show that the behaviouheffeed jet in the CSTR is quite similar to thataof
turbulent circular jet in unconfined conditions. deneral, the jet appears to be only slightly ieficed by the
surrounding tangential flow field, irrespective thie impeller pumping direction. The feed jet ongvidhtes

strongly from classical behaviour in the particudanditions of the up-pumping configuration withotinlets.

Jet expansion and velocity decay
The virtual origin of the jet and the constant(€te of jet expansion) for the various CSTR agunfations are
given in Table 3. €is determined by calculating the slope of thedimeurve ‘bversusz’; z, is the value of z
when b = 0. For all cases, the value ¢fiin the range 0.6:0.11, which agrees well with the value of 0.10 for
the free round jet (Rajaratham, 1976). The virtodgin of the jet is situated in the range 5,186.6de
upstream from the feed inlet for the down-pumpiages, and a bit further from the inlet (5,867.6de;) for
the up-pumping configurations. Note that the virtoidgin is different for each configuration, whicduggests
that this parameter is not only dependent on tlsselggeometry, but also the feed velocity.

The expansion of the feed stream jet until theltopndary of the impeller swept volume for the vasio
down- and up-pumping configurations is presentedigures 9 (a) and (b), respectively. The results a
compared with equation [1] given by Rajaratham @)9dr a turbulent round jet. Note that singdszdifferent
for each configuration, (z z,) / d,e is also different for each configuration at a aitar axial distance from
the inlet (z). To help understanding, a box hasldrawn around the point taken at a fixed distanom the
inlet, on the top boundary of the impeller swetrg!.

For the down pumping cases, the behaviour of tlee fet is very similar to that of a circular jet,
although the expansion rate is slightly slower.sTid most probably due to the circulation patteshghe
surrounding liquid in the tank. Several featureshef jet expansion in the up-pumping configuratians worth

noting. For the cases with one feed inlet, theejgtands at a slower rate than the down-pumpingguanattions



and the circular jet. With two feed inlets, theeaim entering between two blades behaves like ditnaal round
jet until close to the impeller swept plane. On t¢tiger hand, the stream entering directly overblaele deviates
from classical behaviour relatively close to thediag location. These results again show the sthotegaction
between the feed jet behaviour, the impeller blaskgtion and the hydrodynamics in this vessel.

The decay of the maximum axial velocity at differgpositions from the inlet for the various
configurations is shown in Figures 9 (c) and (d)r Both the down- and up-pumping cases, two distiEgions
can be identified, corresponding to the jet deemjian and the deflection of the jet due to the gmes of the
rotating impeller. For the down-pumping cases,dbeay of the feed stream is in relatively good egrent with
that of a circular jet (equation [2]), despite therounding fluid circulation. The agreement istkatsa higher
flow rate and also when the jet is not positiongdra blade. For the up-pumping configurations,j¢telecay
deviates from that of a round jet, which is noattsurprising. When the feed enters via one irtet, decay in
the deflection region is much faster than for tbevd-pumping configurations, clearly a result of theulation
patterns induced by the up-pumping impeller. Inithoid, the deflection of the jet occurs closerhe feed point
than with the down-pumping configurations. Thiscansistent with the similarity profiles and jet exgion,

suggesting disintegration of the feed jet well loefib reaches the impeller swept volume.

CONCLUSIONS
In this work we have used CFD to study the effdahe pumping direction of an axial flow impellehe feed
rate and the number of feed inlets on the operaifom continuously-fed stirred tank, with the aifnfioding
alternate operating methods for improving the ofegaperformance. The circulation patterns and erac
concentration fields created under the various ap®y conditions and geometries have been assessddhe
impeller performance has been analysed. In additierbehaviour of the feed jet has been charaetkusing
traditional jet analysis and compared with thaa eéirbulent round jet.

The main conclusions are as follows.

« The CSTRs with a down-pumping impeller and one fieéat are characterised by poor circulation in
the upper part of the tank. The addition of a sddeed inlet improves the circulation in this regi®©n
the other hand, circulation is further improved whbhe CSTR is stirred by an up-pumping impeller.
Furthermore, feed short-circuiting through a bottmumiet may be reduced when the impeller is used in

the up-pumping mode.



*  The power number of the impeller fluctuates asrection of the rate of blade passage and the number
of inlets. The amplitude of these fluctuations @ages with increasing feed velocity.

e The concentration fields of the CSTRs are highhlge¢hdimensional and uniform mixing is more likely
to be obtained using up-pumping impellers or witkvd-pumping impellers and lower feed rates.

« The feed jet in the CSTR has been shown to haviasibehaviour to that of a turbulent circular jet
unconfined conditions. In general, the jet appearbe only slightly influenced by the surrounding
tangential flow field, irrespective of the impellpumping direction. As expected, the feed jet &sle

affected by the down-pumping impeller than by thepumping impeller.

Overall, the ensemble of these conclusions sughestthe throughput capacity and mixing qualityaof
CSTR can be improved, without problems of shorttgting, by employing up-pumping impellers coupled
with multiple surface feed points. By using two fopre) feed points the inlet velocity can be deseea
whilst maintaining a sufficient through put. A gteathe number of feed points results in a smaller
amplitude of the Pfluctuations and a feed jet velocity that decaysenwapidly, which improves the mixing
quality in the tank.

Future work will investigate experimentally thefest of various configurations on micromixing

efficiency via the study of competing-parallel réais.



NOTATION
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dinlet

MTTD

MTTU

ol

Pave

9|

Qs
Qri

Jet half-width (m)
Baffle width (m)

Distance of impeller from vessel base (m)

Volume fraction of the tracer concentratiof) (

Average volume fraction of the tracer concentrafie
Constant{)

Feed inlet diameter (m)

Impeller diameter (m)

Frequency (3)

Qr

Flow number, 3 (@)
ND

Vessel height (m)

Turbulent kinetic energy (f)
Down-pumping Mixel TT
Up-pumping Mixel TT
Impeller rotation speed (3
Number of impeller blades)
Number of feed inlets

Power consumption, 72N T, (W)
Time averaged power consumptidx N?O (W)

Average pressure (Pa)

Power number% )
PN°D

Time averaged power numbef,PT )
P N°D

Feed flow rate (fis %)
Impeller pumping capacity ({s?)

radial distance from the centre of the inlet (m)



Re Impeller Reynolds numbeﬁﬂ =)
M

Re Feed Reynolds numbe’ﬁuf% )
T Vessel diameter (m)

T, Torque (N m)

'I'_o Time averaged torque (N m)

te Circulation time (s)

tm Mixing time (s)

U Axial velocity of the jet (m8)

Uecre  Core velocity of the jet (= )(m $%)

Us Feed velocity (= ko (M $?)

Un Local maximum velocity of the jet (M’

z Axial distance from the inlet (m)

Zs Virtual origin of the jet (m)

Greek Symbols

£ Dissipation of turbulent kinetic energy {sf)
n Dimensionless radial distance, r /) (

M Viscosity (Pa s)

0 Density (kg m°)

o Standard deviation

T Mean residence time, Vs)
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Process Characteristics

M acromixing Char acteristics

Total feed rate

Feed inlet velocity Reynolds at feed inlet(s) Time ratio

Mixing time Circulation time

Configuration Q (m’s™h Us (m.s?) Re T/t tm (S) t. (s)
MTTD (1 inlet) 1.068x 107 1.36 1.36x 10* 6.80
MTTD (1 inlet) 1.931x 10™* 2.46 2.46% 10" 3.76 7.47 1.85Y
MTTD (2 inlets) 1.931x 10 1.23 1.23x 10* 3.76
MTTU (1 inlet) 1.068x 107 1.36 1.36x 10* 8.13
MTTU (1 inlet) 1.931x 10™* 2.46 2.46% 10" 4.50 6.00" 1.558Y
MTTU (2 inlets) 1.931x 10* 1.23 1.23x 10 4.50

@ Experimental values for batch systems reportedutyin (2001).

Tablel



Lower Impeller Plane
(3mm below C)

Case Power Number, P, Flow Number, FI Uneg (M/s)  Std deviation Uneg
MTTD t/t,,=6.80 0.59 0.80 -0.220 0.086
MTTD t/t,=3.76 0.58 0.88 -0.295 0.711
MTTD 2 inlets,t/ t,,= 3.76 0.55 0.70 -0.247 0.086
MTTD Batch 0-58 0.66 0 0
(0.65, 0.6¢, 0.74)*  (0.74 0.63, 0.67)*

MTTU t/t,,=8.13 0.77 0.64 -0.001 0.006
MTTU t/t,,=4.50 0.88 0.73 -0.073 0.216
MTTU 2 inlets,t/ t,, = 4.50 0.70 0.69 -0.017 0.073
MTTU Batch 0.65 (0.6%* 0.69 (0.6%)* O O

*Experimental values given Biavroset al (1996),°Baudou (1997) antAubin et al. (2001).

Table 2



Case Constant, C, Virtual Origin, z, (m)
MTTD 1/t,=6.80 0.08 -0.066
MTTD 1/t,=3.76 0.09 -0.058
MTTD 2 inlets,t / t,, = 3.76, (inlet over blade) 0.11 -0.051
MTTD 2 inlets,t / t,, = 3.76, (inlet between blades) 0.08 -0.065
MTTU t/t,,=8.13 0.07 -0.076
MTTU t/t,,=4.50 0.08 -0.066
MTTU 2 inlets,T / t,, = 4.50, (inlet over blade) 0.10 -0.058
MTTU 2 inlets,t / t,, = 4.50, (inlet between blades) 0.09 -0.057

Table3
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