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Introduction

INTRODUCTION

Mechanically agitated tanks are widely employed pirocess industry: in
particular in food, chemical, pharmaceutiaaining, oil and water remediation
industry, etc.

One of the more common and notable applicatiortiokd tanks is represented
by the suspension of solid particles in a liquichgdy unit operation which concerns
crystallization, precipitation, dissolution, adsiop, ionic exchange processes and
chemical reactions with heterogeneous catalysis.

In order to successfully carry out these procegsiesnecessary to guarantee a
suitable suspension degree of particles in thedighase. A sound understanding of
the mechanisms of suspension and dispersion dtlearis, hence, important for a
rational design of mechanically agitated vessels.

The problem of suspending solids in liquids by nzadbal agitation requires
the knowledge of:

- the minimum impeller speed necessary to suspikpamicles in the vessel, so
that all the particle area is available for massdfer which represents one of the
most important design requirements. Operating &-4iguid system at impeller
speeds much below the minimum for complete offdrttsuspension could be
detrimental to chemical reaction and mass transéing particles non-uniformly
exposed to the liquid;

- the conditions for creating, if possible, and mtaining a relatively
homogeneous suspension, particularly when thissed uto prepare materials for
successive processes. However, a significant pavpert enhancement is required
for attaining a homogeneous suspension regime reithect to complete suspension
conditions. Therefore, most industrial apparatuses designed to operate at the
minimum suspension speed for complete off-bottorapension which is often
considered sufficient to satisfy the process regménts as well as guarantee energy

savings;
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Introduction

- the fluid-particle mechanics within the stirreglsgels by means of information
on the local characteristics of the solid-liquiditatgd suspension, such as local

particle-liquid slip velocity and particle flow batiour.

Even tough solid-liquid stirred tanks are largelyceuntered in the process
industries, nowadays there is still a poor undeditay of the complex phenomenon
of particle suspension in a turbulent liquid medbalty agitated by a stirrer. A lot
of scientific efforts have been devoted to thisiéssbut resolutive results have not
been provided yet. This poor knowledge of suspendiynamics generates a large
uncertainty in the design of these solid-liquid taamtors. The total absence of
predictive models on suspension phenomenon is tildsed to the lack of suitable
objective methods for the evaluation of the maigigle parameters for stirred tanks.
This lack of design certainties determines diregtd astrong economical
repercussions as design errors cause economidal wbhgh are estimated to be of

some milliard dollars only in the United Statesrgwaear (Smith, 1990).

The present PhD thesis starts from this backgrowiti the final goal of
contributing to increase the understanding of sucft operation which is so
frequently employed and not so well understood.

Two different methodologies were adopted to ingsdg8 suspension
phenomena in solid-liquid agitated systems: i) expental studies, ii) modelling
via Computational Fluid Dynamics (CFDechniques. These two complementary
investigation approaches started in parallel withgame common aim.

The experimental studies will be detailed in Padf the present PhD thesis,
CFD modelling efforts will be minutely presentedahghout Part II.

In the following the content of the present PhD sthewill be briefly

summarized, in order to help the reader to eaddntify the topics investigated.

Part |

10
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Chapter 1 presents the design and development ofravative measurement
technique which is non-intrusive and able to disegrovide 2-D concentration
maps at acceptable costs and in reasonable times.

Chapter 2 focuses on the evaluation of unbaffladest tanks as suitable

devices to successfully perform solid-liquid mixiogerations.

Part Il

Chapter 3 deals with the modelling of an off-bottenlid-liquid suspension
start-up until steady state is attained.

Chapter 4 aims at the development of a novel CRilsition approach able to
reliably predict the suspension of unsuspended s@iticles at any agitation speed
below and up to the complete suspension speed.

Chapter 5 focuses on the proposition of a CFD-aiddidble and universally
accepted criterion for solid-suspension which caiddstitute a powerful innovative

tool for solid-liquid stirred contactor design amypleration.

11
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Solid-liquid suspensions in stirred tanks

SOLID-LIQUID SUSPENSION IN STIRRED TANKS

Mixing fundamentals

In the process industry, fluid agitation within rhaaically agitated systems is
performed by means of different types of stirrgiespending on the specific aim to
fulfil.

Typical aims of mechanical agitation are listedhie following:

- suspension of solid particles;

- blending of immiscible liquids;

- dispersion of gas in liquids;

- dispersion of both gas and particles in liquids;

- heat exchange promotion.

It is important to underline that the choice of aitable impeller type is
fundamental for the success of the process to beedaout. Agitators can be
divided into two main classes:

- radial flow impellers, which mainly generate simes in the radial and
tangential directions;

- axial flow impellers, which, in addition to thartgential components, generate

streams mainly directed along the impeller axis.

In general, it is possible to state that, at thenesamechanical power
requirements, axial impellers provide a higher mmamtation of fluids (i.e. higher
pumping capacity), while the radial ones determimeggions close to themselves, a
high turbulence (and consequently a smaller ovenalulation in the tank). Because
of this feature, the use of radial impellers istipatarly suitable for processes
involving the dispersion of immiscible phases, vehielis necessary to maximize the
interfacial area between phasebdar rate controlled procesge€onversely, axial

impellers are more suitable for those processesentmvective motion is essential,

13
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Solid-liquid suspensions in stirred tanks

that is processes where the operation effectivergsslosely linked to fluid
movimentation lfulk motion controlled procesges

The particular flow field that establishes withirstirred tank depends not only
on impeller type, but also on fluid physical prapes, tank size and shape, baffles
presence and type, etc. The most commonly empltayddhas a cylindrical shape,
it is equipped with four lateral baffles, it is pided with a flat or rounded bottom
and it is equipped with one or more impellers.His tregard, in order to avoid any
dependence on geometrical features, starfdard geomettywas codified and
accepted in literature (Fig. 1).

Fluid velocity has three components in each pointhe vessel: theadial
component acts perpendicularly to impeller axi® aitial component acts in a
direction parallel to the same axis and tbiecumferential (or tangential or
azimutha) component acts in the direction of the tangenth® circumference
coaxial to the impeller shaft, which passes throtigéd considered point. The
tangential flux generates circular trajectoriesuac the shaft and, in absence of
baffles, creates on the liquid free surface a wowbkose deepness depends on the
impeller speed. In addition, if a vortex is preséné low relative velocities between
impeller and fluid result in a small pumped flowerawith a consequent poor mixing
of tank contents. Because of this reason, bafflecammonly employed: generally,
four equally spaced baffles located perpendicularythe vessel lateral wall are
employed.

The assessment of the exact mechanical power wiaishio be conferred to the
impeller is an issue of crucial importance. In trégard, the dimensionleg§ower

NumberN;, is defined as:

P

P PN’ D° @

wherep is liquid densityP is mechanical poweb is impeller diameter and

is impeller speed.

14
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Fig. 1: “Standard geometry” stirred tank.

When blending processes are to be carried o, iihportant to ensure that the
entire fluid volume circulates through the impell@rhich in this case can be
assimilated to a pump) in reasonable times as etimof the particular process
considered. In this regard, another dimensionlessber can be introduced named

Flow Numberof Pumping NumbeNo:

15
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@)

whereQ is the fluid flow rate pumped by the impeller. tlre case of radial
impellers,Q is the flow rate crossing through the cylindrisatface swept by the tip
of impeller blades.

Theoretically (not shown here for the sake of Hggviit is possible to
demonstrate that, for a given impeller type andigoanation, bothN, andNq should
be expected to be functions of the Reynolds anddgmumbers, which for stirred

tanks are defined as:

Re:'d\l_D2 Fr :E (3)

H g

wherey is fluid viscosity and g is gravity acceleratidvotably the dependence
on Fr vanishes when the liquid free surface eittm#s not exist (covered vessels
entirely filled by the liquid) or is reasonablyffi@s occurs in most bafffled vessels).
In such cases, when the regime is fully turbulest (vhen Re>10000), botk, and
No approach constant values which are specific fgiven impeller type and system

geometry.

States of suspension

For measuring the performance of solid suspensjoipenent, it is necessary to
know the different states of suspension occurring stirred vessel with respect to
the increasing impeller speed. Independently on dhlied tank geometrical
configuration adopted for particle suspension,alpessible suspension regimes can
be identified. They are listed in the following fincthe lowest to the highest power
input (Fig. 2).

16
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Fig. 2: States of suspension. From the I|d¢tartial Suspension Conditions
Complete Suspension ConditipnsHomogeneous Suspension
Conditions.

Filletting regime or Partial Suspension Regime

It generally occurs at low impeller speeds. Solds partially suspended, the
motionless ones stay still on the vessel bottorsesmentsf{llets). The positions

where fillets are present depend on the flow paster

Complete Suspension Regime

Complete suspension conditions can be consideredchg&eved when all
particles are suspended. At this stage the appdmder input is sufficient to
guarantee that no particles rest on the bottomnfiore than 1 or 2 seconds.
Concentration gradients as well as a free liqujegdaon the top of the vessel could
however be present.

This regime can be divided into two sub-regimes.

- Complete on-bottom Suspension Conditiars particlerests on the bottom
for more than 1-2 seconds; some are lift off whbileers roll on vessel bottom;

- Complete off-bottom Suspension Conditiams particlestays on the bottom

for more than 1-2 seconds.

Homogeneous Suspension Regime

Homogeneous suspension conditions can be considesedchieved when
particle concentration and distribution are consthnoughout the vessel and no

concentration gradients are observable anywhere.athievement of homogeneous

17
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conditions requires a large increase of impelleespand power inputs with respect
to complete suspension regime.

It is not possible to attain this regime for alkea: systems where gravitational
force highly dominates over the drag force canwtieve homogeneous conditions
(Mersmann et al., 1988; Ochieng and Lewis, 2006a).

It is worth noting that in the incomplete suspensiegime the liquid phase in
contact with the particles inside the stationaltetf is not efficiently replaced; as a
consequence transport phenomena are not suitabipgbed and the solid-liquid
apparatus performance decreases.

Impeller speeds higher than that corresponding ¢éonplete suspension
conditions can lead to higher homogeneity degres,this increase is typically
followed only by moderate increases of overall psscperformance. Conversely,
increasing impeller speed implies a dramatic ireeeaf power requirements, as
power increases with the cube of impeller speed.

According to these considerations, the assessmeromplete suspension
conditions and in particular of the minimum impelpeed able to guarantee this
regime is a problem of crucial importance for stiftank design. In most industrial
cases, the minimum agitation speed for completdaotfom suspensiom\i) can be
regarded as a reference agitation condition thagsgiise to an optimal compromise
between mass transfer process promotion and p@gairements.

Theoretical and experimental investigations on sasipn phenomena of solid
particles in stirred tanks are complex becausehef large variety of both the
properties of particles to suspend and typologiestiocred tank (impeller and tank

types and/or impeller-tank configurations).

Nomenclature

b baffle width, m
C impeller clearance, m
D impeller diameter, m

18
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d impeller disc diameter, m

H fluid height in the vessel, m

I impeller blade width, m

N impeller speed, RPM or RPS

Nis just suspended agitation speed, RPM or RPS
Np Power Number, (-)

No Pumping Number, (-)

P power consumption, Watt

Q flow rate pumped by the impeller, (-)
T tank diameter, m

w impeller blade thickness, m

Greek letters

a liquid phase

4 solid phase

p density, kg/rh
U viscosity, Pa m

19
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PART |: EXPERIMENTAL

Introduction

Many experimental studies have been devoted sdofdhe investigation of
suspension phenomena in solid-liquid agitated systeNotwithstanding all the
scientific efforts carried out by researchers imlesrto enhance the knowledge

degree of this unit operation, some dark pointsestist.

Several experimental techniques have been propasddapplied over the
decades to investigate solid-liquid agitated systemat all of them are affected by a
number of drawbacks which significantly influencéeit reliability and/or
applicability.

On the other hand, most studies carried out upytdbdee dealt with baffled
stirred tanks as they are considered more effigi@irers than tanks unprovided of
baffles (nbaffled. In a number of industrial cases, the presenceafffes can be
undesirable thus leading to an increasing intei@sgards unbaffled stirred tanks.
Also, recent studies have demonstrated that atvengpower input, higher mass
transfer coefficients can be obtained inside slidjdid unbaffled stirred tanks than

inside corresponding baffled systems.

The main aim of this section is to clarify and ®vdlop these points providing
also an original contribution to the increase adenstanding of this unit operation.

Particularly, a novel technique to investigate dijuid suspension within
stirred vessels was developed and suitably appdiexblid-liquid dispersions in an
unbaffled stirred tank provided with a top-cover.

Moreover, a purposely prepared method was proptsedssess objective
measurements of minimum impeller speeds for omsbokuspension in top-covered

unbaffled tanks stirred by a radial impeller. Fipathe economical advantage of

23
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performing solid-liquid suspension processes withitbaffled stirred tanks was

addressed and critically discussed.

These aspects are minutely developed and desciibdde following two

chapters.

24
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CHAPTER 1
LASER SHEET IMAGE ANALISYS TECHNIQUE ( LSIA)

1.1 Abstract

Detailed knowledge of the local particle-fluid dymias is often the key to get
effective design and scale-up of solid-liquid stitrreactors. The availability of
experimental information on particle distributiomside stirred tanks is a topic of
great importance in several industrial applicatiosach as catalysis and
polymerization. The measurement of solid particlstribution in turbulent
multiphase flow is not simple and the developmehtsuitable measurement
techniques is still an open problem in chemicalimegring research.

In this chapter a novel non-invasive optical teglei for measuring particle
concentration distributions in solid-liquid systenis critically presented and
described. The technique makes use of a laser, shbigh sensitivity digital camera
for image acquisition and a Matlab procedure fostgocessing the acquired
images. It is able to provide solid concentrati@stribution maps on the laser sheet
plane.

Application examples are presented for the casanofinbaffled stirred vessel
provided with a cover in order to avoid vortex fation: experimental results are

presented and discussed.

1.2 Literature review

Stirred vessels are the most commonly employed rapses in the process
industries for mixing operations. It is very diffi¢ to find an industrial chemical
process not involving the mixing of one or more s@#® Particularly, suspension of
solid particles in liquids is largely employed imamber of applications. Due to the
importance of this unit operation, several invedigns aimed at suitably

qguantifying stirred tank performance have beeniedrout over the decades. The

25
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rational design and operation of these tanks remaihallenging problem because
of the intrinsic complexity of the 3-D circulatirand turbulent multiphase flow in
the reactor. A deep understanding of the mechanignssispension and dispersion
of solids in liquids requires the knowledge of th@nimum agitation speed
necessary to suspend all the particles in the aadksome local characteristics of the
stirred suspension like solid-liquid slip velocgtiand solid concentration fields. In
addition, the availability of reliable experimentidta on particle distribution is very
important for modelling purposes and CFD validatmplications.

A number of different types of experimental techuag have been devoted to
obtain detailed local fluid dynamics informationsalid-liquid multiphase systems.

Today, in scientific literature, two macro-categsriof methods for solid
particle distribution assessment inside a stirressel exist, i.e. invasive techniques

and non-invasive techniques.

1.2.1 Invasive measurement techniques

Sampling method and measurement probe techniguesgo#o the class of
invasive measurement techniques.

The sampling methodvas the first measuring technique used for ingestig
solid-liquid suspensions in stirred tanks. Its h@estuliarity is clearly the simplicity:
it provides for taking samples withdrawal from seisgions in many different points
of the stirred tank thus successively analysing andasuring their solid
concentration value (McLaren White and Sumerford3t9Barresi and Baldi,
1987a,b; Buurman et al., 1986). The sample is wativd by means of a probe and
of a sample-tube which have to enter inside thesale@hrough holes purposely
prepared in the lateral wall) to carry out suchragien.

The main drawback of this method is closely linkied its intrinsic high
intrusivity: the presence of a probe and of a tinis@e the vessel can strongly alter
the liquid flow field, interfering with the suspesd particle movement and
consequently compromising reliability of result. Maresearch efforts (MacTaggart
et al., 1993; Godfrey and Zhu, 1994; Nasr-el-dialgt1996; Kuzmanic and Kessler,
1997) showed that such methodology strongly sufféra poor reproducibility of

26
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results because they are highly dependent on hetkhapes and the entrance of the
used sampling probes. In particular Nasr-el-diralet(1996) measured the local
solids concentration in a mixing tank using botimpk withdrawal and a
conductivity probe (see below) Conductivity measugats were used to assess the
errors associated with various sampling techniqtiesy examined in detail the
effects of sampling tube design (tip shape, faggeaand inside diameter), sampling
position, bulk solids concentration and particleeson the sampling errors. Their
results showed that on the impeller plane, the samijthdrawal technique provides
particle concentrations lower than the right onietha isokinetic sampling velocity.
Errors relevant to sampling techniques were fountbd dependent on the sample
tube shape and location in the tank, especially wiarse sand particles of 1000
pm.

Finally, when sampling at right angle to the flmampling errors were found to
increase with particle size, especially when a kthiameter tube was used. Van der
Westhuizen and Deglon (2006) used the sampling adetb predict the critical
impeller speed for solid suspensions in a pilotesagechanical flotation cell.

Kuzmanic and Kessler (1997) and Kondo et al. (20@68gstigated floating
solids suspension in a stirred tank. Kondo et2008) examined the influences of
diameter and impeller position on drawing from figuid surface and on the
dispersion of solid particles lighter than liquida vessel stirred by dual impellers.
They used measurements to definejtise drawdown conditioas the state in which
no lighter-than-liquid particles were floating ohet liquid surface at the just
suspension speed for heavier-than-liquid partickezmanic and Kessler (1997)
built up a continuous wall sampling method: suspmmsvas continuously removed
using a variable speed impeller pump. Sampling wievn by the flow being
diverted into the collecting device by means ofotesoid valve controlled by a
timer allowing adaptation and control of the samgltime. They investigated in
detail the sampling efficiency dependence on susiparcharacteristics, sample tube
design and sampling technique. Results showedathedmplete suspension state it
is practically impossible to obtain a representatsample of floating suspended

particles from a mixing tank with markedly axiab# using the wall sampling

27
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technique. In addition they stated that samplimgrercan be minimized changing
suspension conditions and sampling technique eval conclusions point to the

fact that this method may be applied in practicéh wiktreme caution.

The measurement probe techniques can be groupedhrge different sub-
categories on the basis of the specific variabéy tmeasure, i.e. impedance, optic

and acoustic techniques.

Impedance technigug¢dicKee et al., 1995; Ceccio and George, 1996; 8ran
et al., 2001; Paglianti and Pintus, 2001; Michekdtal., 2003; Brunazzi et al., 2004;
Spidla et al., 2005) provide for assessing the tapee (which can be reduced to

capacitance or conductance depending on the worfking) electrical properties)
between two (or four, Considine and Considine, 198hirhatti et al.,, 2006)
electrodes present inside the probe by measuragulrent between the electrodes
at a given voltage: the value resulting dependshenlocal solid particle quantity
met by the electric flow lines and it allows thedbsolid concentration calculation.
Impedance techniques are extensively used for me@sumt of the dispersed phase
in two-phase systems (Hewitt, 1978; Wang et al0020

Also, impedance methods can be used for both [@akenaka and Takahashi,
1996; Andreussi et al., 1999) and integral measantsnof the phase hold-ups
(Andreussi et al.,1988; Brunazzi et al., 2001).IS@chniques are strongly sensitive
to the local flow conditions thus requiring cautidaring their use. Micheletti et al.
(2003) used a conductivity probe consisting of ahéped Perspex body and a
stainless steel handle (for robustness and miniftmsndisturbance purposes). Two
platinum black coated electrodes were mounted atetid of the Perspex body
giving a measuring volume of a 1 &nAuthors carried out in situ measurements in
order to investigate impeller clearance, partidlee sand concentration effect on
particle distribution in a standard geometry stirneessel. Shirhatti et al. (2006)
determined the minimum agitation speed for compdetal suspension using a four
electrodes conductivity method. Spidla et al. (200®vided both axial and radial

local concentration profiles for the case of a nmatidy concentrated suspension in
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a pilot plant stirred vessel concluding that thehler was the average solid
concentration and the smaller were the solid dagiche more homogeneous was
the suspension obtained. Authors proposed a twinleta steel electrode
conductivity probe whose action volume was of 618.cThe outer electrode was
formed of six parallel rods placed in the cornefsaoregular hexagon and
conductively connected by a ring. The inner elatgraonsisted of a single rod
placed in the centre of the former ring.

Paglianti and Pintus (2001) and later Brunazzi let(2004) proposed an
innovative probe based on the measurement of thetriglal impedance. It can
measure mixing time and solid/hold up in stirredktaeactors working with high
solid concentration. The main advantage of thishprooncerns its complete not-
intrusivity: it uses the shaft and a circular baffupport as electrodes, which can
both move in axial direction. Therefore, each meament is relevant to the
horizontal section bound by the two electrodes.oAthe probe does not require
particular attention for its calibration and it da@ used both for laboratory-scale and
industrial-scale stirred vessels.

Concerning technique limit, electrical flow linesowe from an electrode
towards the other, but they do not move only altimgy investigated section thus
possibly leading to unreliable results. Clearly¢hlsunethod allows to get average
solid concentration profiles in the axial directioend no information on

concentration radial variation are obtainable.

Optical techniguegprovide for the employment of photoelectric capikts or
fibre-optic probe (Lu et al., 1993; Thompson andriém, 1997; Shan et al., 2008;
Shan et al.,, 2008; Shan et al., 2008) or endossof#iagst and Kraume, 2006;
Angst and Kraume, 2005; Alban et al., 2004; Laclaem et al., 2001) or

turbidimetric analysis (Sessiecq et al., 1999), initruments and equipments

(characterized by an emitter and a receiver) abldransform light scattering
measurement in an indirect local particle concéioinaassessment.
Thompson and Worden (1997) suggested the use dre-dptic probe for

measuring the local value of gas/liquid/solid hofzs in a three phase magneto-
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fluidized bed. Shan et al. (2008) investigateddstitiuid unbaffled vessels by using
a PS-6A fiber-optic probe, composed of two bunddésjuartz fibers ( the one
working as light projector, the other as light rige€), in order to measure solid
particle concentration and collect data for CFOdation purposes.

The endoscope system proposed by Angst and KraR@@6) is based on the
principle of back scattering. The particles at theasuring point just in front of the
endoscope tip are temporarily brightened by a fighhconnected to the endoscope
via fibre optics. An amount of light that is profional to the number of particles in
front of the endoscope tip is scattered back ihi front lens and to an attached
CCD camera. The mean value of the back-scattegbtlifitensity is calculated by a
computational grey-scale analysis, such value tyremrresponds to the particle
concentration at the measuring point. For concgatraneasurements at the tank
wall, the endoscope can be adjusted to be flushddthe wall thus avoiding any
invasive disturbance.

Turbidimetry analysis of a particle-liquid susp@&msiconcerns the attenuation
measurement of the transmitted light beam interthity to light scattering. Sessiecq
et al. (1999) adopted a sensor to evaluate théditylspectrum of the suspension: a
polychromatic light beam is passed to the sensoogiical fibres; after this beam
has crossed the sensor window, where it is scdtteyehe particles in suspension,
the transmitted light is led again via optical &brto a photodiode array
spectrophotometer which provides the suspensidmdity. Local concentration can
be deduced via turbidity measurements by meankeolMie theory (Kerker, 1969)

application.

The last category of measurement probe techniqualsesnuse ofacoustic
technigueqAlba, 1992; Alba et al., 1999; Bamberger et 4898; Bamberger and
Greenwood, 2004). The acoustic properties of astréited sound beam (such as
sound speed, amplitude) measured in a continuocuglesphase liquid system
become different if solid particles or gas bubbdes present as dispersed media.
When a liquid contains such unhomogeneities, thendowave is reflected or

transmitted at the boundary of two media with défg characteristic impedances.
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The acoustic energy dissipates faster in an inhemegus medium than in a
homogeneous one due to absorption and scatterifghwisult in distinct changes
in sound velocity and attenuation (Zheng and Zha2@04). Practically, by
quantifying this attenuation that the acoustic wawvelergoes while crossing the
two-phase medium, it is possible to calculate #levant dispersed phase hold-up
(Chang et al., 1984).

Alba et al. (1999) developed an instrument which geasure the particle size
distribution and dispersed phase concentrationaofptes of low contrast density,
such as emulsions as well as high density consngtems such as suspensions of
rigid particles. This can be achieved both overidewsize range from 0.0m to
1000 um and concentration range from 0.5% v/v to 50% wdependent on the
application. The technique, based on termed a@utenuation spectroscopy
consists of propagating ultrasonic waves of a raafjdrequencies through the
particulate system and accurately measuring tlemadtion at each frequency. This
attenuation spectrum can be converted to a pasizke distribution and a measure
of the concentration of the dispersed phase.

Bamberger and Greenwood (2004) adopted a simpigesirequency ultrasonic
measurement technique to monitor the progress xahmbf a silicon dioxide—water
slurry in an open tank by providing real-time itdsimeasurement of slurry
concentration. The ultrasonic sensor consists ofgarallel and coaxial transducers
(a transmitter and receiver separated by 10.2 ampended in the slurry. The
transmitter operates by sending a swept frequentsep0.1-3 MHz) through the
slurry to the receiver. A peak detector capturesatimplitude of the received signal.

All the intrusive techniques have the intrinsic aege feature of requiring the
probe presence (for sampling or measurement) inlidestirred tank: such a
presence could change the system flow field andsemurently alter the deduced
results. Moreover, most of these methods allow doalyal assessments, thus
requiring too much measurements as well as mangrpatations among the

obtained local data. In addition, stirred tanks aom-stationary systems: local
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concentration varies with time thus leading to anbar of measurements for the
same position (with a significant increase in opferatime).

However it is worth nothing that, in some industoperating conditions, non-
invasive techniques become ineffective for exanieause of particular physic-
chemical characteristics, opaque walls (as for enagalysis technique) and non
stationary phenomena: some non-invasive techniqueside discrete or time-
averaged information, thus resulting in an impdss#tatistical or spectral analysis
(Boyer et al., 2002). In addition, such techniqee often very expensive or

however difficult to apply.

1.2.2 Non-invasive measurement techniques

There are a number of non-intrusive techniquesrtedan literature, among
them the following techniques will be briefly dissed:

- light techniques;

- radiation techniques;

- acoustic/ultrasonic attenuation techniques;

- Magnetic Resonance Imaging (MRI) techinique;

- polarographic techiniques;

- radioactive patrticle tracking;

- tomographic techniques.

The main non-intrusive light technique is thight attenuation technigue
(Bohnet and Niesmak, 1980; Fajner et al., 1985;n#a and Koutsakos, 1988;
Magelli et al., 1990; Godfrey and Zhu, 1994; Moraet al., 2001; Nocentini et al.,
2002). It provides for the presence of a light ¢éngt diode as light source and a

silicon photo-diode as receiver. Both of them deegd outside the vessel and they
measure the attenuation that a light beam undergbés crossing (horizontally
along a chord) the vessel itself: a ray light isenadsorbed when it passes through a
suspension than a poor liquid.

The results obtainable by this method are verabédi, but, they concern only

the mean solid concentration along the line coverethe beam. Such particle mean
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concentration measurements along the chord aredeved representative of the
mean concentration in the whole horizontal secéismadial profiles often are fairly
flat (Barresi and Baldi 1987a). Though it sometimespresents a clear
approximation (as example, see Angst and Kraum@g)2@ lot of experiments
would be necessary to avoid the use of too mudrpotations in getting a solid
concentration distribution map on the same horilguiaine.

Other light-based techniques concern the fluid fleslocity evaluation (like
Particle Image Velocimetry, PIV, and Laser Doppleremometry, LDA) or the
micro- and macro-mixing quantification (like Ladedduced Fluorescence, LIF) in
stirred tanks.

In the case of PIV, a laser sheet is used to ithatei a well defined slice of the
fluid containing seeding particles; two or moretpies of the sheet are taken at
short time intervals. The distances between théipns of seeding particles yield
the instantaneous velocity field of the liquid. feient variants have been proposed:
particle streak velocimetry (long exposure), péetitracking velocimetry (video
recording of particle motion). Full details are gafle on the reviews of Murai et al.
(2000) and Chaouki et al. (1997).

The principle and the main applications of LDA dmeefly described in the
following: if there is a relative motion betweemnnwave source (laser) and a wave
receiver (seeding particle of the liquid or bubinighe liquid), there will be a shift
of wave frequency; this phenomenon is called theder effect; measuring this
frequency shift by using interference fringes gisexess to the velocity. This
technique has been applied to the determinatioloa#l velocities for some time.
LDA provides well-localized values of velocity; threeasurements are very fast,
allowing to determine velocity fluctuations Chaoekial. (1997).

LIF is suitable to measure small-scale structuitheepoint by point or in a two
dimensional plane. Fluorescent dyes (molecules)ateorb light at one frequency
and subsequently (after some time, usually in thdemof few nanoseconds to
microseconds) de-excite and reemit (fluoresce} kgla different wavelength, larger
than the excitation one. This light fluorescencamigasured. In experiments, the

dyes are excited by laser light whose frequencygeatio matches the excitation
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frequency of the dye. The intensity of light endttieEom a dyed region of flow is
proportional to the intensity of excitation enemyd to the concentration of dye. If
the excitation energy is locally uniform, then tamitted light intensity will be
linearly related to the dye concentration. Themoulgh a simple calibration, the
emitted light intensity can be directly converteddlye concentration. In addition it
is possible to get two- and three-dimensional irsagjace fluorescence takes place
in all directions (i.e. the fluorescence signakisropic). The signal-to-noise ratio of
the fluorescence signal is very high, providingoad) sensitivity to the process. It is
also possible to distinguish between more spesiese the lasing wavelength can
be tuned to a particular excitation of a given sgeevhich is not shared by other
species (Guilbault, G. 1973; Walker, 1987; Hannand List, 1988).

Such technique is able to yield information bothmitro- and macro-mixing
(Distelhoff and Marquis, 2000; Guillard et al., 20@an Vliet et al., 2000; Slazai et
al., 2003) process simply injecting a mixture obtdifferent dyes in the stirred
vessel: one of the dyes is an inert dye and itsiloigion inside the tank is analyzed
to assess macro-mixing even if it does not prounfmation on nano-scale mixing
quality; the other dye (the reactant dye) undergoésst chemical reaction with the
vessel contents allowing to indirectly visualize croimixing since chemical
reaction requires mixing on the molecular scalengand Mewes, 2004).

PIV, LDA and LIF are mainly applied to investigasegle-phase system or
multiphase flows with very low hold-ups of the disped phase (Rammohan at al.,
2003).

In recent years, Unadkat et al. (2009) proposecwa technique combining
Fluorescent PIV and digital image analysis to gifiarturbulence properties of
solid-liquid stirred suspensions. They managectestigate the flow field of both
phases simultaneously by using two different casetfae one for the liquid, the
other for the solid phase. In addition, this tegluei is able to provide information on
particle distribution, even if the presented resalhpear too qualitative.

Clearly, light based technique main limit concerdense suspensions
applicability: all of such techniques are complgteseless in the case of suspension

with high solid loading since the light beam is abie to pass through the system.
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By the way, such drawback can be resolved by mdctiie refractive indexes of
the suspended phase and the liquid as a numbeorsvinave already shown (Cui
and Adrian, 1997; Micale et al., 2000; Kohnen amdhiBet, 2001; Boyer et al., 2002;
Micheletti and Yianneskis, 200¥jrdung and Rasmuson, 2008).

The same theoretical principle lies behind ithdiation techniquegFournier et

al., 1993; Hewitt; 1978), but instead of a ray tighey employX-rays, orjyrays, or
neutrons beams: when crossing a two-phase mixalrekinds of radiation are
attenuated (Boyer et al., 2002). Radiation techesgare extensively used to
measure hold-up of the dispersed phase in two-phgstems. Particularly some
cases not involving attenuation measurement existys radiography is essentially
the technique widely used in medical facilities tlifference being that a sequence
of images can be made thus showing the dynamipantitle motion (Mondy et al.,
1986; Milliken et al., 1989).

Typical difficulties concerning radiation techniguare related to measurement
uncertainty due to the natural statistical fluciatof photons. Theoretically this
kind of technique is really useful because it hagimitations to time resolution but,
safety and/or price (they require access to a auckactor) may be an issue for its
application especially for high solid hold-ups (Bot al., 2002): measurement can
be affected by void distribution on the test sectémd it cannot often be carried out
in industrial stirred tank reactors, because of mmm problems associated with the
use of radiation (Paglianti and Pintus, 2001; PH2€I08).

In addition, radiation technique can used in aragive way by the adoption of
a suitable probe (Hewitt, 1978) and they also dre basis of a number of

tomographic techniques (see below).

The ultrasonic attenuation techniquegeneral principle is practically the same

described for the corresponding invasive technigliée only difference concerns
the fact that the sensors are placed outside tleersylike the case of light

attenuation techniques. In addition, acoustic nettisoquite similar to the optical

35

PhD thesis of Alessandro Tamburini



Chapter 1: Laser Sheet Image Analysis Technique

one but, as a matter of fact, an acoustic wave gass through very dense
suspensions, an impossible objective for a liglane

Currently, no works so far have dealt with the adbnic non-invasive
estimation of solid concentration for the casetofex tanks. Uchida et al. (1989),
Zheng and Zhang (2004), Vatanakul et al. (2004) Wathnakul et al. (2005)
investigated fluidized beds by means of the aboeationed ultrasonic technique.
Zheng and Zhang (2004) and Vatanakul et al. (2@0H used differential pressure
transducers and conductivity probe for the samesoreanent cases (for comparison
purposes) and a good agreement with ultrasound adetfata was found, thus
demonstrating the soundness of the technique.

In more recent years, a Chinese research groupemiezt some interesting
works (Ren et al. 2008a,b,c) dealing with acoustimsurements: they did not carry
out hold-up assessments, but they proposed a nevingasive acoustic emission
method (based on multi-scale analysis) to deterrtigecritical speed for complete
solid suspension. Authors validate their approaghcbmparisons with visual

observation of the just suspended speed.

Magnetic Resonance Imagingas been adopted to investigate multiphase flows
since a couple of decades (Majors et al.,1989;fStag Han, 2006). A number of
works focused their attention on the applicationtltis technique to multiphase
systems (Altobelli et al., 1991; Sinton and Chow91; Maneval et al., 1993;
Fukushima, 1999; Powell, 2008). Briefly, by apptyia magnetic field with a linear

gradient to a fluid sample , it is possible to dethe sample response consisting in
some peaks with different intensities in the fregmyedomain (frequency responses
are obtainable via Larmor relation).

Frequency differences give information on spatiatribution. Conversely, the
magnitude of the signal centered at each frequendyrectly related to the amount
of fluid at this position. The latter represents ttrucial point in multiphase flow
application: when the technique is applied to addajuid suspension (to estimate
particle concentration), it yields the local amoohthe liquid phase by which it is

possible to get the local volume fraction relevianthe solid phase. More precisely,
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a first image is got by placed in the magnetiaffizlsample consisting of liquid only
as benchmark. Clearly, such reference image repmiiegesignal intensity as a
function of position should show the same resultdach position. Successively,
MRI is used to image a sample with both phases. gaoimg the two images, the
one with the particles will appear as less intemseause of the decrease in liquid
guantity. The consequent decrease in signal irtierssidirectly proportional to the
volume fraction of solid phase.

In addition, MRI can be adopted to measure veldo#gs or to determine size
distribution of droplets. On a one hand, MRI offarson-invasive way of measuring
local solid concentration as a function of positeren for very dense suspensions
without requiring the match of two phase refraciivéices. On the other hand, MRI
apparatus is usually located in a research labgratith a person very skilled in
NMR or MRI or in a facility with specialized techual support.

The equipment is very expensive and needs to bgraskaround system which

has to be investigated (Powell, 2008).

Polarographic techniquéLatifi et al., 1992; Rode et al., 1994; Magaudakt

2001) is generally adopted to provide informationfow field in the immediate

vicinity of the wall system. Particularly, it conos local wall shear stress
measurement by quantifying the current delivered thy fast electrochemical
reduction of a reagent (generally reduction of lgaaoferrate Il to
hexacyanoferrate) dissolved in the analyzed flRidigs and Hanratty, 1963).
Clearly, technique characteristics require a cotideicliquid and a support
electrolyte whose presence could alter liquid cs@ace behavior. About
advantages, polarography is able to provide datathenflow behavior in the
proximity of the walls; also, it can be miniaturizeia microelectrodes and yielding

even information on velocity fluctuations near thall (Boyer et al., 2002).

The radioactive particle tracking techniques aresRbsitron Emission Particle
Tracking (PEPT) and th&€€omputer Automated Particle Trackif@ARPT). They

are non-intrusive techniques, unique in flow vigatlon terms, being able to
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resolve Lagrangian particle trajectories in opadleds and through opaque
apparatuses, which is an invaluable piece of inédion in the study of complex
fluid motion, such as in stirred vessels.

About fluid velocity assessment, radioactive teghes present a distinct
advantage over other optical methods, such as LDBI§, which yield Eulerian
type measurements and, as a result, only an aveedgety field can be measured.
PEPT and CARPT vyield more detailed results on iddial particle behavior and
provide local information which are important iretstudy of complex multiphase
flow, though a long and complicated calibrationqa@ure is required. Particularly,
differences between instantaneous and averageitietoallow the estimation of the
fluctuating velocities and all their auto- and &@®rrelations lead to estimate
turbulent kinetic energy and Reynolds stresses (Rodic, 2002).

On the other hand, at the present time, they dopnwtide a fine spatial or

temporal resolution (Boyer et al., 2002; Dudukowi@(2).

PEPT techniquéParker et al., 1993; Fangary et al., 2000; Pagkeal., 2002;
Fangary et al., 2002; Barigou et al., 2003; Barjgpd04; Fishwick et al., 2005;
Pianko-Oprych et al., 2009; Guida et al., 2009) degeloped at the University of
Birmingham: it primarily involves the use of a ldlbed tracer particle, a positron
camera and a location algorithm for computing thecdr location. The tracer
particle is labelled with a positron-emitting ispto A positron emitted by the
particle tracer rapidly annihilates with an elentemitting a pair of almost collinear
511 keVy-quanta in opposite directions, 180 degrees aphédse twoy-rays can be
detected by two position-sensitive detectors of pusitron camera which are
mounted in the middle of the stirred vessel. Eaetector contains a single
rectangular sodium iodide crystal optically couptedan array of photomultiplier
tubes. When a positron annihilation occurs theays emitted produce two
coincident scintillations in the crystals, the teth photomultipliers generate
positional signals and two 2D centroids are catedldby the associated software.
The joining line is the photon-trajectory relatedthe annihilation event. With a

small number of annihilation events (theoreticalhly two) the position of a single
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positron-emitting particle can be located at thessing (centroid) of the photon-
trajectories. Only coincidence events in whyetays are simultaneously detected by
both detectors are recorded. The location algori(Rarker et al., 1993) calculates
the Lagrangian radioactive tracer trajectory allogvio track it in space and time. As
a matter of fact, somg-rays are scattered prior to detection, but thécking
algorithm adopted is able to discard these ev&asdou et al., 2003).

For solid-liquid flows as well as for suspensionsstirred tanks, both phases
can be simultaneously tracked: two different trguarticles have to be used in this
case, the one representative for liquid, the otheresentative for solid particles
(Guida et al., 2009).

Ergodicity or iso-probability condition is the thretical base which guarantees
that a tracer is representative of all the solidiqurid phase. Theoretically, this ideal
state could be approached only after an infiniseking time, even if it can be
mathematically demonstrate that, if the probabilitly visit is sufficiently high
everywhere (i.e. when the trajectory of the trasaecorded over a sufficiently long
time to achieve adequate data resolution in evegyon) ergodicity can be safely
assumed (Wittmer et al., 1998). Clearly, turbulemeel/or aimed-homogeneous

conditions, very often achieved in stirred tankgegoundness to such assumption.

CARPT (Larachi et al., 1997; Rammohan et al., 2001abigjukovic, 2002;
Guha et al., 2007) was developed at the Washingdtoversity of St Louis: its basic
principles are the same already described for PERTa difference with PEPT,
CARPT typical set up consists of 16 scintillatiogtettors mounted on aluminium
supports, which are arranged on an octagonal bHsere are eight aluminium
supports placed around the tank at 45 to each .offtex configuration generally
adopted optimizes the extent to which the partigla be seen by each detector in
the tank (for full details see Rammohan et al., 1260 Each detector unit is a
cylinder containing an active cylindrical Sodiundide crystal.

Rammohan et al. (2003) addressed the strengthstrendimitations of the
CARPT/PEPT technique by numerically simulating #sme Eulerian flow field

experimentally generated, for comparison purpofhsy stated that three types of
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errors are possible in CARPT/PEPT measurementser(d)s in reconstructing the
trajectories from detector signals, (2) errors stireating the Eulerian information
from the reconstructed trajectories, and (3) erdmes to tracer particle not following
the flow faithfully. However, information on thesgror minimization/solution are
available in literature (Parker et al., 1993; Lduiaet al., 1997; Rammohan et al.
,2001c; Guida et al., 2009). Error (3) is striclilyked to size and density of the
liquid radioactive tracer. Clearly, density shoblkl equal to the liquid one to avoid
buoyant effects as well as size should be as samsafiossible to faithfully follow
liquid turbulence. In CARPT, tipically, a 23Q0n size tracer is adopted. Rammohan
et al. (2003) stated that the larger the partide,ghe less likely it is to respond to
liquid phase turbulence. They found that turbulénetic energy estimated from the
trajectories of a neutrally buoyant tracer partildeger than 230Qum could be
highly underpredicted (by as much as 50% in thaseg. Conversely, in PEPT, a
600um size tracer is utilized. Barigou (2004) addredbéxiproblem by considering
both the Kolmogorov length scale theory and thdiglar Stokes number (see the
relevant paper for other details) and he conclutiatithe 60Qum PEPT tracer was
able to follow faithfully the fluid streamlines. @r PEPT aspects concerning
geometric efficiency, improved elimination of cgptad tracer locations (due to
scattering phenomena), trajectory interruptionse(da accidental low frequency
acquisition) were addressed by Guida et al. (20883 for full details) resulting in a
good optimization of the present technique. Morepaeathors managed to provide
for the first time PEPT information on local soidncentration in the case of a high
solid loading stirred vessel, with the unique hysis ofdividing the solution
domain (the entire tank) iall equal control volumesduring data processing. Other
obvious drawbacks regarding radioactive partickeking techniques concern the
equipment high price and the dangerous use of aatli@® tracers (Boyer et al.,
2002). Finally, they cannot be applied to solid#djsuspension where particles are
not completely suspended, because the tracer dmuldntrapped in the sediment

without providing any useful/reliable information.

40

PhD thesis of Alessandro Tamburini



Chapter 1: Laser Sheet Image Analysis Technique

The tomographic techniquegWilliams and Beck, 1995) were born and
developed in recent years both for medical and stréal applications. They are
advantageous because they are able to providenmasive information on phase
volume fraction distribution inside different typessystems. The general principle
consists in measuring inside the system a phypicgderty that can be related to the
phase volumetric fraction. Measurements are caroeatl at different angular
positions and give the average values of the ptgpever the corresponding
diameters. By adopting a reliable reconstructiqyoathm, the acquired signals are
then analyzed to provide the phase fraction image oross-section of the system.

Different tomographic technique exist (PET, optidafrared, ultrasonic) but
mainly two of them have been developed and utiligedfar for multiphase flow
investigation:photon attenuation tomograploy ysray Computed TomograpHZT)
andElectrical Impedance TomograplIT).

Computed tomography (CT) has been largely empleedar (Kumar et al.,
1995; Chaouki et al., 1997; Froystein, 1997; Kurearal.,, 1997; Schmitz, and
Mewes, 2000; Dudukovic, 2002). Its principle is plmm From the measured
attenuation of photon rays such psor X-ray through the two phase mixture
(projections) it is possible to calculate the disttion of phases in the cross-section
that was scanned, since different phases showeliff@ttenuations. In other words,
this attenuation being directly proportional to theaterial density for a given
energy, the resulting image gives the density ahegixel and then the phase
fraction map. Reconstruction algorithms are basedth® inversion of 2D Fast
Fourier Transform since all the measured attennatiare linear functions of
density.

Technique limits regarding price, safety, low salatiistribution, very high
power requirement for high solid loading system &gh measurement time in
industrial application cases. Moreover, it shoutdused with rather stationary flow.
Technique potential errors concern statistical rectoe to random emission gf

photons, the dynamic bias due to gas fraction dilibns and the reconstruction
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error (Boyer et al, 2002). To my knowledge no wodesling with CT application

on solid-liquid suspension in stirred tanks exist.

Tomography systems based on electrostatic fieldec(ical Impedance
Tomography, EIT) for imaging the conducting (orldaric) properties of a medium
are called electrical tomography systems. Pradyicttie distribution of electrical
properties inside the system is obtained from measents of electrical quantities,
such as capacitance@T) (Warsito and Fan, 2001) or conductane®T), between
all couples of electrodes, suitable placed aroimedstystem periphery: outside the
system in the case of ECT and flush with the irmeface of the system in the case
of ERT (in the case of ERT electrodes have to belimect contact with the
investigated media to allow the electrical currémtenter the imaging domain)
(Dyakowski et al., 2000). Such information is eledied by applying an appropriate
reconstruction algorithm which mathematically lirtke measured values with that
distribution.

The aim of ERT is to reconstruct the conductingdietectric) properties of an
object from (ERT) measurements of electrical signtaken from all possible views
of the sensing electrodes. Multiple alternatingrent-driven and voltage sensing
electrodes can be used. A measurement protocalsisdbon injecting current, using
a pair of neighboring electrodes and measuringvtiitage differences, using all
other pairs of neighboring electrodes, and repgdtirs process by injecting current
using different pairs of neighboring electrodes.ef®fore, spatial gradients of
electrical conductivity, which are a function of noentration gradients, can be
measured. Additionally, the use of multi-plane #&leal sensors provides for a
description of mixing processes in three dimensions

Similarly, the aim of ECT is to reconstruct theldaric properties of an object
from the measurement of electrical capacitancerdetbbetween all possible pairs
of electrodes. Electrodes are excited one by odetlas capacitance values between
the excited electrode and the remaining ones assuned.

Electrical tomography is, in certain cases, the tnagactive for real-time

imaging of industrial processes, because of itsenaht simplicity, rugged
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construction and high-speed imaging capability,idgity between 100 and 200
frames per second (Dyakowsky et al., 2000). ltaisyeto implement with relatively
low costs. Its characteristic response dynamicgery fast thus allowing reliable
descriptions of flow rapid evolutions or flow cagdiration changes (Boyer et al.,
2002).

Nevertheless, the limited number of measurement$ #@e presence of
electrical noise causes difficulties in obtaining &curate solution (Mann et al.,
1997a). Also, the applied electrical fields are lea that complex (i.e. iterative)
reconstruction algorithms may be needed to reduterént image distortion.
Spatial resolution is very poor and a compensatiay also be needed to increase
sensitivity near the centre of the image. With tieigard, Stephenson et al. (2008)
addressed the dramatic effect that measuremenéegrareconstruction algorithm
and reconstruction parameters can have on elddtmpadance tomography images.
Authors concluded that all these operating pararmdiave to be chosen carefully
because they can lead to high mismatches withgresttities.

A number of scientific works were devoted to elieelr tomography
applications to stirred tanks (McKee et al., 19@5tliams et al., 1996; Mann et al.,
1997a,b; Williams and Mann, 2000; Stanley et &1Q2 Bolton and Primrose, 2005;
Rodgers et al., 2009; Hosseini et al., 2010a).

Particularly, Williams et al. (1996) described tgaplication of ERT for three-
dimensional imaging of the concentration of solia slurry mixer as a function of
key process variables (particle size, impeller pyggtation speed).

Bolton and Primrose (2005) presented an overviesugblectrical tomography
applications on pharmaceutical and related indalgbriocesses investigating, among
others solid distribution in stirred tanks and talizers.

Recently, Rodgers et al. (2009) demonstrated #®ffitbt time the capability of
three-dimensional EIT to monitor reactive stirrggtems under realistic process
conditions and scale. Authors investigated the dmatth precipitation of barium
sulphate from barium chloride and sodium sulphata 200 litre, semi-tech scale,

stirred tank reactor.
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Taking into full account the limits and disadvamagconcerning all the
techniques described so far, the idea of propoaimgw measurement technique
arises. Obviously, it would be innovative, non-ish&, very simple and able to
directly produce reliable 2D solid distribution nsapt acceptable costs and in
reasonable times. This new technique was naitreder Sheet Image Analysiad it
will be described in detail in the relevant pargdra

It is the aim of the present PhD work to apply ti$#A technique to the case of
a dilute solid-liquid suspension in completely uifiled stirred tanks: the one stirred
by a Rushton turbine, the other stirred by a maprapeller. For the case of the
radially stirred system, the formation of two stalbroidal structures resulting in
attractors for non-Brownian solid particles, heatf®n the fluid was observed.

The practical assessment and the existence camslitibthe former two stable
toroidal zones, was investigated under turbulem®litions by the adoption of the
reliable and accurate measurements provided by Li8bhnique. Naturally, the
obvious vortex formation typical of liquid stirringvithin unbaffled vessels is
avoided by both covering and degassing the vetiset, consequently eliminating

the dependence of tiower numbepn theFroude number

1.3 Experimental information

The experimental system is constituted by threennpairts: the investigated
vessel, the degassing unit and tI$4A apparatus.

The investigated vessel consists of a cylindrifiat-bottomed, 0.5 cm thick
unbaffled tank with a inner diameter of T=0.19m anHeight H=T, as depicted in
Fig.1.1.
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1

(]

T
T=0.19m
H=T
C=T/3
D=T/2

d=3/4 D
=D/4
w=D/5

Fig. 1.1: Stirred vessel.

Two different impellers were investigated in thesgension experiments: a
standard six bladed Rushton turbine with a diamBtef/2 placed at a clearance
C=T/3 and a marine propeller with a diameter D=4 f2aced at a clearance C=T/4.
In order to avoid optical distortion problems, stgred vessel was inserted inside a
bigger tank, with a rectangular plant (Fig.1.2)cwaately placed with the faces
perpendicular to the laser and the videocameraradirections.
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Fig. 1.2: The optical distortion problem and the relevantigoh.

The impeller is moved by an electric synchronougirmMAVILOR MSS-8
type supplied by continuous current by an externatrodler-feeder. It is on its side
equipped with a feedback (PIDNFRANORcontroller able to ensure the angular
velocity set point.

A fundamental task in conducting experiments iavoid the presence of air or
simply air bubbles within the stirred vessel. Aioutd generate vortex under
turbulent regime and bubbles could be mistakensfdid particles in acquisition
procedure, thus altering result reliability. In erdto answer to this task, the
investigated vessel is covered by a holed metalepdnd contemporaneously
connected, by means of two 3/8 inches gum tubet) aipurposely developed
degassing system well described in Fig.1.3. A aitew mixture is drawn by the
submerged pump through the tube B and succesgivedy water is reintroduced in
the vessel after the degassing by means of theAulbbe particles are introduced in

the vessel by a syringe through the inlet C.
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—>
<«
o Degassing tank . Ml &
(o] .==.'=.:
| DA
Stirred tank
Pump

Fig. 1.3: The degassing system: A) water inlet; B) water + aitlet; C)
particles inlet.

The LSIA apparatus is depicted in Fig.1.4: it is constdulby the illumination
system, the acquisition system, the synchronizasigstem and the PC with the

relevant software.
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Fig. 1.4: LSIA apparatus: A) pulsed laser; B) videocamera; C) obntr
acquisition unit; D) personal computer.

The illumination equipment is a double cavity ND:®Apulsed laser of the
NEW WAVE RESEARCHolo Il 15Hzmodel. It is a state solid laser emitting a
infrared radiation which is transformed in a lumisoradiation by a suitable
frequency doubler. Finally, such a laser is equippith a semi-cylindrical optics
Dantec80x11 able to transform the ray emitted in a ligheet in order to light up
the section to investigate.

The acquisition system is Bantec 80C60 Hisense Plvharacterized by a
1280x1240 pixel CCD. It has a very high sensibildylight and it is equipped by a
pass-band filter of th&dmund Scientificentred on the wave length of 532 nm in
order to limit the luminous noise due to other exa light sources. Obviously, the
videocamera-vessel relative position is to be ately chosen in order to avoid any

parallax error, but keeping a good image resolution
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The synchronization of the emitting-acquisition énof laser and videocamera
are guaranteed by an acquisition-control unit ®fbANTECprocessorFlow Map
1500model.

This processor is connected via Ethernet peer ¢o pennection to a PC. The
software utilized are thElow Manager ver.3.and theMatlab. The parameters set
inside theFlow Managersoftware are shown in Tab.1.1. Naturally the timeéwveen
two subsequent recordings has not to be a multgflehe impeller rotation
frequency in order to avoid that all the acquirethges are relevant to the same

impeller position.

Time between pulses 118
Light pulses per recording 1
Duration of each pulse 0.0k

Tab. 1.1: Flow Manager acquisition parameters

All the experiments were performed by filling ttaak with deionised water and
particles with a concentration of 0.2 g/l. Glasdldttini (density of about 2500
kg/m?®), white corundum particles (density of about 34&0n7) and made-house
fluorescent particles (density of about 1400 K/(see the following paragraph) of
different sizes were utilized in the experiments.addition, a number of angular

velocities were investigated. For need of cla@dtydata are summarized in Tab. 1.2.
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Top-covered unbaffled vessel stirred by a stan&arshton

turbine

Glass ballottini or Corundum Particles

Diameter 125-15@m
Diameter 212-25@m
Diameter 250-30xm

Diameter 425-50xm

Diameter 425-50xm

Top-covered unbaffled vessel stirred by marine ellep

Diameter 425-50xm

300 RPM
300 RPM
300 RPM
300 RPM

300 RPM

200RPM

Tab. 1.2:Investigated cases

1.3.1 Fluorescent particles

400 RPM
400 RPM
400 RPM
400 RPM

500 RPM
500 RPM
500 RPM
500 RPM

Fluorescent particles

400 RPM

500 RPM

600 RPM
600 RPM
600 RPM
600 RPM

600 RPM

Fluorescent particles

300 RPM 400 RPM 500 RPM

600 RPM

As it will be better described in the following pgraph, luminous reflections

can be erroneously considered as particles byetttentque so leading, to unreliable

solid concentration assessments. The adoption dficles labelled with the

rhodamine B (fig.1.5) allows to resolve the reflentproblem.
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Fig. 1.5:Rhodamine B: molecular structure

These particles were prepared by mixing a therrtiogetesin with its relevant
catalyst (weight ratio 2:1), a glass charge (nexrgsto increase the density of the
final polymer) constituted by particles whose ditendnas to be very low (<4n)
and the rhodamine B. It is important to obtain anbgeneous solution during the
mixing process in order to avoid gradients in timalf material properties. After the
hardening, the obtained polymer pieces were gramudsieved. Finally, the density
of the obtained particles was experimentally mess$yby means of a volumetric
flask): it was about 1400 kgAn

It is worth noting that during the experiments penied by using such type of
particles, the pass-band filter was substituted lhygh-pass filter with a threshold
wave length value of 570nm: the rhodamine B hitheylaser sheet emits the light at
a wave length of about 590nm. Therefore, with tlepdion of the high-pass filter,

only the illuminated fluorescent particles are hiisi(Fig.1.6).
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High pass filter (> 570 nm)

l

——>
| h/ :
Laser light
reflectiogns —
(543 nm)\ [
——>

T~

Rodamina B reflections (590 nm)

Fig. 1.6: High pass filter working

1.4LSIA fundamentals

The novelLaser Sheet Image Analysischnique (summarized in Fig.1.7) is
based on the probabilistic elaboration of acquiredges. A horizontal or vertical
section of the investigated vessel is illuminatgdalpulsed laser sheet; in this work
only a half diametrical vertical section is invegstied. Solid particles are
stochastically intercepted by the laser blade dwy tare lighten as bright little
points, whose spatial disposition is captured ke tldeocamera, purposely placed
perpendicularly to the illuminated plane. By sulyabynchronizing the pulsed laser
and the videocamera, it is possible to obtain aagen It is a grey-scale background
image with some white peaks that may corresporttié@resence of particles. The
images obtained in this way are elaborated in c@@tentify the particles and their

position, accurately filtering the reflections amither spurious white peaks, that are
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not linked to the presence of particles. All thedaborations are carried out by

means of specific functions of tiatlab image tool-kit

303212221311
051152515351
213211512125
012311141232

143210724211
131531121320
102601142301
071220133471
112312152522

Fig. 1.7:LSIAmain phases.

More precisely, the acquired snapshots are tram&fdrin a matrix, whose
dimensions are equal to videocamera CCD pixelsh Eaefficient of this matrix
corresponds to a single pixel, exposed in the A€Has a grey scale value variable
from O (corresponding to black) to 255 (correspogdio white). By choosing a
suitable grey-level parameter (see below), this initial matrix is sfammed in a
binary position matrix constituted of 0 and 1 sighke signs 1 correspond to the
brightness centre of all the white peaks identifizsl objects by théViatlab
procedure. Therefore, by acquiring a sufficiaotmber of imagegabout 2000, see
below) and by summing all their relevant positioatrixes, it is possible to get a

bidimensional particle presence probabiliboints,) distribution map. The sum-
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position matrix is compressed about 25 times (eaalrix area whose dimensions
are Ar=A4z = 5 pixels is substituted by only one coefficiente teum of all the
coefficients belonging to that area) in order t®rage results and consequently
reduce data probabilistic scattering. Such a maytiptied by a a constant (see
below), corresponds to a solid phase concentrafignmap on the same vessel
section.

An example of the information which it is possilbdeget by means of the LSIA

technique is shown in Fig.1.8 is the average solid concentration in the vessel).
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Fig. 1.8: Example of information obtainable by the LSIA teitjue (for the

case of glass ballottini particles of 425-5@t at 600RPM in the
tank stirred by the Rushton turbine): A) Colour Map$;Contour
Plots; C) Radially averaged integral axial profile.

1.4.1 The grey-level parameter

The elaboration procedure needs the choice ofesltiotd value for the matrix

bynarization in order to discriminate the brightdselonged to the illuminated

particles placed on the laser sheet plane fronbthghtness of the background: all

the coefficient values higher than this parametercmnsidered signs 1, the others

are considered signs 0. In order to correctly cacagh a parameter, it is necessary

to analyze the histogram of some acquired imageseXample of this histogram,

typical for all the acquired images, is shown ig.Ei9.
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Fig. 1.9: Typical acquired image histogram: brightness vatkrsus number of
occurrences.

This figure shows that the bright peaks distributie bimodal (there is a very
narrow peak at 255).

All the value relevant to the first mode of thetbggam are representative of the
background brightness, conversely, particles latate the laser sheet plane are
directly hit by the light blade showing the maximummightness value, i.e. 255. Any
parameter value higher than 200 guarantees thenoigaof practically the same
results: two different elaborations of the same afeimages were performed by
adopting agrey-scaleparameter of 240 and 253 respectively. Resultpiaetically

identical and they are not shown for the sake eity.

1.4.2 The number of images to acquire and the medidilter

Obviously, a higher number of images guaranteessndafined and reliable
particle distribution, but requiring increasing kdaation times. In order to find a
compromise and choose the best value, a set of vemte carried out. Obtained
results (some of these are shown in Figs.1.10 aht) buggest the use of 2000 as
thenumber of image® acquire: in fact, as matter of fact, resultsaoted with 6000
acquired images are very similar to those relewant2000. In particular, the
contours of the concentration plot relevant to 8860 images case (Fig.1.10B) are
smoother and more defined than the 2000 imagegFagd..10A), but the two maps
are qualitatively the same. In addition, the rdgiaveraged axial profiles shown in
the Fig.11a provide a quantitative comparison betwtbe two cases confirming that

2000 images are sufficient to guarantee relialdalte by a statistical point of view.
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N N

Fig. 1.10:Examples of the same distribution map relevant émllgalf section
because of obvious symmetry reasons (for the chsmrondum
particles of 212-250um at 500RPM in the tank stirred by the
Rushton turbine) obtained by acquiring: A) 2000 iesgB) 6000
images; C) 2000 images elaborated with the adopticghe median
filter.

These axial profiles present some little peakdyikelevant to light reflections
which are also visible as red points in the contplots (Figs 1.10A and B). The
adoption of anedian filterrepresents a good way to delete their presencecdeah
value of the final compressed counts matrix, theliare filter analyzes a squared
window of surrounding values (3x3 pixels) whosetoeiis the initially considered
value: these values are ordered and the considerecal value is substituted by the
median value of the succession.

As a matter of fact this operation does not havghgsical meaning, but it
provides a good global effect: the undesired peaksleleted as shown in Fig.1.10C
and in Fig.1.11B and C. In addition the contours tbé normalized solid

concentration depicted in Fig.1.10C appear to bdeply smooth and defined.
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Probably, increasing greatly the number of acquinegiges would lead to the same
contour plot obtained by means of the median filtieis worth noting that this filter
can be used only when concentration variationssar@oth and sharp gradients are

not present: a characteristic of all the maps prteskein this section.
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Fig. 1.11: Comparisons of radially averaged axial profiles fmrundum
particles of 212-25@m at 500RPM.
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1.4.3 The mean and the minimum particle arealfnen and Anin

After the bynarization, the Matlab procedure taketo account all the
agglomerates of signs 1 and labels each of themanasbject. Each of these
agglomerates is substituted with an only sign Tedain the centre of the object.
This choice is dependent on the fact that the beiggd crown of each illuminated
particle has the same particle luminosity and & ko size comparable with the
particle one (this effect is greater for smallertigke size). Clearly, some particles
could be one near the other, like in the sedimappearing as a unique brightened
object. TheAneanis an important value allowing to divide the bigghmmerates
(bigger tham\caitAmin) in the correct number of constituting objects.

Anmin is another important parameter which has to bsidened. The light sheet
is a narrow plane (about 2-3 mm), some particlescampletely contained in it,
others are partially outside the plane appearingsraall objects. All particles
partially hit by the laser sheet show an area snallanA,,;, and have not to be
taken into account. Moreover, the adoption of deriar limit have also the function
of eliminating all the little reflections (see belp

The two parameters were chosen by a visual obsemvaif the acquired
images: little differences due to operator serigjbilid not provide significant

variations in the obtained results.

1.4.4 Light reflection issues

This novelLSIA technique suffers of a bothersome drawback: tlesgmce of
light reflections relevant to some physical compuseof the vessel. In order to
reduce the problem incidence, the rotating compsufichpeller and shaft), the
bottom and the cover were blacken by an opaquéd.gdawever, even optimizing
the spatial disposition and the physical elemeanigtimg, some reflections appear
permanent.

Light reflections can be classified into two diffet categories: random and
fixed ones. Random reflections are generally smiakk reflections: typically they

are smaller than the particle size. They are ifiedtiand deleted by a filter
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implemented inside the Matlab procedure which dugstake into account all the
objects having an area (in pixel) smaller thanrii@mum particle ared.
Conversely, fixed reflections have big size and ok linked to the particle
presence or movement. They are identified and etlby a tnask (Fig. 1.12), a
particular binary matrix which is created by prageg some images acquired in the
tank filled with liquid only. Moreover, in the magke impeller and a little region
surrounding it (areas which are clearly not invdle an eventual particle presence)
are manually shaded. Such a mask eliminate afixbd reflections, but resulting in
a loss of data in the zones where reflections aesemt (all the mask coefficients

relevant to reflections are set to 0).

\

Identified
| reflections

7

This data holes in the final counts matrix areedll by interpolating the

Fig. 1.12: The ‘mask

coefficients of the cells surrounding these hokgg.(.13).
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Fig. 1.13:Examples of data hole filleting

The most valuable solution for avoiding almost thié reflections (fixed or
random) is the adoption of fluorescent particleshesFig. 1.14 shows, though it is
worth noting that some reflections will however fresent if the black paint is not
applied. For example, Unadkat et al. (2009) finghhvalues of solid concentrations
in the proximity of the impeller and they do nobpide a convincing explanation
about this evidence: in fact the light reflected garticles can hit the metal-made
shaft and the impeller thus resulting in a secondeflection which can pass over

the filter and provide the unphysical highlightedas near the stirrer.
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B

Fig. 1.14: Two examples of acquired images: A) 425-%00 glass particles;
B) 425-500um fluorescent particles

1.4.5 Shifting from a probability distribution map to a normalized
concentration map

Each coefficient of the compressed sum-positionrimndthat is a number of
counts,) refers to a little area of the illuminated plgmdnose size are clearly and
42) and it represents the probability of finding atjgée in that area. Because of the
axial symmetry of the unbaffled vessel, there & $ame probability in the volume
generated by the azimuthal rotation of the consid@rea around the shaft. Ttre
constant allows to shift from this local probalyilib the local concentration value
C,, which is the concentration value relevant to therier rotational volume. In

formula:
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C,, =countgs, & (1.1

Therefore, the relevant local mass vaMg, can be estimated by multiplying

the local concentration by the relevant rotatiormlime:
M, , =counts, [ér (27 (4r [22) (1.2)

The sum of all the local mass values results irtake mass value:

T/2H
Mo O3 X271 [Ar [Az[¢ounts , Lar (1.3)

r=1z=1

In this way it is possible to estimatesince the total mass loaded in the tank is

a known value:

a= M or (1.4)

/
2Tl [Az [Tﬁzir [¢ounts,

r=1z=1

However, it is more interesting to obtain final meapvhere the local
concentration is normalized as regards to the neeagentration inside the vessel
Cm. Therefore inside the Matlab procedure it is usedther constant, namedd

which is equal to the ratio @f to the mean concentrati@a,..

C,, countsla
MTOT

C
TRH

=counts [K (1.5)

m

The equation for the computation of the conskaig obtained by dividingr by

the mean concentration.
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o a R*H
K= M - T/2H (1.6)
—T1or  2[Ar [Az[} >'r [Counts,
TR?*H r=lz=1 '

Summarizing, it is possible to directly transforhe tprobability map into a
normalized concentration map simply multiplying tbempressed sum-position
matrix by thisK value.

1.4.6 Reproducibility
A statistical assessment of the LSIA technique adpcibility was not carried
out. However, two runs of the same experiments wepeoduced and quite similar

results were obtained. An example is reported gn1FL5.

0.9r

0.8r

0.7r

0.61

= Run-1
0.5 — RUN-2

z/H

0.4

0.3

0.2¢

0.1r

Fig. 1.15: Reproducibility assessment (for the case of corunganticles of
212-250um at 500RPM in the tank stirred by the Rushton hehi
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1.5LSIA application: dilute suspensions in unbaffled veste

1.5.1 Introduction

The most industrial stirred vessels are equippeth wiaffles breaking the
undesired tangential component of velocity, andsequently avoiding the vortex
formation at high angular speeds. Moreover bafilespnce increases the axial
velocities thus guaranteeing a better axial citbpaand mixing than the vessels
without baffles (Nagata, 1975). Although bafflechka are widely used for better
mixing of liquids or of solid particles and liquithere are many cases where the use
of unbaffled tanks may be desirable. Unbaffled eayst are, in fact, usually used in
some specific applications (Assirelli et al., 2008cek et al., 2001) where the
baffles could be determine some precise drawba€Eks.example, in food and
pharmaceutical industries it is a matter of primanportance to keep the reactor as
clean as possible. In crystallization processeiftée et al., 2007) and biological
application (Aloi and Cherry, 1996) it is necesstryavoid any damage on growing
particles or on cells culture respectively. In [péation processes baffles could be
suffer from incrustation problems (Rousseaux et 2001). Finally, unbaffled
vessels are commonly adopted for the case of lanmiging of viscous systems,
typically in conjunction with large close-clearantepellers, since dead regions
may form in the proximities of baffles (Lamberto at, 1996). Notably, higher
values of the mass transfer coefficient may beinbthin unbaffled vessels, at the
same value of mechanical power dissipation, esheciehen high density
differences exist between the liquid and solid peg&risafi et al., 1994; Yoshida et
al., 2008).

Scientific literature emphasizes a continuous iasimy interest towards
unbaffled stirred vessels: both experimental (Abaga al., 2006; Kagoshima and
Mann, 2006; Montante et al., 2006; Rao and Kum@®,72 Tezura et al., 2007; Shan
et al., 2007; Shan et al., 2008; Yoshida et al082®irata et al., 2009; Brucato et
al., 2010) and computational studies (Ciofalo et H996; Lamberto et al., 2001,
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Shekhar and Jayanti, 2002; Alcamo et al., 2005k&saT, 2006; Sbrizzai et al.,
2006; Shan et al., 2008) were carried out, ofteawsig good perspectives about a
massive industrial use of such equipments (Bruettd., 2010).

However, at the present time, unbaffled vesselsstltepreferentially adopted
for the case of laminar mixing: they are preferfedthis flow regime because in
baffled systems some dead regions may exist irt sbbaffles. Moreover, at these
low velocities, the swirling-tangential flow prodedt by a radial impeller is not so
strong as to determine the formation of a pronodmnaetex. In a such regime, some
studies have shown the presence of two main poamgiregions, bounded by
surfaces with a typical toroidal shape, placed owed below the impeller
respectively (Yianneskis et al., 1987; Dong et &B94; Lamberto et al., 1996;
Lamberto et al., 2001; Alvarez et al. 2002). Sudhfaxes, separating the non-
chaotic regions from the outside flow (except tlyloumolecular diffusion), are the
known invariant tori described by the Kolmogorowaatd-Moser KAM) theory
(Fountain et al., 2000; Abatan et al., 2006). Ak tstudies involving the laminar
flow in unbaffled vessels have the same common #iat, is to break the poor
mixing tori and to increase axial and radial mixifgypical solutions provide the
choice of a shaft eccentrically located (Montarttale2006; Galletti and Brunazzi,
2008) or the use of a time dependent angular wglgicamberto et al., 1996, Tezura
et al., 2007; Yoshida et al., 2008).

1.5.2 Attractors for solid particles

It is quite known that in a solid-liquid flow, pates, as big as to consider any
Brownian effect negligible, can follow streamlinagp to reach non-trivial
equilibrium positions in a number of different floypes (Segré and Silberberg,
1962; Mauri and Papageorgiou, 2002). Abatan €R806) investigated this particle
migration in a tank stirred by multiple impellerstating at low velocities. They
observed the migration of non-neutrally buoyantiplas, both lighter and heavier
than the continuous fluid (glycerine in their warkdwards the twd<AM tori and
they investigated the non-trivial asymptotic bebaviof such a migration. They

stated that both particle types can migrate acstieamlines to position themselves
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in repeatable equilibrium locations. In accordawité their study, such a behaviour
is the result of a balance between: centrifugalyanoy forces, wall interactions and
particle inertial effects, as a function of thedbshear environment.

The practical assessment of this phenomenon rexthieesadoption of a reliable
and accurate measurement technique. LSIA technicage used to assess such a

phenomenon.

1.5.3 Top-covered unbaffled tank stirred by standad Rushton Turbine
with a clearance C=T/3: toroidal attractors for sold particles

Starting to operate from still conditions, all th&rticles begin to move from the
bottom until they form the first torus (thebwer torug below the impeller.
Increasing the impeller rotational velocity, sonatjgles run away from the lower
torus to constitute thepper torusin the upper part of the vessel. Increasing furthe
the agitation velocity, the number of particles ingvfrom the lower torus towards
the upper torus increases gradually. Thereforehigtt impeller speeds particles
prefer the upper torus more than the lower ones €hiblution is well captured by
the LSIA technique and it is visible for 425-50fh glass ballottini in Fig.1.16: at
300RPM particles are all over the bottom, someeangent and some circulating
within the lower torus, at 400RPM many of them mtswards the upper part of the
vessel and form the second upper torus, at 500RRdfiaally at 600RPM the
amount of particles shifting from the lower torostlhe upper one increases with the
angular velocity. In addition, at 600RPM all thertiides are suspended and no
sediments are present. At velocities much highan 800RPM, i.e. about 800RPM
for the present case (glass ballottini of 425-561), all the particles leave the lower
torus transferring themselves in the upper ones@hery high velocities were not
investigated since the seal between the shafttedpper part of the cover becomes
less effective and some air bubbles enter inside wbssel compromising the
experiments. However, at these high velocities, tlidl experiments performed
showed the existence of the upper torus only. Mvésth noting that, negligible
concentration of particles are present in otheselesones at any agitation speed,

because almost all particles are essentially attdday the two tori.
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N ™ Y ~ —

Fig. 1.16:Contour plots of solid concentration for 425-50@ glass ballottini
at: A) 300RPM; B) 400 RPM; C) 500 RPM; D) 600 RPM.

C/Cy

The same behaviour is observable in Fig.1.17 whbee relevant radially
averaged axial profiles are shown: increasing thpeiler velocity, the particle
concentration decreases in the lower part of thesele(where the lower torus is
located) and it increases at the quote where tperuprus is placed. Moreover such
profiles confirm that almost all particles are edidly attracted by the two tori

showing a very low concentration at any agitatipeesl in the rest of the tank.
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Fig. 1.17:Radially averaged axial profile for glass ballottii425-500um at
different angular velocities.

The tori formation has been rarely investigatedasqAbatan et al.,2006). They
are likely to result from the complex equilibriummisang among gravity, buoyancy,
wall constraining reactions, centrifugal forcesglforces and particles inertia.

It is a dynamic equilibrium because under turbuferdtuations particles escape
from one of the two attractors to assume a newlieguim position in the other one.
It is worth noting that such equilibrium resulttimo different stable positions below
and upon the impeller thus leading to two tori wathlifferent diameter: the upper
torus has got a diameter comparable with the taré oonversely the lower torus
diameter is found to be significantly lower.

If particles were without their own inertia they wad follow the liquid flow
field and they would be distributed more or lesmbgeneously in all the vessel, on
the contrary, increasing particle inertia, theindency to constitute the tori likely
increases consequently. In order to better clahify relationship between particle
inertia and tori attraction, the influence of peldi diameter and density were
investigated.
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Figs.1.18 and 1.19 show the behaviour of 12541%0glass ballottini particles
at different angular velocities. It is clear thairticles however move preferentially
in proximity of the two tori, in fact the particloncentration is higher in the upper
and in the lower part of the vessel just wherettin tori are placed. But particles
with smaller size intrinsically possess a smallegriia and are more subject to
turbulent dispersion forces. This results in a bighomogeneity degree with respect

to the case of larger particles.

C/Cy
3

| e

Fig. 1.18: Contour plot of glass ballottini of 125-1%0n at: A) 300RPM; B)
400 RPM; C) 500 RPM; D) 600 RPM.
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Fig. 1.19:Radially averaged axial profile for glass ballottifil25-150um at
different angular velocity.

The dependence of particle distribution on partdiameter is better shown in
Fig.1.20 where contour plots and radially averagedhl profiles relevant to
different particle size at constant agitation spaed particle density are shown.
Larger particles are less dispersed and more ctrated in the tori zones because

particles with a higher diameter have got highertia.
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Fig. 1.20:Particle diameter influence: contour plots andatiglaveraged axial
profile of glass ballottini of different size at@RPM.

Also the effect of particle density on the two tooinsistency was investigated
and a representative example of the obtained sessitreported in Fig.1.21.

Increasing particle density at given agitation sbaed particle diameter leads to an
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increase of particle inertia. Even in this case pasticle homogeneity degree

decreases and the concentration consequently seseeear the tori zones.

Glass Corundum

—_ glass
= corundum

Fig. 1.21:Particle density influence: contour plots and rigliaveraged axial
profile of 250-30Qum patrticles with difference density at 500 RPM.
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Summarizing, particles with a higher inertia hawt g higher tendency not to
follow the liquid main flow and concentrate in tteroidal attractors, thus resulting
in a lower dispersion degree.

The close effect of particle inertia on solid distition degree was quantified by
calculating the standard deviation of the normadliparticle distribution matrixes:
The standard deviation as defined by Bohnet andriidx (1980) is:

1.7)

This value is commonly called standard deviatioouthh it is actually a
variation coefficient (i.e. a normalized standaedidtion).
Results concerning the standard deviation are tigpio Fig.1.22, they confirm

the considerations described so far.
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Fig. 1.22:Inertia influence on particle dispersion degree.
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In this figure only the results relevant to casdwem the agitation speed is
higher than the just suspended speed are presemtad. is because under
incomplete suspension conditions the standard tieniavould be heavily affected
by the presence of particles resting on the bofiwstead of circulating along the
two toruses.

Finally, some experiments were carried out with -8 um made-house
particles in order to verify the effectiveness ight reflection removal procedure.
Two identical set of particles were prepared with procedure described along the
paragraph 1.3.1, but for one of this set, no RhadaB was added for comparison
purposes. The radially averaged axial profiles Itegufrom these experiments are
shown in Fig.1.23: the two profiles are not the samut they are quite similar
confirming the soundness of the light reflectiormmoval procedure and the

reliability of the results presented so far.
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Fig. 1.23: Radially averaged axial profile of normalized sotidncentration

relevant to made-house particles of 425-500 (density of about
1400 kg/ni) at 400RPM.
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1.5.4 Top-covered unbaffled tank stirred by a marie propeller with a
clearance C=T/4.

Propeller are very useful for mechanical mixing mflk motion controlled
systemslike suspensions of solid particles into a liqu@nly some explorative
experiments were carried out by adopting fluoresqaarticles of 425-50Qum
(density of about 1400 kgAn Five different impeller velocities were investtgd
and the relevant results are depicted in Fig.1.24.

A number of differences from the Rushton turbinestegn are observable.
Clearly, distribution effects linked to the flowduced by a propeller show a mainly
convective character, conversely, in the case Buahton turbine, distribution is
strictly close to turbulence.

At very low velocities (200RPM) a big grouping ddirficles is present on the
tank bottom underneath the propeller. These groypsticles are not a stable
sediment, but they move dynamically rolling upore thottom. In fact just
suspension speel,; was estimated by visual observation and found totlian
200RPM. Increasing agitation speed the extent isfdiinamic sedimergradually

decreases and almost disappears at 600RPM.
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RPM

Fig. 1.24: Contour plots of normalized solid concentration #25-500um
fluorescent particles at different propeller raiatl velocities.
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However, no attractors for solid particles wereoggized in this case. Starting
from 200RPM and increasing propeller angular véyogarticles do not move from
the dynamic sediment to constitute a lower torushenvessel bottom, liquid radial
velocities and centrifugal forces act towards thens directions, on the contrary
they oppose each other in the Rushton turbine sysBy the way, the dynamic
sediment presence appears quite stable, thougltagdeven at high velocities
suggesting that considering liquid flow as chanaz¢el by a single circulation loop
is too simplistic. Probably the fluid pumped by gh@peller moves away from the
axis due to flow radial components, thus generaflow lines lapping on the
dynamic sediment. Contemporaneously, a smallemskzey circulation loop (whose
character is turbulent) is present just below ttapeller driving the sediment in the
opposite direction, i.e. towards the lateral wadl€ Fig.1.25).

Fig. 1.25: Sketch of liquid flow circulating rings in a top-ered unbaffled.
tank stirred by a marine propeller
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These two effects are contrary, they generaterdifteequilibrium conditions at
different angular velocities: at high velocitieetBecondary ring effect increases
because of higher turbulence thus favoring the ensipn of a higher amount of
particles from the dynamic sediment. In additiom,rzcrease in propeller rotational
velocity leads the primary circulation loop to iease its extension, thus allowing
more suspended particles to reach higher heiglitseomoving downwards towards
the propeller. This effect is clearly observable Fig.1.24: at a given angular
velocity, particle concentration is higher just whexial velocities are low and
residence times are consequently high. Howevesshasvn in Fig.1.26, no clear
liquid layer is visible at all the investigated oeities. This figure confirms that an
increase in impeller speed leads to a decreaserafaiized solid concentration in

the lower part of the vessel and a consequentasera the upper part of the vessel.
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0.8r ——500 rpm |
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Fig. 1.26: Radially averaged axial profiles of normalized salmhcentration
for 425-500um fluorescent particles at different propeller tiotaal
velocities.
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By comparing these results with the ones obtaimethé case of the radial
impeller it is clear that the two impeller providevery different effect on solid
particle distribution. Increasing rotational spetb@ propeller generates a better
dispersion of solid particles, conversely, Rushimbine leads to concentrate them
towards the two tori. This evidence suggests ttopton of one impeller instead of
the other depending on the kind of process invglvirhe different behaviour shown
by the two cases is also visible in Fig.1.27 wistemdard deviation are compared at
different rotational speed for the same particlemrine propeller tendency to
particle dispersion is represented by a decreasgimard deviation with impeller
speed, conversely, Rushton turbine effect of dartoncentration is represented by

an increase of standard deviation.

14 ¢

04t 4 Rushton

Variation Coefficient [-]

0.2 F Propeler

100 200 300 400 500 600 700
N [RPM]

Fig. 1.27: Comparison of standard deviations for the two typesmpeller

(425-500um fluorescent particles ).
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1.6 Final remarks

A novel very simple technique namégser Sheet Image Analydisr solid
concentration assessments in dilute solid-liquidest vessels was developed and
accurately described. It is not-invasive allowingget experimental information on
particle distribution without adopting any equiprhérside the investigated system
and consequently avoiding possible result altematihis innovative technique
appears to be very promising: it is characterizgd lyood reproducibility and result
reliability. It is able to provide directly 2-D (ogposed of about 35’000 point by
point measurement information) solid particle disttion maps in stirred tanks
without requiring neither too complex and long elations nor too expensive
measurement apparatuses. In addition, it couldossilple to use LSIA technique to
get simultaneous PIV information on fluid flow fieinside the vessel simply by
using another acquisition camera (Unadkat, 2009).

Anyway, the technique development is at the begimind there is still room
for future improvements. At the present tilc®lA main limit is represented by solid
concentration. As all other optical techniqué§IA cannot by applied to dense
solid-liquid systems because the laser ray is noie a&o cross high solid
concentration suspensions. Ad-hoc experiments atmedantify such a limit were
not carried out. By the way, it is possible to teschis drawback simply coupling
LSIA technique with a suitablRefractive Index Matchingf the two phases (Cui
and Adrian,1997; Micheletti and Yianneskis 2004rdving and Rasmuson, 2008).

In this studyLSIA technique was applied to solid-liquid dispersionstwo
different unbaffled vessels both provided with aeroat the top: one stirred by a
standard six bladed Rushton turbine with a diamBtef/2 placed at a clearance
C=T/3, the other stirred by a marine propeller vétdiameter D=T/2.4 placed at a
clearance C=T/4.

Visual observations of the first unbaffled systehow the existence of two
stable toroidal attractors for non-Brownian solattjtles heavier than the fluid. The
existence conditions and possible influences onfah@ation of these two tori for
solid particles were investigatetdSIA technique was found be very useful and

promising: it was able to reproduce the same sydtehaviour visually observed.
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Results showed that particle diameter and denffitgtahe attraction of the two tori
and the particle suspension degree consequentlyliggyissing these results it can
be stated that the tori formation, opposing toipirtdispersion, is favoured by an
increase in particle inertia properties.

Conversely, no attractors for solid particles weeeognized in the system
stirred by the marine propeller. Analysis of thélexied data suggests that the fluid
flow field is characterized by two contrasting dilation loops generating different
equilibrium conditions at different angular veloes.

Finally, it can be stated theSIAtechnique can be successfully applied to solid-
liquid dispersions providing useful data which ntaystitute a good validation tool

for computational studies.

1.7 Nomenclature

Armean mean particle area, fn
Anmin minimum particle area, m
C impeller clearance, m

C../ G/ C local particle concentration, g/l
Cim radially averaged particle concentration, g/l
Cn mean particle concentration, g/l

counts, probability of finding a particle at a given rgosition, (-)

D impeller diameter, m

d impeller disc diameter, m

H fluid height in the vessel, m

K constant which allows the shift from local probay to

normalized local concentration value, (-)

I impeller blade width, m

M, local solid mass value, g

Miot total solid mass value, g

n number of cells within the matrix, (-)
N impeller speed, RPM or RPS

82

PhD thesis of Alessandro Tamburini



Chapter 1: Laser Sheet Image Analysis Technique

Nis minimum impeller speed for complete off-bottospsusion, RPM

radial coordinate, m

-

R tank radius, m

T tank diameter, m

w impeller blade thickness, m

z axial coordinate, m

Greek letters

a constant which allows the shift from local protiiap to local

concentration value, g/l

o variation coefficient, (-)
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CHAPTER 2
STEADY CONE RADIUS METHOD (SCRM)

2.1 Abstract

As already emphasized in Chapter 1, unbaffled estirtanks are seldom
employed in the process industry as they are cersidpoorer mixers than baffled
vessels. However they may be expected to proviglafiiant advantages in a wide
range of applications (e.g. crystallization, foatt gpharmaceutical processes, etc)
where the presence of baffles is often undesirdblehis second Chapter solid-
liquid suspensions in an unbaffled stirred tank areestigated. The tank was
equipped with a top-cover in order to avoid vortesmation. A novel experimental
method (the Steady cone radius methpdSCRMN was proposed to determine
experimentally the minimum impeller speed at whisblids are completely
suspended. Experimentdl and power consumption data were provided ovelyfair
wide ranges for particle size, density and conegiotn. N dependence on fluid
viscosity and system scale was investigated as Welbendence dfs on particle
density and concentration was similar to that okesin baffled tank. Conversely, a
negligible dependence & on particle diameter was observed in the unbaffled
tank, a difference from baffled vessels with impattpractical implications: it may
advice the adoption of unbaffled tanks when largaviy particles are to be dealt
with. As another difference from baffled vessbls was found to decrease when
liquid viscosity increases.

The mechanical power required to achieve complagpension in unbaffled
tanks is shown to be much smaller than in baffleslsels. This, in conjunction with
a previously ascertained excellent particle-fluidssttransfer promotion (Grisafi et
al., 1994), could make unbaffled tanks a best &fiic many solid-liquid operations
where mass transfer is the main limiting factor.

On the other hand, a smaller exponent for the agaleule was found with

respect to baffled tanks, which implies the need farger specific power
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consumptions the larger the vessel size and may useful applications to small to
medium plant sizes. Finally, a correlation akin Zwietering’s correlation was

proposed for top-covered unbaffled stirred tanks.

2.2 Literature review

Mechanically agitated vessels are widely employadaf variety of chemical
processes involving particulate solids suspensiddmost invariably the solid phase
is required to participate in mass transfer phem@mnand therefore it is important to
provide enough agitation to suspend all particBsow this full suspension state
the total solid-liquid interfacial area is not cdetely or efficiently utilized, while
above this speed the solid-liquid mass transfee iatreases only slowly with
agitation intensity.

Many research efforts have been devoted to therdetation of the minimum
rotational speed required to attain full partiaisgensionlN;s, and its dependence on
a number of geometrical, physical, and operatiormalables (Zwietering, 1958,
Nienow, 1968, Baldet al, 1978, Raghava Rao and Joshi, 1988, Armentante and
Nagamine, 1998, among the others). A number ofiesufibcused on three phase
systems; among these Nienaw al, (1986), Frijlinket al, (1990), Micaleet al,
(2000), Dohiet al, (2004) addressed the problem of correlating titator speed
for complete suspension under gassed conditionseri®ly Kuzmanic and Lubic
(2001), Baoet al. (2005), Tagawaet al(2006), investigated the draw-down of
floating solid particles in aerated baffled vessels

Many of these works relied on the visual assessroéiNs according to the
method first introduced by Zwietering (1958) whiapart from being subject to
substantial uncertainties, gives no informationwdrat happens at agitation speeds
below Ns. Many other methods and techniques, both expetahemd theoretical,
were adopted in order to evaluate this minimumagigih speed for complete solid
suspension. For full details regarding all the #xgs techniques as well as their
advantages and limits refer to Chapter 5. Anothed&mental parameter regarding

particle suspension performance within stirred témkhe Power Number: it is a
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dimensionless number which indicates the mecharpoaber requirement for a
given impeller size and velocity. A significant @ff has been devoted so far to
investigating the power consumption requirementssaifd liquid suspensions in
baffled stirred tanks (Bohnet and Niesmak, 1980;dztcek, 1982; Raghava Rab
al., 1988; Rewatkaret al, 1991; Bubbicoet al,1998; Bujalskiet al, 1999;
Micheletti et al, 2003) as well as in aerated solid liquid stirvedsels (Frijlinket
al., 1990; Pantula and Ahmed, 1997; Birch and Ahm&8y}.

Bohnet and Niesmak (1980) were the first to shoat Bower Number depends
on particle loading. Bubbicet al. (1998) highlighted that the increase in power
consumption due to the presence of particles cabedatatisfactorily predicted by
simply substituting the average suspension derfsity liquid density. This is
especially true when large particles are involved particle fraction exceeds 4% by
volume, allegedly due to energy dissipations cotatewith solid-liquid friction and
particle-particle collisions. Also Micheletit al. (2003) investigated Power Number
(Np) dependence on impeller speed, particle loadirg) @article size, for baffled
tanks stirred by a Rushton turbine. They observed N, increases witiN until
complete suspension conditions are achieved. Atdnigotational speeds they did
not observe further variations b, , whose final values (computed by considering
the average mixture density) did not exactly ca@pn the relevant single phase
(liquid-only) value, as a difference from Herring&979).

A similar trend ofN, versusN was observed by Raghava Retaal. (1988) and
by Rewatkaret al. (1991). These authors also suggested haimay be directly
assessed from power measurements as the firstlengekeed at whiclN, reaches
its final constant value. Finally, for a tank equeg with a propeller Bohnet and
Niesmak (1980) found an increasing-decreasing bebmawf N, with a relative
maximum practically coinciding withjs .

Very little attention has been devoted so far tdiddajuid suspension in
unbaffledstirred tanks. Very few works have addressed satigh topic. These
concern unsteadily forward-reverse moving impelleither rotating (Tezurat al,
2007; Yoshidaet al, 2008) or axially moving (Hirat&t al. 2009). In particular

Tezuraet al. (2007) experimentally assessed just suspendediticosd and the
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relevant power consumption. Their results were dbtanfollow a slightly modified
version of the well known Zwietering’s equation aoonly employed for baffled
tanks (Zwietering, 1958). In addition, the just persded power consumption was
found to be lower than that required in a convergtidbaffled tank. Yoshidet al.
(2008) measured the liquid and particle flow figlaghile Hirataet al. (2009)
measured power consumption and mixing times inigi@rsuspensions by using a
mixing system with a disk impeller moving up andwahoin a cylindrical vessel
(recipro-mixing).

In the present chapter the problem of particle sosjpn in unbaffled tanks
stirred by common (continuously rotating) impelléssaddressed for the first time.
A special “steady cone radius method(SCRNM was devised to assist thé
assessment. Power consumption measurements fanlzenwf operating conditions
were also performed. Finally, just suspended powequirements (power
consumption corresponding to thi value) were collected and compared with the
relevant values in baffled tanks. The vortex folioraproblem has been addressed
and resolved by the adoption of a top-cover. Iw@th noting that, though this
choice limits the extent of the present PhD work &pecific system, it represents an

easy design solution to avoid vortex formation.

2.3 Experimental information
2.3.1 Investigated systems

Experiments were performed using a cylindrical tamkh internal tank
diameter T=0.19m and square configuration (H=Twimged with a six bladed
Rushton turbine with diameter equal to T/2 and ilepeclearance equal to T/3,
(Fig.2.1).

A bigger unbaffled tank was used to investigatdesop effects. This bigger

tank was geometrically similar to the former and hadiameter T=0.48m (Fig. 2.2).
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Fig. 2.1: Stirred vessel employed for the experimentatiord(T8 m).
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Fig. 2.2:Big stirred vessel employed for the experimentafibr0.48 m) and its relevant
cover (below).
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The tank was provided with a top-cover to avoidt@wrformation on the free
surface. The seal between the cover and the taslguaranteed by a gasket o-ring.
A plexiglass vessel together with a transparenpstpand a 45° inclined mirror
(positioned below the tank support) were used deoto ease visual observation of
tank bottom. A simple compact digital camera, altayv shutter speed to be
manually set, was used for image acquisition. Theomwas employed only for
visual observation while the digital camera wasiuse N assessment.

Distilled water and solid particles of different t@dals and size, as summarised

in Table 2.1, were employed for the experimentation

Material dp [um] average Density Particles concentration

dp [um]  [kg/m’] [Yow/w]
Silica 212-250 231 2400 25-5-75-10-125
particles

250-300 275 2400 25-5-75-10-125

355-425 390 2400 25-5-75-10-125

425-500 463 2400 25-5-75-10-125

500-600 550 2400 25-5-75-10-125

850-1000 925 2400 25-5-75-10-125

Glass 500-600 550 2500 25-5-75-10-125
ballottini
850-1000 925 2500 25-5-75-10-125

Corundum  212-250 231 3850 25-5-75-10-125
425-500 463 3850 25-5-75-10-125

500-600 550 3850 25-5-75-10-125

Tab. 2.1:Experimental suspensions investigated.
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Different ratios of water and glycerol were usegbtepare solutions of different
kinematic viscosity. Standard Ubbelohde viscometers (Fig. 2.3) werpl@yad to

measure the viscosity of these solutions.
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Fig. 2.3: Standard Ubbelohde viscometer employed for measmtm
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2.3.2 Steady Cone Radius Method (SCRM)

Particle “just suspended” conditions may refer ke toriginal Zwietering
definition (off-bottom suspension) or to “on-bottbsuspension (more realistic with
heavy particles). In any case what is importamssiring that the surrounding liquid
phase is continuously renewed around all partislesthat they are allowed to
effectively participate into mass transfer phenoanen

For N assessment, in the present case, a suitsiglady cone radius method”
(SCRNM was devised to assist the identification of ottdro just-suspended
conditions in unbaffled vessels. It takes advantage the observation that in the
unbaffled vessel here adopted, at any rotationeégmelowN;s the unsuspended
particles form a sort of steady cone laying ovettdrmo centre. The steady cone
radius is quite easily discriminated from the mgvparticles in images of the tank
bottom taken with relatively low shutter speedsggaimage capture times), as
steady particles are neatly visible while movingtipkes are strongly blurred and
therefore can be easily distinguished from the &tras it can be observed in Fig.
2.4,
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Fig. 2.4: Picture of tank bottom with indication of the sotidne radius (silica
particles, g=850-1000um, B=5%, N=250 rpm).

The exposure times needed are typically of theroodene tenth of second,
though larger exposure times are even more effecll the acquired images are
collected and then analyzed after the end of thpemxent. Cone radius
measurement is performed by comparing the obsenatrle radius with a reference
length included in all images. The steady particbhe radius decreases while
increasing rotational speed, as shown in Fig.2®. dbserved trend can therefore be
exploited for reducing the uncertainties on thecéxelocity at which no particles
remain steady on the tank bottom, as illustratedrim2.5. The SCRM has the
advantage of avoiding measurement subjectivity amd found to result into
excellent reproducibility: even changing the oparaérrors remain lower than 5%.
A graph similar to that shown in Fig.2.5 was ob¢ginfor all the cases here
investigated, so resulting in the releviitvalues.
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Fig. 2.5: Typical trend of particle-cone-radius versus imgelspeed with
linear extrapolation of the last data points toatecN,s (Silica
particles, dp=231um, B= 2.5%)

2.3.3 Power consumption assessment apparatus
Power measurements were finally performed by aggpsshe torque

transmitted by the impeller to the tank with theoamatus described in Grisafi et al.
(1998). A sketch of the power measurement appaiatasnveniently depicted in
Fig. 2.6. It is a “static-frictionless” turntabl®msisting of a granite dish (D) able to
rotate around its central axis: this dish is predidvith a pivot pin (protruding from
its lower surface centre) that is inserted insidead steel tube placed in the upper
part of a granite table surface (C). Clearly, theirig surfaces of the granite dish and
the granite table are suitably polished. This tightipling pivot pin-steel tube and
the polished surface coupling are lubricated bymee# a small flow rate (about 2

millilitres per minute) of a fairly viscous oil cdang from a reservoir (B). The oll
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was fed by compressing the camera (B) by compreaisg¢dver pressure of about 2
atm) coming from a valve (A). This arrangement ficatly deleted the static
friction between the surfaces, but allowing the atyic friction to be present in
order to dump unavoidable oscillations of the texdglihe tank (E) was placed on the
granite dish in order to rotate integrally withTtis rotation (induced by the stirrer
rotation during experiments) is hampered by a fiexnylon thread, tightly attached
to the external vessel wall and connected by a&pylB) to a weight (H) (of about 2
kg) which is placed upon an electronic balance (1).

Practically, the torque exerted by the stirrer be vessel was assessed by
measuring the force acting on the flexible stringorder to inhibit vessel rotation.
This force was measured by subtracting the readinthe balance in agitation
conditions from that observed without agitationll(stirrer).

Measurement are estimated to be around * 0.05 Mewitis order of
magnitude of errors did not significantly affecetprecision of the measurements
performed. Notably, errors are most recorded ay Jew impeller speeds, so
measurements were taken by approaching the deaggdtor speed from both
higher and lower speeds, and then taking the aetichmean of the two readings

obtained.
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D

c ]

LA R LT

Fig. 2.6: Power measurement apparatus: A) compressed ait; iBlp
compressed oil tank; C) granite plane; D) rotatingnge disc; E)
tank; F) DC motor; G) pulley; H) weight, 1) electiorscale.

2.4 Just suspended speetlf) measurements

Firstly, N;s dependence on particle concentration, particlendiar and particle

density was investigated.
2.4.1N;s dependence on solid concentratioB

In Figs. 2.7 a, b and c the dependenchlipbn particle concentratior( %) is

reported for silica, glass and corundum partickspectively.
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Silica Glass Corundum
1000 [ 1000 1000
z _— z — z Y et
g....&"g‘ 6...&“‘#’41" 4

| (a) Silica particles (b) Glass particles (c) Corundum particles
100 ‘ 100 ‘ 100 ‘
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Fig. 2.7: Dependence oR|s on particle concentration. Symbols: particle size
[um]: A 231; e 275; 0 390; ¢ 462; o 550; +1000. Lines report
Zwietering’s correlation for standard baffled systéEq. 1): dotted
line, d,=231um; solid line, g=925um

In the same figures, lines reporting the relewdavalues predicted by the well
known Zwietering's correlation (Zwietering, 1958)rfstandard baffled vessels

(S=5.2, Nienow, 1968) are also reported for congaarpurposes (Eq. 2.1).

045
sSp™ mgz [Eg mpJ s
N. = P

S 085
! D

(2.1)

Only the lowermost (smallest particle size) and ubpermost (largest particle
size) lines are shown. As it can be seen, in thectvered unbaffled vessel thi
dependence on particle concentration seems to tyesimilar to that predicted by
Zwietering’s correlation for baffled tank$\¢[ B>*). Notably most of the data
points obtained in the unbaffled tank are belowdb#ed lines, which implies that
most of theN;; values obtained in the unbaffled tank are sigaiftty smaller than
the relevant values in baffled systems. The ontepkon is the case of the smallest
silica particles, for which the two valuesif are almost identical (Fig. 2.7a).
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2.4.2N;s dependence on particle diameted,

In Figs 2.8 a,b,c the unbaffldds values obtained are reported versus particle
size. On the same figures Zwietering’s predictifimghe lowest and highest particle

concentrations (for baffled tanks) are also regbfte comparison purposes.

1000 1000 1000 ¢
B8 : » I /
Wit °  — .- ¢ ®
ot ¥ | ? 8 I
(a) Silica particles (b) Glass particles (c) Corundum particles
: 100 : 100 !
100 dp [um] 1000 100 dp [um] 1000 100 dp [um] 1000

Fig. 2.8: Dependence oN; on particle size. Symbols: B%A 2.5; e 5.0;
o 7.5; ¢ 10.0; o 12.5. Lines report Zwietering’s correlation for
standard baffled system (Eqn. 1): dotted line B=2.5%id line
B=12.5%.

It can be seen that, as a difference from partiolecentration, the dependence
of N on particle size for top-covered unbaffled tangsmiuch weaker than for
baffled tanks (a feature that could have been edtaiso by closer inspection of Fig.
2.7). In practice, all the points relevant to diffiet particle mean diameters at the
same particle concentration are quite well fittgdibes with a negligible slope.

In order to verify this singular finding, other sjifec experiments were carried
out and discussed (Fig. 2.9a): particulaNy, was assessed for the cases of @i¥b
and 655um (mean diameter) silica particles at differenttipbe concentrations and
no differences (at a given solid loading) were fibullixture of these two particle
types (resulting in a suspension with a bimodaltrithistion of solid particles)

provided the same results as well. Analogous emmmris were provided by
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employing silica un-sieved particles whose partisiee distribution cumulative
curve is plotted in Fig. 2.9b. At B=2.5% and B=5%eitical N;; values were
obtained while at B=10% a low&l; was found. This finding is allegedly due to the
lower voidage of the particle bed: this leads t@@uction of the flow able to cross
the bed and the lateral thrust undergone by thensed increases consequently. At
N;s the sediment shows a rigid motion where integdtitquid is scarcely replaced,

thus suggesting th&CRMmay be misleading in this case.

1000
—_ T/1/Ei
=
o
o . °
o < 275 micron
z o 655 micron
A Bimodal Distribution
® Not Sieved
—— Zwietering (1958)_275micron (a)
Zwietering (1958)_655micron
100
1 10
B [%]
100
90 ©
80
70 ©
60 |-
50 ¢
40
30 -
20 -
10 - (b)
0 E
0 200 400 600 800
dp [um]

Fig. 2.9: (a) dependence & on particle diameter (and solid concentration);
(b) particle size distribution cumulative curve fthre case of not
sieved particles.
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This finding marks an important difference betweabaffled and baffled tanks
as concerns their particle suspension capabilitesop-covered unbaffled systems
one may ideally think to use particles of largeesivithout sensibly increasing the
impeller speed needed to achieve complete suspensanditions. Clearly
extrapolation of this result outside the size rahgee investigated is risky, as one

may guess that this behaviour cannot be extendeeryolarge particle sizes.

2.4.3N;s dependence on normalized relative densitfio o
Finally, Ni; dependence on relative density difference betwesticfes and
liquid (dplp.) is reported in Fig. 2.10, where tiN values obtained for different

solid concentrations and three different particikters are reported.

1000 [ 1000 1000
2, o | :
() dp=231 zm (b) dp=463 zm (c) dp=550 zm
100 : : 100 : : 100 ‘ ‘
! 2 3 4 1 2 3 4 1 2 3
Ap/ P Aplp, Ap /pL

Fig. 2.10: Dependence dfs on relative density difference\g/p, ). Symbols:
particle concentration B%A 2.5;e 5.0;0 7.5;¢ 10.0;0 12.5. Lines
report Zwietering’s correlation for standard badflsystem (Eq. 1):
dotted line B=2.5%; solid line B=12.5%.

Also in this figure the two lines reporting thNy values assessed by means of
the Zwietering’s correlation for the lowest and tighest solid concentration values
(2.5% and 12.5%) are reported for comparison p@RoAs it can be seen helg,
shows a dependence similar to that predicted bythietering’s correlation, i.e. a

dependence dfs on @plp.) with an exponent of 0.45, with the only exceptmhn
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particles with the smallest size (2RMn) for which a stronger dependence seems to

apply.

These results are similar to those obtained by rBert al. (2007) in an
unsteadily stirred unbaffled vessel with the exieptof the N dependence on
particle size, that in their system was similarAwietering’s one. The different
behaviour observed with the present system cormugi¥ji dependence on particle
size may be explained by considering that in thesgnt case the particle suspension
mechanism may be well different and likely to b&ated to fluid mean velocities
near tank bottom rather than to velocity turbuldunttuations, as is instead the case
of both baffled tanks and unsteadily stirred urledftanks. In any case, this finding
suggests that top-covered unbaffled tanks may behrbetter suited than baffled

tanks when relatively large particles need to Ispsnded in liquid phases.

2.4.4N;s dependence on fluid kinematic viscosity
As far asN;s dependence on kinematic viscosity is concernegl, Zil1 shows
that an increase in kinematic viscosity leads targe decrease &, (for both the

investigated particle diameters).

1000
o
4
- A
2 < Pure water 0
z A
| A v=9.66cSt o
O v=43.47cSt o
- - —-Zwietering (1958)_poor water
— Zwietering (1958)_v=9.66cSt @
Zwietering (1958) v=43.47cSt
100 | L L
1 10

B [%]
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Fig. 2.11: Dependence ofN; on kinematic viscosity (and particle
concentration). (a) 250-3fn; (b) 600-71Qm.

This behaviour marks an important difference betwaabaffled and baffled

tanks (Fig. 2.12) as in baffled vess®lg increases with the kinematic viscosity

according with Zwietering’s correlation.

1000
= </
14
‘;‘ o
= o <><>
| o Unbaffled
— Zwietering (1958) 275micron (@)
Zwietering (1958) 655micron
100 —_— —
1 10 100
Vv [cSt]
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Fig. 2.12: Dependence ofls on kinematic viscosity. (a) B=2.5%; (b) B=5%;
(c) B=10%.

Actually, a globally accepted dependenceNgfon v does not exist for baffled
vessels as some authors disagree with the depengwadicted by Zwietering.
Tezura et al. (2007) carried obls assessments in unbaffled vessels stirred by
unsteadily radial impellers and they found thas tharameter does not depend on

the kinematic viscosity.
This difference between Zwietering (1958), Tezurale(2007) and the present

PhD work is likely linked to the different suspemsimechanisms involved. For
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baffled and unsteadily stirred unbaffled vessels Huspension phenomenon is
linked to velocity turbulence fluctuations near thak bottom, while for the present
case of top-covered unbaffled vessels it is duftutd mean velocities. Clearly, an
increased fluid viscosity damps turbulent fluctaat as well as enhances the drag
coefficient thus resulting in different dependerafeN;s on viscosity for the two
suspension mechanisms.

Fig. 2.11 shows that the larger the kinematic \8ggothe higher the difference
betweenN;s values for Zwietering-baffled and top-covered ufibd vessels at each
solid loading. Notably, in relation to the independe ofN;s on particle diameter,
results relevant to different particle diameters plotted indistinctly in each graph
of Fig. 2.12. By fitting the experimental data @fch graph by a power law and by
averaging the relevant exponents the following depace was found\;s Oyt

Most data points obtained in the top-covered umbdfftank are below
Zwietering’'s correlation lines especially when lggrticles and/or solutions with

high kinematic viscosities are employed.

2.5 Power Number {p) measurements

From the smallem; values observed in unbafflecersusbaffled tanks, in
conjunction with the typically smaller power numhatues exhibited by the former,
one may infer that mechanical power requirementsadbieve fully suspended
conditions are bound to be smaller in the absemae in the presence of baffles. In
order to quantify this feature, power consumptioeasurements were made, as
described in the paragraph 2.3.3.

The data collected will be discussed with referettcca dimensionless power

numberNe based on an average suspension density,

P

= 2.2
IOSuspDN3 DDS @2

P
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whereps,spis estimated in the following way,

Pasp={1=15)0, 1,5 @23

where P is power consumption;s is overall particle volume fractior is

agitator speed arid is impeller diameter.

In Figs 2.13 a-d the dependenceNgfon impeller rotational speed for silica and
corundum particles at different solid loadings ama different particle sizes is
shown. Similar trends (not reported here for tHeesaf brevity) were obtained with

all other particles here investigated.

1.6
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Fig. 2.13: N, versus impeller speed at different particle cotregions
concentrations B%o 2.5, * 5,0 7.5,A 10, x 12.5. Solid triangles
indicate the relevari.

The trends reported in Figs. 2.13 show that pownbrer increases both with
solid concentration and particle size, as alreadintpd out by previous works
(Michelettiet al, 2003; Bubbicet al, 1998).

In Fig. 2.13 theN;s values assessed by the cone radius method aresplsded
(solid triangles). It may be worth noting that histcase it is not possible to infilg
from N, versusN curves, as a difference from baffled vessels wingydas been
claimed to be deducible from ti versusN graphs (Bohnet and Niesmak, 1980;
Raghava Raet al, 1988; Rewatkaet al. 1991).

As regards curve shape, it may be observed thdhdncase of the largest
particles (Fig 2.13 a and c) power number curvesnsh non-monotonic trend

versus impeller speed, which suggests the existehdiferent factors affecting the
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N, dependence oN. These factors are likely to Iettom reshapin@ndsuspension
local density

As a matter of fact, it is well known that for siegphase baffled tanks equipped
with Rushton turbines, Power Number increases viheneasing impeller clearance
(Hemrajani and Tatterson, 2004). In the preseng ¢he distance of the impeller
from tank bottom is significantly modified by theggence of unsuspended particles,
especially at high solid loading. At low agitati@peeds this results in smaller
impeller clearances which, in conjunction with bott itself to become more
streamlined due to fillets shape, result into semaM, values. While increasing
rotational speed, a larger proportion of partigéebrought into suspension, impeller
clearance increases, bottom reshaping becomesffesgive, and power number
increases. Clearly, all these effects become Iegsoitant when decreasing the
amount of particles introduced in the tank, i.eerage particle concentration.

The other parameter involved in the dependencdl,obn N is the effective
(two-phase) density seen by the impelleiz. suspension local density in the
proximities of impeller blades. This is clearly fdifent from average suspension
density. In particular, at very low impeller spe¢afien most particles are laying on
tank bottom) this coincides with liquid density. Bycreasing agitation speed some
particles get suspended while others remain omolimm. Due to the relatively low
agitation speed particles remain in the lower péathe tank, possibly leading to a
local density (near impeller blades) larger thamrage suspension density and
therefore a particularly high power number. Atldétger agitation speeds the local
density seen by the impeller is bound to declineabee particles are increasingly
well distributed along vessel height as well as ewbvadially outwards by the
increasing centrifugal forces, so leading to desirgapower numbers.

Clearly, at very low rotational speeds bottom redtg prevails and\, values
are quite low; while increasing agitation speedrimuced bottom reshaping effect
(due to more particle getting suspended), togetligr increase of suspension local
density, brings up an important increase \yf At still larger agitation speeds
particle redistribution prevails, the suspensionalodensity reduces and power

number declines, so leading to the relative maxtmservable in Fig. 8a and 8c. As
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a difference from baffled tanks, where the finahast homogeneous conditions
result in a constari, value (Michelettiet al, 2003; Bohnet and Niesmak, 1980;
Raghava Raet al, 1988), here the increasing effect of centrifugates leads to a
continuous decrease Nf, asymptotically approaching some fifglvalue.

It is worth noting that only part of this behavioigr observable with 23im
particles (Fig. 2.13b,d) as due to their smallatlisg velocity they are suspended
earlier, and the effects related to bottom reshgpiccur only at very low impeller
speeds, where power consumption assessment is difiidelt by disturbances
overwhelming the very small forces to be measured.

It is now interesting to compai®s values (i.e. power consumption needed to
achieve complete suspension conditions) in bafied unbaffled systems. The
comparison is made in Figs 2.14a and 2.14b, whex®; values obtained in the
investigated top-covered unbaffled system are tedofor silica and corundum
particles with different average diameters andigarioadings, together with the
values for the relevant baffled system, as predide the basis of Zwietering’s
correlation and a fixedN, value of 4.9 (Batest al, 1963; Michelettet al,, 2003).
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Fig. 2.14: Dependence dPjs on particle concentration for different particles.
Solid symbols: experimental data for the unbaffigdtem; empty
symbols: Ps for the baffled vessel predicted by Zwietering's
equation and |\F4.9.

Observing this figure it is quite evident that tRg values in the top-covered
unbaffled tank are much smaller (by about one oodl@nagnitude) than the relevant
values in baffled systems. Notably, the compariswith unsteadily reversing
impellers is also favourable, as these were fooraktabout three times smaller than
the corresponding (Zwietering's predicted) valuesbaffled tanks (Tezurat al.,
2008). Hence the use of a cover instead of an adisyestirring device, besides
being mechanically and electrically simpler, leémdower power requirements for

suspending solid particles in stirred tanks.

2.6 Scale-up criterion assessment

Typical mixing tank employed for industrial applicas have very large size
and investigations on solid-liquid suspension opaaiptuses of these size at plant
scale are really complex. Therefore, in order tdaimb reliable and necessary
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parameter design, studies and experiments aredaotit on laboratory scale stirred
vessel. Relevant results are successively extregublat plant scale by means of
suitable scale-up criterions. Clearly, effectivenesf final design depends on
laboratory-scale experimental data reliability aodle-up procedure soundness.

Different investigation approaches and consequéfgreint results concerning
solid-liquid suspension lead to different scalerufes, especially if the power per
unit volume criterion is considered (Mersmann, 1985% fact, even little differences
concerningN;; assessment correlations can lead to very diffecetgria for the
estimation of specific power requirement becausthefdependence of mechanical
power on the cube of impeller speed (see equatidn 2

More precisely, for geometrically similar systems:
N;s = (scale factory (2.4)

In relation to equation 2.2 and supposing that plmaver numberN, is
independent on system scale and agitation speednéahanical power per unit

volume can be expressed as in the following:
(PIV)s = (scale factor§® (2.5)

Accordingly, specific power requirement increasespains constant, decreases
with system scale i5<2/3, b=2/3, b>2/3 respectively. Therefore, expondntalue
can greatly affect laboratory-scale data extrapmiatand defines the scale-up
criterion.

In order to evaluate a reliable scale-up criterfon top-covered unbaffled
vessels some experiments with the larger tank @8r@) were performed and the
relevant results are reported in Fig. 2.15. Thegpemments confirmed the
independence oN;; on particle diameter as well as its dependencepaicle
concentration (similar to that predicted by Zwiatg). Conversely, dependence of
N;s on factor scale D was found different than thabaffled vessels: Zwietering

found thatNs[1D®® while experiments performed in the present topeced
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unbaffled vessel showed thit LI D*°. The scale factor exponent 0.5 is lower than
2/3 thus resulting in an increase of power inputypdt volume with an increase of
the scale factor. Conversely, in accordance withiefwing's correlation, an

increase of the scale produces a reduction of ppeeunit volume.
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Fig. 2.15:Scale-up effects. (a) dependencéNgfon particle concentration and
diameter; (b) dependenceNgf on the vessel diameter.

2.7Njs correlation for top-covered unbaffled vessels

113

PhD thesis of Alessandro Tamburini



Chapter 2: Steady Cone Radius Method

A correlation for the prediction dfs in unbaffled vessels provided of a top-
cover was devised in accordance with the mathesalafrm of Zwietering's
correlation (1958). This was obtained by carrying a multiple regression of all

presently collected data resulting in the exponshtsved in the following equation:

03315
ghp
9.85[]j ‘5)0352 [ﬁ p J EB 01133

0142 DD 04344

N. = (2.6)

Js

V

Experimental N;; values were compared with correspondify values

calculated by means of the equation 1: the compaisdepicted in Fig. 2.16.

10 5
7/
4 4
// ,,
7’
Vs 7
7
7
4 /,
’ s
— 7 4
= , e
o Ve ’
o . /
= ’ 7’
8, ’ ’
= % ~
=4 o/ ¢
2 .06 .
5 0 /
3 z o
K] ‘ /
1] i¢ O,
o 0/0
7’ 7
. e
4 .,
‘< ’
4 ’,
/, 4
, ad
r ’
2 4
10 5 3
10 10

Experimental st [RPM]

Fig. 2.16:ExperimentaN;s versusN;s calculated by equation 1.

The upper and the lower broken lines indicate errof +15% and -15%
respectively as regards the exact prediction oh eaperimental value dfls. Fig.

2.16 shows the good reliability of the proposeddation since all prediction errors
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are lower than 15%. Clearly, such correlation stidaé considered applicable only

for the cases and the system here investigated.

2.8 Conclusive remarks

Experiments on solid-liquid suspensions in a topeced un-baffled stirred tank
were performed. A novel experimental technique, elgnthe ‘steady cone radius
method, was devised to assist assessment of the jupeadsd agitation speéd; .

N dependence on operating parameters such as swimbmiration, particle
density and mean particle diameter, fluid kinematgcosity and system scale was
investigated and compared with that predicted &ifléd vessels by the well known
Zwietering’'s correlation. A very similar power ladependence ofls on particle
concentration and density difference was found,levainegligible dependence on
particle diameter was observed. As a differencenflmffled tanks and unsteadily
stirred unbaffled vessels (Tezura et al., 200),was found to decrease with an
increase in liquid kinematic viscosity.

Power Number versus agitation speed showed an asiagedecreasing
behaviour with maximum values increasing both withid loading and patrticle size.
Power requirements to achieve just suspension tonsi were found to be
significantly smaller (by about one order of magdé#) in top-covered unbaffled
tanks as compared with the more common baffled el®sshus suggesting the
former as a good choice for stirred solid-liquidteyns, especially those involving
large and/or heavy particles, provided that theifigmixing time is not a limiting
factor (as it occurs for many processes).

Unfortunately,N;s dependence on the scale factor was lower tharptledicted
by Zwietering for baffled vessels. Notwithstandiiog-covered unbaffled vess@);
values were found to be much smaller than the aglevalues in baffled systems,
the scale up criterion of power per unit volumevsto an increase of specific power
requirements with the system scale for the presasé of top-covered unbaffled
vessels. This finding suggests an economic conwmeaidor radially stirred top-

covered unbaffled vessels only under a certairescal
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Finally, a quite effective Zwietering-like correlat for the prediction oN;s in

top-covered unbaffled vessels was devised by ergowll the data collected

during this thesis.

2.9 Nomenclature

B solid mass fraction, (-)
b scale factor exponent, (-)
D impeller diameter, m
d, particle diameterym
g acceleration gravity, m/séc
H fluid height in the vessel, m
N impeller speed, RPM
Nis just suspended impeller speed, RPM
Np power number, (-)
P power consumption, Watt
is just suspended power consumption, Watt
geometry coefficient, (-)
T tank diameter, m
] overall particle volume fraction, (-)
v volume, h
Greek letters
p density, kg/th
v kinematic viscosity, ffsec
Subscripts
allL liquid phase
4 solid phase
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PART II: MODELLING AND SIMULATION

Introduction

Computational Fluid Dynamics largely employed to reliably compute flows
in complex geometries with multifaceted physics.

CFD now stands as an equal partner with mathenhagcalysis and
experimental investigation. It has become such &ective tool that many
industrial-researchers who previously would relyyoon experiments to uncover
fluid phenomena now use CFD to achieve their goatse rapidly and cost
effectively. However, it is worth noting that CFB & useless tool if a proper
experimental validation is not preliminarily cadieut.

The state-of-the-art of computation has advancednany fronts. On the one
hand, computer hardware itself has improved draaiiover the last half century.
Nowadays, computers are very faster and more dfesttiee than those of several
years ago. Moore’s law asserting computers spebyuapfactor 2 every 1.5-2 years
fits well with computer performance data of thet ity years. Furthermore, while
state-of-the-art electronic chip manufacturing todases 0.25u feature size
technology, the path to 0.Qbor smaller technology now seems apparent, thereby
ensuring Moore’s law-like speedups for the nexty&&rs or so. The resulting three
order-of-magnitude increase of computer capabilitythis relatively short future
time span will clearly open new perspectives foDCF

CFD is widely employed in all engineering sectonsolving fluid flows,
largely supporting the advancement of knowledgeaémospace, environmental,
hydraulic, mechanical, chemical and biochemicalimg®ying just to name some of
the most relevant fields.

As far as chemical engineering is concerned, alnalktunit operations
involving one or more fluids (i.e. single or myfiirase flows) benefits today from
CFD modelling and simulation. With reference to tlase of the present PhD thesis,

it must be said that CFD has been successfully @ypdl to investigate solid-liquid
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suspension in stirred tanks, with many researabrisfilevoted to this topic over the
past decades. Notwithstanding all these studiesnigersally applicable and
accepted CFD model for simulating suspension phenanin vessels agitated by
stirrers does not exist yet. Moreover, practicalllythe CFD models developed so
far address the particle distribution and liquidwfl field simulations, conversely,

none of them directly focus on the complex phenamenf solid suspension.

The main goal of this section is to contributeilliny the lack of knowledge in
this field by directly addressing the modelling afspension phenomena via CFD
methodologies.

In order to accomplish this ambitious aim, an ihsigto the modelling of
partial suspension regime was necessary. Durintlapauspension regime, some
particles are motionless on the bottom while otirerin motion suspended on or off
the vessel bottom. At each impeller speed a spesgfuilibrium between suspended
and unsuspended particles arises and the avaifebiacial area for possible mass
transfer processes consequently changes.

Firstly, an attempt was made to model a solid-tigauispension during start-up:
a start-up intrinsically encompasses the suspengibanomenon during its
occurrence. In addition, it represents a firstghsinto partial suspension conditions
modelling problems and difficulties.

Secondly, a CFD model able to predict the parscigpension behaviour under
partial suspension conditions was developed ancksséully applied to tanks stirred
by a standard Rushton turbine.

Finally, a reliable criterion based on the formétDCpredictions was proposed
aiming at providing a universally valid tool whicbuld drive solid-liquid contactor

design and operation.
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CHAPTER 3
DENSE OFF-BOTTOM SUSPENSION DYNAMICS

3.1 Abstract

Computational Fluid Dynamics (CFD) modelling of idoliquid suspension is
an issue of primary importance. It is difficult $onulate the behaviour of this type
of systems especially when the solid loading isHdense suspension). Modelling
via CFD techniques the suspension phenomenon epses way to enhance
knowledge of the complex particle suspension meshanin order to accomplish
this objective a dense solid-liquid off-bottom seispion inside a baffled
mechanically stirred tank equipped with a stand&®dshton turbine was
investigated. Particularly, the dynamic evolutidrtlie suspension from start up to
steady state conditions has been determined by bisilal experiments and
computational fluid dynamics. The prediction ofstlgvolution practically coincide
with the modelling of suspension phenomenon jusindlits development.

As far as CFD modelling features are concernedassical Eulerian-Eulerian
Multi Fluid Model along with the “homogeneous” ekturbulence model was
adopted to simulate suspension dynamics. In thgsteras the drag inter-phase
force affects both solid suspension and distributiorTherefore, different
computational approaches were tested in order topate this term. Simulation
results were compared with images obtained fromréad system and a good
agreement was found. The soundness of the promggmdach is further validated
by comparing predicted concentration profiles Witbrature data for the case of a

similar geometry.

3.2 Literature review
Reliable design, optimum performance and accuratgral of solid liquid

contactors are closely dependent on a thoroughrsizeheling of their fluid-flow
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dynamics. Modelling of such systems would lead e prediction of the best
geometrical and operative characteristics able tmrantee minimum power
consumption and maximum efficiency that is a goading which allows for an
efficient contacting between the two phases withegjuiring high relevant costs.
Because of the high industrial relevance, a sigaift effort has been devoted to
model the phenomena involved. First modelling stsdaimed to predict the
minimum impeller speed for complete solid suspangBaldi et al., 1987), more
recently authors attention has been focused onetitge flow field study and
therefore on the solid particle distribution.

In recent years Computational Fluid Dynamics (CH@ps been increasingly
employed as a fundamental tool to critically analgolid-liquid flows and related
phenomena. The most common approaches employaudutate two-phase systems
by CFD are the Eulerian-Eulerian approach and thierian-Lagrangian approach
(Crowe et al., 1996).

Eulerian-Eulerian approach assumes the two phasestwa interacting
interpenetrating continua existing contemporangousl each place of the
computation domain thus resulting in similar comaéion equations for the two
phases. Continuity and momentum equations are dawatemporaneously (using
the same discretization scheme) and separatelyofibr phases (Micale et al., 2000;
Micale et al., 2004; Montante and Magelli, 2005; tamte and Magelli, 2007;
Darelius et al., 2008; Ochieng and Lewis, 2006ketdfler and Brown, 2009;
Laurenzi et al.,, 2009; Holbeach and Davidson, 200&urenzi et al., 2009;
Tamburini et al., 2009; Chen et al., 2010). Adoptam Eulerian framework for the
particle phase, i.e. considering particles as diwoum, leads to a sophisticated
modelling of the relevant physical aspects affecparticle motion and behaviour as
well as their reciprocal interactions with the liduphase. These aspects are
modelled via suitable inter-phase terms includethiwithe momentum equations.
Several research efforts were accordingly devotedthe estimation of such
parameters (Tsuo and Gidaspow; 1990; Gidaspow,; 19z de Bertodano, 1998;
Gibilaro, 2001; Van Wachem et al., 2001; Ljunggdsd Rasmuson, 2001; Fan et
al., 2005; Khopkar et al., 2006; Ochieng and Ongang008; Holbeach and
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Davidson, 2009; Tamburini et al., 2009; Hosseinalet 2010). Notably, Eulerian-
Eulerian approach is not suitable in the case dy-gispersed particle systems,
where it would be necessary to define a numberiféérdnt solid phases (one for
each particle diameter), which in turn require 8oluand closure of the relevant
momentum balance equations. The Algebraic Slip M&xtASM model (Altway et
al., 2001) is a version of the most accepted EareEulerian method. As the
Eulerian-Eulerian approacASMassumes (for a two-phase system) that both phases
exist at all points of the domain as interpenatgationtinua. Differences regard the
considered equation&:SMaccounts for continuity and momentum equationgkHer
mixture, volume fraction equation for the disperpbadse and an algebraic equation
for the slip velocity between the two phases. Siamamique equation is considered
for momentum, the slip velocity algebraic equataiows the two phases to move
with different velocities.

In the Eulerian-Lagrangian approach the fluid isated as a continuum by
solving the Navier-StokedN§equations, either averaged or not, while the dssgae
phase is considered in terms of individual repredese point-particles whose
trajectories are individually tracked (through N8 solved flow field) by solving
the equation of motion for each of them (Decker Sndhmerfeld, 1996; Lain et al.,
2002; Derksen, 2003; Bosse et al., 2005; Zhangfdmdadi, 2005; Hartmann et al.,
2006; Guha et al., 2008). The equation of motiocpants for all the forces acting
on particles. Coupling of Eulerian and Lagrangiamt pesolutions is necessary to
account for phase interactions: influence of dispdiphase on the continuum one is
modelled via reliable source terms inserted withim conservation equations which
must be sampled during the Lagrangian trackingeitath and Lagrangian part are
solved sequentially till the achieve of a convergetition. Clearly, it is necessary
to perform ensemble averages in each computatioglhlin order to get local
average properties (i.e. volume fraction, velocigtc). The most important
advantage of the Lagrangian modelling of the sqlithse with respect to the
Eulerian one is that the solid phase keeps itsig@rhature. This allows the
modelling of the physical effects affecting paeiahotion (i.e. particle-turbulence

interactions, particle-wall collisions, inter-paié interactions) which can be
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properly dealt with on the basis of physical pnoes (Gouesbet and Berlemont,
1999). Derksen (2003) stated that Eulerian-Lagemgimulations are very useful
to study the influence of modeling assumptions eomiog phase interactions.
Moreover, a particle size distribution can be gasitcountered by using a given
distribution function for the injected particles.nfdrtunately, the computational
needs (time and memory space) required by the bgga particle tracking are

very large and directly related to the number aicked particles (linearly

proportional without taking into account particlarficle collisions; super-linearly

proportional if particle-particle collisions areken into account), a drawback
bounding the use of this approach to fairly lowicgdbadings (Derksen, 2003). In
particular Decker and Sommerfeld (2004) statedttiiatapproach can provide good
predictions only for low solid volume fraction§%).

As far as direct comparison of the two approackesoncerned, literature is
lacking in information. Eulerian-Eulerian framewserkre preferred by industry as
they are capable to solve multiphase problems wiitfficient accuracy and faster
than Eulerian-Lagrangian ones. Tamburini et al.0@0asserted that Eulerian-
Eulerian approaches, involving the classical MEltiid Model (MFM), are often
preferred to the Eulerian-Lagrangian ones becausehar simplicity, lower
computational requirements, faster numerical regmiuand capability to deal with
high solid loading conditions (dense suspensidisyvever, only Guha et al. (2008)
addresses directly the issue so far, by comparibg%based Eulerian-Lagrangian
approach with a standaf@dANSbased Eulerian-Eulerian model for the case of a
dilute (1% volume by volume overall solid hold-updlid-liquid suspension in a
baffled tank stirred by a radial impeller. Authocompared, with relevant
experimental data, the CFD results obtained eitherLarge Eddy Simulations
(LES), based on an Eulerian-Lagrangian framewoaitkee by a standard Eulerian-
Eulerian approach. Being LES a more accurate appraasolve the fluid Navier-
Stokes equations, in such dilute conditions theefah-Lagrangian approach
provided better agreement with tangential compomérthe azimuthally averaged
velocities and turbulent kinetic energy experimedtda than the Eulerian-Eulerian

approach.
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Recently, various simulation attempts have beeneniadtudy the behaviour of
dense suspensions inside stirred tanks showing @ gagreement between
experiment and numerical predictions for steadiessgstems (Brucato et al., 2002;
Micale et al., 2004; Montante and Magelli, 20050kar et al., 2006).

It is worth noting that dense suspensions requiodraect modelling of both
solid-liquid and particle-particle interactions.

Several studies highlight the importance of cotyedéscribing the interaction
between phases by specifying inter-phase momenkxaghmage terms such as Basset
force, virtual mass force, lift force and drag frdjungvist and Rasmuson (2001)
stated that drag is the most important of the itigated inter-phase momentum
transfer terms, even if they obtained this resulvéry dilute solid-liquid systems.
Much effort has been made in recent years in dadbetter specify the influence of
drag force on both solid suspension and distrilou¢l@chieng and Onyango, 2008).
Some works focused their attention simply on thegdroefficient investigating its
dependence on turbulence and particle charactsriatid concentration (Montante
and Magelli, 2007; Khopkar et al., 2006; Montame &agelli, 2005; Ochieng and
Onyango, 2008; Gidaspow, 1994; Brucato et al., 299&hers dealt with the inter-
phase drag coefficient dependence on solids comtimt for the case of dense
suspensions (Ochieng and Onyango, 2008; Gidasp®94)1 Fewer efforts have
been devoted so far to the problem of particleigartnteractions (Derksen, 2003;
Ochieng and Onyango, 2008; Gidaspow, 1994).

This chapter follows up these recent studies araisdeith a topic not yet
investigated: transient start-up conditions stubliore precisely the aim was to
numerically predict the transient behaviour of dfbottom suspension in the case
of a dense solid-liquid system, from its initial tiemless condition till the
attainment of steady state conditions.

Given the high solid particle concentration (dessspension) here considered,
the choice of an Eulerian-Eulerian approach has eeenpulsory for the purpose of

present Chapter.
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Computational results were qualitatively comparéith wxperiments in order to
validate the adopted modelling approach. The caidlé comparison regards mainly
the clear liquid layer height observed during thensient. The clear liquid layer
formation is a phenomenon which has been alreadsestigated both by
experimental (Hickset al, 1997) and computational (Micakt al, 2004) studies
showing the dependence of its extension on the gaoknetry, impeller speed and

solid loading.

3.3 Physical system

The experimental system consisted of a cylindrittat;bottomed, baffled tank
with vessel diameter T=0.19m and liquid height édaal.5-T, as depicted in Fig.
3.1. A standard six bladed Rushton turbine was uséide suspension experiments.
A close off-bottom impeller clearance was choseartter to ensure a "single-loop"
flow configuration (Montante et al., 1999). Theuid level (H) was higher than
usual (H=1.5T, instead of H=T) in order to widere thange of stirrer speed
velocities for which the clear liquid existence dearly observed (Hicks et al.,
1997).
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W=T/10—> '«—

T=019m

C=0.017m

— H
«— C
—» «— B=D/5

Fig. 3.1: Stirred vessel employed.

Deionised water and silica particles with diamegerging between 212 and 250
um were employed. Solid measured density was 258M°kgrhe solid particle
loading was equal to 2 kg corresponding to an a&eersolid weight fraction of
21.5% wiw (9.6% v/v). The particle bed laying ore thottom under no agitation
conditions was experimentally measured and foungiatee a void fraction of about
38%.

It is worth noting that at start-up, before mixiogeration starts, the impeller is
completely submerged by the solid particles.

Experimental information regards both the transiand the steady state
behaviour of the off-bottom suspension. Digital gea were recorded using a high
resolution digital camera at 19 frames per secartd steady state conditions were
achieved after 50-100 impeller full revolutions @die et al, 2004). Only selected

series of snapshots, sufficient to characterize stert-up transitory, will be
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presented in the following: they are relevant to2],5, 10, 20 and 50 full

revolutions. The digital camera was placed in tiffecent positions: just in front of

the vessel in order to follow the dynamic evolutimithe clear liquid layer height
(or equally the suspension height) and at an iadliapper frontal position to record
more specific phenomena like the initial impellecavering.

Impeller speed was set at 380 RPM (corresponding Reynolds number of
about 57000) both in experiments and in simulatiand it was sufficient to get
fully suspended conditions at steady state (aguspended speed of about 260 RPM
was found by the usudl second criteriop With the combination of a DC motor
(Mavilor MS6) and a speed controller (Infranor) pthl, it was observed
experimentally that the impeller swiftly reached #peed of 380 RPM within a time
corresponding to less than 0.04 seconds (i.e. abdlitof a full revolution at 380
RPM).

3.4 CFD modelling

All CFD simulations were performed by adopting thelerian-Eulerian Multi
Fluid Model. This model solves the continuity andmentum equations for a
generic multi-phase system and therefore allowsdtermination of separate flow
field solutions for each phase simultaneously. Pphdicle phase was treated as a
separate dispersed phase, occupying disconnegixhseof space in the continuous
liquid phase.

The system is always considered as Newtonian, #evant continuity

equations for both phases are:

o)+ B [p0,) -4 o, =0 @
%(rﬁpﬂ)@-(rﬁpﬁuﬁ)—fmzrﬁ =0 (3.2)
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where the last term models the turbulent dispersiotihe two phases. In these
equations subscriptsr and S refer to the continuous and dispersed phases
respectivelyr is volumetric fractionp is density,U is mean velocityy is turbulent
viscosity,o is turbulent Schmidt number. This last was sét.&in all simulations.

Obviously:
r, +r, =1 (3.3)

Momentum equations are:

%(rapaﬁa)+ﬁ- (ra{ana 0U, -(u, +ut)[ﬁUa +(@Ua)T]}):

=1, (B-0P)+Ni, (3.4)

%(rﬁpﬁaﬁ)+ Oe (r/f{PﬁUﬁ 00, = (s + 14 )[EU[, * (EU/”)T ]}):

=1, (B-0P)+ N, (3.5)

In these equation® is body forceu is viscosity,P is pressure (the solid and
the liquid phases share the same pressure field)Vais momentum inter-phase
transfer term.

Interactions between the two phases were direatigiathed only by inter-phase
drag force terms within the momentum equations {tvay coupling). Moreover,
fluid-particle interactions as well as particle{ice interactions were modelled by
the adoption of aexcess solid volume correctiggSVQ algorithm which will be
detailed in paragraph 3.4.2.

The numerical system of equations so far preseistedathematically closed:

there are nine equations and nine unknowns: tworwetric fractions, six velocity
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components and the pressure (momentum transfestémn inter-phase drag force
are known). As concerns the turbulence closure,tbfga and Magelli (2005), for
suspensions with a solid concentration up to 6% ahd Micale et al. (2004) ,for
suspensions with a solid concentration up to alddd% v/v, have shown that the
“homogeneous-¢ turbulence model provides a fair representatiorthef solid
distribution in high density stirred reactors. Ilmethomogeneouk-¢ turbulence
model the two phases share the skraade value and the transport equationsKor
ande have no inter-phase turbulence transfer terms.

In relation to these simplifications the turbulemcedel equations are:

0, v o - )

— +0 pUk =| g+ |0k | = 3.6

o k) {p (u ka } S (3.6)

2(,0(£)+ ﬁ{pﬁk —(,u+i]ﬁ£} =S, (3.7)

ot g,

where

S, =,utﬁlja(ﬁlja +(EUH)T)—,0£ (3.8)
2

s.=¢.% 100,00, +(ﬁUa)T)—C2p% 39)

All physical properties figuring in the previousuagions are the “mixture”

averaged properties.

P=T,0, %150, (3.10)
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u :%(rapalja + rﬁpﬁﬁﬁ) (3.11)
2

U = ﬂk_ (3.12)
&

3.4.1 Inter-phase Drag Force and Drag Coefficient

As far as momentum exchange between phases isroedcenter-phase drag
forces in the presence of a high particle concéotrahave a crucial role in
determining suspension height and particle distidlou In fact dense particle effects
have an important influence on the inter-phase flvace since interactions among
particles arise and interactions between phasesecoently change. The case
considered in this chapter has a high solid loadibgsides, local particle
concentration undergoes outstanding variationsndutie entire transient: solid are
completely packed at start-up and better distrithatesteady state.

In order to account for solid concentration effentthe inter-phase drag force

the following three different equations were addpte

- for low solid fractions (0 <3< 1z min)

Maﬁ ZCH/?(UB _Ua):

3C B
= Zd—Drﬁanﬁ_U

p

a

fu-r, )™ (U/, —Ua) (3.13)

whered, is particle diameter, ar@; is the drag coefficient. Eq.(3.13) is utilized
if the solid volume fraction is lower than a fixedluers mi, in practice with this
equation the drag inter-phase term is calculatedhleystandardC,; formulation

along with Gidaspow’s correction for dense partefiects (Gidaspow, 1994);
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- for solid volumetric fractions variable fromy mato the maximum value

r,/;’fpacked EQ-(3-14) is used’/(ﬁmax< r/i< r,/tpackec)

Maﬁ :Caﬁ(aﬁ _Ua):

2 S
= 150; Hy | q75"Pe s ™Y

1_rﬁ)dp d,

a

(Uﬂ —Ua) (3.14)

Here C,; is obtained in practiceia the well known Ergun equation (Ergun,

1952), typically used to describe closely packeddibed systems;

- for intermediate volume fractiong; (min< < s may

—

M ap = Caﬁ (r/:’_min )+

Cop (rﬂ _max) ~Cus (rﬂ_min ) (

r —r r/;’_r,/;’_min) (Uﬁ_Ua)
B _max £ _min

(3.15)
i.e. a linear interpolation was employed thus awmjdany discontinuity in
calculatingC,s from the two previous expressions. On the basiE@{13) and

Eq.(14) validity fields,rs min andrs max Were set to 0.35 and 0.45 respectively, as

long as a monotonic dependenceCgk vsrz was obtained, as shown in Fig.3.2A.
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Fig. 3.2: The completeC 4 (r g function at two different slip velocity values.

Where the slip velocity was so large that a non-momc dependence would
have resulted, the validity range for Eq.(3.15) wagably enlarged in order to

avoid it, as shown in Fig.3.2B. The critical sliglecity value requiring this
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enlargement is about 0.05 m/s. The typical slipei&y range observed in the vessel
is 0-0.2 m/s, but in some cases the slip velodityind) the transient reached up to
0.5 m/s. It is worth noting that the enlargememuieement occurs only when a
fixed value forCp is chosen (see tHixed-G approach below).

EQ.3.13 and Eq.3.15 involve the specification ofimput value for the drag
coefficient. Here a choice of approaches were tsabrrectly model the influence

of slip velocity and free stream turbulence ondheg coefficient Cp ).

- The simplest one computes it as for a singleigiarsettling at its terminal
velocity ((B cm/s) in a quiescent fluid on the basis of tlendard drag curve (for
the particle-fluid system here employ€i=6.01) This approach will be named
fixed-G,.

- Another approach considersCg variable in each cell in relation to the slip
velocity: hereCp is calculated by the Clifet al correlation (Clift et al., 1978),
Eq.(16), where cell slip velocity was used for Be&ynolds number calculation. This

approach will be called adip-Co.

d,U,-uU
Cp = 24 l1v09 2 oY, -V =
p.d,0, -0, Ha
Ha
24
=—[1+ 02Re)® 3.16
(Lt 0Re)”) (.10

p

- In the last case, namedrb-C,, free-stream turbulence influence upon drag
inter-phase force was accounted for by implemenfngcato et al correlation

(Brucatoet al, 1998a)
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d 3
Cou = Cp| 1+ 8.67><10"4(7”j (3.17)

whereCp was computed by Eq.(16) aads the well known Kolmogorov length
scale, obtained by the following Eg. (18).

3
%)
1=| \Ha (3.18)

ENE

Heree is the mechanical power dissipation per unit ntdskiid phase, directly

computed by the k-turbulence model.

The above expressions were implemented in the todagh the use of a User
Fortran subroutine available for this purpose isygiCFX4.4 JSRIPT).

3.4.2 Computational approaches and numerical simuteons

For all Reynolds Average Navier Stokes simulatidrese presented, the
numerical solution was obtained by adopting the mential finite-volume method
code CFX release 4.4, developed by AEA Technology.

A 24 x 69 x 32 (azimuthal x axial x radial) fint@lume structured grid was
used to discretize the domain region. Thereforetdted number of cells is equal to
52992. In the azimuthal direction, thanks to symmmednly half of the vessel was
simulated, with 24 equally-spaced angular subdivisi The other half of the tank
was simulated imposing periodic boundary conditialomg the azimuthal direction.
The computational grid adopted has a smaller galtimg in the lower part of the
vessel, near the impeller, where the largest gnaslief flow quantities are expected
(see Fig.3.3).
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vessel employed by Micheletti et al. (2003) witlT€0.15 to carry out the relevant
simulation.

Two main approaches are usually employed to madgkiler-baffle relative
motion; theMultiple Frames of Referen¢®RF) and theSliding Grid (SG):

- Multiple Frames of Referend®RF) (Luo et al., 1994)

The flow domain is divided into two cylindrical, hoverlapping sub-domains,

each meshed as a separate block. For these bivckdifferent frames of reference
are used: the one including the impeller which testantegrally with the impeller
itself and the other including the baffles whicHfiied to the tank. Flow variables
relevant to the interface between these sub-donsamgenerally unsteady with the
exception of a specific radial location where th@ynot change appreciably and can
be assumed steady. This assumption leads to thsibpity of predicting the entire
flow field thoroughly the tank by means of steatites calculations thus
guaranteeing a huge computational time saving.tRgtand stationary steady-state
equations are solved separately, while the boundarface (limiting the two sub-
domains) coupling is allowed by means of velocignsformations. In accordance
to the former assumption, the radial position ofhsa surface is not arbitrary and

must be chosen carefully.

- Sliding Grid (SG)(Murthy et al., 1994)

The full domain is divided into two meshed blocksie moving with the
impeller and the other motionless. It is worth ngtthat the two sub-domains share
the same inertial frame of reference: it is theeinthomain which rotates with time.

This moving grid was allowed to slide relative teetstill one, with no mesh
distortion, interacting with it along a surfacedhp (i.e. the one separating the two
sub-domains). The two regions are coupled at therface by means a sliding-grid
algorithm which takes into account the relative iomtetween the two blocks and
performs conservative interpolations to obtain fleaviables and face fluxes across

the surface. Clearly, simulations have to be cdrmoiet in a time-dependent fashion.
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MRF method resolves the RANS equations under stestdfe condition
(Brucatoet al, 1998b), therefore in this chapter it was almashpulsory to utilize
the SG approach as a dynamic transient had toussstigated. The black internal
cylinders in the grids of Fig.3.3 show the slidswyface limits; the black curve lines
in the bottom tank, depicted in the same figurepresent the projection of the

sliding surface on the bottom tank.

Alternative modelling approaches concerning the dltgp-baffles relative
motion that are not so used nowadays and that wecerdingly not taken into
account in the present thesis arelthpeller boundary ConditiodBC) method, the
Inner-Outer IterativeProcedure(l10), the Circumferential AveragindCA) model,
the Clicking Sliding Gridmethod CSQ, Moving Deforming MesliMDM)method,
the Computational Snapshot(CS approach and théMomentum SourcgMS)

method:

- Impeller boundary ConditiodBC)

It is the simplest steady state approach wherebgaaiations are solved in an
inertial reference frame. A “black box” is defindor the volume containing the
impeller (Gosman et al., 1992; Barrue et al., 20814 velocity, turbulent kinetic
energy and turbulent kinetic energy dissipatiorabgrofiles (azimuthally averaged)
are imposed on the vertical cylindrical surface gwey the impeller blade tip. Such
profiles are deduced by an experimental gatheringnemometry data. Naturally,
the main drawbacks of this method concern, on the band, the need of
experimental data yieldintBC a not fully predictive method (Guha et al., 2008)
and, on the other hand, the influence that experiatelata have on the flow field
prediction (Ranade, 1995). Also, extension of #pgroach to multi-phase flow in
stirred vessel is not feasible as it is practicallgt possible to obtain (from
experiments) accurate boundary conditions at theeller for such type of systems
(Ranade, 1997). Eventually, it is not able to cepthe details of the flow between
the impeller blades (Ranade, 1997).
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- Inner Outer (10)

Two different region partially overlapping are defd for the tank domain: the
oneinner containing the impeller and the othmuter containing baffles and lateral
wall. As in the MRF approach two different framds&ference are considered: one
moving integrally with the impeller foinner region, the other motionless for the
outer domain. IO approach is a steady state method consisting intesiative
procedure. Firstly, thénner zone is simulated by imposing arbitrary boundary
conditions on the interface cells, as an examplmo#onless fluid. Velocity and
other variables are therefore calculated in al tigigion. Among these data, those
relevant to the impeller contour are used as a nigaiénput for a simulation of the
outerdomain (as already seen in 1B method) which provides information on the
entire tank flow field (with the exception of thelume occupied by the impeller) as
well as velocity, turbulent kinetic energy and widnt kinetic energy dissipation
estimations on thexner boundary surface. These values are employed axdboy
conditions for a successivener iteration and so on, until a satisfactory numerica
convergence is achieved. Notably, data used asdaoyrconditions have to be
azimuthally averaged and corrected for the relativation because of the two
different frames of reference employed (Wang et 2004). Finally, it is worth
noting that the two regions are partially overlaggpiin order to allow the
convergence of thaner andouter simulations within the iterative procedure. The
location and the boundaries of this overlap regimnquite arbitrary (Brucato et al.,
1998b). This approach was improved by Wang and [2862) and lately applied
by Fan et al. (2005) to simulate a turbulent sbttidid two-phase flow and the

orientation of slender particle within a stirredssel.

- Circumferential AveragingCA)

It is a variation of the more common and used MR&hod. The difference
between MRF and CA regards the coupling of varmtde the two sides of the
interface: in CA approach each cell of the innetesof the interface sees the
variables circumferential averaged in all the celisthe other side and vice versa.

Clearly, it is more approximated with respect te MRF approach. However, it can
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constitute a good choice if applied to problemsnehbe flow variables do not vary

significantly in the azimuthal direction at the eonterface (Aubin et al., 2004).

- Clicking Sliding Grid(CSQG (Béhm et al., 1998)
It is a transient approach being a different versibthe most common Sliding

Grid method. In SG calculation the mesh is allowedeform, conversely, iI€SG
the lines of the grid belonging to the rotating @aminterface have to coincide with
the grid lines of the stationary domain at the ehdach time step. This continuous
grid alignment requires that the time step musthesen suitably, in accordance
with the impeller (i.e. rotational domain) rotatadrspeed (Sommerfeld and Decker,
2004). This approach was adopted recently by Yagtial. (2008) who investigated
the effect of the Rushton type turbine design facton agitated tank flow
characteristics by means dfarge Eddy Simulationsalong with a standard

Smagorinsky model (Smagorinsky, 1969).

- Moving Deforming MesiMDM) (Perng and Murthy (1993)

This approach based on a moving-deforming mesigab was developed by

Perng and Murthy (1993) and employed for the tirapethdent simulation of the
flow in mixing tanks. Also, it was implemented ihet commercial CFD package
FLUENT. A single mesh and a single reference fravaee used for stationary and
moving parts, but the grid cells associated with ithpeller rotated with it, causing
the interfacial mesh to deform. When mesh defownaltiecame acute, the grid was
re-generated locally and information was transfante the new mesh in a
conservative fashion. The grid motion was accouftedy transforming the time
derivatives in Eulerian conservation equations irgoLagrangian form. No
comparisons between CFD simulations adopting thjr@ach and corresponding

experimental data were found in literature.

- ComputationaBnapsho{C9

The characteristics of the flow induced by an ifgrelre mainly due to

pressure and centrifugal forces: impeller speederdenhes centrifugal force
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magnitude while the impeller blade shape genertitespressure forces that are
responsible for the direction and characteristicémpeller discharge stream. The
pressure forces generated by the blade rotatiosesasuction of fluid at the back
side of the impeller blades and equivalent ejectibfiuid from the front side of the
blades. An intrinsically transient sliding mesh hwet manages to correctly simulate
such ejection and suction phenome@amputationalSnapshomethoddeveloped
by Ranade and Dommeti (1996) models the same phemmithin a steady state
framework by keeping the impeller blades fixed ae @articular position with
respect to the baffles (similar to taking a snapsiiche rotating impeller). Ejection
and suction are modelled through the adoption itélsle mass source terms for the
computational cells on the front side of the bladesl mass sink terms for the
computational cells on the back side of the blattepractice, even though the flow
generated by an impeller is inherently unsteadpénstationary frames of reference,
these source terms are expected to lead to prddieselts equivalent to a snapshot

of this inherently unsteady flow.

- Momentum SourcgVS)
This model is not so utilized. It is based on agtaerodynamics and it can be

successfully applied when the axial flow is preiwgiwith respect to the radial flow
within the stirred vessel. This method was emplobgdXu and McGrath (1996)
who compared MS-CFD predictions with relevdraser Doppler Anenometry
(LDA) data stating that the momentum source model eaapplied with confidence

for predictions of mean velocities in stirred taekctors.
Performances ofBC, 10, andSG were critically discussed by the well known
work of Brucato et al. (1998b) where SG method feasd to provide better results

although it requires higher computational costs.

Coupling of pressure and velocity was obtained H® $IMPLEC algorithm.

The hybrid-upwind discretization scheme was empldge the advective terms.
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The table 3.1 shows the physical properties oftthe phases as set in the

simulation.
Liquid (water) Solid (silica)

Density [kg/m] 1000 2580
Viscosity [Pa-s] 18 10°
Particle diameter [m] - 2.31-70
Mean volumetric fraction 0.904 0.096
Volumetric fraction at max packing 0.38 0.62
Turbulent Schmidt Number 0.8 0.8

Tab. 3.1:Physical parameters of the two phases modelled.

At the beginning of the simulation all the solidagk is placed over the bottom
of the tank with a fixed initial packing level of@2 v/v (i.e. the value afs; packed
measured for the investigated particle system).aVoid r; p.ceqt0 be exceeded
during the simulations an ad-hoc algorithm, naragdess solid volume correction
(Lettieri et al., 2003), was implemented inside tBED code. This correction
operates as a posteriori redistribution of thedseblume in excess for each cell
where the volume fraction exceaySpacked

As a difference from the original version (i.e. 2fiDidized bed), in this thesis
the algorithm was applied for the first time for 3brred tanks, in addition it was
implemented at the end of each iteration of the BLEFC algorithm inside the User
Fortran subroutinel SRCVGof the Ansys-CFX4.4 code.

The algorithm does not remove the over-packingeisbut rather rearranges the
volume fraction distribution and ensures the exadssolids to be carried towards
cells where no excess is present. In other worgsrforms a transport of the solids
from the cells where; > r; jaceqtowards the nearest domain regions where no

excess exists.
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More precisely, at the end of each iteration, tlmeowant of solid volume

exceeding gpacked(i-€.15") (if present) is calculated cell by cell:

rex *V

— _ %
Bix cell - (rﬁi,j,k r/?_packed) V

cell ik

(3.19)

This quantity has to be equally redistributed witthie surrounding cells (six if

the central cell is not placed next to boundarie®pological elements) (Fig.3.4):

Fig. 3.4:ESVCalgorithm operation scheme (the red layer repitssée excess
of solids) .

The new value of s is calculated by the present algorithm in accocdawnith
the following equation:
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ex ex
(r )new — (r )old _ rex + r,8|+1,j,k % VceIIH1ijk + rﬁ._l,,-,k . VCG'l-l,j,k +
ﬁ,},k ﬁ,},k [;I,j,k 6 V 6
cell ;¢ cell j
ex ex ex
+ B ik * Vce”i,j+1,k + B -1k * Vce”i,j—l,k + B jka * Vce”i,j,k+1 +
6 cell j 6 Vcellwk 6 cell j «
ex V
+ Bk |5 celjia (3.20)
6 cell ; «

Notably, if cells are placed next to boundaries. (bottom, lateral wall, etc) or
topological elements (i.e shaft, baffles etc), il We taken into account that the
number of surrounding cells has to be changed dowly.

Moreover, the first azimuthal computational cél=0 , i.e K=0) and the last
one @ =11, K=NK) (for each radial and axial position) am@nsidered neighbouring
within the algorithm indexing in order to allow tlexchange of solids across the

periodic boundary.

The effect of introducing thexcess solid volume correctigSVQ algorithm
is shown in Fig.3.5, where maps of solid distribntbn the tank bottom during the
first impeller revolution are reported. When sudfjoathm was not implemented,
the solid volume fraction exceeded the physicalkipac valuer; paceqin several
regions of the tank bottom as shown in Fig. 3.5-1.

On the contrary, when thESVC algorithm was implemented, the physical
maximum solid volume fraction was not exceeded drgre over the whole tank
bottom (Fig. 3.4-2).
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Fig. 3.5:Particle distribution at tank bottom: influencetlo& ESVCalgorithm:
1) withoutESVCalgorithm; 2) withESVCalgorithm.

6.138e-001

6.115e-001

Simulations were conducted using two different tisteps. A finer TSwas
used during the first ten revolutions to bettedd@l the initial system evolution,
while a ten fold time step TSwas utilized for simulating the system from thé"10
impeller revolution on. TScorresponds to the time impeller needs to rotatarby
angle equal to the azimuthal length of a single matational cell. Therefore each of
the first ten revolutions require 480 time stephijleveach of the last ninety require
48 time steps. It is worth nothing that such a strake step value TSwas needed,
in the first simulation stages, in order for tB&VC algorithm to guarantee an
effective control of maximum packing.

The number of iteration per time step was set tavBl the aim of following
the transient as closely as possible as well ankance the number of times (per
time step) in which thexcess solid volume correctiatgorithm acts. Under these
conditions residuals did practically settle befpessing to the next time step, i.e. in
the present simulation 30 internal iterations p@etsteps were always more than

sufficient to get fully settled values of the rasads.
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3.5 Results and discussion

Simulation results and visual experimental inforiovatare reported in Fig.3.6
and in Fig.3.7. The various rows shows picturethefsuspension after 1, 2, 5, 10,
20, 50 complete impeller revolutions respectivellyat is from a still almost
motionless condition to steady-state. In fact, ppraciable variations in suspension
height and solid distribution were visible aftee t0" revolution.

The first and the last column of Fig.3.6 are experntal snapshots of the
suspension, acquired by placing the camera atrdifteilt angles: precisely a front
view images and a tilted up-front view are repoiitedolumn 1 and 5 respectively.
In column 2 of Fig.3.6 and in all columns of Fig.3he computational results are
depicted. They show solid volume fraction distribns on a diametrical vertical
plane midway between subsequent baffles; the legamgke sweeps from 0 to twice
the value of the mean particle volumetric fracti@e. 0.192 v/v). All simulation
results were obtained, using Egs. 13, 14, 15 farmding the drag force, while the
drag coefficient model was: tHixed-G for column 2 of Fig.3.6, and for column 1
and 2 of Fig.3.7, thslip-C; for column 3 of Fig.3.7, and therb-C; for column 4
of Fig.3.7.
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Fig. 3.6: Time evolution of particle off-bottom suspensioarfr start-upo steady stat
1) experimental front view; 2jixed-G, simulated distribution on a vertical pl:
midway between baffles; 3) simulated velocity vegitot; 4) simulated isgurface at

3 4 5

solid volume fraction of 0.1; 5) experimental tilteiew. 147
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Fig. 3.7: Simulated particle distributions on ‘eertical diametrical plane midw
between baffles. Comparison among different simutatiapproaches: fixed-G,; 2)
fixed-G and finer computational grid; 3)ip-Cp; 4) turb-Co.
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After one impeller revolution from start, both exipgental and computational
results (first row of Fig.3.6) present a decreassuspension height in the central
part of the tank upon the impeller disk, thus gatieg a partial impeller
uncovering: solid particles over the impeller disiove towards more peripheral
zones. This impeller uncovering phenomenon is @aetily visible in the two tilted
images (columns 4 and 5 of Fig.3.6) and becomeplmand clearly observable
after two impeller revolutions (row b of Fig.3.6)his partial and total impeller
uncovering is very well predicted by the simulativhile, during these first two
revolutions, suspension height near the side walightly overestimated. This may
well depend on some drag overestimation when usi@dergun equation under high
particle concentration conditions. As a matteraiitfthe Ergun equation holds true
for fluids moving trough rigid and steady fluid-gblinterfaces. The mobility of
particles under suspended, yet highly concentratuijitions might well result into
lower forces exchanged between the two phases negpect to Ergun equation
predictions.

The other computational snapshots, relevant td52@, 50 complete impeller
revolutions respectively, highlight a very good emment of time-dependent
predicted suspension height with corresponding exatal images. Overall, it can
be stated that a good prediction of the entiresteart solid distribution was
obtained. This suggests that a simple modellingnter-phase drag is practically
sufficient to correctly predict the suspension heigf a solid-liquid suspension in
radially agitated baffled tank.

Velocity vector plots, shown in column 3 of Fig.3.6learly follow the
suspension evolution. In the first two revolutiomslocities are significant only near
the impeller, where fluid and particles start tovmoln the subsequent revolutions
velocities diffuse towards the upper part of thekfebeing however always limited
to the zone where particles are present.

Column 4 of Fig.3.6 reports simulation resultshie form of the iso-surface at

rs=0.1 and thus shows the volume of the tank contgiaisignificant concentration
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of solid particles. The choice 0§=0.1 is quite arbitrary but it gives a very goodéde
of the interface separating the high concentratmme from the clear liquid region.

The 3-D nature of such a surface provides othefubggormation. By means
of this column the computational initial impellenaovering and the dynamic
“puffs” of particles behind baffles are better olvedble. These “puffs” are well
predicted by the simulations, thus confirming tlediability of model results, as
shown in graphs d4 and d5 of Fig.3.6.

As far as other drag coefficient approaches areewmed, theslip-C; and the
turb-Cp are presented in columns 3 and 4 of Fig.3.7 résmde. The introduction
of the modelurb-Cp, produces a little increase in suspension helgbtel slip-Cp,
does not yield any significant difference with respto modefixed-G,.

In any case, no significant variations among theosen computational
approaches are appreciable, each of them managesréztly follow the transient,
providing a very good prediction of suspension hedynamic evolution too.

An important issue was to verify the total abseatany grid-dependence, in
fact all the results so far presented are obtaibgdthe coarse grid. The
computational images depicted in column 2 of Fig&e obtained using the finer
grid, they are very similar to those of column fud suggesting limited grid-
dependence, as far as particle distribution is eored. This is further confirmed by
the radially averaged steady-state axial partidecentration profiles depicted in

Fig.3.8, where only minor changes can be obseresdite the large grid variation.
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1,0
09 f —— Standard Grid
0,8 - = = =Finer Grid

0 0,5 1 15 2 2,5
rp/rp_av [']

Fig. 3.8: Steady-state radially-averaged axial profiles afipie@ concentration
on a vertical plane midway two subsequent bafffesaparison
between standard and fine grid.

Finally, in order to further test model reliabilityn Fig.3.9 experimental data by
Micheletti et al. (2003) are compared with relevant CFD predictidnshe above
mentioned figures steady state local axial profidsparticle concentration at a

radial position r/T=0.35 and midway between subsetbaffles, are presented.
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Fig. 3.9: Steady state local axial profile of particle cortcation (midway
between subsequent baffles and at radius = 0.3yMbols:
Micheletti et al. (2003) experimental data; dotied: fixed-G CFD
results; solid lineturb-Cy CFD results.

Each image shows the comparison between Michedetl. data (2003) and,
bothfixed-G (with Cp =1.50 for the particles-liquid system involved) andb-GCp,
computational data. It can be observed there ihailation results agreement with
experimental data is poor at 400 RPM. It is howeimportant to note that,
according to Micheletti et al. (2003), at this atiin speed fully suspended
conditions are not achieved. Clearly the preserice layer of solids steadily lying

on the tank bottom cannot be simulated within thesent model, as it could have
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been expected. As concerns the results data otitaind=600, 800 and 1200 RPM
(all pertaining to fully suspended conditions) dtéeagreement, comparable if not
better than that obtained by Derksen (2003), caobserved between experimental
data and simulation results.

Notably, turb-Cy simulations give rise to better agreement thanfitted-G,
simulation, particularly for the 400 and 600 RPMse&s thus confirming the
importance of correcting drag force for free strearbulence effects (Brucatd al,
1998a; Montante and Magelli, 2005). The apparestrdpancy with the above
quoted unimportance of turbulence drag correctionthie case of the transient
simulations is clearly the result of two factorsttbaesulting in a negligible
Cou/Cp ratio (1.11 for the transient simulations versu§925.45, 9.56 and 22.14
at 400, 600, 800 and 1200 RPM respectively for Mietti et al.” vessel
simulations). The first factor is the smaller sfiecpower input, i.e. the smaller
turbulent dissipation (0.22 W/kg for the transismulations versus 0.15, 0.48, 1.15
and 3.84 W/kg at 400, 600, 800 and 1200 RPM resédgtfor Micheletti et al.’
case, all computed by theskurbulence model) implying largar(46 um versus 50,
38,30 and 23im at 400, 600, 800 and 1200 RPM respectively). S¢wnd factor
is the smaller particle size (23im versus 655um) selected for the case of the
transient simulation.

In interpreting the results shown in Fig.3.9, ibghl be kept in mind that any
effect of the drag model is not local: in partisulthe r; distribution in the upper
region of the vessel does not, or not only, depemdhe drag effects in the same
volume, but rather on the particle-fluid interaosoand dispersion in the entire
vessel volume. As a matter of fact the local pkaticoncentration increase
observable in the upper region of Fig.3.9 at 800/R¥Pe clearly the result of more
particles reaching that region, due to drag chaagésbhetter dispersion capability in
the lower part of the tank.

Also the low influence of th€p, model in the 1200 RPM case is explained by
the fact that, at this high speed, the solid volunaetion has attained an almost
uniform value throughout the vessel height thus imglany further effect of the

model negligible.
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Overall, the present results indicate that partdilsribution in dense solid-
liquid suspensions in stirred tanks is a phenomeanainly controlled by gravity,
inertial and inter-phase drag forces. When thesepaoperly modelled, the simple
simulation approach adopted in this chapter gii@sto satisfactory agreement with
experimental results even with the (apparently dem)ptransient behaviour of

dense suspensions.

3.6 Final remarks

The transient behaviour of an off-bottom solid-lajsuspension during start-up
in a stirred fully baffled tank was investigated mgans of a rather simple CFD
methodology purposely formulated and tested. Raeleexperimental data were
acquired to validate the modelling approach. Lie®a data were also employed to
further test model reliability.

The Eulerian-Eulerian Multi Fluid Model along withe standard homogeneous
k-¢ turbulence model was adopted inside the comme@#i& code Ansys-CFX4.4.
The sliding grid algorithm was used to simulate timpeller rotation in the fully
baffled tank.

Particle-particle and particle-fluid interactionstromgly affect particle
distribution, and therefore require an effectivedeling of relevant phenomena.
Here particle fluid interactions were assumed tditpéed to drag force exchange,
with this last able to deal with the high solid centrations near tank bottom, the
intermediate concentration levels inside the susipanand the low concentration
region in the upper clear liquid layer, as wellath free-stream turbulence effects.
Particle-particle interaction modelling was computey the adoption of an excess
particle concentration treatmer§VCroutine) that inhibited particle concentration
from getting significantly larger than maximum pelg packing.

Results were found to be in satisfactory agreemeétft experiments, though
room for further improvement exists. The agreenmagerved between simulation

results and experiment suggests that the moddjipgoaches here adopted are able
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to capture the main factors affecting particle ribsition in stirred dense systems,

which are therefore confirmed to involve mainlyriied, drag and body forces.

3.7 Nomenclature

B body force, N/fh

C impeller clearance, m

Cuy inter-phase drag term, kg/frs)

Co drag coefficient, (-)

D impeller diameter, m

d, particle diameter, m

H height of fluid in vessel, m

k turbulent kinetic energy, s’

M inter-phase terms, Nfm

N agitation speed, RPM

Nis just suspended agitation speed, RPM

NI number of computational cell in the axial directjd)

NJ number of computational cell in the radial directiq-)
NK number of computational cell in the azimuthal diiea, (-)
r volumetric fraction, (-)

g solid volumetric fraction exceeding maximum packialye, (-)

rg total  the sum off*for all the domain computational cells, (-)

I g-packed solid volumetric fraction maximum packing valug, (-
P pressure, Pa

Re Reynolds number, (-)

S source term

T tank diameter, m

U velocity, m/s

Veell computational cell volume,’m
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Greek letters

a liquid phase

B solid phase

& turbulent dissipation, W/kg
A Kolmogorov length scale, m
Il viscosity, Pa:-s

p density, kg/rh

o turbulent Prandtl number, (-)
Subscripts

a liquid phase

B solid phase

t turbulent
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CHAPTER 4
INCOMPLETE SUSPENSION REGIME MODELLING

4.1 Abstract

This chapter represents the further developmetteinvestigation carried out
in Chapter 3. Predicting the transient behavioua afense solid-liquid suspension
during start-up was a first attempt to get a desfght into the complex mechanism
of suspension. In fact, during the first phaseghef start-up, some particles are
motionless on the tank bottom and others startendipg. The suspension degree
increases with time till all the particles are irotiton and complete suspension
conditions are achieved.

Suspension starts within the incomplete suspenstgime, therefore CFD
modelling of this regime could lead to a better ensthnding of the forces and the
effects which cause some particles to suspend wtltilers remain still on the vessel
bottom.

The prediction of a dense solid-liquid suspensigmaghics during start-up
already allowed to partially deal with the incontplsuspension regime. It is the aim
of the present chapter to perform a specific reseaffort focusing on the study of
this regime.

Reliable and accurate CFD modelling of this regweuld lead to a deeper
knowledge of the suspension phenomenon as wedl Hetpossibility of predicting
the minimum impeller speed for complete suspenkign

In addition, it is worth noting that investigatirthe filleting regime could
constitute a focus of primary importance by an stdal point of view since many
industrial stirred vessels operate at impeller dpdewer tharN,s (Oldshue, 1983;
Rieger et al., 1988).

A lot of research efforts have been devoted sotdathe assessment of the
minimum impeller speed able to guarantee the swsspenof all particles.

Conversely, only little attention has been paidhe evaluation of the amount of
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solid particles that are suspended at impeller dpémwver tharN;: in some cases
the loss in available interfacial area betweenigas and liquid could be reasonably
counterbalanced by a decreased mechanical powet. ifipis consideration leads to
the need to evaluate the percentage of suspend&ts su different impeller
rotational speeds in order to quantify the econam@dvantage linked to the
adoption of an incomplete suspension regime ingidestirred tank.

The present chapter deals with Computational Fiyjshamics simulations of
dense solid-liquid partial suspensions in baffldidresd tanks and particularly
focuses on the prediction of the amount of suspérusaticles at a number of
angular velocities encompassing both the filletengd the complete suspension
regime. An Eulerian-Eulerian Multi Fluid Model cded with a standard &-
turbulence model were adopted for CFD simulatioBsth Sliding Grid and
Multiple Reference Frame approaches were employesimulate the impeller-tank
relative rotation. In addition, a number of numatiapproaches were tested and the
relevant results were critically discussed. A lbteaperimental data were used for
validation purposes: data collected by using thes8ure Gauge Technique (Brucato
et al., 1997), snapshots of the simulated tank kedature data. Comparison

between CFD predictions and all experimental dataved a very good agreement.

4.2 Literature review

Information on the quality of suspension is of gesdimportance for the design
and control of reactors involving mixing of soliGnticles in a liquid (Zwietering,
1958; Chapman et al., 1983; Rewatkat et al., 19Bigrefore, modelling the fluid
dynamics of solid liquid suspensions in stirred kiaris an issue of crucial
importance.

The choice of design parameters ensuring an adegodt suspension is still
an open problem for design engineers. All the imiisapplications involving
transport phenomena between solids and liquid regthie contacting interfacial
area has to be maximized. It means that mixingaifmer must guarantee a complete

suspension of particles, keeping at the same timienpeller speed not too high in
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order to allow acceptable energy consumptions. We#l known compromise
between these two aspects is represented by theecbbthe minimum impeller
speed required for the complete off-bottom suspensf solid particles in the vessel
(Nis), a very important parameter for industrial mixingocess design and
optimization whose assessment has been focused dnyy mesearch efforts
(Zwietering, 1958; Nienow, 1968; Baldi et al., 19Bbhnet and Niesmak, 1980;
Chapman et al., 1983; Raghava Rao et al., 1988afRawet al., 1991; Armenante
et al., 1998). As a matter of fact, although afisth works succeeded in determining,
in a more or less accurate wel values, they did not give any quantitative
information on the incomplete suspension conditidrss is rather surprising since
in a number of industrial casesN&N;s is usually chosen as operative condition
(Oldshue, 1983; Rieger et al., 1988), in fact thergy savings due to a lower
operative agitator speed can counterbalance the dgosive interfacial area. In
particular Brucato and Brucato (1998) stated thanhpeller speeds of about 80% of
the N;; estimated by Zwietering’s criterion (no partictesting on the vessel bottom
for more than 1 second) practically all particleg b few are already suspended
thereby achieving large and installation cost sgiwithout significantly affecting
the solid-liquid mixing performance.

Therefore, the knowledge of the amount of the sudpé solids at different
impeller speedss(ispension curviss a topic of primary importance.

So far, most researchers have focused their aitewtnh the evaluation dfjs,
but only few efforts have been devoted on the edton of suspension curves
(Biddulph, 1990; Brucato et al. 1997; Brucato andidato, 1998; Micale et al.
2002). Brucato and Brucato (1998) utilized a tegbaibased on the “twin system”
concept (Brucato and Rizzuti, 1989) for the detemtion of the fraction of
unsuspended solid particles at impeller speedsrithan Nis. This technique was
considered reliable when the fraction of unsuspérsigids is lower than 0.5, but
too demanding in terms of experimental work. Cosehr, Brucato et al. (1997) and
Micale et al. (2002) proposed a novel techniquenelg the Pressure Gauge
Technique PGT), able to assess the percentage of suspended Bohdstirred tank,

at a given impeller speed, by means of pressuresuneaents on the tank bottom.
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Although such experimental approach is simple aelibble, the adoption of
computational fluid dynamicsCFD) would result less onerous and time consuming
in providing similar information on a variety ofstems. In fact, CFD investigations
give more detailed data on the flow field than sileal experimental techniques so
that a deeper understanding and a better applicafisolid suspension theories can
be obtained (Rieger and Ditl, 1994). Furthermoteugh CFD constitutes a
powerful tool which can be used to obtain deepgims into complex multiphase
flow problems, it is necessary to validate the nhqguiedictions with corresponding
experimental data before the model can be reliabbd for industrial reactor design

and operation.

In accordance with my knowledge no CFD works devate the issue of
suspension curves exist in literature. Also, onlyfew works deal with CFD
simulations of solid-liquid suspensions within & vessels at impeller speeds
lower than the minimum for complete suspensipartfal suspension conditiohs
(Kee and Tan, 2002; Oshinowo and Bakker, 2002; &ahiand Lewis, 2006a;
Murthy et al., 2007; Kasat et al., 2008; Panneesselet al., 2008; Hosseini et al.,
2010b). Most of them focused on the predictiorNgfwithout devoting with the
proper attention to the filleting regime modellisgue.

In particular, Kee and Tan (2002) proposed a CFpr@ach for predicting\js
based on the observation of the simulated trangieiiies of solid volume fraction
for the layer of cells adjacent to the vessel flokiiey performed two-dimensional
(2-D) simulations of a flat-bottomed mixing tank @ioying both a six-bladed disc
turbine (Lightnin R100") and a three-bladed propeller (Lightnin A3Yp
Experimentally validated velocity vectors for bathpellers were taken by the
MixSim library of Fluent code(Fluent Inc., Lebanon, USA). Notwithstanding the
excessive simplification of adopting a 2-D appro&sha complex turbulent 3-D
system like a stirred tank as well as the totaleabe of a proper experimental
validation of the computational model, CFD resalpeared to be quite good. As a

matter of fact, because of the criterion they chumselistinguish sediments from
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suspended particles, the adoption of a 3-D appromechld have led to large
computational costs.

Oshinowo and Bakker (2002) investigated via CFD therformance of
hydrofoil impellers and a 45° pitched-blade turbimaler different agitation speeds.
Solid volume fraction and velocity distribution,spension cloud height and liquid
phase mixing times were predicted.

Ochieng and Lewis (2006a) employed both Computatiéiuid Dynamics and
experimental techniques such as Laser Doppler Vfaktcy (LDV) and Optical
Attenuation TechniqueJAT) in order to investigate the off-bottom solid seisgion
in an elliptical-bottomed and fully baffled tankirstd by a hydrofoil propeller
(Mixtec HA735). They used these numerical and eitglirmethods in close
conjunction with themselves inside a “tedious pohge” to predictN; value for a
number of cases thus resulting in a not fully predé technique. Cloud heights
were predicted as well and a corresponding empicicaelation was proposed on
the basis of the mixing features identified by t6&D and the experimental
methods.

Murthy et al. (2007) adopted the Eulerian multidlunodel along with the
standard lke turbulence model to perform steady state (Multipkference Frames)
simulations of gas-liquid, solid-liquid and gasdidsolid flows in a stirred tank
testing different impeller types (Rushton turbid&? pitched blade down and up-
flow turbines). Influence of solid loading, paréicsize, superficial gas velocity and
sparger design were investigated as well. Authoxpgsed a method for the
evaluation ofN; via CFD based on the value of the standard deviatf solid
concentration in accordance with the definitiontié standard deviation due to
Bohnet and Niesmak (1980). Good predictions wetained.

Also Kasat et al. (2008) employed the standardaderi of solid concentration
in order to evaluate solid-liquid suspension redguelity again in accordance with
the criterion proposed by Bohnet and Niesmak (19BMye precisely, they carried
out MRF simulations of a flat-bottomed baffled sjutank stirred by a Rushton
turbine. Simulations were performed by adopting khelti Fluid Model (MFM)

along with the homogeneolkse model for the turbulence closure. The model was
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further extended aiming at understanding the imfteeof suspension quality on the
liquid-phase mixing process which occurs in theresti slurry tank. In particular, a
criterion to evaluate mixing time by CFD was progasand applied to the entire
vessel as well as only to the top clear liquid fegteany suspension regime. Results
showed that the very small velocities encounterethé top clear liquid layer are
responsible of a low mixing within this zone thuesulting, on its turn, into an
increase in the total mixing time.

Panneerselvam et al. (2008) carried out steady statulations focusing on the
study of solid suspension in a gas—liquid—solidpgtlal bottomed baffled stirred
vessel. Firstly solid-liquid and gas-liquid flow weeinvestigated separately: CFD
results were validated qualitatively with literatuexperimental data in terms of
axial and radial profiles of solid velocity in ligl+solid suspension and liquid
velocity in gas—liquid dispersion for different spéng conditions. Concerning gas—
liquid—solid flows, the CFD predictions were comgr quantitatively with
purposely collected experimental data in the tepfngitical impeller speed for just
suspended conditions. In particular, authors aedgefise critical impeller speed
experimentally both by visual observations and Rywer Number(N,) versus
impeller speed plot analysis. CFD simulations weeeformed at the assessed just
impeller speeds and the corresponding standardti@viof solid volume fractions
and cloud height were calculated to check/valigiteulation reliability. Influence
of particle size, impeller design and air flow ratere investigated.

Hosseini et al. (2010b), investigated by both eixpents (by visual observation
and Electrical Resistance Tomography) and simuiatisolid-liquid suspensions
within a transparent flat-bottomed tank provided folir equally spaced baffles
placed with gaps from vessel walls. They assegapélier torque, cloud heigh¥s
and the degree of homogenization founding a gooeleagent between experimental
and CFD data. Also, authors addressed the CFD mdadelquantify the
homogenization degree dependence on impeller spegukller design (three
different axial flow impellers, i.e. Lightnin A108, A200™, A310™), impeller off-

bottom clearance, particle diameter, and partielesity.
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All of these scientific works deal with CFD simutats at impeller speeds both
lower (partial suspension conditiohgnd higher ¢omplete suspension conditipns
than theN;s value without making any comment on the presencstithfparticles
lying on the bottom. In addition, experimental datdevant only or mainly to
complete suspension conditions are employed foC#E modelling validation, i.e.
a proper validation ahe modellegartial suspension conditions is not performed.

In a solid-liquid mixing operation it is necessaoyavoid the accumulation of
particles in some locations as well as to know wtaly the liquid phase is present.
Therefore, there is a need not only to know the armmf solids suspended at
different speeds or the impeller speed at which gbkd particles become fully
suspended, but also to gain information on theityual the solid distribution within
the tank. A reliable prediction of such an inforioatis of crucial importance for an
accurate design and testing of a solid-liquid stirsystem. However, in accordance
with my knowledge, it is not easy to find such peyof data in literature for partial
suspension conditions because of the slight inddisimterest on this particular
regime.

Although CFD prediction of the partial suspensi@yime could apparently
seem not so interesting by an industrial point @fw it can lead to a deeper
knowledge of the complex phenomenon of particlepsnsion within an agitated
liquid thus possibly resulting in a better designpertinent solid-liquid contact
equipment.

Scope of the present chapter was to carry out GFiDlations on incomplete-
to-complete suspension regimes in stirred tank®rorer to numerically predict
suspension curves as well as to increase the kdgeldegree of particle suspension
phenomenon.

Three different types of experimental data wereoedingly used for the
validation of the proposed CFD model:

- data concerning the fraction of suspended sdalitigges collected by PGT;

- snapshots of the investigated vessel for bothlitgtige and quantitative

comparison;
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- literature data (Micheletti et al., 2003) regagliocal axial profiles of solid
concentration.

It is worth noting that, for the first time, CFDnwillations dealing with the
incomplete suspension conditions are validated leama of purposely collected

experimental data.

4.3 Experimental information

The experimental system consisted of a cylindritzdl bottomed baffled tank
with the vessel diameter T = 0.19m equal to thael taquid height H, as depicted in
Fig. 4.1.

A standard six-bladed Rushton turbine with D=T/Zwsased in the suspension
experiments. It was set at a distance from theeldssttom equal to 1/3 of H.
Deionised water and glass ballottini with diame#erging between 212 and 2(éh
were employed. Solid measured density was 2500%ghe solid particle loading
was equal to 1.6 kg corresponding to an average s@light fraction (ratio of solid
mass to liquid mass) 33.8%Wiiquia (F11.9% \eidViera). The particle bed lying
on the bottom void fraction (under no agitation ditions) was experimentally
measured resulting in about 40%. Influence of plrtconcentration and particle
mean diameter on the simulation procedure religbiias checked: the solid
loading was decreased to 0.8 Kg (16.9%idWiiquia =5.95% \oig/Viota) 10 evaluate
concentration effect and 500-60fn glass ballottini particles with the concentration

of 33.8% WoidWiquia Were employed to verify particle mean diameteluigrfice.
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W=T/10— '«—

D/5
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T=0.19m

Fig. 4.1: Stirred tank.

4.3.1 Pressure Gauge Technique (PGT) apparatus afihdamentals
The impeller shaft was driven by a DC motor (MaviMS6) provided with a
speed control loop (Infranor). An optical tachometas employed to independently

measure the impeller rotational speed. A pressangyg constituted of a simple
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inclined manometer is connected to a given pointhef vessel bottom allowing
pressure readings to be taken. This point was glazemuthally midway between
two subsequent baffles and radially midway betwbenaxis and the lateral wall. A
hole in the vessel bottom transmitted the locakguee value to a dead chamber

directly connected to the pressure gauge (Fig.4.2).

- (=]

I_k'ole"_l—)

Fig. 4.2: Experimental set-up: PGT apparatus.

When system is not stirred, all the particles sti#it on the vessel bottom and
the measured pressure clearly results proportimntie height of the liquid inside
the vessel. This pressure is considered as theenefe pressure and it is subtracted
from the readings obtained at higher agitation dpetn fact, when some or all of

the particles are suspended, a pressure enhancdoei the increase of the fluid
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apparent density is measured. It is possible toamizaly link this increase to the

amount of suspended solids by means of the follgwijuation:

V,(0,-0,)0 1_[%
AP, =P8 T2 = M, (4.1)

Abottom Zﬂ- %

whereAnoom IS the vessel bottom ared is the observed pressure increase and

Mg is the mass of suspended solids.

The value of pressure increase assessed at a igngaller speed would be
easily converted through equation 4.1 into the esponding mass of suspended
solids. Actually, increasing agitation speed, dlmdynamic head effects due to the
liquid motion inside the vessel under agitated dos give a contribution to the
measured pressure enhancement. These effects akémg into account, assessed
and subtracted from the measured total pressurg ahtaining the pressure increase
due only to the solid suspension. Eventually, Mevalues found in this way were
translating into fractional solid suspension d&tall details on the technique can be
found in Brucato et al., 1997 and Micale et alQ20

4.3.2 Snapshots of the investigated vessel

In order to provide additional experimental data dofurther validation of the
CFD modelling procedure, a number of images of dperating system were
collected by employing a commercial digital cameord(Sony, model
DCRTRV530E PAL). Two different set of images werellected for each
experimental case previously presented: the camesplaced below the vessel
bottom and in front of the lateral wall. The firset of images shows the
unsuspended solids on the vessel bottom, i.e.h&yeeswhich the sediment assumes
on this surface, similarly, the front snapshotsvstive shape of the sediment placed

on the lateral wall. In order to correctly distingju the still particles from the
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moving ones, images were taken with high captumedi(i.e. low shutter speeds): in

this way still particles are well defined while thmving ones appear to be blurred.

4.4 Numerical modelling

Reynolds Average Navier StoKBANS simulations were carried out by using
the commercial finite-volume method code CFX4.4 piechnology). The adopted
numerical approach for the simulation of the twagh system was the Eulerian-
EulerianMulti Fluid Model (MFM) where the two phases are assumed to coexist at
every point in space in the form of interpenetigibontinua. It solves the continuity
and momentum equations for the two-phases separatel simultaneously, the
coupling between the two phases is obtained thropigissure and inter-phase
exchange terms. The particle phase was treated separate dispersed phase,

occupying disconnected regions of space in theimooas liquid phase.

4.4.1 Equations of motion
Assuming phases to be incompressible, for eachtbae;ontinuity equation is

written as a function of its own volume fraction:

%(rmoa)-'- 0 Eﬁrapﬂuﬂ) =0 (4.2)
%(rﬁpﬂ)+ﬁ[ﬂrﬂpﬂﬂﬂ):o (4.3)

where the subscripta and 3 refer to the continuous and dispersed phases
respectivelyy is volumetric fractionp is density andJ is mean velocity.

Clearly,

r, +r, =1 (4.4)
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The momentum balance equations are:

a(ra,gfﬁa) +0 Eﬁfapﬂa [ Ua): F, (4.5)
6(rﬁ§fﬂﬁ) + [ﬁrppﬁaﬁ 0 Ua): F, (4.6)

whereF, andF; are the net forces acting respectively on thedigqund the solid
phase. They are the sum of the viscous term, tespre gradient, the gravity force,

and the momentum inter-phase transfer term:

£, =00, (, +4)00, +(00,] )-r.0p+r,0,6+M,, @7

—

Fp=0 Eﬁrﬂ'uﬂ (ﬁgﬁ + (DUB)T ))_ pOP +1,0,G+ My, 48)

In these equationg is acceleration gravityy is viscosity,P is pressure (the
solid and the liquid phases share the same prefisldeandM is momentum inter-
phase transfer term. In the rotating frame, thedrifagal and Coriolis forces were
obviously included as body forces in the above #gns, when thévultiple Frames
of Referenceanethod (MRF) (Luo et al., 1994) is adopted. Coseby, in Sliding
Grid approach (SG) (Murthy et al., 1994) the flow etprat for the rotating domain
are written with respect to the absolute referefname since it is the grid which
rotates: this results in including additional aecations terms being completely
equivalent to the former body forces, typical fanrinertial frames. Notably, time
derivative terms are not solved when the MRF apgirésadopted.

It is worth noting that no turbulent viscous termsre considered for the solid

phase. Usually, in literature the two phases amasidered to share the same
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turbulent viscosity (generally computed by means té homogeneous &«-
turbulence model) and satisfactory results can l@imed in a number of cases
(Micale et al., 2000; Micale et al., 2004; Khoplaral., 2006; Kasat et al., 2008;
Tamburini et al.,, 2009; Hosseini et al., 2010b).n@xsely, for the case here
presented, simulations were carried out at verfewint impeller speeds even at
impeller speeds very much lower thidg when many particles lie on the bottom: in
such conditions. The inclusion of the turbulencscesity term in the momentum
balance equation for the solid phase would generateong underestimation of the
amount of particles lying motionless on the vebstiom (see results and discussion
section). In other words, the inclusion of turbuleiscosity would be wrong in an
environment where resting particles are surrourtledther resting particles, thus
being not at all affected by the action of turbtileiscous stresses. Of course a
molecular viscosity for the solid phase had to bedwver accounted for, in order to
avoid numerical convergence problems. A moleculacosity equal to the liquid
one was chosen as suggested by literature (Mitalk,2004; Murthy et al., 2007).
Moreover, it is important to stress that the preseof a still sediment with a very
high local value of solid concentration producedbpems of numerical convergence
thus resulting in the practical impossibility ofagding different approaches such as
the Solid Pressure ModégBouillard et al., 1989) or th&ranular Kinetic Theory
(Gidaspow, 1994).

4.4.2 Inter-phase transfer terms

Fluid—particle interactions as well as particletode interactions were
modelled by the adoption of the excess solid volwmeection ESVQ algorithm
(introduced in Chapter 3) which will be describadhe following.

Interactions between the two phases were direatigiaihed only by inter-phase

drag force terms within the momentum equations {itvay coupling):

Mo, =Cy (U, -U,)=| 2S00, JO,-0,) e

4d

p

U,-U
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M, =C, 0, -U,)=c,,0, -U,) (4.10)
where C,5 is inter-phase drag coefficient amy is particle mean diameter.
Other inter-phase momentum exchange terms suchaaseBforce, virtual mass
force and lift force give generally a low contribuio solid-liquid hydrodynamics
especially if the particle density ratio to ligug&more than 2 (Tatterson, 1991) and
they are consequently neglected (Ljungqvist & Rasmmy 2001; Montante et al.,
2001; Murthy et al., 2007; Panneerselvam et alQ820More precisely, Basset
force, arising only in unsteady flows because & tlevelopment of a boundary
layer around particles, was found to have a madaitmuch smaller than the drag
force. Moreover, a very little influence of lift fbe and virtual mass force on the
simulated solid hold-up profile was found by Ljungg and Rasmuson (2001) for

the case of a dilute solid-liquid suspension.

4.4.3 Turbulence closure

Obviously, the continuity and momentum equationgtem are time averaged
and a turbulence model is required to guaranteg ahe able to describe turbulent
conditions. The well knowrk-¢ turbulence model (Launder and Spalding, 1972;
Launder and Spalding, 1974) was adopted as ithsistp economical, and rapid,
besides it gives stable calculations and reasonasiglts for many flow domains
(Hosseini et al., 2010b). It is commonly employedimulate the turbulence within
single/multi phase stirred vessels even thougts ihat able to predict with high
accuracy turbulent quantities in rotating flowsdfaio et al., 1996) because of the
presence of anisotropic turbulence (Ng et al., 1988s well known that theé-¢
turbulence model assumes the isotropy for turb@efdurthy and Joshi, 2008)
while the turbulence in the discharge stream ofitiygeller is anisotropic (Hockey
and Nouri, 1996; Mishra et al., 1998; Aubin et &001). Generally, results
obtainable by thek-& turbulence model are in a good agreement withvagle

experimental data as far as main bulk flow charattes are concerned, on the
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contrary, even pronounced deviations from expertalemeasurements concerning
turbulent quantities could be obtained in the irfgyalegion (Ng et al., 1998; Yeoh
et al., 2004). Moreovek-£ model usually overestimates the eddy viscosity. thMur
and Joshi (2008) asserted tkat model works well when the flow is unidirectional
that is less swirl and weak recirculation as in ¢hse of tanks stirred by hydrofoil
impellers. Improved CFD predictions of turbulentaqtities can be obtained by a
modified k- model hamedonalmodelling(Sahu et al., 1998) whereby, practically,
domain is divided in different zones and differ&rt model parameter (i.&C,, C,
andC,) are utilized for each of them. Actually, it is portant stressing that Jenne
and Rauss (1999) focused on the effect provideddiffgrent time scales and
anisotropy on the standakde turbulence model without obtaining any significant
improvement.

For anisotropic turbulence modelling, the adoptidrihe anisotropidkeynolds
Stress ModelRSM (which calculates each Reynolds stress separatéhout
requiring any eddy viscosity) could constitute didvalternative (Ciofalo et al.,
1996) even though it has got various drawbacksaiit produce a long and difficult
numerical convergence, it has got non-universal @hogarameters, it is
computationally expensive (by an order of magnitaseompared to tHes model),
it does not capture the time dependent nature efltdw and it often provides no
considerable improvements in the prediction of wlght quantities (i.e turbulent
kinetic energy) (Armentante and Chou, 1996; Shdra).£1998; Murthy and Joshi,
2008). Aubin et al. (2004) asserted that the dmmmey of predicted turbulent
guantities (both byk-£ and RSM model) with relevant experimental data may
depend on Reynolds averaging.

Accordingly, the adoption of darge Eddy SimulationfLES provide better
results in many cases (Derksen and Van den Akke®9:1Aubin et al., 2004;
Hartmann et al., 2004; Micheletti et al., 2004; Meet al., 2004; Alcamo et al.,
2005; Guha et al., 2008; Yapici et al., 2008ES leads to a higher accuracy in
prediction by modeling only the smallest turbuleotles, which tend to be more
isotropic, while fully resolving the turbulencethe larger scales (Murthy and Joshi,
2008). In particular Derksen and Van den Akker @)%&ated that only Large Eddy
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Simulations can predict turbulent kinetic levelsiath are in accordance with
corresponding experimental data for a flow drivgratRushton turbine. Results that
were confirmed later by Hartmann et al. (2004).

Deksen (2003) asserted thdES leaves less room for speculation in modelling
the turbulence (seeonal modellingas an example) and the motion of particles
immersed in the flow than tHRANSbased turbulence models. Yianneskis’s research
group (Micheletti et al., 2004; Yeoh et al., 20@dmpared_ES with RANSbased
turbulence modelling concluding thRIANSapproach can yield reasonably results
away from the regions close to the impeller and thal ES approach is better than
RANSas far as prediction reliability of global turboteenergy dissipation rateis
concerned. However, recently Coroneo et al. (20dffymed that much finer
computational grids than those usually adoptedRBNS simulations are required
to reduce numerical uncertainties concerning tunbulquantities prediction to
negligible values. Murthy and Joshi (2008) investitgl by both. DA measurement
and CFD a fully baffled tank comparing the cap#&piof the three turbulence
models (i.e.k-§, RSM LES to predict the fluid velocities and turbulent é&tic
energy for the case of several impeller designsar8arizing,RSM simulates well
all the mean flow characteristics, while the staddas model fails to predict the
mean flow associated with a strong swirl. Furtheth of them underestimate the
turbulent kinetic energy profiles in the proximity the impeller. Conversel\,ES
approach is able to predict with a good accuradytte fluid flow variables.
Unfortunately, such a type of model is very compatal demanding (Derksen,
2003), especially in two-phase systems with highceatrations of the dispersed
phase (like in the case of the present PhD work3 timiting its use to single phase
or dilute two-phase cases (Derksen, 2003; Guha.,e2G08). Similarly, the direct
solving of a two-phase flow field under turbulenvnditions throughDirect
Numerical SimulatiofDNS (i.e. computing directly eddies of all sizes witth any
equation averaging, the temporal RANSor the spatial oLES goes beyond the

present and foreseeable future computational pbtsi(Hartmann et al., 2006).
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In the present formulation the stand&rd model was adopted accordingly and
it was used to account only for the turbulencehefdontinuum phase in accordance
with the formerly presented momentum equations4egjand 4.8)k and¢ transport
equations were solved only for the liquid phase theg were not taken into account

for the particle phase.

9 (p,k)+ i{pﬂak—(ﬂa +ﬂjik} =S, (4.11)
ot o,
2(,00,5)+ ﬁ{paﬁag—(ua +i]ﬁ£} =S, (4.12)
ot o,
where
G g N
s, =100, [0, + (00, ] )- o,e (4.13)
£ === (= VT £?
5. =¢,+ 400,00, +(a3,) ~C.0, - (4.14)
k2
He = PaCu (4.15)

Notwithstanding no turbulence exchange terms haenlclearly considered,
interactions between phases turbulence are acabdatein the drag force term
which includes the influence of liquid free-streammbulence on the particle drag

coefficientCp (see paragraph 4.4.1).
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4.4.4 Drag Coefficient G
Particle drag coefficien€p, was considered variable in each cell in relation t
the slip velocity between phaseS; is calculated by the Clift et al. correlation

(1978) where the cell slip velocity was used fa Beynolds number calculation:

d,0, -0, [
Cp = 24 |14og Dol e =
P.d,JU,-U, U,
Uy
24
=~ |1+ 02Re>? 4.16
oL+ 02Re)”) (.10

p

This approach will be called &.q,. Notably, wherRg, is higher than 1000
the drag coefficient is equal to 0.44.

It is known that the drag coefficient of small pelgs exhibiting a Stokesian
behaviour is not affected by free stream turbule(Ckft et al, 1978). On the
contrary for particles falling in all other regimesag coefficients in turbulent fluids
depend on both particle and flow field charactarsst(Clift et al, 1978).
Notwithstanding these crucial findings, the effetturbulence eddies on the motion
of the dispersed phase is often ignored by assumistandard drag coefficient as
applied to quiescent flow thus may leading to laggers in the simulation of the
dispersed phase concentration profile of an indstflow under turbulent
conditions (Doroodchi et al., 2008). The effecturbulence is that of modifying the
interactions between particles and fluid by modifyithe flow field around the
particle with respect to the case of absence @& fiteeam turbulence. This effect
leads to an increase of particle drag if the twwbhaé scale is small enough when
compared to particle size. In fact, only micro-scairbulence features appear to
affect particle drag while the macro-scale turbatems not involved in the drag
increase phenomenon. Accordingly, the extent oh sncrease depends on particle

and fluid physical properties as well as on turhok intensity. (Brucato et al.
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1998a). In order to take into account the bulk pilavwy turbulence influence upon
drag inter-phase, two different correlations weneplemented: Brucato et al.
(1998a) correlation and Pinelli et al. (2001) ctatien:

d 3
Coeet® = Cp| 1+ 8.67x10‘4[7‘)} (4.17)

p

-2
Coin =Cp| 06+ 0.4tan>{16di —1} (4.18)

whereh is Kolmogorov length scale, computable by thediaihg relation:

ENIE

(4.19)

where the turbulent dissipati@ns directly obtained by the turbulence model.

These approaches will be called &5 .m-grucao (Or Simply Cp ) and
Co-wrb-pineli Fespectively The Cp coefficient of equations 4.17 and 4.18 is cal@adat
by equation 4.16. The above expressions were ingoiéad in the code through the
use of aUser Fortran subroutineavailable for this purpose in Ansys-CFX4.4
(USRIPT). A comparison of the two former correlations épitted in the following

figure.
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40
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30 —— Brucato et al.
25 | - - - -Pinelli et al.

Cd tu rb/Cd

40

Fig. 4.3: Liquid free stream turbulence effect on partictgld drag
coefficient: comparison between Brucato et al. (E9%hd Pinelli et
al. (2001) correlation..

It shows that the two approaches provide the sdffeetefor d/A ratio being
approximately lower than 10. When this ratio ishgg than this value, the two
curves diverge and the drag coefficient predictgdBoucato et al. correlation
appears to be much higher, especially for higlordfA. These two correlations are
the most used in CFD scientific works dealing veithid-liquid suspension in stirred
tanks even though they do not take into accountirifieence of particle density
(Doroodchi et al., 2008). With this regard, recerthne et al. (2005) proposed a
different approach whereby the ratio of the “tudmit terminal velocity to the
“stagnant” terminal velocity (i.e. a ratio proporial to the square root of the ratio
between the corresponding drag coefficients) wamdodependent on th&tokes
Number This dimensionless number was considered as atie of the particle
relaxation time(times a particle spends to respond to an integaddy) to the
turbulent integral time scaleThey supposed a decreasing-increasing trend avith

minimum for the ratio of the turbulent terminal eeity to the stagnant one versus
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the Stokes Number, but they validates such relatiith experimental data only in
the initial “decreasing” part (low Stokes Numbédproodchi et al. (2008) dealt with
the experimental confirmation of Lane et al. (20@®yrelation at high Stokes
Numbers (the “increasing” part). Results confirmttwe decreasing-minimum-
increasing trend hypothesized by Lane et al. (2008} they refuted the global
validity of Lane et al. (2005) correlation thus\eay rooms for future studies and
improvements.

4.5 Other tested modelling procedures
4.5.1 Dense Particle Effect approachPE)

This approach presents only a difference with reisge the modelling
procedure presented so far (that is téference modelling procedyrehere inter-
phase drag force term equation includes an addititactor which accounts for
particle-particle interactions in dense suspens{peshigh solid loading): this factor

is Gidaspow’s correction for dense particle eff@idaspow, 1994):
M,, =C,U,-0,)=

* (1— rﬁ)‘l'65 (Uﬂ —Ua) (4.20)

U,-u,

4d, "

As shown by the equation 4.20, increasing solidun@ fraction leads to an
enhancement of drag force as a consequence ofripginécle-particle interactions.
In fact, higher solid loading means higher numtguarticles and particle collisions

thus resulting in a variation of interactions bed¢wé¢he two phases.

4.5.2 Homogeneouk-& approach (Turb-Turb)
This modelling procedure is practically almost itlesl to the reference
modelling procedure: the difference regards theul@nce closure: here both phases

are considered turbulent, that is even in the maamrequation of the solid phase, a
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turbulent viscosity figures so that a coupling ofbulence between phases issue
arises. Notably, about turbulence prediction in tirphase systems in literature
three different extensions of standdree turbulence model homogeneouysper
phaseor dispersedl are encountered. Imomogeneouapproach, only a couple &f
and ¢ equations are solved, where the physical propesfiise mixture are adopted,
the two phases share the sak@nde (and the same eddy viscosity) value and the
transport equations fdrande have no inter-phase turbulence transfer termpem
phaseformulation, the turbulence model equations arlwesbfor all the phases
present. Additional terms referring to the modglof inter-phase transport kfand

¢ have to be included in the equations relevantachephase. Alternatively, in
dispersedapproach, turbulence is first simulated for cambins phase and then
Tchen's theory of dispersion of discrete partickgs homogeneous turbulence
(Hinze, 1975) is used to estimate the turbulentiities of the dispersed phase.
Montante and Magelli (2005) have studied the infleee of these three formulations
on predicted results. They have observed that usimge computationally
demanding approaches liker phaseformulation does not lead to any significant
improvement over the mixture formulation. Furthereyditerature shows that for a
number of cases dealing with dense suspensionirredstanks (Montante et al.,
2001; Micale et al., 2004; Montante and MagelliD20Khopkar et al., 2006; Kasat
et al., 2008; Tamburini et al., 200%)%pmogeneous kturbulence model provides a
fair representation of the solid distribution thgbout the vessel. Therefore, in
accordance with all these literature suggestionfiomogeneous k-turbulence
model was employed within thEurb-Turb approach. Equations 4.11, 4.12, 4.13,
4.14, 4.15 remain practically the same, but allgitgl properties figuring in these

previous equations have to be the “mixture” avedggeperties. As examples:

P=TaPy +13Pp (@.21)
U :%(ra,oaﬁa + rﬁpﬁUﬁ) (4.22)
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Finally, no dense particle effect is taken intoagot in this approach.

4.5.3 Modified C,; approach (Mod-C,; )

This modelling procedure was described in Chaptesind consists in the
adoption of the Eulerian-Eulerian MFM model. Theimdifference with respect to
other approaches mentioned so far concerns thdingupetween phases via inter-
phase drag force: different local solid concentragi affect the drag force value, so
inter-phase interactions and solid distributionotlghout the tank consequently
change. In order to account for this influence ehdifferent equations were used,

each one for a specific solid volumetric fractiamge:

- low volumetric fraction§0 <ry<rj min):

the drag force is computed by the equation 4.2Qtiestandare,; formulation

along with Gidaspow’s corrective term for denseiphr effects;

- high volumetric fractiongrs max< rs<rs packed-

the code uses Ergun’s equation (Ergun, 1952), ajlgicused to deal with
closely packed fixed-bed systems.

M s :Caﬂ(aﬁ _Ua):

r; M50,
ity q757

—Ip)dp P

= |50 u,-d,) (4.23)

- intermediate volume fraction(s; min< rs< s may:

for this range a linear interpolation of the twaypbus equations was used in
order to avoid any discontinuity i@, - r; relation: this unphysical behaviour would

occur if only equation 4.20 and 4.23 were employiedaddition, adopting this
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interpolation withr, min andrs maxSet to 0.35 and 0.45, along withCg computed

via slip velocity, guarantees a monotonic depend@iC,z vsr .

—

M af = Ca[:’ (r[:’_min

)+ S (rﬂ_mw)_caﬂ (rﬂ_mm)(rﬁ ~Ts min) (U,B _Ua)
r[;’ _max r[:’_min -

(4.24)

As far as turbulence modelling is concerndthd-C,; approach adopts the
previously described “homogeneous’s kurbulence model. For full details about

this approach refer to the Chapter 3.

Finally, it is important to underline that all tiemerical approaches presented
in this paragraph embody the influence of liquidefrstream turbulence on drag

coefficient referring to Brucato et al. correlatig®98a).

4.6 Numerical details

Coupling of pressure and velocity was obtained ey SIMPLEC algorithm.
The hybrid-upwind discretization scheme was emplof@ the advective terms.
Central differences were employed for all diffusterms.

Impeller to baffle relative motion was modelled tiwo different ways: by
adopting two different frames of referenddRF) or by coupling the MFM with a
sliding mesh $G.

4.6.1 Discretization of the computational domain

In accordance to the axial symmetry of the systenty half of the tank was
simulated, the other part was taken into accoutftivthe simulations by imposing
periodic boundary conditions along the azimuthaledion. This domain was
discretized by a coarse finite volume structurechgotational grid (Fig. 4.4) which

encompasses 53760 cells (hexahedrons): 70 aloraxifledirection NI) , 32 along
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the radius J) and 24 along the azimuthal directiodK). Fig.4.4 shows that cell
spacing is suitably reduced in the proximitiestaff impeller where larger gradients

of the variables are expected.

s 1 1
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i <x_____‘_“/'__/f> <\\__’_’__/—>
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Fig. 4.4: Computational grids: the coarse one on the leftfittes on the right.
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Notwithstanding this grid clearly presents a faidparse subdivision, the
simulations obtained in this way did not be affdctsy noteworthy residual grid
dependence, as will be discussed in the paragrapfTHis grid was adopted for the
standard computations in consideration of its loemednd of computational
resources. However, an eight times finer grid wdspéed in order to check the
presence of any grid dependence. It encompassé&8@3®lls distributed as 140 x
64 x 48 along the axial, radial and azimuthal dicec respectively. SG/MRF
surface was set in accordance with the assumptibhso et al. (1994) at the radial

position R/radius = 0.62 as purposely shown in4=g.

Furthermore, in order to validate the modelling ragh with literature data, a
third grid was created to discretize the stirredsed employed by Micheletét al.
(2003) with C=T/3 and suitable simulations wereriealrout.

4.6.2 Initial conditions, time step and number ofterations

At the beginning of each simulation all particlesrevplaced on the tank bottom
with an initial volume fraction of 0.60sy¢/Vioral (Packedconditiong, corresponding
to the experimentally assessed maximum packiRg.ded, also being a typical
value for mono-dispersed spherical particles (KekBan, 2002). Anyway, effect of
such a critical initial condition on simulationsstdts was addressed by carrying out
some simulations with a different and numericalig@er initial condition, i.e. solid
particles homogeneously distributed throughout wiessel ipitial homogeneous
condition) which constitutes the most common choice in ditere (Ochieng and
Lewis, 2006a). It is worth noting that both bottdiffing and avoidance of settling
phenomena are essential for solid suspension mschgiMersmann et al., 1998)
while assuming a particle homogeneous distribuéisnnitial condition is likely to
account only for the avoidance of settling phenoonethus neglecting the bottom

lifting one (Ochieng and Lewis, 2006a). Moreoves, far as initial condition on
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velocity is concerned, both phases were considesatpletely still at the beginning
of all simulations.

The time step employed for the transient slidinigl gimulations was equal to
the time which impeller needs to sweep of an amgaamuthal length equal to a
single computational cellofe cell time stgp For all the transient cases 100
revolutions were considered more than sufficientdach steady state conditions
since no appreciable variations in solid distribativere found before reaching the
100" revolution. Therefore, for the case of the coaysd, 4800 time steps were
required for concluding each simulation. The numifeiteration per time step was
set to 30 with the aim of allowing residuals totlsebefore passing to the next time
step as well as to enhance the number of timestiper step) in which th&SVC
algorithm acts. In addition, some simulations wpegformed with different time
steps in order to evaluate time step influence wmevrical predictions: a time step
equal to the time impeller needs to sweep of amattial length equal to half a cell
(half cell time stepand a time step equal to the time impeller ndedstate of an
angle of 180 degreed§0° time stepwere adopted thus requiring 9600 time steps
and 200 time steps respectively to encompass 1p8éllien revolutions.

As far as steady state Multiple Reference Framaulsitions are concerned,
8000 iterations were found to be sufficient fooaling variable residuals to settle to
very low and negligible values for all the investigd cases. Also, 8000 iterations
are sufficient to guarantee th&SVC algorithm avoids the overcoming of the
maximum physically allowed packing value for sqdichse.

Notably, simulations of cases where impeller spietigh require a higher
number of total time steps for the case of SG sties and a higher number of
total iterations for the MRF simulations with resp& the simulations where the
impeller speed is lower: the former cited value80@ time step, 8000 iterations)
were chosen in order to be appropriate for allcdmes here presented.

Baffles and impeller blades were considered asghifaces. No slip boundary
conditions were assumed for all the tank boundanidéis the exception of the top
surface where free slip conditions were employedtahly, the presence of very

small magnitudes of the liquid velocities near tbp surface leads to negligible
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difference in the results predicted with no slipfage slip (Kasat et al., 2008) or

symmetry boundary conditions at the top.

4.6.3 Excess Solid Volume Correction AlgorithmESVC)

As previously described, one of the problem coriogrithe adoption the
Eulerian-EulerianMFM in its own standard formulation regards the pakisibof
obtainingrz value greater than the maximum physically allowegdking valuer s
packed 1IN Order to avoid zpacked t0 e exceeded during the simulations, Exeess
Solid Volume CorrectioESVQ algorithm, already used and described in Chapter
3, was adopted.

As shown in the Chapter 3, this correction operatea posteriori redistribution
of the solid volume in excess for each cell whéme tolume fraction exceedsg
packed At the end of each iteration, after the codefimished its calculation and has
distributed the solid volumetric fractions throughohe computational domain, the
ESVCoperates in each cell by zeroing its excess adsalnd redistributing it along
the surrounding cells.

As a difference from the algorithm described in @leapter 3 in the present

chapter ESVCalgorithm has been further optimized:

a) it is applied at the end of each iteration & 8IMPLEC algorithm inside an
iterative procedure. More precisely, it works iteraly or until the total mass which
exceeds gpacked IS reduced to one hundredth of its initial valuetwo hundreds
times. This limit value of two hundreds operatioasachosen aiming to avoid too
much high computational times for each simulatiod aignificant variation of the

system dynamics;

b) it is able to perform the redistribution of sbliolumetric fractions exceeding

I 5 packed€VEN across the SG/MRF surface.

An in-depth description of the algorithm improverheleclared in point (b), is

provided in the following. In CFX 4.4 it is not mkle to manage equations dealing
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with cells belonging to different domains. As pawsly described the tank volume
is divided in two different domains nam&wbx In and Box Outseparated by the
SG/MRF surface. Practically, it is not possiblewate equation 3.20 for Box In
cells neighbouring this surface because equatiquires an excess amount relevant
to the corresponding Box Out cells and vice vef$as drawback was overcome by
defining two vectors calleixcess StoréFig.4.5): The amount af;™ which would
have to be transferred from a generic Box In cefireventively stored in this vector
(the red part of Excess Store in Fig.4.5) and ssicely considered within the
equation 3.20 for the corresponding Box Out celtl (arrows in Fig.4.5). Similarly a
rs value, which has to be transferred towards therimiwenain, is stored in the
Excess Store vector (the yellow part of ExcesseStorFig.4.5) and then inserted

into equation 3.20 for the neighbouring Box In cell

Box Out

Excess Store

Fig. 4.5: Excess exchange across SG/MRF surface.
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This procedure requires other refinements if a §@@ach is employed: in fact
in sliding grid simulations the Box In rotates iocardance with the impeller speed
instead of the Box Out which remains still. Thidative rotation implies that a
generic cell of Box Out has a neighbouring Boxéfl which changes with time and
vice versa. An example is plotted in Fig.4.6 whisve different generic instants are
considered. In order to simplify explanation, indse assumed a time step equal to
the time impeller needs to sweep a single azimutiomhputational cell. When
system is in the position showed by Fig.4.6a, Boxéll 1 has to exchange solid
excess with Box Out cell, likewise Box In cellNK-1 is coupled with Box Out cell
NK, Box In cellNK has to exchange excess with Box Out &efind so on. This
behaviour is clearly periodic with a period of 1&8grees as Fig.4.6b shoM&sSVC
algorithm was refined with the implementation of aithoc index-linking for Box

In and Box Out as well as for the inner and theeoptrt of Excess Store.

Fig. 4.6: Relative rotation of inner and outer domain in S@uations.

The algorithm does not remove the over-packingeisbut rather rearranges the
volume fraction distribution and ensures the exadssolids to be carried towards
cells where no excess is present. Naturally, wasth noting that, operating at the
end of each iteration, its action has to be kepraall as possible, thus preventing

the correction from altering significantly the dymas of the system. In fa@SVC
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algorithm does not operate more than two hundreedj thus keeping the total
amount of transferred mass very low (always bel&we¥en in the worst cases).
Fig.4.7 shows an example BSVCalgorithm operation for the case of 23
at the highest (i.e. most critical) solid concetitra of 33.8% Wojig/Wiiquig: two
generic SIMPLEC iterations relevant to initial intipe rotations (when most solid
are resting on the bottom and the over-packingeissumost critical) in SG

calculations are considered.

1,00E-03 7

9,00E-04 1 - 231micron_157RPM
8,00E-04 . 231micron_258RPM

EIN N — 231micron_493RPM
7,00E-04 1 BN

6,00E-04 -

5,00E-04

rg" total [-]

4,00E-04 1 ~__ |
3,00E-04
2,00E-04 ]

1,00E-04

0,00E+00 ———
0 50 100 150 200 250 300 350 400
ESVC iterations [-]

Fig. 4.7:ESVCoperation during two generic SIMPLEC iterations.

rs total is the sum of 5 for all the domain computational cell.

As a matter of fact, when impeller velocity is Iqd@57RPM in the figure),
solids prefer to stay still over the bottom, thasuiting in a higher;™ total and a
more massive operation &SVCalgorithm. Both for 157RPM and 258RPM cases,
200 hundredsESVC iteration for each SIMPLEC iteration are reached, the

contrary, at 493RPM the amount of still particlssviery low thus leading to a
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reduction ofr 5 total of one hundredth before reaching the maximum nurobevo
hundreds iterations.

Finally, effect of employingeSVCalgorithm within simulations is considered
and discussed. Fig.4.8 shows a comparisongadistribution results obtained by
employing ESVCalgorithm (Fig.4.8b) and without employing it (FgBa) for the
case of highest solid loading (and particle diametpial to 23fim) at the very low
impeller speed of 90 RPM; values refer to a vertical diametrical plane ptace
midway two subsequent baffles. WheSVCalgorithm is not adopted solids tend to
over-pack themselves on the bottom thus showingmetric fraction values which
overcome the maximumy packeqvalue and even reach the value of one (Fig.4.8a).
Conversely, if &SVCalgorithm is employed the over-packing issue isdied and
ther distribution figured in Fig.4.8b does not showued significantly higher than

the maximum physically allowed ong paced

I'p Ip
[ 1.000e+000 [ 7.000e-001
9.800e-001 6.850e-001
I 9.600e-001 F 6.700e-001
f 9.400e-001 F 6.550e-001
f 9.200e-001 F 6.400e-001
F 9.000e-001 F 6.250e-001
I 8.800e-001 F 6.100e-001

r5.950e-001

5.800e-001
I 5.650e-001
5.500e-001

b

r 8.600e-001

8.400e-001
I 8.200e-001
8.000e-001

a

Fig. 4.8:231um, 33.8% Wqjid/Wiiquie» 90RPM: solid volumetric fractions on a
vertical diametrical plane: a) without employiE&VCalgorithm, b)
employingESVCalgorithm.

The improvements dESVCalgorithm presented in this chapter were necessary

for the simulation of partial suspension conditioAs a difference from the case
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presented in the Chapter 3, here particles reshermottom in all the cases where
N<N;. If ESVC algorithm improvements were not be implementedphysical
results would be obtained (i.e. volumetric fracsioexceeding s packea@s Well as
possible discontinuity of solid volume fraction é&\in the correspondence of the
MRF/SGsurface).

Finally, it is worth noting that theESVC routine, inhibiting particle
concentration from getting significantly larger thanaximum particle packing,

represents a way to model particle-particle intéoas (Tamburini et al., 2009).

4.7 Unsuspended Solid Criterion (USC)

As a matter of fact, it is necessary to establigririon aiming at correctly
distinguishing the suspended particles from theusppended ones. Velocity is the
first variable one may think to use as a benchmiérk:particle exhibits a value of
velocity equal to 0.0, it should be consideredmsugpended.

Unfortunately, all simulations, even at very lowpieller speeds, provide solid
velocities very small but different from zero tHeading to the unique possibility of
choosing a velocity value as small as arbitrarg asit off value: if particle velocity
was lower than this limit value, particle would kensidered unsuspended. In
relation to these considerations, adopting anotagable to establish a not arbitrary
criterion could constitute a better choice.

In accordance witlPGT fundamentals, solids can be considered susperided i
they contribute to increase the mean density oftlspension by lifting and moving
away from the tank bottom. When solids lie still tre bottom they show their
maximum volumetric fraction gpacked (Kee and Tan, 2002). Clearly, it is highly
improbable for particles to be suspended while gmesg this local value ofs , in
fact it is quite likely that particles are distrted during the suspension process, thus
showing arz lower thanrgpaces Therefore the simulation procedure compute as
unsuspended all the solids which show a solid veluimfractionr z = r gpackeginside
a computational cell. This criterion will be indied in the following as
Unsuspended Solid CriteridivSQ.
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Clearly, this criterion could be improved by addiother conditions, but it
represents a good simple starting point. Notalhlig ¢riterion could underestimate
the amount of unsuspended particles because itssille that some particles can
stay on the bottom isolated from each other, bintgokkely a few, this percentage is
quite low and can be reasonably neglected. As @aemaf fact, in relation to the
modus operandi of this criterion, a finer grid webujuarantee a more precise
estimation of the unsuspended solids.

In addition, a suitable binary scalar namsstimwas purposely prepared in
order to allow visualizations of the sediment dgripost-processing: if particles
inside a cell are considered as unsuspended®¢ criterion, the scalasedim

assumes a value equal to 1.0, otherwise it is dquiaD.

4.8 Results and analysis

As far as experimental results are concerned, datd set (Fig.4.9) shows the
typical behaviour presented in the works of Brucatt@l. (1997) and Micale et al.
(2002): plotting the fraction of the suspended dsliversus agitation speed a S-

shaped curve was obtained for all of the investidatses.
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Fig. 4.9: Experimental suspension curves for the followingesao 212-250
um glass ballottini particles with a solid loadin38.8%4""; A 212-
250um glass ballottini particles with a solid loadinfy16.9%""; o
550-600 pm glass ballottini particles with a solid loading o
33.8%"™. Corresponding solid symbols indicate the relevispt
values assessed by Zwietering’s correlation (1958).

The collected data show that higher particle di@mahd concentration lead to
higher unsuspended solid fractions at a given tgitaspeed as expected. Also,
suspended solid fractions being equal about tafirésponding to the achievement
of complete suspension conditions) show the sarhaweur (particle suspension is
favoured by smallest particles and lower solid lngg) emphasizing the soundness
of the experimental procedure. Actually, completgspension conditions are
achieved at impeller speeds being lower than thieesponding ones predicted by
Zwietering’s correlation (solid symbols in Fig.4.9¥wietering’s correlation is
conservative, but more mechanical power demandiitdy respect to an industrial
point of view, it is not important that no partislare still on the bottom for more
than a second, but it is crucial that the amountrfuspended solids is negligible if
compared to the total solid-loading.

Anyway, further details and discussion on experit@lesuspension curves can
be found in Brucato et al. (1997) and Micale e{2002) and are not reported here.

4.8.1PGT curves

Fig. 4.10 shows the prediction of the suspensiorveclby SG transient
simulations: Despite the simplicity of the suspenscriterion, simulation results
appear to be in fair agreement with experimentéh.dsimulation data present the
same “S” curve trend and are close to the corretipgrexperimental data even if
there is a slight overestimation, especially fog thtermediate impeller rotational
speeds. In the same figure two different approaahesomparedp.gjip, andCp_grb-

Brucato
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Fig. 4.10:Simulated vs experimental suspension curve foc#se of 212-250

pm glass ballottini particles with a solid loading38.8%8"".

No significant variations are appreciable as exgukcin fact, particle diameter

is small and impeller speeds are not so high, ldading to low enhancements@f
(for the case of 493RPM the ratl ym-grucato t0 Cp Was equal to 1.48, see Table 4.1

for further details). Results identical to thosevpded byCp.ium-srucato 2PProach are

given by Cp.u-rinei @pproach because, as previously described, bgitoaghes

provided practically identicalp enhancements fak/A lower than 10.

Investigated vess¢ Micheletti et al. data (2003
231pm 550pm 655um
Brucato et al. correlation _ Pinelli et al. correlatig Brucato et al. correlation  Pinelli et al. correlatip
N rev | dp/A Co_1unn/Co N rewy [ dp/A Co_un/Co dp/A Co_un/Co N e | dp/A Co_1unn/Co dp/A Co_1un/Cop
121 2,78| 1,02 122 6,89 1,28 6,92 112 400 14,54 3,66 14,77 2,49
157 3,33 1,03 161] 8,24 1,49 8,27 125 500 17,58 571 17,45 311
209 4,18 1,06 213 9,91 1,84 9,92 1,49 600 20,55 8,53 19,88 3,66
258 5,03 111 263 11,79 2,42 11,76 183 700] 23,10 11,69 22,83 4,27
299 5,64 1,16 316 13,83 3,29 13,74 2,26 800 25,45 15,30 26,50 4,95
362 6,44] 123 368| 15,71 4,36 15,60 2,69 900 27,87 19,77 27,51 512
493 8,21 1,48 413] 17,08 5,32 16,98 3,01 1000 29,68 23,68 29,98 5,51
460 18,62 6,60 18,42 3,33 1100] 32,57 30,95 31,82 5,78
510 20,21 8,15 19,94 3,67
624] 23,64 12,46 23,21 4,35
678 25,20 14,87 24,71 4,63
Tab. 4.1:Influence of liquid free stream turbulence on deagfficient
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4.8.2 Concentration maps

The good quality of predictions is also visibleFig.4.11 where contour plots of
rg for the same case were depicted: at low agitadpeed (157RPM) most particles
lie on the bottom; at 258RPM, many of them suspkatwithout reaching the
highest part of the tank; finally, at 493RPM susen is very near to be complete
and particles distribute following the liquid mailow and describing the typical

double loop configuration.

I
’ 6.000¢-001 157RPN 25¢6RPM 49:RPM

5.400e-001
4.800e-001
4.200e-001
3.600e-001
3.000e-001
2.400e-001
1.800e-001
1.200e-001

6.000e-002

0.000e+000

Fig. 4.11: Contour plots of solid volumetric fractions on atiel diametrical
plane at three different impeller speeds for theecaf 231um
ballottini particles at 33.8%".

Fig.4.12 refers to the same cases described ird.Ely. it shows a three
dimensional representation of the scat@dim plot upon the solid volumetric
fraction contours of the former figure. The isowole figured in Fig.4.13 represents
the domain zones where the scaadimis equal to one: such a volume practically
corresponds to the 3-D visualization of the sedinestimated by simulations.

As Fig.4.12 shows, the amount of sediment is rediumeincreasing impeller
rotational speed. When impeller is motionless,dsolie on the bottom as sediment
without showing any particular shape. At 157RPM fleav discharged by the

impeller starts to profile the sediment (as showésb by vector plots, Fig.4.13)
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which assumes a volcano-like shape. The build-upgaflid heap at the centre of the
vessel floor is a characteristic phenomenon offthiel-flow pattern imposed by

radial flow impellers like the Rushton turbine (Keed Tan, 2002; Kasat et al.,
2008). At 258RPM the sediment predicted by simatetishows a particular form
which is experimentally visible by observing thessel bottom (see Paragraph
4.8.11): impeller rotates counter clockwise, sorrtha lateral wall the sediment is
present only in the part placed in front of theflleaf(which cover it from the liquid

flow). Finally, at 493RPM only a negligible amowftsediment is still present.

g

6.000e-001

157RPN 25¢6RPM 49:RPM

5.400e-001
4.800e-001
4.200e-001
3.600e-001
3.000e-001
2.400e-001
1.800e-001

1.200e-001 QA

6.000e-002

0.000e+000

Fig. 4.12: 3-D scalarsedim plot upon contour plots of solid volumetric
fractions on a vertical diametrical plane at thdiéerent impeller
speeds for the case of 2@t ballottini particles at 33.8%".

4.8.3 Velocity vector plots

In Fig.4.13 velocity vector plots are depicted:tims figure a vector whose
length is T/4 has got a magnitude equal o ¥he external contour of the scalar
sedimis also included in the same figure. When impedipeed is low, particles
constitute a fictitious bottom thus resulting invery low impeller clearance (i.e.
false bottom effert(Kasat et al. (2008); Brucato et al., 2010) whiehds to the
formation of a single recirculation loop. In faGalletti et al. (2003) focused on the

flow pattern transition with impeller clearance iations in a stirred vessel and
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observed the transition of two-loop structure togi-loop structure for a radial
flow impeller with a decrease in the impeller ofittom clearance. This
phenomenon was observed by other authors as walh{@®let al., 2004; Tamburini
et al., 2009). Actually, vectors do not show a perbcular direction to the impeller
blades, but they move downwards obliquely, follogvthe profile described by the
sediment as can be seen in the first two plots1R&RPM and 157RPM cases). The
phenomenon of single-loop fluid flow pattern asvaal the oblique velocity vectors
in the presence of a motionless sediment is alserghble in the work of Kasat et
al. (2008). Moreover, by observing carefully thestfitwo figures it seems that
another recirculation loop is however present (iagshe sediment), even if very low
velocities are visible. Therefore, one would stht the flow split do not occur on
the impeller plane, but on a lower plane prescribgdhe sediment height. This
phenomenon as well as the false bottom effect tiasist higher impeller angular
velocity, when the sediment height is further resticat 209RPM velocity vector
plots show a double loop configuration, but the dovoop appears to be smaller
because of the sediment presence which givesaiseréduced impeller clearance.
At 258 RPM, flow velocity vectors manage to reable wvessel bottom, but the
presence of motionless particles in the centrat phthe bottom causes an early
closure of the recirculation thus producing againirg loop with reduced size.
Eventually, at 493RPM, where a not appreciable arhofistill particles is present,
the velocity vector plot shows the double loop flpattern configuration, typical for

the radial flow impellers.
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121RPM 157RPM 20€RPM

256RPM 49ZRPM

Fig. 4.13:Velocity vector plots with the indication of scakdimon a vertical
diametrical plane at different impeller speedstfa case of 23um
ballottini particles at 33.8%".

4.8.4 Time step dependence

Influence of time step length on results was addrés The simulations
presented in Fig.4.10 were carried out again byihgltime step duration: it
corresponds to the time impeller needs to rotateamfangle equal to half a
computational cellHalf cell time step Suspension curve result do not show any
difference and are not presented.

Anyway, the quantity of unsuspended particles isowerall data, in order to
properly check the time step influence, it woulddsgter to compare local data as
well. Indeed, Fig.4.14 shows two generic radialyeraged axial profiles of

normalized solid concentration. By observing thefifes it is clear that neither solid
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concentration profiles show any appreciable vamatthus confirming that the

adoption of thene cell time stefs sufficient for the transient simulations.

10 & 10
99 £, One cell 09 :.5 One Cell
08 [ 08 L
07 E N - Half Cell o7 b - Half Cell
06 f / _06
o5 Tos
04 ¢ N 04 —:‘;
0a P S 0s b [
02 X 02 f
o1 f e o1 f [ .
00 : ‘ P 00
0 1 2 3 4 5 0 1 2 3 4 5 6
rg/rgay [ rg/fg.av [

Fig. 4.14:Radially averaged axial profiles of solid concerirait comparison
of different time step lengths for two differensea. On the left: 231
pm, 33.8%™ at 258RPM; on the right: 55@m, 33.8%™ at
263RPM.

4.8.5 Sliding Grid versus Multiple Reference Frames

SG transient simulation results were compared whiln MRF steady state

approach. The comparison is depicted in Fig.4.J&suRs are practically identical

with the only exception of the 157RPM case. Suspenstarts in a massive way at

an impeller rotational speed close enough to 157RBMit represents a very

delicate phenomenon for CFD simulations. By the ,wegsults confirm the

soundness of adopting a MRF approach for furthedyars, thus guaranteeing a

large computational time saving.
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Fig. 4.15:Comparison of SG and MRF simulations with suspensione for

the case of 212-250m glass ballottini particles with a solid loading

of 33.894"™.

Also in this case, the comparison has embodiedotteervation of radially

averaged axial profiles of normalized solid voluritefractions (Fig.4.16): SG and

MRF profiles are very similar for all the cases ehénvestigated, a quite little

difference is observable only at the highest ingrelpeeds, actually it regards

merely the upper part of the vessel thus guaramgettie goodness of predicting

suspension curves by MRF simulations.
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Fig. 4.16: Comparison of SG and MRF simulations with radialyermged
axial profile of normalized solid volumetric frasti for the case of
212-250 pm glass ballottini particles with a solid loading o
33.898™.

4.8.6 Initial conditions
All the simulations were carried out imposing paes packed ats packeqOn the

bottom as initial condition. It can likely be codered as the more realistic condition
for the start-up of a solid-liquid stirred tankitiating a simulation with the particles
settled at the bottom is more representative oftiieal physical situations. Also, it
is comparable with the Lagrangian approach (Derk2003) where particles are
released from the bottom of the tank. On the ott@ard, such condition hides a lot
of complexities by a computational point of viewaimly concerning numerical
convergence problems. Therefore, it was considesath checking if results were

affected by some influence of such a critical alittondition. Some simulations
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were carried out again, but imposinghamogeneousnitial condition for solid
volumetric fractions: the comparison plotted in .Bi@7 shows that the results

obtained by considering the two different conditi@ne perfectly identical.
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Fig. 4.17: Radially averaged axial profile of normalized solidlumetric
fraction for the case of 212-25%0n glass ballottini particles with a
solid loading of 33.8%4": comparison of different initial conditions.

4.8.7 Grid dependence analisys

Verifying the total absence of any grid-dependemas another important issue,
in fact all the results so far presented are obthloy employing the coarse grid.

A check of computational result grid dependence pexformed for the case of
212-250pum glass ballottini particles with mean solid cortcation of 33.898".

Results concerning suspension curve predictiondmptng the coarse (53760) and
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fine (430080) computational grids are presenteldlign4.18. An accurate analisys of
the results between these two grids highlights saliserepancies, however, the
extent of numerical differences were judged acd®ptdor the purpose of the
present PhD work. In particular the suspended sfhdtion data predicted by
employing the fine grid appear to be a bit lowarthhe corresponding coarse grid

data for the case of intermediate impeller speeds.
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Fig. 4.18: Comparison of MRF simulations (WithCp wb-prucat9 With
experimental data with two different computatiogatls for the case
of 212-250um glass ballottini particles with a solid loadindg o
33.8%8".

A further confirmation of the previous statementtba reliability of the results
generated by the coarse grid is shown in Fig.4.tilérevcomparisons of normalized
axial profiles for the two grids at different imfml speeds are reported: profiles are
very similar for all the impeller speeds thus sgthening the idea that a higher
discretization degree and a consequently more atcuesolution does not provide
different results. Moreover, it is worth noting thiee small difference observable at
the lower part of the vessel for the case of 157RPM allegedly linked to the
ESVCalgorithm operation: in order to ke&sVCalgorithm global effect identical
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in the case of different grids (that is, when tbelt number of computational cells

changes), the number of times when it operatesdvbalchanged accordingly. In

fact, a higher computational cell number meansdaided cell size thus implying a

lower exchange of s~ for each cell, or, in other words, a smaller sbfftexcess

towards zones where no excess is present. Sowihéntindreds operation times

should be increased when a finer grid is employed.
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Fig. 4.19: Radially averaged axial profile of normalized solidlumetric
fraction for the case of 212-250m glass ballottini particles with a
solid loading of 33.8%": comparison between the coarse and fine
grid.

4.8.8 Solid loading

As far as influence of particle concentration oa pnesented model reliability is
concerned, the simulation results, depicted in 47af), follow quite well the
experimental data. Predicted fractions of suspersidids are close enough to the
experimental ones even if a fairly overestimaticaasviound especially for the lower
impeller speeds: also this time, it is allegedly do the delicacy of the suspension
starting. If one starts to operate the systemeay low impeller speed only a very
low amount of solid particles is suspended; corelgrancreasing agitation speed,
but keeping it still low, suddenly, suspension preenon occurs in a massive way
and a lot of solids get suspended. This initial diton is very critical by a
computational point of view, thus leading to a grdéficulty in simulating it
properly. However, as a matter of fact, the nunarapproach presented here was

found able to reliably predict suspension curvesneat a lower mean solid

concentration.
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Fig. 4.20: MRF simulations versus experimental data for the @ds212-250
um glass ballottini particles with a solid loadinigl6.9%"".

4.8.9 Particle diameter and drag coefficient

Numerical model capability of predicting solid pelgs diameter influence on
solid suspension curves was also investigated.eTtigerent approache€p.qip |
Co-turb-Brucato @Nd Cp.wrb-pineni Were depicted and compared in Fig.4.21 for this
purpose. As a matter of fact, higher particle dimesuspension requires higher
impeller speeds to achieve complete suspension itcmmsl thus intrinsically
resulting in higher ratiad,/A (higher d, and lowerA) and leading to a greater
influence of the liquid free-stream turbulence be trag coefficient. Neglecting
such influence provides inconsistent result<as;, approach data show: even at
very high impeller speeds, it is impossible to aghia complete suspension regime
as the fraction of suspended solid particles does reach or asymptotically
approach the desired value equal to 1.0. As faCags-srucato @Nd Cp.turb-pineli &re
concerned, they clearly provide different enhancgmef Cy , differences which
further grow for high impeller speeds (i.e smaler and higher ratial,/1). For the
case of the lowest impeller speed investigated (B22RPM) the raticCp .y, to Cp
are very similar (see Table 4.1) : 1.28 and 1.Idating with Brucato et al. (1998a)
and Pinelli et al. (2001) correlation respectivelZonversely, significant
discrepancies between the two approaches are ftamthe case of the highest
impeller speed (678RPM): the rat_wm-grucato t0 Cp is 14.87 while the rati€p.yrp-
pinelii t0 Cp results equal to 4.63 (see Table 4.1).

Observing Fig.4.21 data, it can be stated that hatbhulent approaches fairly
overestimate the fraction of suspended solids émlbpedin correspondence of the
suspension beginning but thes wmrineii @pproach seems to follow better the
experimental data at high rotational speeds. Boueatal. correlation (1998) was

obtained by fitting, experimental data whose higipesticle diameter was 425-500
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4m, lower than the 500-60@m one. The equation chosen for this fitting hasranf
which does not extrapolate sensibly for high ratibd/A (Lane et al., 2005).
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Fig. 4.21: Comparison of different MRF simulation approachesthwi
experimental data for the case of 500-6@M glass ballottini
particles with a solid loading of 33.89%.

4.8.10 Alternative modelling approaches

As mentioned in Paragraph 4.5, other modelling apghes were adopted to
predict suspension curves: results are presenteiif.22.

No one of the tested approaches provides satisfactsults: all of them
significantly overestimated the experimental datspecially at very low impeller
speeds. In this regard, also some predictions afsklai et al. (2010b) concerning
cloud height and homogenization degree show a airniterestimation at the lower
impeller speeds even if the tank and impeller desigy employed were different
from those of the present thesis.

The Dense Particle Effecpproach provides better results because it &s tabl
predict the “S” shaped trend of the suspensioneudnfortunately the drag force

enhancement due to dense particle effect may determn overestimation in
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momentum exchange between phases thus providingsgesded solid fraction
higher than the experimental one. Influence ofdbese particle effect term should
be higher when local; is higher, so one may expect a greater influehteaRPM
when particle distribution degree is very smalltuigdly, when particles are packed
lying on the bottom as sediment they show the sgmalue equal t@zpacked SO the
drag force enhancement is consequently the santieeircells where sediment is
presence, independently of impeller speed. Wherellepspeed is very low, the
drag force is not sufficient to suspend particlegef if the enhancement occurs)
because the slip velocity between the liquid flavd ahe sediment is still too low.
Increasing agitation speed, slip velocity increa@iggiid velocity increases, while
solid velocity remains still low) and the drag ferreaches its critical value for the
suspension of a large fraction of particles (i.bewthe curve starts to go upwards
with a large slope). When RPE approach is employed the drag force reaches its
critical value at lower impeller speeds than thienence modelling approach, thus
yielding an overestimation of the amount of susgengarticles.

Conversely, in the case d¢fomogeneous k-turbulence model(Turb-Turb)
approach, differences in predictions are due to dffect of the presence of a
turbulent viscosity for the solid phase as well,ost values are shared with the
liquid phase. This approach likely yields an oveneation of the convective term in
the solid phase momentum equation especially incthraputational cells where a
still sediment is present, thus providing a prematsuspension of solid particles
from the vessel bottom.

Finally, for the case oMod-C,s approach results indicate a dramatically high
overestimation of the experimental data. Actualythe cells where&z = rzpacked
Mod-C,z approach makes use of Ergun’s equation for the thege assessment:
sediment is assumed as a fixed bed through whighdlican flow. Unfortunately,
Ergun’s equation is not so satisfactory becausailations results show that the
sediment has a very low velocity but it moves anyhB&rgun’s equation provides
drag forces much higher than those yielded by tts¢ €équation of this approach

thus leading to even higher over-predictions.
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Fig. 4.22: MRF simulations versus experimental data for the afs212-250
pum glass ballottini particles with a solid loadind 83.89%4"":
comparison of different modelling approaches.

It is worth noting that all these considerationsia@rn the prediction of the
amount of solid particles lying on the bottom, cersely the suspension curve data
do not provide any information on particle disttibn throughout the vessel so that
a comparison of these approaches about solid lalisitvh prediction capability can

be made only by employing other experimental dse¢e Paragraph 4.8.12).

4.8.11 Snapshots of the investigated vessel

Both frontal and inferior snapshots of the investiggl vessel were taken.

- Inferior snapshots

Inferior snapshots were used for a qualitative dadion of computational

predictions: an example is provided in Fig.4.23.
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231um_16.99%" - 240RPM  23um _33.8%""- 258RPM  55@m _33.8%"" - 316RPM

Fig. 4.23: Qualitative comparison of sediment bottom shapevéet CFD
scalarsedim (on the bottom) and experimental snapshots (on the

top).

Sediment shape visible on the bottom is qualithtivpiite well predicted by
simulations: still particles are found in front tife baffles, while no sediment is
present behind the baffles in accordance with thteclackwise impeller rotation.
Furthermore, unsuspended particles are observabkae middle part of vessel
bottom as expected for a system stirred by a radiaeller. Actually, CFD sediment
shape images are not identical to the experimentas, maybe a more accurate flow
field calculation by a Large Eddy Simulation woujdiarantee better results as
sediment shape strongly depends on the flow pattamrthe vessel bottom.

Unfortunately, a good comparison at higher velesitihan those of the former
figure were not possible: although high acquisitiomes were adopted (equal to one
second), images appear too blurred and it is nakiple to clearly distinguish
moving particles from the still ones: as a differerwith unbaffled stirred vessels
(Brucato et al., 2010), at high impeller speedshaifled tanks particles are not
permanently still on the bottom because a contiaygarticle replacement occurs
thus leading to a greater difficulty in distinguisdp fillets from suspended particles

by image/video acquisition procedures.
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- Frontal snapshots

As far as frontal snapshots are concerned, theg weed both for a qualitative
and quantitative comparison with relevant CFD datavery low impeller speed,
when suspension is not started yet in a massive ivesypossible to experimentally
observe the 3D sediment shape, a similar correspgitformation can be obtained
by the 3D visualization of the contour plot of szaedim(on a vertical diametrical
plane placed midway two different baffles) providéy CFD simulations:

comparison is depicted in Fig.4.24.

[+
_‘ 212-25Qm_16.9%"" - 147RPM

(=]

: - 212_25le_33_8c)/6V/W - 121RPM

(5]

_ 500-600um _33.8%"" - 122RPM
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Fig. 4.24: Qualitative comparison of sediment shape: CFD ptidis on the
right and experimental snapshots on the left.

A heap of particles (typical of solid-liquid systerstirred by radial impellers) is
visible in the central part of the vessel underndla¢ impeller for all the three cases.
Such experimental evidence is predicted by CFD kitimmns in the high solid
loading cases, instead of the CFD 16"%%case where no heap of particles is
observable.

Quantitative validation by experimental snapshetmrds the sediment which is
observable on the lateral wall at low and interratdiimpeller speeds. More
precisely, the height that the sediment visibletlis boundary surface assumes
midway two subsequent baffles was assessed bakp@rimental snapshots and in
CFD scalassedimcontour plots for comparison purposes.

As an alternative, being the height of the setbed uneven, one may think to
use for comparison the area that the sediment ¢hlacethe lateral wall shows;
unfortunately, in some cases it is not simple toknthis area with a good accuracy
so that it would lead to a poor reliability of tmeeasure. The same choice for
particle bed height assessment was made by ZhWwan@002).

Fig.4.25 shows the experimental assessments ofotmealized sediment height
at different rotational speeds. Naturally, at ORB&th the 33.8%" cases show the
same initial normalizethe.q While the 16.99%" case shows a lower value equal to
half of the 33.89%" one as expected.

Increasing agitation speed, the observable tremoow faithfully the
considerations made for Fig.4.9: lower solid péettiameter and concentration aid
suspension. Because of the lower number of pasticieolved, the case with the
lowest concentration shows the lowest normalizedinsent height at a given
agitation speed. In addition, increasing agitatspeed but keeping it very low
normalizedhgey values for the 16.9%w/w case show a smaller deerd¢han the
other cases likely because of the lower numbemwbd particles involved. Particle

diameter has a greater effect than particle conatioh on solid suspension as well
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as on normalizedhseq as suggested by Zwietering’s correlation (1958)fact the
impeller speeds at which the sediment disappears the lateral wall is closer for

212-250um glass ballottini particle cases than the 50046®00ne.

0,25
i O Experimental_231micron_16.9%w/w
02 e; O Experimental_231micron_33.8%w/w
T © Experimental_550micron_33.8%w/w
015 | ° 9
':I*:' o
S
o 010
' o o o
2 o
i m
0,05 o
0 L 1 1 D D O | o J
0 100 200 300 400
RPM[]

Fig. 4.25: Height of the sediment visible on the lateral wakisessed in the
middle of two subsequent baffles.

The same simulation set carried out with the ainsitoulate the suspension
curves was also employed to predict the normalizediment height value as a
further model validation.

Figs. 4.26, 4.27 and 4.28 show that, also in thge¢simulations were in a very
good agreement with relevant experimental resyltactically all the presented
experimental data are obtainable by CFD simulatiitis a good precision degree.

Fig.4.26 shows that experimental data are very wedticted even if a little

overestimation at low impeller speeds however sxist
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Fig. 4.26:Simulated versus experimental normalized suspersaht for the
case of 212-25@m glass ballottini particles with a solid loadinfy o

33.8%"™,

Conversely, CFD simulations provide a little ungeediction at low impeller

speeds for the lower solid concentration case 4F1§).
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Fig. 4.27:Simulated versus experimental normalized suspersaht for the
case of 212-25@m glass ballottini particles with a solid loadinfy o
16.998".

Eventually, even the normalized sediment heigtevaht to the high particle
diameter case were very well predicted by CFD sathorhs (Fig.4.28) with the
exception of 316RPM value where a moderate underason is observable.
Notably, no significant differences between the tdrag modelling were found,
because the impeller speeds investigated are kuitehus providing similar drag

coefficient enhancements (see Tab.4.1).
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Fig. 4.28: Comparison of two MRF simulation approaches with expental
normalized suspension height for the case of 5@D{&® glass
ballottini particles with a solid loading of 33.

For the reference case of 284 glass ballottini particles with 33.89%, a

comparison of different modelling techniques waggened and depicted in Fig.
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4.29. Results confirm the trend already seen indR2@ for the case of suspension
curve data predictions.

Mod-C,z approach provides the worst results since, evéawaimpeller speeds,
the normalizedhgeq values are very lower than the experimental ohesddition,
increasing the agitation speed a very poor decrafasediment height is observable.
DPE approach provides good predictions only at low etigg speeds and high
underestimations of experimental data at higheooréés, as already seen in
Fig.4.22. Turb-Turb approach provides under-predictdd.q data in all the
investigated range with the exception of 258RPMeaan overestimation occurs.
With this regard, it is worth noting thBXPE and Turb-Turb predicted data show the
same “inversion” also observable in Fig.4.22: be@00RPM DPE approach gives
better results thamurb-Turb approach, conversely, opposite considerations tave
be made at impeller speeds higher than 200RPM. oksefrly discussed, this
phenomenon may be linked to the Gidaspow’'s comecterm which provides
higher local value of inter-phase drag force wheffect becomes preponderant on

the enhanced convectiimirb-Turbterm only after a certain impeller speed.
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Fig. 4.29:MRF simulations versus experimental normalized susipa height
for the case of 212-250m glass ballottini particles with a solid
loading of 33.89%": comparison of different modelling approaches.

4.8.12 Validation with literature data

Experimental data employed so far for quantitatikadidation purposes are
strictly linked to the amount of solid particlesrlyg on the vessel walls (bottom and
lateral wall), but they do not provide information a quantitative description of the
particle distribution over the vessel.

Therefore axial profiles of solid concentrationsirid in literature for a similar
system (Micheletti et al., 2003) were employedddurther model validation.

More precisely, local steady state normalized sol@ncentrations
measurements at a radial position R/T=0.35, midivatyveen subsequent baffles
and at different heights of the tank were colledigdMicheletti et al. (2003) using a
conductivity probe with the aim of studying the ljtyeof particle distribution.

Average solid volumetric fraction was 9.9¥% D was equal to T/3 and glass
particles whose diameter range was 600-dd0were employed, other details can
be found in the relevant literature (Michelettaét 2003).

Reliable simulations were carried out in order imwdate these data for
comparison purposes. Aliding Grid approach was adopted even if slight
discrepancies between SG and MRF approaches wenedy found (as shown in
Figs. 4.15 and 4.16). A comparison of data conogrsplid concentration values at
different vessel heights requires a more accuralieulation, especially if different
modelling approaches (i.eTurb-Turh Mod-C,; etc.) have to be carefully
compared: as known in literature (Ochieng and Le@6a; Panneerselvam et al.,
2008) a transient CFD simulation approach basedthen fully predictive SG
algorithm accounts for the temporal variations he mixing tank thus providing
better predictions of the liquid flow field and sbkuspension than the MRF steady
state framework.

Comparisons between Micheletti et al.” experimentaia (2003) and relevant

CFD simulation results were depicted in Fig.4.30ddferent impeller speeds.
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Fig. 4.30: Steady state local axial profiles of particle cortcations (midway
between subsequent baffles and at R = 0.35T) féerdiit impeller
speeds.

At 400RPM all of the tested approaches manage ddigtr with high accuracy
the experimental profile: no appreciable differenaenong results provided by the
various approaches are visible. The presence t¢itlearwith a volumetric fraction
corresponding to the maximum allowed one (i.e. &@&)ery well predicted by CFD
simulations: the normalized; value showed by all approaches is equal to 6.52
which multiplied by the average solid volumetriadtion (i.e. 0.092) just gives back
the rz packeavalue. Actually, CFD simulation for the 400RPM esasdo not provide
any particle presence in the upper part of theelaghere experimental data show
the presence of a small but not negligible amofisblid particles.

At 500RPM first differences among approaches cafobed.Cp 1 grucar@nd
Turb-Turb approaches provide similar results following vergll the experimental
profile: more preciselyCp wm_pruca IS @ bit closer to Micheletti et al.” data than

Turb-Turb approach in the upper part of the vessel whilesults further in the
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lower part.Cp w_pineli @pproach gives good predictions in the lower pérthe
vessel, but it seems not able to correctly pretflietdistribution of particles in the
tank at heights higher than the impeller plane @RE andMod-C,; approaches
provide similar results: even if they provide gqoeédictions in the upper part of the
vessel, they do not manage to predict the amoupéuicles placed in the proximity
of the vessel bottom. The drag force enhancementaGidaspow’s dense particle
effect factor (computed by both the two approaclesjluces an additional effect
on suspension thus leading to a premature particispension. These two
approaches show a little difference between eauohrah the lower part of the tank
allegedly because of Ergun’s equation effect whikha peculiarity ofMod-Cgg
approach. Even at 500RPM the amount of particlesgmt in the upper part of the
vessel is slightly underestimated by all of the Cdfiulations.

At 600RPM all the approaches provide the same tesuder the impeller
plane showing an underestimation of experimenttd.dactually, the CFD data of
the various approaches show little differences qustr the bottom thus resulting in
different fractions of unsuspended particles (sigedF31). As far as the upper part
of the vessel is concerned no big differences betwexperimental and all
computational data are visible even if the adoptibGidaspow’s correctionDPE
andMod-C,p) seems to generate better predictions for z/Herigfan 0.8.

At 700RPM over the impeller plane a good agreemeétit the experimental
profile is visible for all the tested computatior@bproaches even if the upper
experimental point is better predicted by thearb-Turb approach. Under the
impeller plane, the figure shows an underestimatibrexperimental data whose
amplitude appears to be lower than the correspgn@@®RPM case one. Also, the
underestimation provided 5 w,_pineni IS higher than that of the other approaches,
and the value of solid volumetric fraction just ottee bottom is higher as well.

The N calculated by Micheletti et al. (2003) by means Aifietering’s
correlation was found to be equal to about 988RPMhat all the experimental
profiles discussed so far are relevant to partiapsnsion conditions. Therefore in
the case of 1100RPM the impeller speed is higham i but lower than the speed

necessary for the achievement of homogeneous ssispenonditions: in other
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words, the case of 1100RPM is representative ottimemonly investigated regime
of complete suspension. Fig.4.30 shows that atheftested approaches with the
exception ofCp wm, pineni follow very well the experimental data: it is wonhoting
that the under-predictions formerly seen underitmgeller plane for the 600RPM
and 700RPM cases completely disappear in the presse. As already discussed
for the 700RPM case, even in this caSg,wm pineli @8pProach provides data lower
than the experimental ones under the impeller ptenevell as normalizelg; values
higher than other approaches ones just on theltattem. TheCp g, approach was
also tested in this case of 1100RPM. This appreahformerly found to be unable
to provide a fraction of suspended solids equabrte even at very high impeller
speeds. Now, it provides high under-prediction aftiple distribution degree thus
showing underestimations of experimental data ltér and under the impeller
plane while an improbable very highvalue is visible on the vessel bottom.

It is very worth noting that such a comparison vétperimental axial profiles
represents the first attempt in literature to prethe solid distribution in a stirred
tank under partial suspension conditions: the adopif some approaches different
from the common ones is justified by this objective

The suspension curves relevant to these formedgeamted profiles are depicted
in Fig.4.31 in order to provide a complete comparisf the different approaches. It

is worth noting that no experimental data are abéd for validation in this case.
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Fig. 4.31:SG suspension curve data for the case of 6004@1@lass particles
with a solid loading of 9.2%: comparison of different modelling
approaches.

Fig.4.30 confirms thaDPE andMod-C,; approaches overestimate the particle
suspension degree even just over the bottom thaustirey in a possibly too high
suspended solid fractions especially at low impedipeeds. As previously seen,
even if there is not a large difference with othpproaches (with the exception of
the 500RPM caselp wm pineti @pproach gives the lowest,sp Co wrb_prucao and
Turb-Turbapproaches provide very similar values of suspesaéid fractions with
the exception of the 500RPM case where a largerdifice is observable. Finally,
Fig.4.31 shows that even in this case, at 1100RRMan impeller speed higher
than N;s, Cq_sip approach is not able to provide a fraction of susied particles

equal to one, thus resulting in a not physical ouote.

Summarizing all of the results presented so farcah be stated that the
reference modelling approach, i.€p wm_prcawo IS Capable to predict with fair
accuracy both the suspension curves and the la@ll @rofiles although predicted
Xsusp COUld result overestimated when particles withhhiiameter were employed.
Cb_wrb_rineni Provides lower enhancement of particle drag coieffit at highd/A so
that it can predict very well the amount of stiflrficles lying on the bottom but it is
not so suitable in predicting with high reliabilitlye particle distribution throughout
the vessel, especially at high impeller spe€lis,i, approach employment leads to
unphysical data thereby confirming the need of asing the effect of liquid free
stream turbulence on particle drag coefficient.

Turb-Turbapproach seems to be capable to correctly prixdiat axial profiles
at any agitation speed, conversely it does notigeogood predictions ofy,s, It is
worth noting that the vessels employed in this gme€hapter and in the Micheletti
et al.” work (2003) are fairly different as far #se ratio D/T is concerned: our
system has a D/T = 1/2 while Micheletti et al.’ drees a D/T = 1/3. Radial impellers
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generate considerable turbulence and shear rateish ware preferentially
concentrated in the impeller neighbourhood: asipusly showed, solid sediment
could be located very close to the impeller. Initold, the predictions of velocities,
especially just over the vessel bottom, is very glem and critical so that perhaps
the adoption of & ESresolution could provide even more reliable res(Guha et
al., 2008) and consequently better clarify the pineenon. By the way, it is worth
underlining that the validity of choices regarditige adoption of a suitable
turbulence model for a dense solid-liquid stirrgdtem could be demonstrated only
by means of a validation with experimental dataceoning the velocities of both
the phases (even under partial suspension regime).

DPE and Mod-C,; approaches make use of Gidaspow’s correction éorsel
particle effect which can lead to good results @vesal cases (Ochieng and
Onyango, 2008; Tamburini et al., 2009) where imgedipeeds higher thays are
adopted: if partial suspension conditions are deéh, the employment of such a
term can provide overestimations of the inter-phéisegy force thus leading to an
over-predictions ofxsusp as well as of particle distribution degree, esplgciat
intermediate impeller speeds: in fact, when impedigeeds are low, slip velocities
are low as well so that dense particle correctammnot provide appreciable effects.
Furthermore, for the case Mliod-C,z approach, drag force overestimation within the
solid sediment area can be dangerously enhancethdyadoption of Ergun’s
equation notwithstanding its employment at highalamlume fractions is suggested
by literature (CFX-4 Documentation; Ochieng and @mgo, 2008; Busciglio et al.,
2009; Holbeach and Davidson, 2009).

On overall, the comparison among tleference caseimulation results, the
alternative modelling approaches results and emparis, indicate that prediction of
the fraction of unsuspended solids at all agitasipeeds requires suitable modelling
of the key factors controlling the onset of susp@nsConversely, the prediction of
solid particle distribution within the vessel woutdquire the development of a
model where other key physical factors differentf those controlling the onset of

suspension play a major role. This has been coafirioy the difficulty in the
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formulation of one only model which is universalgapable of reliably and
accurately predicting both the amount of unsusperst#ids resting on the vessel
bottom and the distribution of solid particles withthe suspension volume.
However the modeCp.,, appeared to work adequately for the largest vamdty
cases so far investigated in the present PhD vesmldting in satisfactory predictions
of both the fraction of motionless particles ané ttistribution of the suspended

ones.

4.9 Conclusions

CFD simulations of dense solid-liquid suspensioithiw flat bottomed vessels
stirred by a standard Rushton turbine were perfdrméth the objective of
numerically predicting the percentage of unsuspéndelids and the particle
distribution at different impeller speeds (coveripgrtial to complete suspension
regime). These simulations were carried out with ¢ommercial code CFX4.4 by
adopting the fully predictive Eulerian-Eulerian MuFluid Model along with the
standard ke model in order to simulate the two-phase flow &nel liquid phase
turbulent flow, respectively. The transient Slidi@yid (SG) or the steady state
Multiple Reference Frame (MRF) approach was usedirmulate the impeller to
baffles relative rotation. Inter-phase momentum hexge terms have been
approximated only by the inter-phase drag forceso Tifferent correlations were
implemented and tested in order to account for dffect of liquid free stream
turbulence on drag coefficient. Finally, a grid degence analysis was performed.
A number of experimental data were purposely ctdigéor taken by literature in
order to validate simulation results. Particulatlyee different types of data were
used for the CFD approach validation:

- data concerning the fraction of suspended sdalitigles collected biPressure
Gauge Technique

- snapshots of the investigated vessel for bothlitatise and quantitative

comparison;
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- literature data (Micheletti et al., 2003) regagliocal axial profiles of solid
concentration.

Influence of solid loading and particle diameterevavestigated. The SG and
MRF approaches were compared and no significaf¢rdiices were found. Grid
dependence was found low and more than accept@hlking into account the
influence of turbulence on drag coefficient wassidared necessary to get correct
predictions for the higher particle size cases. ganson between CFD predictions
and practically all experimental data showed a veggod agreement,
notwithstanding the simple modelling approach tatepted. Some other modelling
approaches were tested and critically comparedrdllyeesults suggest that drag
force has a crucial role in determining the susjpensf particles from the vessel
bottom and their distribution throughout the taAkhough suspension of particles
in a liquid within a stirred system was found to d&éegedly due to “turbulence
bursts” on the vessel bottom (Baldi et al., 1978)seems that the suspension
phenomenon should be modeled not only by carryinga good prediction of
turbulence on the vessel bottom, but also and abth\y an accurate computation
of the inter-phase drag terms. This suggests that fgarticle suspension and
distribution in dense solid-liquid suspensions tired tanks at partial to complete
suspension conditions is a phenomenon mainly chhedrdoy gravity, inertial and
inter-phase drag forces. Eventually, even thoughesys stirred at speeds lower than
N are not as interesting as systems under comptetmogeneous suspension
conditions by an industrial point of view, they rewer deserve attention, since the
correct prediction of solid motion under the filfef regime leads towards a deeper

knowledge of the complex particle suspension meshan

4.10 Nomenclature

Abotiom vessel bottom area,’m
Cup inter-phase drag term, kg ta*
Co drag coefficient, (-)

C., CC, k-£model parameter, (-)
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D impeller diameter, m

d, particle mean diameter, m

F force (Nnt)

g gravitational constant, m?s

H liquid height, m

Nseq height sediment assumes on the lateral wall mydvievo
subsequent baffles, m

k turbulent kinetic energy, 1s?

M inter-phase term, Nth

Mg mass of suspended solids, kg

N rotational impeller speed, RPM

Nis just suspension speed, RPM

N, power number, (-)

NI number of computational cell in the axial ditiea, (-)

NJ number of computational cell in the radial ditien, (-)

NK number of computational cell in the azimuthia¢ction, (-)

P pressure, (N f=Pa

APy pressure increase due to solid suspension, {\:fa

R tank radius, m

r volumetric fraction, (-)

Ig av average solid volumetric fraction value, (-)

rs solid volumetric fraction exceeding maximum pagkialue, (-)

r e the sum of £ for all the domain computational cells, (-)

I g-packed solid volumetric fraction maximum packing valug, (

Re, particle Reynolds number, (-)

T tank diameter, m

U velocity, ms

Viip tangential speed of the impeller blade tip, ™ s

Xsusp fraction of suspended solid,s (-)

Greek letters
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£ turbulent dissipation, W Ky
A Kolmogorov length, m

7 viscosity, Pa s

0 density, Kg m

o turbulent Prandtl number, (-)
Subscripts

a liquid phase

B solid phase

t turbulent
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CHAPTER 5
Njs PREDICTION

5.1 Abstract

This chapter represents the arrival point of thalefllng efforts carried out in
the previous Chapters 3 and 4.

Chapter 3 allowed a first insight into the modejlimia CFD techniques of
suspension phenomena in solid-liquid agitated systevhile in Chapter 4 an in-
depth CFD modelling of partial suspension condgicemd particle suspension
mechanism was set up. Particularly, in ChapterGF® model able to adequately
simulate particle suspension at impeller speedseritower or higher than the
minimum speed for complete suspension was provided.

Therefore, it is quite obvious to continue thesedeliing efforts by trying to
predictN;s values making use of the same CFD model presémi&Hapter 4.

Transient Reynolds Averaged Navier Stokes simulatimong with the Sliding
Grid algorithm were carried out. Liquid turbulengas modelled by the standara k-
model. Coupling between phases was accounted/ifoiinter-phase drag terms.
Effect of free-stream turbulence on drag coeffitiaras taken into account by
means of the two correlations employed in Chapter 4

In the scientific literature it is possible to fiadnumber of methods to estimate
N;s, most of which based on experimental informatishile some specifically based
on CFD technigues. Some of all these methods aré and discussed throughout
the present Chapter in order to compare theirlyiitia In addition, another method
based on thé&nsuspended Solid CriteriofSC, see paragraph 4.6.2) is presented
and its capability of predictinly;s is critically discussed.

Only few efforts have been devoted so far to acalinalysis ofN;s assessment
methods (Rieger and Ditl, 1994), moreover, a usialy accepted CFD
methodology concerning this topic does not exist. y&his lack in scientific

literature is addressed by the present Chapterhatas two main aims:
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- using the CFD model presented in Chapter 4 irfjucaion with someN;s
assessment criteria to check whether any of treeablé to provide results showing
a good agreement with Zwietering’s ones.

- provide a good strategy able to allow the desf§mixing apparatuses for

solid-liquid suspension by means of ComputatiotaildFDynamics.

The choice of the correlation to compute the effedtfree stream turbulence on
the drag coefficient was found to have a largeugrice orlN;s predictions. However,
an acceptable agreement between CFD prediddgdand the Zwietering’s
correlation was found only for some methods, whllether methods were found to
be unsuited to provide corred} values via CFD for the tested cases. These fiisding
suggest that it may be safer to base the desiglaf-liquid contactors via CFD
referring only to unsuspended solid fractions a#§ a®to thesufficient suspension

criterion andspeed\,s instead of the traditiond;s value.

5.2 Literature review

Efficient solid-liquid contacting is crucial for e¢h optimization of many
industrial processes: the main objective of thistact is to maximize the available
particle surface area for reaction or transportesses. This task can be fulfilled by
avoiding particle accumulation at any positiontie spparatus chosen for the solid-
liquid contact. Being particle density higher ththe liquid one, particle suspension
apparatus performance is often measured in terntheofraction of the particles
resting on system bottom for a specified interfdlroe (Baldi et al., 1978).

As already emphasized in previous Chapters, in amchlly agitated stirred
tanks this criterion leads to the definition of thmnimum agitation speed for all
particle suspensiomN;; as the impeller speed allowing the particle-bottbme
contact to be shortened enough to consider a miffidiquid replacement around
particles.

Scientific studies have produced several methodsetisas different criteria to

assess this important parameter: they are revianddlassified in the followings.
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5.2.1 Vessel-bottom observation method or Zwietergis method

The most famous and usédl assessment method based on visual observation
was provided by Zwietering (1958): in accordancétgccriterionN;s is defined as
the minimum impeller speed at which all solid pdets do not rest motionless on
vessel bottom for more than 1-2 seconds. Thisrmitewas consequently called
“one second criterion” Zwietering employed glass and Perspex transpdudiyt
baffled vessels in order to allow vessel-bottomeotations and ascertain whether
particles were completely suspended. Observatioas be made easy by
illuminating the vessel-bottom with a photofloodht (Chapman et al., 1983) and
looking through a mirror placed underneath the t@hkietering, 1958).

Most of scientific works dealing witN;s evaluation by visual observations refer
to Zwietering’ work: its criterion as well as itsetihod are in fact largely employed
in literature (among the others, Nienow, 1968; Chap et al., 1983; Buurman et
al., 1986; Barresi and Baldi , 198 "/ong et al., 1987; Raghava Rabal., 1988;
Rewatkar et al., 1991; Armenante et al., 1992; Hionaand Nienow, 1996;
Armenante and Nagamine, 1998; Armenante et al.8;18%ahim and Nienow,
1999; Fangary et al., 2002; Foucault et al., 200ghim and Nienow, 2004) even
nowadays (Ren et al., 2008; Van der Westhuizenzaglon, 2008; Sardeshpande
et al., 2009, Ibrahim and Nienow, 2010).

A patrticular application of the present method wesposed by Ghionzoli et al.
(2007). They investigated the effect of vesseldratiroughness o, Since the
rough bottom was clearly not transparent, the tamak illuminated and observed
from the side. In addition it was inserted in aa®a trough in order to avoid optical
distortion. This choice was possible as the lagttpaf particle suspension was the
fillets between the base and the cylindrical wall.

As already stated by several authors (Nienow, 1882ale et al., 2001; Kasat
and Pandit, 2005) Zwietering criterion is not pararly efficient under an
economical point of view: in baffled stirred tanksefore complete suspension
conditions are achieved, a small amount of padistays in stagnant regions of the

vessel bottom (i.e. region where the liquid redmton is weak like vessel periphery
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near the baffles or the tank centre) forming filefthe amount of particles involved
in the fillets may be quite small, even insignifitainder a practical point of view.
Impeller speed has to be increased greatly to alibthese fillets to suspend off the
bottom, thus suggesting that neglecting thesedilb®uld guarantee large agitation
cost savings. In particular, Zhu and Wu (2002) dedethat it is sometimes
necessary to dramatically increase the impelleredpéup to 20-50%) to lift
statistically insignificant particles, often easijoubling energy consumptions.
Furthermore, Sharma and Shaikh (2003) stated thairerease of impeller speed
aiming to rake particles out of the fillets tendshbmogenize particle concentration
in the vessel-bulk first before the fillets werérehated. In accordance with these
considerations some authors (Nienow, 1992; ShamdaShaikh 2003, Kasat and
Pandit, 2005) suggested that the criterion forNReissessment should be applied to
the vessel-bottom bulk without considering theefilbuspension from the periphery

(corner sites).

On one hand Zwietering’s criterion has the advamtaigheing very simple, but,
on the other hand it requires a transparent vesgelt is not so reliable. Being this
method based on visual observations along with teadpconsiderations, it is
affected by an intrinsic subjectivity: measuremetdpend on operator sensitivity
indeed. Even for the same observer, errors weimatstd to be in the range 5%
(Chapman et al., 1983; Hicks et al., 1997; Armesmamrtd Nagamine, 1998) for the
case of dilute solid-liquid suspension. In thisareRieger and Ditl (1994) state that
Zwietering’s method is based only on a single messent closely linked to a
subjective determination of the time during whidte tparticles rest at the vessel
bottom. Determining this time is difficult espedyaliin fine particle suspension
where the layer gradually diminishes (Rieger ant, D994). Moreover, method
reliability dramatically decreases when high sdbédings are employed, up to
became practically unreliable in the case of desggpension. In this regard,
Oldshue and Sharma (1992) stated that no dataeaalibly reproduced for solid
loading higher than 8¥%". Similarly, Sardeshpande et al. (2009), stated tha

Zwietering criterion application via vessel-bottainservations becomes difficult at
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high particle concentrations even with increasedpeler speed because
differentiation from the partly suspended to jussmended condition was gradual.

Thus, identification oN;s was difficult and impractical at high solid loagi

5.2.2 Liquid free surface observation method

This method is quoted here only for the sake offeteness. It is applied only
to solid-liquid stirred systems where floating jpaes are to be drawn down. The
criterion is practically identical to Zwieteringne but the observations are carried
out at the liquid-free surface. This variant wasgarsed by Joosten et al. (1977) and
indicated in literature as thel§osten visual methddKuzmanic et al., 2008). In
accordance to this methdd; is defined as the speed at which all stagnantszohe
floating particles at the liquid surface have jisappeared.

Clearly, main advantages (simplicity) and disadagas (subjectivity) are very
similar to the traditional Zwietering’s method.

5.2.3 Particle bed height method

This method is based on the observation of the eldsateral wall. When
impeller speed is lower than the minimum for cortglsuspension, by frontal
inspection of a baffled stirred tank a sedimerat ik a particle bed with a certain
height, is visible. It is therefore possible to @@ such height, that clearly
decreases as impeller speed increases.

N;s is defined as the impeller speed at which thettiesfjthe settled bed is zero
and a reduction in impeller speed causes parttolesttle (Hicks et al, 1997; Zhu
and Wu, 2002).

Actually, some years before Hicks et al. (1997) @hd and Wu (2002), other
authors (Havelkova, 1987; Rieger and Ditl, 1994)pmsed a similar method which
couples this type of measurements with others tékan vessel bottom. Practically,
both the height and the base (inner diameter ob#u#ment annulus) of the lateral
particle bed were contemporaneously measured.isrctiseN;s was defined as the
impeller speed at which sediment height at theelesgall was zero and the radius of

the particle cleaned area on the vessel bottonhegathe vessel diameter. Rieger
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and Ditl (1994) found that this phenomenon occuedtemporaneously, i.e. at the
same impeller speed chosenNasthus resulting in practically identical resultsthwi
the method dealing with sediment height assessarént

Particle bed height method is quite simple. It isrenlabor-intensive (Rieger
and Ditl, 1994) than Zwietering’s one but, on ththes hand, it is able to provide
more objective results. As far as disadvantages@meerned, being the flow pattern
in the tank quite complex and bed surface consetyuemeven (Zhu and Wu,
2002), bed height measurements could be not sabteli Furthermore, this
particular behaviour regarding last particles sogjpgg from the bottom periphery,
is strongly dependent on the impeller type employed well as on system
geometrical configuration (bottom shape, impelleacance, aspect ratio, etc) thus

limiting method universality.

5.2.4 Cloud height method

Cloud Height metho#vas proposed by Einenkel and Mersmann (1977) taisd i
based on visual observations of the cloud of pagifrom a front view of the vessel.
More precisely, the height (from the bottom nan@dud Heigh} of the interface
separating suspension from the clear liquid layas measured at different impeller
speeds. In relation to Einenkel and Mersmann’ (J@&finition, Njs is chosen as the
impeller speed at which the cloud height showsdalsn change.

Some years after, Zehner and Tebel (1984) and mnemently Kraume (1992)
carried out other cloud height versus impeller dpeeasurements and proposed a
different definition forN;. They definedN;s as the impeller speed at which the
height of suspended particle cloud was approxim&ebs of the total liquid height.
Sardeshpande et al. (2009) found that, quantilgtitee N;; obtained from this
method and Zwietering’s one are found to agree widlth other within £8%.
Conversely, Kraume (1992) stated thi¢t estimated by the present method is
approximately 20-25% higher than that predicte@iwetering’s method.

This method is as simple as other visual methaualsit lsan lose effectiveness if

a wide particle distribution is employed inside thessel: in fact small particles can
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reach the top of the tank (after suspension) befwréigger ones lift off the vessel-
bottom thus resulting in an erroneous estimatioNof

Micheletti et al. (2003) investigated a flat-botwantank equipped with a
Rushton turbine: they found that (when the impellas placed at a clearanCe
T/3) suspension height was equal to the liquid heigyen at relatively low impeller
speeds.

Another example of the poor generality of this noeltis provided by Kasat and
Pandit (2005) who affirmed that results can sigaiffitly differ for small particle size
(<300 um). In this regard, Micheletti et al. (2003) statedt with smaller particles
there is typically no clear layer almost at anyesheand with larger ones, there is a
clear layer near the top of the vessel which howevay disappear at a speedNbf
<< Ng.

Furthermore, as already discussed for particle Hegght, also cloud top may
well be uneven, which affects measurement religbiAs an example Rewatkar et
al. (1991) observed that, Hf;, particles were suspended up to the liquid surface
the regions behind the baffles. Conversely, on thieer side of the baffle,
suspension height was approximately equal to HaHeliquid height. Between two
consecutive baffles there was a continuous incrigae suspension height moving
azimuthally along the vessel lateral wall in theediion of impeller rotation (from

the first baffle towards the consecutive one).

5.2.5 Power Number method

This method is based on the observation of theatian of Power Numbewith
respect to impeller rotational speed. As brieflga@ed in Chapter 2, Rewatkar et
al. (1991) and Raghava Rao et al. (1988) consislél;ahe impeller speed beyond
which N, remains constant with impeller speed.

Actually, the two research groups found differéit versusN curve trends.
Rewatkar et al. (1991) observed that at very loweler speed$l, decreases with
N as the fillets present on vessel bottom and avéssel periphery reshape vessel
bottom so promoting a more streamlined flow. Insieg@ N, the amount of particles

lifting off the bottom increases, so leading toiacrease of the average suspension
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density seen by the impeller, and in turn in arréase ofN,. After complete
suspension conditions were achieved, no furtheease in\, value was observed.
Conversely, Raghava Rao et al. (1988) and Mictied¢tal. (2003) observed a
monotonic trend oN, versusN. In particular Micheletti et al. (2003) observéwhit
when most particles were motionless on the bottdnicreased slowly witiN also
remaining lower than that for water only as susfmmnwas not started yet. As in the
case of Rewatkar et al. (1991), increasing impedfsed led to a fadl, increase
because of average suspension density effects.

Raghava Rao et al. (1988) compaiégvalued obtained by this method with
those obtained by Zwietering’s method finding diffeces of about +5%.

As a difference with respect to Rewatkar et al9)%and Raghava Rao et al.
(1988), who employed disc and pitched blade tushir@ther authors proposed
different criteria forN;s definition. For a tank equipped with a propelleshBet and
Niesmak (1980) found an increasing-decreasing bebmawf N, with a relative
maximum that was suggested to practically coinewth Njs. For the case of a tank
stirred by Rushton and pitched blade turbines itwated via CFD, Panneerselvam
et al. (2008) found instead a decreasing-increatsamy ofN, versusN curves and
N;s was chosen as the abscissa of the curve relativienom.

In addition, for unbaffled stirred vessels a cortgdiedifferent trend was found
in the present work, as described in Chapter 2.

Even if methods based on power number have thentatya of being applicable
to opaque stirred systems, the above differentyetes of N, versusN for different
impeller/tank configurations suggest that they doaffected by a poor universality

and their application should be done carefully.

5.2.6 Mixing Time method

Also this method can be used for non-transparestesys. It makes use of the
variation of Mixing Time é,x (time necessary to achieve a predefined level of
homogeneity of a tracer within a mixing vessel)hatthe impeller speed (Rewatkar

et al., 1991)N;s evaluation requires a comparison betwégnversusN curves: the
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one assessed for the liquid only case, the otheth®bsolid-liquid suspension case.
For single-phase systems (liquid onlg),x always decreases while increasiNg
When particles were preserél,x was found to be higher than the corresponding
value for liquid only at anfN. This behaviour is due to the fact that the liqpithse

in the vicinity of settled solids is relatively stmary as compared with the bulk
liquid. Increasing impeller rotational speed, high@xing times for the two-phase
system were observed maybe because of the enesgipation at the solid-liquid
interface which reduces the energy dissipatioritferiquid circulation (reduction in
the average circulation velocity) (Kasat and Parli0D5) and it is not consequently
available for the mixing process. When completepsuasion conditions were
achieved the difference betweéfixing Time values in the presence and in the
absence of solid particles exhibited a maximum. ifilygeller speed value at which
this maximum occurred was definedNs

Rewatkar et al. (1991) found that differences betwss values measured by
this method and by Zwietering’'s one are about +5%.

Later on Micheletti et al. (2003) suggested thatlink exists betweeMixing
Timemeasurements amds. As a matter of fact they observed that in sonsesdhe
peak in the grapld,, versusRe occurred when the impeller speed was only 1/3 of
the expected\;s value. Similarly Harrop et al. (1997) reported aximum mixing
time up to 6 times that measured for water alonspateds well below the just
suspended speed calculated using Zwietering’sricnitethus suggesting the poor

universality of the method.

5.2.7 Radioactive tracer method

This method employs radioactive particles to trackid motion within the
solid-liquid stirred vessel (Rewatkar et al., 199early radioactive tracer physical
properties have to be identical to those of theked particles. As already seen for
the PEPT technique, this tracer emjtsays which are detected by means of a
scintillation detector placed outside the vesskk @igital signalsqount rat§ given
by the tracer particles were continuously monitovéith respect to the impeller

speed. Increasing the impeller speed,ciwent ratecontinuously decreased as more
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and more particles got suspended. At a certain llenpgpeed count ratesuddenly
fell and remained practically constant. This paitic speed was consideredNys

Also in this case, deviations of about +5% withpexst to Zwietering’s method
were found.

This technique can be successfully employed fanedisbottom vessels and in
general for opaque systems. Detector position shioelchosen carefully (Rewatkar
et al., 1991), as the scintillation count rate dejseon it. In this regard, Rewatkar et
al. (1991) stated that for Disc Turbine the optihedector position was at the centre
of the vessel below the tank, while for Pitchedd&ld urbine the best position was
below the bottom at the periphery of the vessel.

Finally, although such method appears to be quitamfsing, it is not so

convenient because of high costs and safety iggsuesto radioactive emissions).

5.2.8 Local Particle Concentration method

This method is based on the measurement of logéicleaconcentration just
above vessel bottorh; is assessed by observing the curve of this coratént ()
against impeller rotational speed. Bourne and Shafh®74) were the first who
adopted this method. They proposed thgtcould be ascertained as the impeller
speed at which the curwg versusN shows a maximum. At low impeller speeds,
most particles rest motionless over vessel bott@mresulting in low particle
concentrations at the monitoring point. Increasingpeller speed, ever larger
portions of the particles originally resting on thettom get suspended making
particle concentration at the measurement poimdease up to the achievement of
complete suspension conditions. By further incregsimpeller rotational speed,
particles get better distributed throughout theseéand local particle concentration
starts to decrease.

Musil (1976) adopted the same method to mixed alyzstrs. He observed that
a maximum does not always occug: versusN curves were in fact found to show
either a maximum for small diameter impellers aroagh slope change for large
diameter impellers, d{;.
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According to Bourne and Sharma (1974) when the uoreap position is
changed, the maximum occurs at the same impelleedspalue. Similarly, Musil
and VIk (1978) found that the exact location for amgrements (within vessel
bottom quarter) had little or no effect on the stgfied mean values of particle
concentration and hence on the deridpdralues. As a difference Musil (1976) data
showed differentN;s values at different monitoring point positions wsll as no
maximum or sharp slope change for the highest iposihus suggesting a poor
reliability of this method.

Particle concentration measurement fdg assessment has been done in
different ways in literature: Bourne and Sharmard)%adopted a sample withdrawal
technique concluding that different diameters of gampling tube can provide
different values of solid concentration, but themsavalues ofN; (maximum
occurred at the same value of impeller speed el@wricentration values were
different). Musil (1976) carried out solid concexiton measurement by an optical
method based on light absorption (see Chapter @%ilMnd VIk (1978) made use of

an electrical conductivity probe.

5.2.9 Acoustic Emission method

This recent method is based on the assessmeAtadistic Emission(AE)
signals that solid particles emit when they imptdw wall (Ren et al., 2008).
Multiscale analysis showed th&tE signals in the microscale correspond to the
random movements of the particles which are nopesuded.AE signals in the
mesoscale are corresponding to the solid-liquigradtions which are mainly linked
to the movement of suspended particles in theestitank. AE signals in the
macroscale (not dealt with by the authors) aretdueverall conditions of the stirred
tank. In accordance with these considerations.eaging agitation speed, starting
from motionless conditions, causes that more andenmarticles are getting
suspended thus resulting in a corresponding dexrefithe energy fraction of the
microscale and in a corresponding increase of nieegy fraction of the mesoscale.

N;s evaluation method can be easily explained refgrtonthe microscalé\E

energy only. When impeller speeds are quite lowiglas start to leave the stagnant
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zoneand AE microscale energy is allegedly linked to theirdam collisions with
the wall. Increasing a little the impeller speedises an increase of the local
concentration of the particles which randomly hi wessel wall thus resulting in a
slight increase oAE microscale energy. Increasing further agitatioaesbmakes
sure more and more particles get suspended (“stufthe liquid phase): random
collisions decrease and interactions between ligui solid phase enhance. Clearly
this phenomenon lead&E microscale energy to decrease consequently fgad
mesoscale energy to increase). When impeller spppbachedN;s value theAE
microscale energy begins to decrease very slowth Wi (energy distribution is
nearly constant). Hence authors, investigatingittied of the energy fraction &fE
microscale energy against impeller speed, defigds the impeller speed at which
this abrupt slope change occurred (“turning poaftthe graph).

Results collected by this acoustic method were @ew by authors with
corresponding results obtained by visual methodisamerage relative errors of only

4.28% were found.

5.2.10 Variation Coefficient method

This method is based on théariation Coefficiento (it is commonly and
erroneously called standard deviation) of solidasantration defined by Bohnet and
Niesmak (1980) (Chapter 1, eq. 1.7) and largelyleygu in literature (Einenkel,
1980; Barresi and Baldi, 1987a; Rieger et al., 198s8hinowo and Bakker, 2002;
Khopkar et al., 2006; Murthy et al., 2007; Kasatlket 2008; Panneerselvam et al.,
2008; Hosseini et al., 2010b).

2
o= EZ[rﬂ—’i—lj (5.1)

Nz r.[?—av

In fact, it represents a parameter suitable tosasdee homogeneity suspension
quality: starting from motionless impeller and ieasing agitation speed, the

variation coefficient value first reduces sharphfter just off-bottom suspension
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conditions are attained the variation coefficiemtduces gradually. Hence, a
homogeneity degree increase (better suspensioityjualassessable by a reduction
of the variation coefficient value. Variation cdefént values at various impeller
speeds can be divided in three different regiorsethaon the quality of suspension
(Bohnet and Niesmak, 1980). For homogeneous susgpsnépractically uniform
particle concentrations throughout the vessel) whegation coefficient value was
found to be smaller than 0.2€0.2). For complete suspension conditions (all
particles suspended but without attaining a homogemlistribution within the tank)
the variation coefficient value varied between @Ad 0.8 (0.2¢<0.8). For
incomplete suspension conditions (particles notgletad suspended) the variation
coefficient value was higher than 0@&>0.8).

In accordance with the present methdl, can practically be defined as the
impeller rotational speed at which the variation efficient approaches
approximately the 0.8 value.

As a matter of fact, it is difficult to attain exhcthe same value of variation
coefficient for different system types thus resgtiin a practical difficulty of

exactly identifying theéNjs value by this method (Kasat et al., 2008).

5.2.11 Pressure Gauge Technique method

This method makes use of the fraction of suspesoéds &) estimated by
means of thePressure Gauge Techniqgu®GT) already described in Chapter 4.
Brucato et al. (1997) and Micale et al. (2002) skdwhat, plottingxs.s, against
impeller speed\, a S-shaped curve can be obtained for all thestigeted cases.
This curve can be fitted by means of a Weibull fiorc controlled by two

parameteryi, andNspan

X, =0 forN<Npmin (5.2a)

susp
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2
N-N,.
Xeusp = 1—€XQ = N—m"‘ fON> Niin (5.2b)

span

These two parameters have also a physical meaNjpgis the impeller speed
at which the suspension phenomenon stfis., is an impeller speed such that
twice its value gives the range Nfin which most of the suspension phenomenon
takes place. It can be immediately recognizeddh@¥l - Nyin)= 2 Nspanthe value of
XsuspiS 0.982 so that at this agitator speed less tlaroRthe particles is still lying
on the bottom. It is worth observing that these feavticles are allegedly to be
subjected to random motion from time to time sd tha consequent renewal of the
liquid phase in their proximity may well allow thetm participate in the exchange
processes occurring in the vessel. In any cask,léwk of participation in the mass
transfer processes cannot be considered signifibéinale et al., 2002).

These considerations led authors to the definitibhe sufficient suspension
criterion; particle suspension was considered sufficient nwhbout the 98% of
particles got suspended and a correspondirfficient suspension impeller speed

was consequently defined:

+ 2N (5.3)

min span

Clearly, this particular impeller speed is somewleduivalent to the
Zwietering’s N;s though not coincident and very similar to the 98¥%spension
criterion proposed by Chaudacek (1982).

In this regard, Brucato et al. (1997) compabtgd experimental values with
corresponding\;s calculated by means of Zwietering’s correlatiomietering’s N;s
values were found to be in general significantlgager than théss experimental
values, as also found by Chaudacek (198R)values were estimated to be up to
50% higher tharNgs ones (average increase of about 30%). The sugpensithe
last 2% of solid particles requires an increasagfation speed which corresponds

to a dramatic increase of power requirements (mechbpower increases with the
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cube of impeller speed). This evidence justifiee #doption of Zwietering's
criterion and correlation only for those cases whamy unsuspended fillet (even if
below 2% of the total particles) may representgaificant operating trouble. This
actually occurs in the case of many crystallizatiwocesses. In all other cases, the
adoption of the sufficient suspension criterionsdthonPGT technique, instead of
conventional Zwietering’s visual criterion for cotefe off-bottom suspension is
shown to result into important savings in agitatosts.

Recently, thd®GT method has been adopted by Selima et al. (2008héocase
of a conical bottomed tank. With respect to Brucetal. (1997), they foundls,
values more similar to those of Zwietering. The maMn difference was found to
be about 17% and in many cases differences loveerttie 5% were found.

Unlike the Local Particle Concentration methpdhe present method gives
information about the overall values, rather th&e focal values of particle
concentration in the tank (Kasat and Pandit, 20BGjthermore, thi$¥GT method
can be applied to large scale systems where evae matiable results can be
obtained (Micale et al. 2002).

Finally, in accordance with Kasat and Pandit (208% adoption of the
Sufficient Suspension Criteripbased on the pressure measurements technique, in
place of the conventional visual criterion for cdetp off-bottom suspension is

shown to result into important savings in agitatosts.

5.2.12 Large scale methods

- Contact methodRieger et al., 1980)

This particular method is suited for non-transpanesssels as in the case of
large scale tanks where traditional visual methoatsot be applied. It is based on
the adoption of a rod which is inserted insidetdrek to be investigated. At the end
of this rod a flat baffle perpendicular to it ixdd in order to allow unsuspended
particle layer measurements. Complete suspensiorditans are considered
achieved when no particle layer is found. Cleanjya single position of the vessel
bottom is investigable.
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- Radiation methodDitl and Rieger et al., 1984)

This method makes use of a scintillation probeggdaunder the bottom of the
stirred tank) which allows the measurement of tlwionless particle layer height.
Increasing impeller speed, the particle layer hedgtreases consequently and the
pro-recorded frequency of impulses decreases.pitogghes a constant value when
complete suspension conditions are achieved. ACthwact Methodthe present
method is useful for not transparent large scaldmpitanks, but, even in this case,

the measurement regards only a single spot ofdtterh.

- Bottom Apparent Velocity meth@8uurman et al., 1986)

Authors adopted a Doppler velocity meter by whiokytwere able to observe a
sharp transition between a stationary and a mosargl layer at about 1 cm from
the vessel bottom. When this transition occurst gisspension conditions are
considered achieved. This method was used by thmm@uboth at laboratory scale
and at large scale, even if a distinct transitisrobbservable only in a large scale
mixing vessel (because sand layers are thinneheatlaboratory scale). Finally
authors assesséy; at a laboratory scale both by this method and Wwietering’s

one finding values diverging approximately by 1%.

5.2.13 Theoretical methods

Some authors attempted to model theoretically tapdex phenomenon of
solid suspension within a solid liquid system agitby a stirrer (Baldi et al., 1978;
Rieger and Ditl, 1982; Voit and Mersmann, 1986; kitkcle, 1988; Mersmann et al.,
1998)

Among these scientific works Baldi et al. (1978yaduced a theoretical model
to determineN;; based on the assumption that the energy needetisipend a
particle from the bottom is proportional to thatwfbulent vortices.

Conversely, Wichterle (1988) proposed a theoretitaldel based on the
balance between the upward flow velocity and thetigga settling velocity.

Eventually, Mersmann et al. (1998) formulated aotbéical prediction ofNs by
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distinguishing and modelling two different processthe “avoidance of settling”
and “the off-bottom” lifting.

Among all these theoretical models, the one by klarm et al. (1998) seems to
have a more general validity than the others efenore and more experimental

data would be needed to assess its universal tyalidi

5.2.14 Computational Fluid Dynamics method
Although Computational Fluid Dynamics methodologies/e been popularly
adopted to simulate the flow field in stirred tan&aly a few scientific efforts have

been devoted to the predictionNf via CFD.

Kee and Tan (2002) performed 2-D transient simmtesti of a solid-liquid
stirred tank (other details can be found in Chagjanonitoring during the transient
the solid volume fractiomg for the layer of cells adjacent to the vesselrldthey
proposed abls the impeller speed at which:

- all the transientrs profiles (i.e. rz versus time) exhibited steady-state
behaviour;

- the steady state values Bf were approximately 50% of the initial packed
volume fraction (about 0.6 in their case)

Authors considered these numerical conditions asraerical interpretation of
Zwietering’'s criterion: in fact if particles wererdtly suspended and then sunk
motionless on the bottom for a considerable timfereebeing picked up again, the
quantity of solids being circulated would not beasiant and thes profiles would
be un-steady. Moreover, if complete suspensionitond were not achieved, some
fillets or heaps of solid would be present and ¢beresponding s profile would
show the maximum packing value. Kee and Tan (2GR)pted also théocal
Particle Concentration methodf Bourne and Sharma (1974) to validate the former
methodology. Both methods showed a good agreeniémZwietering’s correlation
(Zwietering, 1958; Nienow, 1968): predictid values showed a maximum error of
about 12%.
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Murthy et al. (2007) predictedlls values for a three-phase (gas-liquid-solid)
stirred tank by adopting theariation Coefficient methodf Bohnet and Niesmak
(1980). Authors assessed the variatiomwolith impeller speed and noted that there
was a sharp reduction of as the impeller speed approachidFor three reference
casesN; was experimentally measured andsaf about 0.75 was provided by
corresponding CFD simulations. Therefdiy, was identified as the impeller speed
at which the variation coefficient exhibited a valof 0.75. Authors concluded that
the suggested value of held for different impeller designs and over @svrange

of particle size, solid loading and superficial gatocity.

Wang et al. (2004) adopted three different methimdpredictN;s. The first
method was theocal Particle Concentration methaxf Bourne and Sharma (1974).
The second method was based on the inspectioreaixibl velocity of solid phase
(up) in the computational cells closest to the tankdro at different impeller speeds.
When a standard Rushton turbine is employed anspited is gradually increased,
the last particles which suspend are placed ate¢h&re of the tank bottom: the main
flow at the vessel bottom is from the periphery dods the centre, thus making this
position as the most difficult for particle suspiens According to this second
criterion, when the axial velocity of solid phasethe cells placed at the centre of
the tank bottom is definitely positive, all paréisl are considered suspended. The
third method regarded the monitoring of thariation of particle concentration
against impeller speed again at the centre of amk tottom. Just off-bottom
suspension conditions were considered to be adhievieen the solid volume
fraction in this vessel position showed some vébueer than the maximum packing
one. It is worth noting that the same authors gziéid this last method. They
asserted that the definition of the exact volumaction corresponding to the
suspension was a subjective choice, thus consgléniz second method better than
the third.

Kasat et al. (2008) investigated a tank stirredabyadial impeller trying to
predictN; by means of th€loud Height methodf Kraume (1992). They employed
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the predicted iso-surfaces of the average solideaination to assess cloud height.
More precisely cloud height was defined as theadist of the highest point of the
average solid concentration iso-surface from vedsmtom. Clearly, Ns was
identified as the impeller speed at which cloudyhereached 90% of the total liquid
height. They found a good agreement with an expariai N;; for the case of
Yamazaki et al. (1986) data.

Ochieng and Lewis (2006a) proposed a quite pecnigthod for the prediction
of N;s based on experimental measurements. The maximutmnboadius covered
by the particles, when the impeller was running N was experimentally
determined. The mean solid concentration at thidiataposition and at the
experimentally assesséds was determined by the CFD simulation and then the
subsequent predictions of ti, were based on the attainment of the same mean
solid concentration at the same radial positionthédgh the CFD simulations
under-predictedN;; especially for the larger particles, a good ages@mwith

experimentaN;s values was found (deviations of about 6%).

In order to predictN; values via CFD Hosseini et al. (2010b) employed a
method already adopted by Mak (1992). This metisoblaised on the evaluation of
the mean solid concentration at a horizontal placated 1 millimetre above the
bottom of the tank. This value is taken at différenpeller speeds so that a graph
(mean particle concentration at that height veimeller speed) can be provided.
Two tangents to the curve are drawn at the poiatény maximum and minimum
slopes.N;s is defined as the impeller speed correspondinteopoint at which the
two tangents cross each other. This method wadeappbth to experimental and

computational data and a very good agreement wasifo
The issue of predictindys by means of computational fluid dynamics is adskeds

within this chapter. Some of the methods presestethr were employed aiming at

evaluating and comparing their applicability andfpenance.
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5.3 Numerical modelling and details

The model described and validated in Chapter 4 agspted here folNj
predictions. It is summarized briefly in the follong.

RANS simulations were carried out by using the comnagréinite-volume
method code CFX4.4 (AEA technology). The Eulerianeian MFM was
employed. As transient profiles had to be obtaiftech simulations (because Kee
and Tan method was tested) it was compulsory tfoparonly transient simulations
by means of the Sliding Grid approach.

The k-¢ turbulence model was adopted to account for thleutence of the
liquid phase.

Coupling between phases was obtained via pressgrinter-phase drag force.
Effect of free stream turbulence on drag coeffitimas taken into account: both
Brucato et al. (1998a) and Pinelli et al. (2001)relations were (alternatively)
utilized in order to compare the effectsignprediction.

For full numerical details, please refer to parpbrd.6.

In order to be sure about the reliability and tpplizgability of the present CFD
modelling procedure, the same cases already mddall€hapter 4 were employed,
though this time with a different purpose.

Therefore, as already seen in Chapter 4, therboareases investigated:

- deionized water and 212-25@n glass ballottini particles, 11.90%,W/Viotal ;

- deionized water and 212-25n glass ballottini particles, 5.95%M/Viotal ;

- deionized water and 500-6Q@n glass ballottini particles, 11.90%,\/Viotal ;

- Micheletti et al. (2003): deionized water and &0® um glass particles,
9.20% \Loiid/Viotal ;

It is important to underline that, as in Chapterald,the presented cases were
modelled by adopting Brucato et al. correlation98#), whereas, Pinelli et al.
correlation (2001) was employed only for the caséth the highest particle size
(550um and 655im). Clearly the first three cases refer to the esypstlescribed in
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section 4.3, while the forth refers to the systemwestigated by Micheletti et al.
(2003) (also described in Chapter 4)

N;s predictions required a number of simulations: mahyhese are the same
simulations already shown in Chapter 4, others &teother impeller speeds) were
added in order to complete the work. As an examipééng theN;s predicted by
Zwietering’s correlation (equation 2.1) the refaervalue, more simulations were

carried out at impeller speeds close to this value.

5.4 Case Description and Analysis of Results

Before starting the description and the discussiosach single case it is worth
noting that not all thé\;; assessment methods can be easily implemented iasid
CFD model. As an example, incorporating Zwieteringftiterion is difficult inside
an Eulerian-Eulerian framework (Panneerselvam.ef@D8). In fact, in accordance
with Oshinowo and Bakker (2002) the criterion thslid particles remain
motionless on the bottom of the vessel for lesa th& seconds is meaningless from
a computational stand point.

All the predicted\;s values will be compared with those predicted bynseof
Zwietering's correlation (equation 2.1). In facl, the cases presented have a very
high solid loading and visual assessmentgi/alues could have led to errors even

larger than those affecting Zwietering’s correlatio

5.4.1 Cloud height method

This method requires the measurement of the claighh at a given impeller
speed. The extrapolation of this measurement frdf® Gimulation constitutes a
delicate operation.

In fact, the most common method for this extrapotaimakes use of an iso-
surface (Fig.5.1) of solid volume fraction (Oshirmand Bakker, 2002; Kasat et al.,
2008; Tamburini et al., 2009). On its turn, thipnesentation via iso-surface requires
the choice of a suitable solid volume fraction eallihe average height of the iso-

surface (and so the cloud height) is dramaticalipeshdent on this choice: similar
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reference values of solid volume fraction can pewery different iso-surfaces and
consequently different cloud heights. In additionliterature a commonly accepted
value of solid volume fraction for the iso-surfageneration does not exist: as an
example, Tamburini et al. (2009) adopteds=0rl, conversely Kasat et al. (2008)
adopted as gr the average solid volume fraction of their systefil these
considerations suggest that the “free” choice efgtlid volume fraction for the iso-

surface generation is a first operation that cter #he significance of the method.

\\_&_____J___/

Fig. 5.1: Example of a cloud height representation via isdase with
I'B:0.015

Unfortunately, the former is not the sole probleanpther weak point of the
method concerns the iso-surface shape and the quoerse choice of the cloud
height. In other words, as already written in paaad 5.2.4 and observed in fig. 5.1,
the iso-surface is uneven and its height between tifferent baffles can
significantly change (Rewatkar et al., 1991). Herdifferent choices are possible:

one may consider the average height of the isaserés the cloud height, or may
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take the highest iso-surface point as the cloudhtgiKasat et al., 2008). Clearly,
the arbitrariness of this choice contributes taifer reduce the approach reliability.
Actually, the iso-surface is not the unique metHogg to infer cloud heightia
CFD. A different methodology was adopted by Ochiergl Lewis (2006a). It
makes use of the axial profile of solid volume fime. As showed in Fig. 5.2, the
cloud height was identified by a point of inflegtion the curve. It is worth noting
that such a methodology could be affected by a poeeision. In fact, if the point of
inflection is far away from the ordinate axis, dounheight will be strongly

underestimated.
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Fig. 5.2: Example of the cloud height measurement methodology

In order to avoid this possibility and in orderadopt a reliable methodology it
would be necessary to know exactly the minimynvalue which determines the
opaqueness of a hypothetical corresponding traespagxperimental apparatus.

Unfortunately this threshold value depends on plartype, size, etc.

251

PhD thesis of Alessandro Tamburini



Cloud height/H [-]

Chapter 5: Nis Prediction

By the way, the cloud height was evaluated by a@dgphe point of inflection
methodology. Results for the case of @8ilparticles and 11.9%as solid loading
are depicted in Fig. 5.3. The horizontal line iawdn at Cloud height /H=0.9 and it is

necessary to asseldgvalue.
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Fig. 5.3: Normalized cloud height predictions for the case28ium glass
particles, 11.9%'’

In fact, N is defined as the abscissa of the intersectiontpoitween the

horizontal line and the line fitting the cloud hieigroints.
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Fig. 5.4: Drag-turbulence correlation effect. On the leftOg glass particles,
11.99%": on the right: Micheletti et al. (2003) case.

Fig. 5.4 shows the effect of the two different etations for drag coefficient on

the N, prediction via Cloud Height methad No appreciable difference are

observable for the case of 388 glass particles, while significant differencesrave
found for Micheletti et al. (2003) case.

The exactNsvalues are showed in Tab.5.1.

231um 231um 550um 550um
5.95%4" 11.9%" 11.9%" 11.9%"
Brucato et al.| Pinelli et al.
correlation correlation
Njs Zwietering 492 RPM 543 RPM 645 RPM 645 RPM
N;s CFD 300 RPM 200 RPM 245 RPM 250 RPM
Deviation % -39.0% -63.2% -62.0% -61.2%
Xsusp(Njs CFD) ~0.92 ~0.54 ~0.32 ~0.30

Micheletti et al. (2003)

Brucato et al. correlatio

Micheletti et al. (2003)

N Pinelli et al. correlation

N;js Zwietering 988 RPM 988 RPM
N;s CFD 500 RPM 590 RPM
Deviation % -49.4% -40.3%
Xsusp(Njs CFD) ~0.71 ~0.83

Tab. 5.1:N;s predictionsCloud Height methodase.

As shown in Tab. 5.1 the predictét values are quite far from the expected

values calculated by Zwietering’s correlation thssggesting that suspension

reaches the liquid free surface at impeller spgedglower tharlN;s.
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It is worth noting that the same feature was olegnalso during the
experiments showed in Chapter 4 thus confirmingsthiendness of predictions. In
addition, as already written, other authors obsk@esimilar behaviour, especially
for the case of small particles (Micheletti et 2aDP3).

As a difference, observing Hosseini et al. (2016hja, it appears that the
condition Cloud height/H=0.9 is attained in thaseat an impeller speed higher
than the just suspension speed. Similarly, mogiltepresented by Hicks et al.
(1997) show that the just suspension conditionsaatgeved when the ratio Cloud
height/H is lower than 0.9.

Moreover, Tab. 5.1 contains another important imi&tion concerning the
predicted fraction of suspended solid particlearaimpeller speed equal to thiz
value estimated by the preseBibud Height methadin case of adoption of this
method, for the cases here presented the fractisnspended particles would be too
small, especially for 550m glass particles.

Results and relevant considerations suggest thatptesent method is not
suitable for assessing suspension speed. The samkision was reached by Rieger
and Ditl (1994): they observed that tBéoud Height methodould not be used in
some cases where the suspension-liquid interfafter (the beginning of the
suspension state) immediately reaches as far dgthié level; they also observed
that in many cases the particle cloud reachesdhbélllevel (and not 90% of it) well

before complete suspension conditions were attained

5.4.2 Particle Bed Height method

The Particle bed height methagquires the CFD prediction of the height of the
sediment placed on the lateral walls of the vesget measurement of this height
was already done in Chapter 4, by means of thetamtopf the scalasedimand it is
not shown again here (see paragraph 4.8.11)

As a matter of fact, the measurement of particle beight involves the same
problem already described and discussed for claighh measurement, i.e. the
irregularity of the sediment height between two saguent baffles. The distance

from the vessel bottom of the highest sediment tpaias taken as particle bed
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height. Notably, CFD sediment heights were validatby corresponding
experimental data in Chapter 4.
Fig.5.5 shows the normalized particle bed heigledmted by employing the

scalarsedimand already shown in Chapter 4.
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Fig. 5.5:Normalized particle bed height predictions.

It is important to remember thal is defined as the minimum impeller speed,
among the investigated ones, at which the pariettheight was zeroed. Actually it
exists the possibility that the chosél is not the minimum of all the possible
impeller speeds, but only the minimum among thesstigated ones. It could be
better to carry out other simulations at impeligeeds lower than the foumd) (and
higher than the highest of the investigated impelpeeds €;) in order to check its
validity. Clearly, the search for the most corrgatue requires that a number of
CFD simulations are carried out at several impeddjgeeds, thus resulting in large
CPU times.
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231um 231um 550um 550um
5.95%6" 11.9%" 11.9%" 11.9%"
Brucato et al.| Pinelli et al.
correlation correlation
N;s Zwietering 492 RPM 543 RPM 645 RPM 645 RPM
N;s CFD 303 RPM 299 RPM 368 RPM 368 RPM
Deviation % -38.4% -44.9% -42.9% -42.9%
Xsusp(N;s CFD) 0.87 0.89 0.90 0.88

Tab. 5.2:N;s predictionsParticle bed height methochse.

Tab. 5.2 shows that the predicted values of jusboftom suspension speed are
very lower than the expected ones. In addition,eerpental snapshots of the
investigated vessel (not shown here) for all thredhcases shows that unsuspended
particles were still present at impeller speedsidighan those at which the particle
bed height reached the zero value.

Concluding, also this method cannot be consideuvidtde forN;s predictions
via CFD.

5.4.3 Power Number method

The Power Number methodeeds the calculation of power requirements at a
given agitation speed from the CFD simulations.

It is possible to calculate the power requiremeintsn the dissipation of
turbulent kinetic energy, which is directly provided by the &turbulence model in
each computational cell. Unfortunately, this praged often leads to largely
underestimated values of mechanical power. In ads well known in literature
and it was already discussed in Chapter 4 that kke turbulence model
underestimates the dissipation of turbulence kiretiergy.

A second methodology is on the contrary based ernditue measurements.

More precisely, each CFD simulation directly prasdhe values of the torque on
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each boundary of the system: by summing the toagtiag on impeller and shaft

and by multiplying this sum by the angular speed fiossible to get the value of the

mechanical power.

In this Chapter 5, the second methodology was adioghd relevant results are

shown in Figs 5.6 and 5.7.
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As observed by Micheletti et al. (2003) the adaptid the suspension density
for the calculation of Power Number leads all theves at different concentration to
approach a similar value at high impeller speed® N, values obtained appear to
be reasonable. In particular tNg predictions for the case of Micheletti et al. (3P0
are compared with their relevant experimental datathe same figures: the
experimental and computational trends are pratfiche same even if a certain
underestimation of experimental data is observdhléhis regard, it is important to
underline that this under-prediction of experimérgawer number is a typical
problem of CFD simulations adopting thee kurbulence model. As an example,
Kasat et al. (2008) and Panneerselvam et al. (2f0@8)d computational values of
N, lower than 4 for a standard geometry stirred tsiitked by a Rushton turbine
whose typicaN; is higher than 5.

Notably, the trend is the most important informatidor N;s predictions,
conversely, the specific valuesf are not important for the present aim.

These trend do not present any minimum or maxintherefore the predicted
N;s should be defined as the minimum impeller speedhith N, approaches some
constant value. Unfortunately, ti, trends depicted in the former figures do not
“strictly” approach a constant value. In some of firesented casé$, seems to
continuously increase witN. A similar behavior is also observable in Kasatlet
(2008) data.

Although this increase is quite low, it makes iffidult to adopt the former
criterion for Ns assessment. This problem was addressed and aiedodifterion
was proposedi;; was defined as the minimum impeller speed at whieh first
derivative of the functiorN, = N, (N) approaches a constant and very low value
(Fig. 5.8).
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Fig. 5.8: First derivativeof Np vsN

Notably, a rigorous procedure would require therdiidn of the quoted “very
low value”, which, in its turn, would inevitablyde to an arbitrary choice.

By the way, results of the proposed modified cigtelare shown in Tab. 5.3.
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231um 231um 550um 550um
5.95%6" 11.9%" 11.9%" 11.9%"
Brucato et al.| Pinelli et al.
correlation correlation
N;s Zwietering 492 RPM 543 RPM 645 RPM 645 RPM
N;s CFD 500 RPM 500 RPM 600 RPM 600 RPM
Deviation % +1.6% -7.9% -7.0% -7.0%
Xsusp(N;s CFD) ~1.00 ~0.99 ~0.99 ~0.99

Micheletti et al. (2003)

Brucato et al. correlatio

Micheletti et al. (2003)

N Pinelli et al. correlation

N;s Zwietering 988 RPM 988 RPM
N;s CFD 1040 RPM 960 RPM
Deviation % +5.3% -2.8%
Xsusp(Njs CFD) ~1.00 ~0.99

Tab. 5.3:N;s predictionsPower Number methathse.

All the predicted\;s values agree quite well with the relevant Zwietgis ones,

with a maximum deviation smaller than 8%. In additiall the suspended solid

fractions are larger than 0.99 thus confirming thatcriterion correctly predicts the

achievement of complete suspension conditions.

Despite the arbitrary choice required by the medifcriterion,Power Number

methodguarantees good predictions. Unresolved doubtatahs method concern

this arbitrary choice as well as the shapeNgfversusN curves which can be

different for different systems thus negativelyeaffing the universality of the

method.
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5.4.4 Local Particle Concentration method
The present method makes use of the solid volumétiction variation with
impeller speed. The first point to be taken inteamt concerns the choice of the
monitoring points for solid volume fraction assessin As already written in the
literature review section, some authors stated Kagpredictions vidocal particle
concentration methodare independent of the position of monitoring p&in
Conversely, other authors disagreed with this point
The choice made here was that of monitoring sadidmwetric fraction variation
with impeller speed at several positions, namely:
- the same positions adopted by Bourne and Sharitheeir work (1974);
- the same position monitored by Kee and Tan (200®)eir work;

- the same positions chosen by Wang et al. (200#)eir work.

A total of seven different points were thereforesidered for the monitoring,
all azimuthally placed midway two subsequent baffle Fig. 5.9 it is possible to

observe the exact positions of the monitoring mint

Wang et a-5
—+| B&S-2
Wang et a-4
—|— B&S-1
— —
_— L Wang et a-3
K&T-1Wangetal.-1 ||| |
Wang et a-2
1| |

Fig. 5.9:Monitor point position and definition
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As it can be observed, the point chosen by KeeTamd (2002) coincides with
one of the points adopted by Wang et al. (2004).
The trends of normalized solid volumetric fractiomessus impeller speeds at all

points for all the investigated cases are showddgrb.10.
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Fig. 5.10: Normalized solid volume fractions versus impellpead at the
established monitor points

All the graphs of Fig.5.10 show that the trend épehdent on the position of
the monitor point: in particular, for each investigd case, some of the curves have a
maximum that occurs at different impeller speedsy(dhe curve of 23[m cases
show relative maxima at the same impeller speedijlewother curves show no
increasing-decreasing behaviour. Moreover, the maxaccur at very low impeller
speeds which are far from the complete suspensindittons In this regard, Rieger
and Ditl (1994) observed that, in all investigatades, the maximum concentration
is reached at an impeller speed lower tNgnThe same authors concluded that the
local particle concentration methoid not suitable for assessing just off-bottom
suspension speed.

As an alternative, observing Fig. 5.10, one maykhio defineN; as the
minimum impeller speed at which all the solid voktnt fractions attain some final
constant value. In this case, the assedgedalues would be closer to the expected
ones. Actually, in some caseg appears to change indefinitely witly without
approaching any constant value. In addition, intesps where homogeneous

suspension conditions are achievalllgis expected to change wil up to the
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attainment of this regime where in all the comgatzl cellsr; should approach the
final mean volume fractiory .
The above results suggests that[dal particle concentration methddr N

predictions is not applicable to all system confagions.

5.4.5 Variation Coefficient method

This method requires the calculation of the vasiattoefficiento by means of
equation 5.1 (Bohnet and Niesmak, 1980). The variatoefficient was calculated
using the values af; stored at all computational cells, but for thdsbElonging to
the shaft and to the impeller (where no fluid ortickes are present).

The predicted values af at different impeller speeds are shown in Figl15.1

where the horizontal lines represent the threshaldes proposed in the literature to

characterize the different suspension regimes.
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Fig. 5.11:Variation coefficient versus impeller speed.

The figure shows that all the cases but one (655@2%, Pinelli et al.
correlation) attain complete suspension conditiahdiigh impeller speeds as the
corresponding are lower than the 0.8 cut off value.

Murthy et al. (2007) observed a sharp reductiow afhen the impeller speed
approachedls , but this is not the case for the present resHitsvever, defining\;s
as the minimum impeller speed at which a sharpatastu of the trenay versusN is
observed could lead to arbitrary choices or to #njse values dfl.

Being 6 = 0.8 the cut-off value between incomplete and glete suspension
regime,N;s was defined as the minimum impeller speed abfutvantee a = 0.8.

Relevant results are summarized in Tab. 5.4.

231um 231um 550um 550um
5.95%" 11.9%" 11.9%" 11.9%"
Brucato et al.| Pinelli et al.
correlation correlation
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N;s Zwietering 492 RPM 543 RPM 645 RPM 645 RPM
N;s CFD 485 RPM 400 RPM 485 RPM 650 RPM
Deviation % -1.4% -26.3% -24.8% +0.8%
Xsusp(Njs CFD) ~0.99 ~0.98 ~0.98 ~1.00

Micheletti et al. (2003)| Micheletti et al. (2003)

Brucato et al. correlation Pinelli et al. correlation

N;js Zwietering 988 RPM 988 RPM
N;s CFD 840 RPM >1'350 RPM
Deviation % -15.0% >+36.6%
Xsusp(Njs CFD) ~0.99 1.00

Tab. 5.4:N;s predictionsVariation Coefficient methodase.

They show that good predictions are obtainableoimes cases, while in others,
large deviations from Zwietering’s values are pnesParticularly, for Micheletti et
al. (2003) system modelled by means of Pinelliletcarrelation (2001) it is not
possible to assess ahl value for the investigated range of impeller speddis
worth noting that in the case of 281h-11.9%, even though a deviation higher than
25% was found, the fraction of suspended solidsabasit 0.98 thus suggesting that
despite the underestimation b the resulting operating condition would not be
unreasonable.

As far as thé/ariation Coefficient methorkliability is concerned, both Kasat et
al. (2008), Rieger and Ditl (1994) and Rieger e{H#88) found that the values af
achieved alN; in different cases differ significantly. SimilarliPanneerselvam et al.
(2008) found the same results for a three phadersysn particular Rieger and Ditl
(1994) judged the present method as being unseifabldetermining complete off-
bottom suspension speed.

A rigorous procedure, as that of Murthy et al. (2Q0would require the

evaluation of the Variation Coefficient value ae texperimentally assessbf for
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given system properties and configuration. Suceebgithis “validated’s could be
used to predicN; for similar systems. Being this procedure notyfydredictive, it

cannot be considered as a universally acceptaltieoaiéor N;s predictions.

5.4.6 Mak (1992) and Hosseini et al. (2010b) or letsection method

As already described in section 5.2.14, the presetihod makes use of average
solid volume fractions at 1millimetre height fronessel bottom. This value is
plotted against impeller speed as shown in Fig2 5fdr all the cases here

investigated.
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Fig. 5.12:Normalized solid volume fraction versus impelleesg.

The N;; assessment methodology based on the data of Hig.i$described in
Fig. 5.13: the abscissa of the intersection paptesents thbls value predicted by
the present method.
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Fig. 5.13:N; prediction methodology (23n-5.95%" case).

This procedure was applied to all the investigatedes and corresponding
results are showed in Tab.5.5

231um 231um 550um 550um
5.95%" 11.9%" 11.99%" 11.99%"
Brucato et al.| Pinelli et al.
correlation correlation
N;js Zwietering 492 RPM 543 RPM 645 RPM 645 RPM
N;s CFD 315 RPM 360 RPM 420 RPM 420 RPM
Deviation % -36.0% -33.7% -34.9% -34.9%
Xsusp(Njs CFD) ~0.94 ~0.97 ~0.96 ~0.93

Micheletti et al. (2003)| Micheletti et al. (2003)

Brucato et al. correlation Pinelli et al. correlation

Njs Zwietering 988 RPM 988 RPM
N;s CFD 590 RPM 635 RPM
Deviation % -40.3% -35.7%
Xsusp(Njs CFD) ~0.89 ~0.89

Tab. 5.5:N;s predictionsintersection methodase.

The table shows that for all the investigated caseg large under-prediction of
N;s were found thus suggesting the inapplicabilityte present method for systems
agitated by a standard Rushton turbine. ActualbthtMak (1992) and Hosseini et
al. (2010b) applied thid\;; assessment procedure to systems stirred by axial
impellers like the Lightnin A100 (marine propelleA200 (pitched blade turbine)
and A310 (high efficiency propeller).
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Moreover, the fraction of suspended solids at gmessed;s are too low thus
suggesting that complete off-bottom suspension itiond are far from being
achieved.

Concluding, the Intersection methodcannot be considered successfully

applicable to all vessel-impeller combinationsKprpredictions via CFD.

5.4.7 Wang et al. (2004) or Particle Axial Velocitynethod

In accordance with this method proposed by Wang.€{2004),N; is defined
as the minimum impeller speed at which the partiol@l velocity is found to be
positive in the “final suspension region”. This i@y represents the area on the
vessel bottom from which the last resting particigst suspended. All the
investigated cases here presented are relevatartdasd geometry tanks equipped
by a Rushton turbine with D=T/2, so that the “fisalpension region” is located at
the centre of the vessel bottom.

Therefore, in order to assess the reliability &f pnesent method, radial profiles
of solid axial velocity on the vessel bottom arevided (as prescribed by Wang et
al., 2004) and they are shown in Fig. 5.14. It @tbv noting that these radial profiles
are taken at a middle point between two subsedo&ffies. Notably, azimuthally
averaged radial profiles provide the sagpredictions.

Observing each of these profiles (starting from ¢he at the lowest impeller
speed) in correspondence of the zone indicateddydd circle (in Fig. 5.14) it is
possible to recognize the first profile whexgin this zone is positive. If also thg
of the following profiles (i.e. those relevant tmler impeller speeds) are positive,

the impeller speed corresponding to the first fgaf considered &,
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Fig. 5.14:uzradial profiles midway two subsequent baffles.

As an example, two profiles of the 38h- 11.9%" case are separately shown

in Fig.5.15, the one at an impeller speed bdigwthe other exactly at;s.
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Fig. 5.15:231um-11.9%" case two uz radial profiles midway two subsequent
baffles showed as example. On the left the prafilaN<N;, On the

right the profile aN=Njs.

As a matter of fact, some radial profiles (the oo@sesponding to low impeller
speeds) shown in Fig.5.14 showed a solid axialcigiavhich is positive at a radial

position close to the lateral wall. This findingnst surprising: in fact, when the

impeller speed is quite low, most particles resttiom bottom thus reducing the

effective impeller clearance (false bottom effeé§.already seen in Chapter 4, this

occurrence leads the flow field to a single loopfiguration. Particularly, velocity

vectors move obliquely downwards from the impeli&ade, reach the bottom and

then they move upwards when the lateral wall ished.

231um 231um 550um 550um
5.95%" 11.9%" 11.9%" 11.9%"
Brucato et al.| Pinelli et al.
correlation correlation
N;js Zwietering 492 RPM 543 RPM 645 RPM 645 RPM
N;s CFD >800 RPM 473 RPM 595 RPM 573 RPM
Deviation % >62.6% -12.9% -1.7% -11.2%
Xsusp(Njs CFD) |~ ------- ~0.99 ~0.99 ~0.99
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Micheletti et al. (2003)| Micheletti et al. (2003)

Brucato et al. correlation Pinelli et al. correlation

N;js Zwietering 988 RPM 988 RPM
N;s CFD 840 RPM 700 RPM
Deviation % -15.0% -29.1%
Xsusp(Njs CFD) ~0.99 ~0.96

Tab. 5.6:N;s predictionsParticle Axial Velocity methodase.

The predictedN;s values are lower than the expected ones, but til@viaare not
so high. More precisely, the cases where the effefriee stream turbulence on the
drag coefficient was modelled by the Pinelli etarrelation (2001) show a higher
deviation up to 30% for the Micheletti et al. (20@ystem case. In addition, it was
not possible to assess ady value in the case of the lowest solid loading casee
the particle axial velocity showed a negative valnghe centre of the vessel bottom
for all the investigated impeller speeds.

This finding suggests that there are some casewtiath the present method
cannot be applied.

This method requires the exact knowledge of thetez@ne from which the last
resting particles get suspended. In the case tfralard geometry tank stirred by a
Rushton turbine, this area is well known. Converstiis area will be completely
unknown (without corresponding experimental datagn unusual impeller and/or
an uncommon impeller position are employed. Fotelyathe CFD model of
Chapter 4 (here coupled with the presdgtassessment method) was demonstrated
suitable to predict quantity and position of unsmted solid particles, thereby
allowing the knowledge of the position from whidfetlast motionless particles get

suspended.
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5.4.8 Kee and Tan (2002) or Transientg Profile method

This method is based on the monitoring piith time. In particular only some
cells placed on the vessel bottom are monitorethguransient. All these cells are
placed midway two subsequent baffles and belontheofirst axial row cells, i.e.
they belong to the group of cells which are locgted on the bottom. The radial
position of these computational cells is definethim following:

- cell-1 position: (axial; radial) = (0; 0);

- cell-2 position: (axial; radial) = (0; T/8);

- cell-3 position: (axial; radial) = (0; 3T/8);

- cell-4 position: (axial; radial) = (0; T);

In accordance with Kee and Tan (2002) criteriom, fitst condition that has to
be fulfilled is that a constant steady-state valettained byr; at all selected
locations. As far as the second condition is camegy the final constant values
assumed by all fours values must be smaller than about half of the marim
particle packing valug gpaced In this regard, it should be kept in mind that
I g-packed=0.6.

N;s is defined as the minimum impeller speed at whicith of the above
conditions are fulfilled. Thez dynamics at the predictdd; are shown on the left of
Fig. 5.16.
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Results deriving from the application of Kee andnT@002) criterion are

summarized in Tab. 5.7.

231um 231um 550um 550um
5.95%" 11.9%" 11.99%" 11.9%"
Brucato et al.| Pinelli et al.
correlation correlation
N;js Zwietering 492 RPM 543 RPM 645 RPM 645 RPM
N;s CFD 618 RPM 850 RPM ~750 RPM >950 RPM
Deviation % +25.6% +56.5% +16.3% >+47.3%
Xsusp(Njs CFD) 1.00 1.00 1.00 1.00

Micheletti et al. (2003)| Micheletti et al. (2003)

Brucato et al. correlation Pinelli et al. correlation

Njs Zwietering 988 RPM 988 RPM
N;s CFD >1200 RPM >1350 RPM
Deviation % >+21.5% >+36.6%
Xsusp(Njs CFD) 1.00 1.00

Tab. 5.7:N;s predictionsTransient i Profile method

As it can be seen, in some casesNgavas found for the impeller speeds here
investigated: other CFD simulations at higher irgvetpeeds should be carried out
in order to assess the relevay values, but being these values much higher than
the expected ones, their exact assessment wasmsitlered useful. As a difference
from all the other methods reviewed so far, resoltsFig. 5.7 show that the
predictedN;s values are significantly overestimated, with déwiss even higher than

50%. Notably such strong overestimationdjaivalues would result in unacceptable
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over-sizing of power consumption, being the meatenpower dependent on the
cube of impeller speed.

In relation to these findings, Modified Kee and Talriterion was proposed.
N;s was defined as the minimum impeller speed at whitther ; profiles are steady
and show a value just lower than the maximum packirer z.packed:

It may be noted that the previous choice of halfQfeqsas the threshold value
clearly introduces an arbitrary choice which sigaiftly affects the objectivity of
the method. The modified criterion addresses asalves this issue.

The transient; profiles at the assessbl are showed on the right of Fig. 5.16

and corresponding results are summarized in T&b. 5.

231um 231um 550um 550um
5.95%" 11.9%" 11.9%" 11.9%"
Brucato et al.| Pinelli et al.
correlation correlation
N;js Zwietering 492 RPM 543 RPM 645 RPM 645 RPM
N;s CFD 502 RPM 493 RPM 624 RPM 750 RPM
Deviation % +2.0% -9.2% -3.2% +16.3%
Xsusp(Njs CFD) ~1.00 ~0.99 ~0.99 ~1.00

Micheletti et al. (2003)| Micheletti et al. (2003)

Brucato et al. correlation Pinelli et al. correlation

Njs Zwietering 988 RPM 988 RPM
N;s CFD 1070 RPM 1350 RPM
Deviation % +8.3% +36.6%
Xsusp(Njs CFD) ~1.00 1.00

Tab. 5.8:N;s predictionsModified Transient j Profile methoctase.
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Tab. 5.8 shows that the modified criterion leadsqtote good results, as
deviations ofN; predictions are below 10%. In accordance with thiterion, the
adoption of the Pinelli et al. correlation (200&)model the effect of turbulence on
drag coefficient leads to less satisfactory préalist especially in the Micheletti et
al. case (2003). The suspended solid fraction gatenfirm the viability of the
modified criterion that can be considered suitablassesss via CFD. A drawback
of the method concerns the need of performing teabsimulations so resulting in
high computational costs, especially if several efigy speeds are investigated

duringN;s assessment.

5.4.9 Unsuspended Solid Criterion method

This innovative method was purposely proposedim@napter 5: it is based on
the Unsuspended Solid CriteriofySO defined in Chapter 4. In accordance with
this methodN;s is defined as the minimum impeller speed at whieh fraction of

suspended solidg,spreaches the value of 1.0. Results are shown in3.8b

231um 231um 550um 550um
5.95%6" 11.9%" 11.9%" 11.9%"
Brucato et al.| Pinelli et al.
correlation correlation

N;js Zwietering 492 RPM 543 RPM 645 RPM 645 RPM
N;s CFD 510 RPM ~620 RPM 678 RPM 850 RPM
Deviation % +3.6% +14.2% +5.1% +31.8%
Xsusp(N;s CFD) 1.00 1.00 1.00 1.00

Micheletti et al. (2003)| Micheletti et al. (2003)

Brucato et al. correlation Pinelli et al. correlation

Njs Zwietering 988 RPM 988 RPM
N;s CFD 1085 RPM ~1300 RPM
Deviation % +9.8% +31.6%
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Xsusp(st CFD)

1.00

1.00

Tab. 5.9:N;s predictionsUnsuspended Solid Criterion methcalse.

Results are quite satisfactory and very similartite Modified Transient

Profiles methodwith the exception of 23im, 11.9%) thus suggesting that the two

methods are practically based on similar critefilso with the USC method,N;

predictions worsen when the Pinelli et al. coriela{2001) is employed.

It is worth observing that the suspension of the Few particles requires a

notable increase of impeller speed. In fact, diffeérresults will be obtained if

Xsus5=0.999 is adopted alalternative” USC method Such results are depicted in

Tab. 5.9.
231um 231um 550um 550um
5.95%6" 11.9%" 11.9%" 11.9%"
Brucato et al.| Pinelli et al.
correlation correlation
Njs Zwietering 492 RPM 543 RPM 645 RPM 645 RPM
N;s CFD 507 RPM 473 RPM 624 RPM 740 RPM
Deviation % +3.0% -12.9% -3.2% +14.7%
Xsusp(N;s CFD) 0.999 0.999 0.999 0.999

Micheletti et al. (2003)

Brucato et al. correlatio

Micheletti et al. (2003)

N Pinelli et al. correlation

N;js Zwietering 988 RPM 988 RPM
N;s CFD 870 RPM 1025 RPM
Deviation % -11.9% +3.7%
Xsusp(Njs CFD) 0.999 0.999

283

PhD thesis of Alessandro Tamburini



Chapter 5: Nis Prediction

Tab. 5.9: N predictions:Alternative Unsuspended Solid Criterion method
case.

Alternative Unsuspended Solid Criteriomethodis able to provide satisfactory
results as well, even if the Pinelli et al. cortiela (2001) is adopted. The
comparison of Tab.5.8 and Tab. 5.9 results confinerformer consideration: the
final suspension of negligible amounts of unsuspédndolids can require large
increase of impeller speed thus suggesting thdt dayiations from the expected
values of N;; could be represented by very small percentage nsluspended

particles.

On one hand, this finding suggests that differeiéia can provide satisfactory
results, in fact, even though prediction deviati@me large, little differences in
corresponding unsuspended particle amounts caadilg éound. On the other hand,
little increases of the impeller speed adopted teaehergy dissipations much larger
than minimum requirements.

Using CFD to predict “exactlyN;s is an optimization problem that would be
computationally expensive (a lot of CFD simulatidvase to be carried out to assess
the “exact” value) and often not reliable as langgstakes can be made in
dependence on the method adopted\fpprediction.

An alternative criterion to characterize solid-idjususpension is needed
(Oshinowo and Bakker, 2002), especially Gfomputational Fluid Dynamics

techniques are employed to aid design.

5.4.10 Sufficient Suspension Speed Prediction

A possible criterion which can substitute the mowenmon one based on thig
prediction was that proposed by Brucato et al. 2@hd described in the paragraph
5.2.11. Thesufficient suspension spedl;is the design parameter close linked to

the present criterion.
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The model presented in Chapter 4 and utilized is Bhapter 5 forNg

prediction is able to provide the amount of suspensblid particles at any agitation

speed. Therefore, it was employed here to prelgdtlis values as well.

First of all, the experimental suspension curva gaesented in Chapter 4 were

fitted by a Weibull function and correspondiNgi, andNspa, Values were assessed.

Then equation 5.3 was employed to calculate theeraxgntal Ngs values.

Eventually, the impeller speed at which the preiet,s=0.982 was defined as the

CFD predictedNgs value.

Prediction results are shown in Tab. 5.10.

231um 231um 550um 550um
5.95%" 11.9%" 11.9%" 11.9%"
Brucato et al.| Pinelli et al.
correlation correlation
Nmin Experimental 145 RPM 90 RPM 125 RPM 125 RPM
Nspan EXperimental 90 RPM 160 RPM 220 RPM 220 RPM
Nss Experimental 325 RPM 410 RPM 565 RPM 565 RPI
Nss CFD 351 RPM 387 RPM 462 RPM 521 RPM
Deviation % +8.0% -5.6% -18.2% -7.8%
Xsusp 0.982 0.982 0.982 0.982

{

Tab. 5.10:Ngs predictions.

This table confirms the findings of Chapter 4: gredictions are very good for

the smaller particle size cases, while for thedaparticle size cases, Pinelli et al.

correlation (2001) allows better predictions. Cigano predictions of the Micheletti

et al. (2003) case are provided as no experimeimfmrmation concerning

suspension curve are available for this case.

The goodness of predictions and the huge energyngawderiving from the

adoption of theSufficient Suspension Criteriauggest that the present CFD model
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along with such criterion could constitute a relgatool for solid-liquid stirred tank

design and operation.

5.5 Final remarks

All methods available in literature to assess tlieimmum suspension speed for
complete off-bottom suspension were critically esved throughout this Chapter. In
addition, some of these methods were coupled viigh@FD model presented in
Chapter 4 in order to providgs assessments via CFD simulations. The capability
and the reliability of these CFD-assisted methodsewverified and discussed
aiming at finding the CFD methodology which could bniversally accepted and
could represent an objective design criterion applie to all possible systems.

An original method based on thimsuspended Solid Criteriasf Chapter 4 was
also presented and its performance discussed.

An acceptable agreement between CFD predidjgdnd the Zwietering’s ones
was found only for somdls assessment methods, while all other methods failed
provide correciN;s values via CFD for the cases presented in thigp@ha

Particularly, most presented CFD methods underigied the N;s values
calculated by Zwietering’s correlation. This belmawihad already been observed by
different authors. Ochieng and Lewis (2006a) ané Kad Tan (2002) stated that
CFD simulations under-predicted; especially for the larger particled,$150um)
because of the erroneous CFD assumption of pagptericity. Conversely Wang
et al. (2004) attributed this underestimation toiedering’s correlation: it is based
on a visual method which always providg values higher than strictly needed.

Collected data suggest that the prediction of thett” N, value by means of
CFD techniques can lead to dangerous conclusian&ct, most of the adoptéds
assessment methodologies have a clear drawback: ate too specific. It is
common to find a CFD methodology which provides dyqmedictions only if
applied to the specific case for which it was folated. It might be sufficient to
change system physical or geometrical propertieshimin completely different

results. As an example, all the methods based epadhrticular shape of some trend
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(N, vs N, or localrs vs N, etc) might be inapplicable when different impelte
impeller to tank configurations are adopted.

Moreover, just before the attainment of completgpsnsion conditions, a small
variation of the amount of unsuspended solid padiccan be obtained by a
correspondingly high increase of impeller speeds Baggests that a quite precise
prediction of complete suspension conditions cdaddfollowed by really different
(in percentage terms) impeller speeds and consdy@itation costs thus resulting
in a poorly reliable criterion for solid-liquid apmatus design.

With the aim of defining a successful and reliadidsign criterion applicable to
all system types and configurations, it is suggkstere that basing the design of
solid-liquid contactorssia CFD on the concept of unsuspended solid fractaons
the sufficient suspension criteripmay well be more effective than basing it on the

much more troubledijs prediction.

5.6 Nomenclature

U velocity, ms

T tank diameter, m

H liquid height, m

D impeller diameter, m

C impeller clearance, m

r volumetric fraction, (-)

r5 av average solid volumetric fraction value, (-)

I g-packed solid volumetric fraction maximum packing valug, (

N rotational impeller speed, RPM

Nis just suspension speed, RPM

Nmin agitation speed at which the suspension phenomstiaots, RPM
Nspan parameter that determines the width of the WeiSudurve, RPM
Nss impeller speed for sufficient suspension conditiéGtiaM

N, power number, (-)

d, particle mean diameter, (m)
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Re Reynolds number, (-)

k turbulent kinetic energy, rs?

u axial component of velocity, i s

Xsusp fraction of suspended solids, (-)

Nseq height sediment assumes on the lateral wall mydvievo

subsequent baffles, m

Greek letters

£ turbulent dissipation, W Ky
Bhix Mixing Time, s

o Variation Coefficient, (-)
Subscripts

a liquid phase

B solid phase
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The present PhD thesis has been entirely devotétktanalisys of suspension
phenomena in solid-liquid agitated systems, coutitily with original experimental

and computational studies in orfer to achieve tebenderstanding of such topic.

As far as experimental part is concerned, a noggf gimple technique named
Laser Sheet Image Analys@a solid concentration assessments of diluteddajuid
suspension in stirred vessels was developed. hoisinvasive allowing to get
experimental information on particle distributiontivout adopting any equipment
inside the investigated system and consequentlidengppossible result alteration.
This innovative technique appears to be very primgisit is characterized by a
good reproducibility and result reliability. It iable to provide directly 2-D
(composed of about 35000 point by point measurermgatmation) solid particle
concentration distribution maps in stirred tankstheiit requiring neither too
complex and long elaborations nor too expensivesomegnent apparatusdsSIA
technique was successfully applied to solid-ligdispersions in two different top-
covered unbaffled vessels providing useful datactvhinay constitute a good
validation tool for computational studies.

Future remarks concern the further applicationL&1A technique to other
systems such as the baffled vessels. Moreovemprteedure for the production of
fluorescent particles should be optimized in orttemllow also the production of
small particles. FinallyLSIA technique could be coupled torefractive index
matching methodology aiming at allowing its employment een dense-opaque

systems.
Investigations were also performed on the posgjhilf employing top-covered

unbaffled stirred vessels for solid-liquid suspensinstead of the more common

systems provided of baffles. In particular a noegperimental technique, namely
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the “steady cone radius methHpdvas devised to assist assessments of the just
suspended agitation speld. N;s dependence on operating parameters such as solid
concentration, particle density and mean diamdteig kinematic viscosity and
system scale was investigated and compared withptledlicted for baffled vessels
by the well known Zwietering’s correlation (195&ower requirements to achieve
just suspension conditions suggest an economicecoence for radially stirred top-
covered unbaffled vessels only under a certainesdainally, a quite effective
Zwietering-like correlation for the prediction bfs in top-covered unbaffled vessels
was devised by employing all the data collectednduthis thesis.

Future development of this topic should requireasggments of experimental
tests encompassing different impeller types antlifeg, system geometry and scale,
etc.

As far as CFD modelling efforts are concerned,tlfiren ad-hoc algorithm
(Excess Solid Volume Fractiaigorithm) was successfully implemented inside an
Eulerian-Eulerian framework aiming at allowing tkienulations of systems where
sediments over the vessel bottom are present. fkstansight into the incomplete
suspension regime, the transient behaviour of &baifom solid-liquid suspension
during start-up in a stirred fully baffled tank wiasestigated by means of a rather
simple CFD methodology purposely formulated andetbisRelevant experimental
data were acquired to validate the modelling apghoditerature data were also
employed to further test model reliability and angml satisfactory agreement with
experimental data was found.

Subsequently, CFD simulations of dense solid-ligsigspensions within flat
bottomed vessels stirred by a standard Rushtonntinyere performed with the
objective of numerically predicting the percentagfeunsuspended solids and the
particle distribution at different impeller speesovering partial to complete
suspension regime) thus resulting in a reliable efiod) of incomplete-to-complete
suspension regime. Overall, results suggest thaq dwrce has a crucial role in
determining the suspension of particles from thesgebottom and their distribution

throughout the tank. Although suspension of paidh a liquid within a stirred
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system was found to be allegedly due to “turbulelmgests” on the vessel bottom
(Baldi et al., 1978), it seems that suspension phemon should be modeled not
only by carrying out a good prediction of turbuleran the vessel bottom, but also
and above all by an accurate computation of intersp drag terms. This implies
that the particle suspension and distribution imsgesolid-liquid suspensions in
stirred tanks at partial to complete suspensiorditioms is a phenomenon mainly
controlled by gravity, inertial and inter-phasegifarces.

Finally, the capability and the reliability of fyllpredictive CFD methods for
minimum impeller speed for complete suspension werdfied and discussed
aiming at finding a methodology which could be wngally accepted and which
could represent an objective design criterion @aplie to all possible systems. An
original method was also proposed and evaluateadul8tion results suggest that the
prediction of the “exact’N value by means of CFD technique can lead to
dangerous conclusions. In fact, just before thairatient of complete suspension
conditions, a small variation of the amount of wmnded solid particles can be
obtained by a corresponding high increase of tigeller speed. This implies that a
quite precise prediction of complete suspensiorditioms could be followed by
really different (in percentage terms) impeller e and consequently agitation
costs thus resulting in a poor reliable criterion the solid-liquid apparatus design.
Accordingly to the aim of defining a design critari that could be considered
successfully and reliably applicable to all systgmes and configurations, it could
be more suitable and prudent to drive the desigsobd-liquid contactors via CFD
referring only to unsuspended solid fractions ali agto thesufficient suspension
criterion andspeednstead of the traditional methods based orNhprediction.

As future work, it may be interesting to focus de tfurther testing of the
present CFD-assisted criterion by applying it téfedent system geometry and/or

characteristics in order to further validate itegel applicability and reliability.
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