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Abstract

Abstract

Mechanically agitated vessels are widely used for various mixing operations within a wide
range of industries including the chemical, pharmaceutical, food and petroleum industries.
They are used for liquid blending, solid-liquid mixing, gas dispersion in liquids, heat/mass
transfer enhancement and chemical reaction. Mixing is intrinsically a Lagrangian process
and, whilst Eulerian data are essential, Lagrangian information is necessary for its complete
description. Possible approaches of generating Lagrangian data can, in principle, employ
numerical simulations or experimental techniques based on Lagrangian tracking to provide
the trajectories of fluid elements or solid particles. In this work a set of tools are developed
for the analysis and theoretical validation of Lagrangian single and multi-phase flow data
obtained from tracer trajectories in mechanically agitated vessels. Whilst theoretical
procedures developed here exploit a large range of mathematical and statistical concepts with
Shannon entropy being an example, the computational data analysis often involved handling
and sequential processing of multidimensional matrices containing several millions of data
points. Computational codes were developed for performing Lagrangian statistical data
analysis, Lagrangian-Eulerian data conversion, Shannon entropy analysis, multi-phase mixing
studies and detailed Eulerian multi-plane investigations. The implementation and power of
these tools are demonstrated by analysing a wide range of measurements acquired using the
technique of positron emission particle tracking (PEPT) during the mixing of Newtonian and
non-Newtonian fluids, as well as the mixing of highly concentrated solid-liquid systems.
These multi-phase suspensions included monodisperse, binary and polydisperse solid-liquid
suspensions. Experimental measurements obtained in these systems are unique and valuable
in their own right as, for the first time, it has been possible to determine the full 3D velocity
and concentration fields of liquid and solid phases within opaque dense slurries of this type

containing up to 40 wt% solids.
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Chapter 1

Introduction

Among several definitions, Mixing can be defined as the reduction of inhomogeneity in order
to achieve a desired process result (Ratual., 2004). The inhomogeneity can be one of
concentration, phase, or temperature. Secondary effects, such as mass transfer, chemical
reactions, and product properties are usually the critical objectives. Failure to provide the
necessary mixing may result in severe manufacturing problems, ranging from costly
corrections in the plant to complete failure of a process. The costs associated with these
problems are usually far greater than the cost of adequately evaluating and solving the
problem during process development (Smith, 1990). Due to their importance in the field of
process industries, mixing operations have been for decades the subject of many
investigations. Nevertheless, many aspects of mixing processes are yet to be properly

understood.

Failure of a mixing process must not be associated only with insufficient mixing or low
energy efficiency; there are a number of industrial applications where excessive mixing is not
only wasteful of energy but also counter-productive (Nieebdwal., 1997). For example, in

the mixing of biological materials, excessive power inputs or impeller speeds may damage
mammalian cells or mycelia in agitated bioreactors (Nieabal., 1996; Jiusteet al., 1996).
Structured molecular forms of complex fluids, solutions or slurry can be permanently
damaged by overmixing and the desired rheological characteristics of the product may never
be obtained. In crystallization, the overall process may be affected by high mixer speeds
which cause a significant increase in secondary nucleation and therefore crystal size smaller

than desired.

The fundamental variables to identify in any mixing problem are the required degree of
homogeneity, i.e. the length scale of mixing, and the time available to reach such level of

mixing, i.e. the time scale (Kresta and Brodkey, 2004). These key variables are the result of a
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set of fundamental phenomena which must be understood to address and resolve difficult
mixing problems. These include the flow regime (laminar, transitional or turbulent), rheology
of the fluid, different behaviour of the flow components in a multi-phase system and mixing

at the molecular scale.

A wide range of mixing equipment is now available, with the current generation of equipment
typically designed for a specific process result. The stirred vessel, however, is probably the
most reviewed and commonly encountered mixing apparatus in the process industry.
Mechanically agitated vessels are widely used for various operations within a wide range of
industries including the chemical, pharmaceutical, food and petroleum industries. They are
used for liquid blending, solid-liquid mixing, gas dispersion in liquids, heat/mass transfer
enhancement and chemical reaction. The methods generally used for designing stirred
vessels, however, tend to be based on a global ‘black-box’ approach, and a more detailed
description of the internal flow structure has long been missing to enable the development of
more rational rules for establishing process parameters and equipment design. The advent of
powerful measurement and modelling techniques in recent years has reenergised interest in
this field and more effort is increasingly being devoted to try and fully understand the mixing

mechanisms on the basis of localised hydrodynamic approaches.

Several techniques have been developed over the years for obtaining qualitative and
quantitative measurements of fluid flows. Laser Doppler velocimetry (LDV) and particle
image velocimetry (PI1V), which yield accurate velocity measurements at one or more points
within the flow, have become the most employed to examine the complex nature of the flow
fields in such stirred vessels (Kresta and Wood, 1993a; Baldi and Yianneskis, 2004). These
techniques are based on image capturing, provided the equipment and fluids used are optically
transparent. Unfortunately, this is a major limitation given that, in real mixing processes,
fluids and multi-phase mixtures are usually partially or entirely opaque. Moreover, the
inherent Eulerian nature of such measurements does not allow ready access to the Lagrangian

character of the flow or the structures present.

Although Eulerian data are crucial, Lagrangian information is necessary for the whole
description of the mixing phenomena. Various authors have shown that the Lagrangian
description of mixing unravel precious information which is not obtainable by the Eulerian

approach, both for laminar (Ottino, 1989) and turbulent (Toschi and Bodenschatz, 2009)
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mixing. Fluid element transport has features which can be completely different from and
complementary to those of the underlying velocity field. Examples of experimental
Lagrangian tracking techniques are positron emission particle tracking (PEPT) and computer
automated radioactive particle tracking (CARPT). Both allow non-invasive probing of
opaque fluids and within opaque apparatus by using a single radioactive particle as flow
tracer, which is tracked in 3D space and time to reveal its Lagrangian trajectory (Barigou,
2004; Doucet et al., 2008).

Solid-liquid suspensions are ubiquitous in the industrial processes including the manufacture
of fine chemicals, pharmaceuticals, polymers, food, personal/home care products, paper and
pulp. Numerous difficult mixing problems are found with solid-liquid processing, so8te 80

of products in the chemical industry, for example, being of this type (Shamlou, 1993).
Previous research studies of solid-liquid suspensions have mainly been focused on the
suspension of dense fine particles in turbulent Newtonian flows, and a number of empirical
relationships and theoretical models for predicting the minimum impeller rotational speed for
complete particle suspension have been proposed (Zwietering, 1958; Nienow, 1968; Molerus
and Latzel, 1987a-b; Raghava Retoal., 1988; Geisleet al., 1993; Mersmanat al., 1998;
Armenanteet al., 1998). Recently, Brujest al. (1998) compiled most of the correlations
published over the previous four decades, and tested them against experimental measurements
obtained in baffled and unbaffled vessels containing suspensions of glass beads, resins
particles or microcapsules. It emerges from such literature that the fundamental mechanisms
which govern particle suspension and distribution within a stirred vessel are still not well

understood.

The fluid-dynamic characterisation of mechanically agitated solid-liquid suspensions using
the Lagrangian technique of positron emission particle tracking is the central objective of this

work.

1-1 Objectives
The objectives of this study are:

» Definition of a methodology for the analysis of Lagrangian data collected in

mechanically agitated vessels using PEPT. A detailed procedure will be delineated
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for the analysis and validation of data obtained in single- and multi-phase stirred
vessels from tracer trajectories by Lagrangian tracking. A Lagrangian-Eulerian
analysis will be used to extract Eulerian information form the purely Lagrangian
information contained in the tracer trajectory; and second a Lagrangian-statistical
analysis will be used to obtain quantities only accessible via Lagrangian
measurements.

» Creation of a code for automated and fast analysis of PEPT data. The structure of the
computational code for extracting Eulerian information will be developed on the basis
of a set of subroutines containing different algorithms aimed to progressively analyse
the initial Lagrangian information and store important intermediate outputs. Due to
the variety of mixing systems which can be examined, the code has to be flexible
enabling key-parameters to be set and specific subroutines to be activated or

deactivated as required.

» Assessment of the influence of the position of the investigation plane in the study of a
stirred single-phase turbulent system using an optical technique. In order to study the
nature of the cylindrical symmetry within a baffled mechanically agitated vessel, the
effect of the azimuthal position of the measurement plane in a fully baffled stirred
vessel will be investigated by PIV to assess the magnitude of the differences in the

flow fields between different planes.

» Assessment of the reliability of the PEPT technique for studying mixing systems.
Using identical equipment and fluid, three-dimensional Eulerian velocity
measurements made by PEPT in a baffled stirred vessel will be compared directly with
the above mentioned PIV measurements performed in multiple planes. The study
aims to investigate possible minor local discrepancies and, whether significant,

develop an understanding of the reasons of their existence.

» Exploring the applicability of alternative mathematical and statistical tools for the
analysis of Lagrangian data obtained in mechanically agitated vessels using PEPT. A
new methodology for quantifying the local and global mixing characteristics within a
mechanically-agitated fluid batch system will be developed on the basis of Lagrangian
tracking. The experimental component of this new methodology will involve the use
of PEPT.
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* Fluid-dynamic characterisation of stirred monodisperse solid-liquid suspensions at
varying solids concentration. The mixing of moderately to highly concentrated
suspensions of nearly monomodal coarse glass particles will be investigated using a
PBT operating in both up-pumping and down-pumping modes; velocity and
concentration fields obtained at different solids concentrations will be presented.

* Fluid-dynamic characterisation of stirred binary solid-liquid suspensions at varying
solids concentration. The three-component flow field and spatial phase distribution of
binary mixtures of glass particles suspended in water in a stirred vessel will be
resolved using PEPT. Using a PBT pumping upwards rather than downwards, the
experimental campaign will be repeated to compare the performance of these two

different agitation modes in complex multi-phase systems.

* Fluid-dynamic characterisation of stirred polydisperse solid-liquid suspensions at
varying solids concentration. On the basis of the experience gained with the
investigations of simpler systems, complex solid-liquid systems where several
particle-size fractions are dispersed in a liquid phase will be studied. Given that 3D
velocity and concentration of every solid and liquid component will be fully mapped,

a very large amount of unique experimental results will be obtained.

1-2 Thesis Layout

The present thesis is structured as follows. Subsequent to the present introducing section, a
thoroughreview of existing literature on different aspects of fluid mixing in single- and multi-
phase stirred tanks, an introduction to the Lagrangian approach for the study of mixing

systems and a review of the available flow visualisation techniques are given in Chapter Il.

The experimental procedures, apparatus and equipment used including the underlying theory
are described in Chapter Ill. Here the methodology used as a basis for the code developed for
the analysis of Lagrangian data is presented in detail. For clarity, sample results obtained
analysing data extracted from the sets of experiments which are then fully examined in then

subsequent chapters are also presented in this chapter.

A well-established optical imaging technique (PIV) is used in Chapter IV to assess the error
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in the velocity measurements generated when in a baffled stirred vessel the axial symmetry is
assumed. By using PEPT to probe an identical system, the data optically collected in multiple
vertical planes are used again in Chapter V to provide a 3D comparison between PIV and
PEPT. In the same chapter, PEPT data collected in a non-Newtonian fluid will be compared
with those collected by another optical technique (PLIF).

A novel approach to the study of a long Lagrangian trajectory of a particle tracer is presented
in Chapter VI. Statistical tools defined on the basis of Shannon Entropy, a quantity at the
heart of the Information Theory, are employed to define new local mixing indices which

expand the meanings of dispersion and mixing time.

Chapter VI is the first of three chapters presenting results on solid-liquid mixing. Details of
materials, equipments, the experimental procedures and data analysis used are given in each
of these three chapters. Whilst a full study of a monodisperse solid-liquid system using PEPT
is presented in Chapter VII, binary suspensions are similarly investigated in Chapter VIII.
Subsequently, a very large amount of experimental results obtained in a polydisperse system
by PEPT are presented in Chapter IX in a compact form, where each of the five solid and one
liquid component of the suspensions have been examined by PEPT at varying solids

concentration.

Due to the large number of symbols used, for clarity purposes a separate notation section has
been added at the end of each chapter. Please note that the same symbols may represen
different quantities in different chapters, and vice versa. References, on the other hand, have

been grouped at the end of the thesis as these are used throughput the thesis.

1-3 Publications arising from thesis

1-3.1 Journal Papers

Guida, A., Fan, X., Parker, D.J., Nienow, A.W. and Barigou, M. (2009), Positron Emission
Particle Tracking in a mechanically agitated solid-liquid suspension of coarse particles,
Chemical Engineering Research and Design, 87(4A), 421-429.

Guida, A., Nienow, A.\W. and Barigou, M. (2010), PEPT measurements of solid-liquid flow
field and spatial phase distribution in concentrated monodisperse stirred suspensions,
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Chemical Engineering Scienagb(6), 1905-1914.

Guida, A., Nienow, A.\W. and Barigou, M. (2010), The effects of the azimuthal position of
the measurement plane on the flow parameters determined by PIV within a stirred vessel,
Chemical Engineering Sciendg5s(8), 2454-2463.
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Chapter 11

Literature Review

Abstract

Mechanically agitated vessels are extensively used for various operations within a wide range
of industries including the chemical, pharmaceutical, food and petroleum industries. They are
used for liquid blending, solid-liquid mixing, gas dispersion in liquids, heat/mass transfer
enhancement and chemical reaction. Starting from a brief general description of mixing
principles, this literature survey gives an overview of applications and typical configurations
of stirred vessels and agitators. On the basis of the dimensional analysis, a wide range of
dimensionless parameters have been developed by scientists for the study of thermo-fluid-
dynamics. Mixing phenomena may well be described by a variety of these and other
purposely defined dimensionless quantities. Numbers describing flow regimes, classification
of fluids, heat exchange properties, diffusion, power consumption, multiphase interaction and
mixing effectiveness are reviewed here. Furthermore, industrial applications of solid-liquid
mixing and specifically the stirring of dense particle suspensions are briefly discussed
together with design issues and main physical phenomena involved. Finally, a review of the

experimental techniques of most relevance to this work is given.




Chapter Il Literature Review

2-1 Mixing Systems

A wide range of mixing equipment is now available, with the current generation of equipment
typically designed for a specific process result. The mechanically agitated vessel, however, is
probably the most reviewed and commonly encountered mixing apparatus in the process
industry.

2-2 Mechanically agitated vessels

Over 50% of the world’s chemical production involves the use of mechanically agitated
stirred vessels for manufacturing high-added-value products (Hemrajani and Tatterson, 2004).
The fundamental mechanism for these vessels is the transfer of momentum to the material
within the vessel via the physical movement of rotating impeller blades. Some common

examples of the uses of stirred vessels are given below:
* Homogenisation/blending of miscible liquids, e.g. dilution and gasoline additives
* Emulsification of immiscible liquids, e.g. polymerisation and food additives
» Solid suspension in a liquid phase, e.g. catalysis, crystallisation and solvent extraction
» Gas dispersion in liquid, e.g., hydrogenation or oxidation reactions
* Heat transfer

The application at hand often dictates the choice of vessel size and geometry, impeller design,
and number and type of baffles. Although unbaffled vessels are used in some applications
such as high throughput experimentation reactors @all., 2005a; Chungt al., 2007), the
majority of industrial stirred vessels which are used in the transitional and turbulent flow
regimes are equipped with baffles. When operating at these flow regimes, four longitudinal
baffles (of width ~T10) are usually installed to prevent solid body rotation of the fluid,
otherwise termed as fluid swirl, and to promote axial mixing between top and bottom part of

the vessel.

For a standard vertical cylindrical vessels equipped with one impeller, the generally adopted
notation is summarised faigure 2.1. In the case where fluid is filled to a heidht,larger
than the tank diameter, T, multiple coaxial impellers may be installed.

10
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2-2.1 Impeller choice and resulting flow pattern

In a baffled vessel with standard configuration (i.6.=T, D=0.33-0.5T and

C = 0.25-0.33 T operating with Newtonian fluids in the turbulent region, the typical primary
flow patterns to be expected are illustratedrigure 2.2. Of course, the velocities at any
point will be three-dimensional and unsteady (Edwatdal., 1997). In a vessel with radial
flow pattern, the strongly swirling flow is discharged radially from the impeller and separated
into two streams at the vessel walls, forming upper and lower circulation loops. Whereas in
an axial flow field the strong downward impeller discharge impinges on the vessel bottom and
rises along the vessel wall, which aids the suspension of solid particles before finally

returning back into the impeller, forming one large circulation loop.

The type of impeller has a significant impact on the flow pattern and mixing effectiveness,
hence it should be carefully chosen based on the type of process. Down-pumping axial flow
impellers, such as marine propellers (Figure 2.3d) and hydrofoil impellers (Figure 2.3e), are
most used for the suspension of solid particles. The simplest radial flow impellers on the
other hand, are flat paddles and the Rushton Disc Turbine (RDT), shdviguire 2.3a-h

When used for gas dispersion purposes, the RDT suffers from a significant drop in power
draw upon gassing, which is attributed to the formation of cavities behind the impeller blades.

Figure 2.1. Standard nomenclature for a mechanically agitated vessel.

11
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As a result, radial flow impellers with more complicated designs have been introduced such as
the Smith turbine, depicted figure 2.3c,where the impeller blades are curved to prevent
cavity formation; this in turn provides a better gas dispersion and improved gas holdup

compared to the standard RDT.

If the blades of a flat paddle impeller are pitched at an angle to the vertical, the direction of
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Figure 2.2. Typical flow pattern expected for a fully baffled vessel with (a) axial flow and (b) radial flow
impeller (Edwards et al., 1997).

L
X

(d) (e) (f)

Figure 2.3. Examples of radial flow impellers, (a) flat paddle impeller, (c) Rushton disc turbine, (c) Smith
turbine; axial flow impellers, (d) hydrofoil impeller (e) marine propeller; mixed flow impeller, (f) pitched blade

turbine.
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flow in the impeller discharge can be altered. An example of impellers of this type is the
Pitched Blade Turbine (PBT), as shownFigure 2.3f. The blades may be pitched at any
angle between 10° and 90° but the most commonly adopted inclination is 45°. If the angle of
the blade pushes the fluid downwards as the PBT is rotated, the flow is said to be in the down
pumping mode, i.e. PBTD, and usually displays the characteristic of an axial impeller as
shown inFigure 2.2a. When the blade pushes the fluid upwards, either by reversing the
direction of rotation or by rotating the blades, the flow is in the up-pumping mode, i.e. PBTU.
Generally, power consumption and pumping effectiveness appear to be more favourable for a

down-pumping PBT in single-phase systems (Aubin et al., 2004).

Nevertheless, the PBTU mode has been proven to be very effective for gas dispersion and
energy dissipation (Bujalslat al., 1990; Gabrielet al., 2009). The flow is discharged in

both axial and radial directions in low to medium viscosity fluids as shown byeHall

(2005b) and Chung (2008); hence it is sometimes termed mixed flow. In the high transition
to turbulent regime, these authors found that the mixed flow generated from PBTU produced
a very strong lower circulation loop; such flow in the clockwise direction induced an upper
circulation loop, but of a much weaker strength. However, if the imde{leratio is raised

above 0.55, the PBTU will become a radial flow impeller as centrifugal forces become

dominant (Hemrajani and Tatterson, 2004).

The need to properly design or optimise these processes has motivated numerous studies
aiming to develop a deep understanding of the complex local hydrodynamics inside stirred
vessels. As a consequence, a number of impeller designs have been produced over the years,
agitators which are often purposely designed for the application at hand. A detailed summary
which describes the impellers commonly used in liquids of different ranges of viscosity and

the resulting flow patterns can be found in Zlokarnik (2001).

2-3 Dimensionless analysis

The Buckinghamr theorem is a fundamental theorem in dimensional analysis. The theorem
provides a method for computing sets of dimensionless parameters from the variables
involved in physical problem, even if the correlating equations are unknown. Although, the

‘method of dimensions’ was first proposed by Lord Rayleigh in his book ‘The Theory of

13
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Sound’ (1877), Buckingham (1914) created a solid theoretical basis on the concept of rank
used in Matrix Algebra. However, the choice of dimensionless parameters is not unique:
Buckingham’s theorem only provides a way of generating sets of dimensionless parameters,
and not the most ‘physically meaningful’ dimensionless numbers. The most common

dimensionless numbers used for mixing studies are discussed in the following subsections.

2-3.1 Flow regime

In fluid mechanics, the Reynolds number Re is a dimensionless number that gives a measure
of the ratio of inertial forces to viscous forces and consequently quantifies the relative

importance of these two types of forces for given flow conditions. Traditionally defined as

Re:_pUL:u_L

T (2.1)

whereu is the mean fluid velocity, is a characteristic lengths (e.g., pipe diameter3, the
density of the fluid ang and v are the fluid dynamic and kinematic viscosity, respectively.
For mixing studies in stirred vessels, the impeller Reynolds numbgy, Rsually replaces

the classic definition of the Reynolds number, namely

D°N
v

qup = (22)
which is justified by the fact that the impeller tip speed is proportion&DQo Impeller
Reynolds number is generally used to characterize different flow regimes in mechanically

agitated vessels.

For heat transfer studies in multi-phase systems, the Nusselt number is the dimensionless ratio

of convective to conductive heat transfer across interface; that is

Nu=— (2.3)

whereh is the convective heat transfer coefficidnthe conductivity of the fluid ant is a
characteristic length. The conductive component is measured under the same conditions as
the heat convection but with a (hypothetically) stagnant fluid. A Nusselt number close to

unity, namely convection and conduction of similar magnitude, is characteristic of ‘slug flow’

14
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or laminar flow. A larger Nusselt number corresponds to more active convection, with

turbulent flow typically in the range Nu = 100-1000 (Incropera and DeWitt, 1996).

The Froude number compares inertia and gravitational forces. It is used to quantify the
influence of gravity on fluid motion. Froude number is originally defined as a speed ratio,
that is

u
Fr=— 2.4
; (24)

whereu is a characteristic velocity, aleds a characteristic water wave propagation velocity.
The Froude number is thus the hydrodynamic equivalent to the Mach number.

For shallow water with uniform deptt,, for example tidal waves and hydraulic jump
phenomena, the characteristic veloaitys the average flow velocity, averaged over the cross-
section perpendicular to the flow direction. The wave velocitys equal to the square root
of gravitational acceleratiog, times the deptt,, thus

Fr= (2.5)

Fro (2.6)

where each of the terms on the right have been squared. In the particular case of mixing
vessels, the Froude number governs the formation of surface vortices (Edwakd4997),
and its expression is given by

N°D

Fr= 2.7
r g (2.7)

which, similarly to Rep, is justified by the fact that the impeller tip speed is proportional to
ND. Whilst this dimensionless number is usually important only in situations where gross
vortexing exists, it can be neglected if the Reynolds number is less than about 300 (Skelland,

1967). For higher Reynolds numbers the Froude number effects can be eliminated by the use
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of baffles, an eccentric shaft (Hat al, 2004; Galletti and Brunazzi, 2008) or square tanks
(Kresta et al., 2006).

2-3.2 Power consumption

In a stirred tank mixing system, one of the most important measurements that can be made is
that of the power draw of the system, as many scale-up empirical and semi-empirical rules
depend heavily on the specific power input (Brostral., 2004). The power draw, of an

impeller is characterized by its dimensionless power number, Po, expressed by

Po= P

WITE 28)

All the energy supplied to the fluid by the agitation system must eventually be dissipated as
heat, so one possible method of measuring the power draw is to insulate the system and
measure the temperature rise over time. In practice, however, this is extremely difficult to do
accurately, due to problems with the effectiveness of the insulation and with the fluid physical
properties being a function of temperature. Another frequently employed method involves the

measurements of torque and rotational speed of the impeller.

Using the Buckingham theorem, it can be shown that for geometrically similar systems (i.e.,
scaled apparatus) the power number can be reduced to a functiop,ciriteFr (Edwardst
al., 1997), i.e.,

Pd_ f (Re,,.Fr) (2.9)

When the influence of Froude number can be neglected, for example when using baffles, the
power requirement of the impeller under these conditions will only depend upon the Reynolds

number and Eg. (2.9) becomes
PoL f(Re,) (2.10)

Nevertheless, presently, Po cannot be accurately predicted by a correlation or computational
fluid dynamics (CFD) simulations (Ciofalet al., 1996; Brucatet al., 1998); it is usually

calculated from experimental power draw data.

According to Hemrajani and Tatterson (2004), Po remains constant throughout the turbulent
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regime (Rewp > 10" and hence independent of liquid viscosity. However in the laminar
regime (Renp < 10), Po is inversely proportional to the impeller Reynolds numbey,. Reo

varies with Reyp for flow throughout the transition regime (10 < fpe< 1¢9). In a fully
bafled vessel under single phase turbulent mixing conditions, Po is ~5 and ~ 1.7 for RDT
and 45° PBT (b= 0.337) impellers respectively (Nienow, 1997a).

2-3.3 Single- or Multi-phase Fluid
The Prandtl number, Pr, is a dimensionless number approximating the ratio between the
viscous diffusion rate and the thermal diffusion rate. Whilst viscous diffusion rate or

momentum diffusivity is represented by the kinematic viscosijtyhe thermal diffusivityg,

is defined as
o (211)

where thek, p andc, are the conductivity, density and specific heat of the fluid. On the basis
of their physical meaning and given that both kinematic viscosity and thermal diffusivity have

the dimensions of a surface propagation velocity, i%snthe Prandtl number is defined as
Pr=— (212)

When Pr is small, the heat diffuses rapidly compared to the velocity (momentum). On the
contrary, for high values of//a, the momentum diffusion rate produces a much more

significant effect than the thermal diffusivity.

An alternative definition of the Prandtl number takes into account momentum and thermal
eddy diffusivities, and it is usually called turbulent Prandtl number (Incropera and DeWitt,
1996). Such a dimensionless parameter is of more complicated derivation and it is usually
used in CFD studies (Sahu and Joshi, 1995).

Sometimes referred to as the inertial parameter, the Stokes number, St, is an index of the
impactability of a particle within a flowing fluid (McNaught and Wilkinson, 1997). This
dimensionless number governs the behaviour of particles suspended in a fluid flow, and is

usually defined as the ratio of the product of the bulk velocity of the fluidand the
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relaxation time of the particle,, 0 a characteristic dimension of the obstacle, d; namely

st=1 (2.13)

d

On the basis of this definition, the Stokes number can be interpreted as a ratio of distances,
wherer,u is the stopping distance of the particle, i.e., the viscous damping of the particle
inertia, andd is a characteristic length of an obstacle. Alternatively, St can be imagined as the
ratio of the particle response time (to adjust to changes in flow velocity or direc§jdn)the
fluid response time to an external disturbanlte, For mixing studiesl can be replaced by

the diameter of the agitator.

Whilst for St » 1 the particle will continue in a straight line impacting on an obstacle as the
fluid turns around it, for St « 1, particles will follow the fluid streamlines closely. For particle
tracking studies where particle tracer and fluid have different density, the Stokes number is a
very useful tool to assess the reliability of the flow following process (Farmjaly, 2000;
Fishwicket al., 2003). Studies of the influence of large-scale vortex structures on the particle
dispersion process have also benefited from the use of this dimensionless numbet &l.ang
1992).

2-3.4 Capacity, effectiveness and efficiency

The pumping capacityQ, which is described as the nominal volumetric flow rate of fluid
passing through the planes surrounding the impeller as it rotates, is often reported in terms of
the pumping or flow number, FI. The flow number is a dimensionless parameter used to
measure impeller pumping effectiveness, and is usually defined as the normalised volumetric

discharge, i.e.,

FI=-2

= (2.14)

The plane of measurement depends on the direction of major flow discharge, so that the
discharge flowQ, is traditionally measured as showrFigure 2.4aandb for a radial and an
axial flow impeller, respectively. A detailed discussion on the validity of these traditional

definitions and the three-dimensional aspect of this quantity is given in Chapter IV.

Mavros and Baudou (1997) defined a dimensionless agitation ihgl@x,order to determine
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the effectiveness of an impeller to induce flow in a vessel. The igdgxdlculated using the
resultant mean velocity vector modulg, of the three time-averaged velocity components at
each measuring point (ij) in the investigated vertical plane. On the basis of the measurement
resolution, the velocity value obtained at a point is extended to a small surrounding volume,
Vij, where the velocity is assumed to be uniformly equal to the measurediyallieerefore,

the volume weighted average velocity for the entire tank can be obtain as

A TEDIPRAT
U= =] (2.15)

j
22N W
i

where Vr is the total volume of the working fluid. An agitation indeéy, is obtained by

normadising the volume-weighted average velocity with the impeller tip spgdhat is

Iy =100£ [%] (2.16)

utlp

which represents the global mean velocity expressed as a percentage of the tip velocity.
Given that the primary function of an agitator is to induce flow inside a vessel, the agitator

index Iy is a measure of the impeller effectiveness as high valugsoofrrespond to high
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Figure 2.4. Traditional definitions of flow rateQ, for determining the flow number for (a) radial flow agitators

and (b) axial flow agitators (Nienow, 1997a).
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induced velocities inside the vessel. The usefulness of this agitation index lies in its ability to
differentiate among several possible alternatives, either in terms of type of agitator or in terms
of their placement in the vessel (Aukehal, 2004). The determination of such an index is
based on measurements performed in a single 2D plane (&uhlin 2004); such a practice,
however, appears to be unreliable for describing impeller effectiveness as it can vary by up to

50% between measurement planes, as shown in Chapter IV.

Based on considerations of hydraulic pumping efficiency and the ratio of gain in enthalpy to
the power input,P, by the impeller, Bakker and Van den Akker (1990) defined the

dimensionless pumping efficiency as

_FP(DY*
7 _P_O(?j (2.17)

This dimensionless parameter can also be used to compare impellers having différent

geometrical ratios. Using the expressions in Egs. (2.8) and (2.14), Eq. (2.17) becomes

Q’p
= 2.18
n=35 (2.18)
As a consequence, @ andP are actually measured, the pumping efficiency can be obtained
directly so that any error in the assumption of constant Fl and Po can be eliminated (Jaworski
et al., 1996).

Mixing systems often involves two or more miscible fluids which are blended to provide a
desired degree of uniformity. The time taken to reach this degree of homogépeity,

called the blend time, macroscale mixing time or, simply, mixing time. The impeller
rotational speed is generally used to méakea dimensionless number, so that, the parameter
Nén corresponds to the number of revolutions necessary to reach the desired degree of
homogaeity. The value of this important dimensionless parameter, which is often obtained
by measurements, is dependent on impeller and vessel geometry. A number of techniques are
available for its measurement, such as dye injection and acid-base colorization-decolorization
(Cronin et al., 1994). A novel methodology for measuring mixing time is presented in
Chapter VI.

Several design correlations available in the literature, for example Grenville and Nienow
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(2004) proposed that

1514 05
3 T °H

N, =52P0 ™ (2.19)

This correlation was obtained empirically through measurements executed in cylindrical
vessels with diameters in the range 0.30-2.97m. A similar correlation was obtained by Kresta
et al. (2006) in unbaffled square tanks where the vessel fill hdightias set equal to the
width of the tank, J that is

TZ
Ng,, = 60P0™° —= (2.20)
D
The author concluded that the square tank is a less efficient mixing geometry than the
cylindrical tank as the correlation constant for cylindrical tanks, 5.2 in Eq. (2.19), must be

increased to 6.0 for square tanks.

2-4 Solid-liquid mixing

In operations such as crystallization or solid-catalysed liquid reactions, it is necessary to
suspend solid particles in a relatively low viscosity liquid (Nieretval., 1997). This can be
achieved in stirred vessels where the agitator is used to prevent sedimentation of the solids
and to provide conditions suitable for good liquid-solid mass transfer, heat transfer and/or
chemical reaction. Where agitation is not sufficient or interrupted, the relative densities of the
solid and liquid phases determine the tendency of the particles to settle out or float to the
surface. These floating solids include solids that are less dense than the liquid, dense solids

with trapped gas, and solids that are difficult to wet.

Sometimes, solid-liquid mixing operations are performed in the presence of gas bubbles. The
introduction of the gaseous phase in these systems, which are referred to as gassed
suspensions, may occur, directly as in solid-catalyzed hydrogenation reactions, entrained
inadvertently or deliberately from the headspace, or evolved as in an evaporative

crystallization or as a gaseous reaction product (Atiemo-Obeal, 2004). Suspensions in

the absence of gas bubbles are usually known as ungassed suspensions.
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At the opposite extreme, other solid-liquid operations involve the dispersion of very fine
particles into a highly viscous fluid where the interfacial phenomena dominate the dispersion
process, for example, the old practice of incorporating carbon black into rubber (Parkinson,
1951). In this case, the product is usually stable, highly viscous and may well exhibit
complex rheology. Such processes generally do not involve heat/mass transfer or chemical

reactions.

The branch of solid liquid mixing which studies suspensions of solids in low viscosity liquids
Is the most relevant to the present work. In Chapters VII, VIl and IX, detailed hydrodynamic
and phase dispersion experimental studies in such systems will be presented.

2-4.1 Solid-liquid process design

The desired process results for solid-liquid mixing vary from process to process. Therefore it
is essential to consider and understand, early in the process development stage, all the relevant
physical and chemical phenomena involved in the mixing operation. Typical tasks involved

in the design of solid-liquid mixing process are

achieving and maintaining off-bottom suspension of solids;

e achieving and maintaining uniform solids concentration throughout the tank of interest

particularly for slurry catalyst reactors and for feeding downstream equipment;
« controlling mass transfer for solids dissolution;
* maintaining the required slurry composition on discharge;
» avoiding plugged nozzles during tank draining with solids present;
» controlling abrasion due to particle-particle and impeller-particle interactions.

Some other difficult design problems that have not yet been completely resolved include non-
wetting, clumping, or floating solids (Khazam and Kresta, 2008; 2009). Other mixing effects
concerning solids in suspension include agglomeration, fouling, and scaling. These problems,

however, can be reduced with good mixing designs (Paul et al., 2004).

2-4.2 Particle distribution

When suspending dense solid particles in relatively low viscosity Newtonian fluids, the input
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energy is transferred through the agitator to the fluid to create a turbulent flow field in which
solid particles are lifted from the vessel base and subsequently dispersed and distributed

throughout the liquid.

In mechanically agitated vessels, the degree of solids suspension is generally classified into
four levels: non-progressive fillets mode, complete on-bottom motion, just complete
suspension, and uniform suspension (Nienow, 1997b). The four suspension modes are
illustrated inFigure 2.1. In non-progressive fillets mode, a small proportion of particles is
allowed to collect in relatively stagnant regions where fillets are formed, i.e., a loose
aggregation of particles in corners or other parts of the tank bottom. This condition may offer
advantages from a practical point of view because of the very large saving in power
consumption compared with that required for complete suspension. This power saving may

offset the loss of active solids (Nienow, 1997b).

The complete on-bottom motion state is characterised by the complete motion of all particles
around the bottom of the vessel. Although in motion, some particles are in constant contact
with the base of the vessel, so that only a partial surface area of particles is available for
chemical reaction or heat/mass transfer. Nevertheless, this suspension mode excludes the
formation of fillets and is sufficient for the dissolution of highly soluble solids (Atiemo-
Obeng et al., 2004).

The accepted definition of the just complete suspension mode is based on a criterion

suggested by Zwietering, (1958) which postulates that particles are ‘just suspended’ when no

(a) (b) (c) (d)

Figure 2.5. Degrees of solid suspension (Nienow, 1997b): (a) non- progressive fillets mode; (b) complete on-

bottom motion; (c) just complete suspension; (d) uniform suspension.
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particle remains on the tank base for more than 1-2 s. It must be noted that, at this condition,
the solid distribution throughout the system may be extremely non-uniform, especially when
the aspect ratil/T is higher than 1. Much of the work in the literature pertaining to particle
suspension is related to the minimum agitator speed or specific power required to achieve this
condition (Nienow, 1997b). A number of empirical relationships and theoretical models for
predicting the minimum impeller rotational speed for complete particle suspension have been
proposed (Zwietering, 1958; Nienow, 1968; Molerus and Latzel, 1987a-b; Raghawt Rao

al., 1988; Geisleet al., 1993; Mersmanet al., 1998; Aremantet al., 1998). Recently,

Brujes et al. (1998) compiled most of the correlations published over the previous four
decades, and tested them against experimental measurements obtained in baffled and
unbaffled vessels containing suspensions of glass beads, resins particles or microcapsules. It
emerges from such literature that the fundamental mechanisms which govern particle

suspension and distribution within a stirred vessel are still not well understood.

Uniform suspension corresponds to the state of solid distribution at which particle
concentration and particle size distribution are practically uniform throughout the vessel; any
further increase in the rotational speed of the impeller does not significantly enhance the
solids distribution in the system. In practical terms, a phase distribution can already be
considered uniform when the standard deviation of the local volume concentration of each
particle size fraction, measured at different points in the system, is <5 % of the mean solid
volume concentration (Browat al., 2004). This condition is particularly desirable when a
continuous and representative flow of solids from the system is required or a uniform

concentration of solids must be achieved, e.g, in crystallization.

2-5 Experimental measurement techniques

A large number of experimental methods have been employed over the years to quantify
mixing processes. The experimental techniques of most relevance to this work are the optical
techniques of LDV and PIV for single point and planar flow field investigations, PLIF for

guantifying tracer local concentration, and the Lagrangian tracking techniques of PEPT and
CARPT. As a consequence, the following review is focused on these five methods. A
thorough review of available experimental techniques for the analysis of different aspect of

mixing in stirred vessels can be found in Mavros (2001) and Brown et al., 2004.
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2-5.1 Laser Doppler velocimetry

Laser Doppler velocimetry (LDV) is a non-intrusive optical measurement technique for
investigating velocities at a point in a liquid flow. The technique can be used in any liquid
flow with optical access to the measurement point provided that micron-sized seeding

particles are present.

The measurements are performed at the intersection of two coherent laser beams, as shown in
Figure 2.6. The two laser beams having wavelengithgenerate an interference fringe
pattern of alternating light and dark planes. The fringe spaging,a geometric function of

/ and the angleo(Papadopoulos and Arik, 2004), that is

A
2sing

(2.21)

Each particle going through the measuring region moves through the fringe pattern, creating a
scattered light signal (burst). The light scattered by particles, as they go through the
measuring volume, is collected by the receiving optics system and sent to the photodetector.
The frequency of the burst signal or Doppler frequefigyis the inverse of the time required

to aoss a pair of consecutive fringes; thus
u= fod; (2.22)

Note that a pair of beams can only detect one velocity component at a time, i.e. the vertical

det

\\\\\\\\\\\\\\\\ My

.ﬁ partlcles

Figure 2.6. Typical LDV experimental set-up: 1 laser; 2 fiber-optical module; 3 transmitting/receiving optics; 4

stirred vessel; 5 photomultipliers; 6 flow velocity analyser; 7 oscilloscope; 8 computer; 9 intersection of the two

coherent laser beams.
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component for the schematic illustrationHigure 2.6. By combining two or three sets of
double beams, it is possible to determine at the same time two or three velocity vector
components (Mavrosgt al., 1996; 1998). Also, by installing the optical equipment on a
traversing system, which allows the beam intersection to be located at various places inside
the stirred vessel, velocities can accurately be determined at various points (Arne¢aante
1997).

LDV can either be performed on forward- or back-scattered light. Data obtained from
forward scattering LDV have a better signal-to-noise ratio, which benefits the measurement of
high speed flows and flows with very low turbulence intensities as the turbulent fluctuations
can be drowned out by noise. The simplicity of back scattering LDV, where all units are
contained within a common housing, makes it the favourable choice for the average user since

it saves the time required to align separate units.

An example of the application of the LDV technique to a stirred vessel is given by Yianneskis
& Whitelaw (1993), the authors carried out angle resolved measurements around the blades of
a RDT. In a similar way, by using LDV and PIV, angle resolved measurements were
obtained on a small scale vess€l=(100 mm) by Baldi and Yianneskis (2003). Using a
refractive index matched system, Haatal. (2000) applied LDV to a very dilute solid-liquid
system; the solid component used was made by nearly-spherical poly(methyl methacrylate)

particles.

The use of transparent fluids is an essential prerequisite for the application of the LDV
technique. Unfortunately, this is a major limitation given that, in real mixing processes, fluids
are usually partially or entirely opaque. In such situations, it is necessary to perform the
measurements in transparent model fluids with similar rheological properties (Chandrasekaran

et al., 1997). However, such model fluids are not always available.

2-5.2 Particle image velocimetry

Particle image velocimetry is a non-intrusive optical Eulerian technique based on images of
tracer ‘seeding’ particles suspended in the flow. Principles of PIV can be found in many
pubblications, including Lourencet al. (1989), Adrian (1991), and Willert and Gharib
(1991). Various aspects of PIV are also discussed in details in a more recent book by Raffel

et al. (1998). This technique is based on the measurement of the displacement of tracer
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particles suspended in the transparent fluid which is illuminated by a pulsing thin plane of
laser light. In order to obtain an accurate instantaneous flow velocity, the time between
exposures should be small compared to the time scales in the flow; and the spatial resolution
of the PIV sensor should be small compared to the length scales of the flow (AtiemoeDbeng
al., 2004).

Among the various flow visualisation techniques, PIV has probably become the most

employed to examine the complex nature of the flow fields in stirred vessels, provided the
equipment and fluids used are optically transparent. Astonishingly foreseen by Leonardo Da
Vinci who used to throw pollen grains to follow the vortices on water streams, the basic

principles of PIV originated in the 1930s, and it was not until the 1980’s that the roots of

modern PIV were developed (Chang et al., 1985a; 1985b).

A PIV measurement system typically consists of several sub-systems. As shown in
Figure 2.7, the main component of a PIV setup includes a laser emitting unit which
illuminates a cross-section of the seeded flow field, a recording camera located perpendicular

to the light sheet and a data processor to analyse the images for displacement information.

Tracer Camera

particles /
Cylindrical
lens
Double \

pulsed
laser

Output:
Vector map
on-screen display Image frame  Image frame
from pulse 1  from pulse 2
N

\ Cross-correlation

Figure 2.7. Simplified set-up of a typical positron image velocimetry system.
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Tracer particles are added to the volume of interest prior to experiments in which they are to
be illuminated by a pulse of laser light twice within a short controlled time interval. The laser
is converted into a thin sheet via a cylindrical lens. The light scattered by the particles is
recorded via charge-coupled device (CCD) camera on two separate frames, as employed in
Chapter IV, or via double exposure on a single frame of silver halide photographic film, as
used in earlier PIV systems. Tracer particle displacement is obtained via cross-correlation for

the two-frames method or via autocorrelation for the single-frame method.

2-5.3 Planar laser induced fluorescence

A very powerful technique, which allows mapping of concentration as a function of time over

a full plane of the flow, is planar laser induced fluorescence (PLIF). It provides a full plane of
instantaneous concentration data in a transparent system and can be very valuable where the
intermittency of concentration at the visible scales of motion must be understood. It has been
applied successfully to several low Reynolds number mixing devices to elucidate mixing
structures (Adams and Barigou, 2007; Alvarez-Hernaetlet, 2002). Examples of images
captured using the PLIF technique are presented in Figure 2.8.

The technique exploits chemical substances which become fluorescent when excited by a

(a) (b)

Figure 2.8. Examples of PLIF images: (a) formation of cavern around the impeller in a yield-stress non-
Newtonian fluid at Rg, ~ 7.5 (Adams and Barigou, 2007); (b) oscillatory structure in a multi-impeller agitated

vessel containing a Newtonian fluid at,Re- 40 (Alvarez-Hernandeat al., 2002).
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light source with a particular wave length. Several substances of this kind exist and
fluorescein and rhodamine B are two examples. The phenomenon was initially denominated
phototropism; however, the current term is ‘photochromism’ and the dyes are named
photochromic dyes (Mavros, 2001). When a laser beam illuminates a planar slice of the
system, the fluorescent dye, already fully dispersed in the fluid, is excited becoming

fluorescent. The signal is usually captured by a CCD camera and timing electronics is often
used to synchronize pulsed light sources with intensified cameras. Quantitative analysis of
the images can be done by converting light intensity to dye concentration at each pixel of data

(Kresta and Brodkey, 2004).

2-5.4 Computer automated radioactive particle tracking

In a similar way to positron emission particle tracking, the technique of computer automated
radioactive tracking (CARPT) is a Lagrangian technique which uses a radioactively labelled
particle tracer. The detection system consists of an array of 8 to 16 Sodium lodide (Nal-TI)
detectors, as shown figure 2.9 that record the number of disintegration events coming
from the source within the domain during a specific dwell time, typically 5-10 ms (Deucet

al.,, 2008a). This setup allows system with large dimensions to be investigated since the
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Figure 2.9. Application of CARPT to the study of multiphase reactors (Doeftcak, 2008a).
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detectors can be positioned individually around the system (Cassetnallp1995, Laraclet
al., 1996; Limtrakul et al., 2005).

Prior to an experiment, the tracer is positioned in a number of specific positions in order to
calibrate the signal obtained by the discriminators (Figure 2.9). The reconstruction of the
tracer position by using the measurements obtained from the multiple detectors surrounding
the system is referred to as the inverse map problem (Lagtehi, 1994; 1995). Such an
analytical process must take into account several factors and the geometry of the system must
be knowna priori. Geometrical anisotropy induced by the boundaries as well as the solid
angle with each detector must be well accounted for since the quality of the map depends

essentially on the level of precision with which these two quantities can be predicted.

2-5.5 Positron emission patrticle tracking

Over the last 20 years, Positron Emission Tomography (PET) has developed as one of the
most powerful and efficient imaging techniques in medicine. It is used to determine the
distribution of metabolic fluids, whose molecules are labelled with a positron-emitter
radionuclide, to identify functional disorders or the growth of cancers. By simultaneously
detecting the pair of back-to-back gamma rays generated when a positron annihilates with an
electron, a line passing close to the source is identified, and by detectingaglipairs
emerging from different parts of the system and using tomographic image reconstruction
methods, the distribution of the metabolic fluid can be mapped. The use of PET for
engineering processes was pioneered at the University of Birmingham (UK), where the
related technique of positron emission particle tracking (PEPT), whereby a single tracer
particle can be tracked at high speed within operating equipment, was also developed (Parker
et al., 1993).

Originally, PEPT was performed using a pair of multiwire detectors, but more recently it has

been using a pair of digital gamma camera heads. In 1999 the Positron Imaging Centre
acquired a medical PET/SPECT scanner (ADAC Laboratories) which has been rebuilt in a
flexible geometry for use in PEPT investigations. Fast moving tracer particles can now be

rapidly and accurately located.

As mentioned above technique of positron emission particle tracking involves a positron

camera, a radioactively-labelled particle tracer and a location algorithm for computing the
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tracer location. The positron camera uses two position-sensitive detectors between which the
system under study is mounted, as showhigure 2.10. The Birmingham positron camera
comprises two gamma camera-heads working in coincidence, mounted on a motorised gantry
which allows their rotation about a horizontal axis (Pamkeml., 2002). Each detector
contains a single sodium iodide crystal optically coupled to an array of photomultiplier tubes.

The positron-emitting radioactive tracer is introduced into the flow (Figure 2.10). Once
emitted from the nucleus, a positron annihilates with an electron, releasing energy in the form
of two back-to-back collinear 511 keMquanta. Each detector captures inciderdys over

a large rectangular active area, the two inciderstys produce scintillations in the crystals
within the detectors, the related photomultipliers generate positional signals and the two 2D

centroids are then obtained.

Using a small number of annihilation events (theoretically only two), the position of the
positron-emitting particle can be located at the intersection of the photon-trajectories. The
location algorithm calculates the time-space location of the radioactive tracer minimising the
sum of perpendicular distances from a generic point to the various photon-trajectories (Parker
et al.,, 1993). PEPT data are provided in the form of a text file including four columns
representing the location timég, and the three Cartesian coordinatesy and z, of the
radioactive tracer. These data can also be converted to give an Eulerian description of the

flow.

Y-ray
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Figure 2.10. Schematic illustration of positron annihilation and gamma ray detection by the PEPT camera.
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PEPT has been used in recent years to study flow in a variety of situations. For example,
Fangaryet al. (2000) used PEPT data to obtain the particle Trajectory Length Distribution in
a mechanically agitated non-Newtonian fluid and estimate fluid circulation; the variance in
location of a delimited sample of PEPT locations after a given period of time was analysed by
Martin et al. (2007) to obtain an indication of phase dispersion in a ribbon bladed mixer.
PEPT was recently used to study solid-liquid flows in pipes (Eesa and Barigou, 2008; 2009)
and in stirred vessels (Bariga al., 2009) thus obtaining the full velocity field and spatial
distribution of both phases. Other experimental data generated by PEPT in different types of
powder mixers, includes the single blade (Laurent and Bridgwater, 2002), the high shear (Kuo
et al., 2004), the ploughshare (Broadbenal., 1993; Jones and Bridgwater, 1998; Foreest

al., 2003), and the planetary (Hisemainal., 2002). Recent works have also successfully
applied this technique to obtain the flow field in a V-blender for different fill levels @uo

al., 2005).

The technique is particularly useful for the study of multiphase flows, to map the flow of
fluids and particles, where one component can be labelled and its behaviour observed (Parker
et al., 2002; Barigou, 2004). A more detailed description of the technique and related data

analysis is provided in Chapter III.

2-6 Conclusions

This chapter provides a general description of mixing principles, typical configurations of
mechanically agitated vessels, agitators, solid-liquid systems and relevant experimental
techniqgues. Nevertheless, due to the different nature of some the following chapters,
additional literature review, state of the art, drawbacks of experimental techniques, and
discussions on research needs relevant to each particular study are often presented in the

introducing section of the following chapters.
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Notation

Roman letters

B Baffle width m

C Characteristic fluid wave propagation velocity th's
C Impeller off-bottom clearance m

Co Specific heat of the fluid Jkg*K?
d Characteristic length of an obstacle in the flow m

D Impeller diameter m

o Distance between fringes m

dw Uniform fluid depth m

o Doppler frequency st

Fl Flow number -

Fr Froude number -

g Gravitational acceleration m s?

h Convective heat transfer coefficient W m?K?
H Vessel fill height m

i Radial and axial position indices -

lg Agitation index -

k Conductivity of the fluid W mtK?
L Characteristic length m

N Impeller rotational speed st

Nu Nusselt number -

P Power draw W

Po Power number -

Pr Prandtl number -

Q Impeller pumping rate kg mi®
Re Reynolds number -

Reémp Impeller Reynolds number -

St Stokes number -

t Time S

T Vessel diameter m

Ts Width of square vessel m
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Ui p

Xyz

Greek letters

o Thermal diffusivity of the fluid

n Pumping efficiency

Om Macroscale mixing time

A Laser wavelength

U Dynamic viscosity of the fluid

v Kinematic viscosity of the fluid

p Density of the fluid

Tp Particle relaxation time

@ Laser beam crossing angle
Abbreviations

CARPT Computer automated radioactive tracking
CCD Charge-coupled device

CFD Computational fluid dynamics
LDV Laser Doppler velocimetry

PBT Pitched blade turbine

PBTD Down-pumping PBT

PBTU Up-pumping PBT

PEPT Positron emission particle tracking
PIV Particle image velocimetry

PLIF Planar laser induced fluorescence
RTD Rushton disk turbine

Velocity

Volume weighted average Eulerian velocity

Eulerian velocity measured in

Impeller tip speed

Volume of surrounding the measuring pajnt

Total fluid volume in the vessel

Impeller height

Cartesian coordinates

Pas
m°s

kg m

rad
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Chapter II1I

Experimental and Theoretical Procedures

Abstract

Mixing is intrinsically a Lagrangian process and, whilst Eulerian data are essential,
Lagrangian information is necessary for its complete description. Possible approaches of
generating Lagrangian data can, in principle, employ numerical simulations or experimental
technigues based on Lagrangian tracking to provide the trajectories of fluid elements or solid
particles. Following a description of the experimental technique and equipment used, this
chapter presents a set of tools developed for the analysis and theoretical validation of
Lagrangian multi-phase flow data obtained from tracer trajectories in mechanically agitated
vessels. The implementation and power of these tools are demonstrated by analysing a wide
range of sample measurements acquired using the technique of positron emission particle
tracking (PEPT) during the mixing of Newtonian and non-Newtonian fluids, as well as the
mixing of highly concentrated solid-liquid suspensions. The sample results are extracted

from the various studies following this chapter.
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3-1 Introduction

Mixing is intrinsically a Lagrangian process and, although Eulerian data are essential, a
Lagrangian study is necessary for its complete description. The Lagrangian approach has
been used to describe laminar mixing properties using the dynamical system viewpoint and
chaos theory (Aref, 1984; Ottino, 1989). These authors’ works, in particular, have shown that
fluid element transport has features which can be completely different from and
complementary to those of the underlying velocity field. Aref (1984), for instance, showed
through an idealised model that a simple velocity field could induce very complex fluid
trajectories leading to the creation of large internal surfaces, which is conducive to good
mixing. Rubinovitch and Mann (1983a-b) studied the flow of inter-connected volumes,
representing the movement of particles by a Markov chain. Information on the probability of
visiting a volume and total residence time in the specific volumes could be obtained. This
conceptual approach has not been exploited in the analysis of real systems such as stirred
vessels, however. On the other hand, applying the Lagrangian approach to turbulent flows,
Toschi and Bodenschatz (2009) concluded that the Lagrangian description of turbulence is

characterized by conceptual simplicity and immediate connection with dispersion and mixing.

Possible approaches of generating Lagrangian data can in principle employ numerical
simulations or ‘non-intrusive’ experimental techniques based on Lagrangian tracking to
provide the trajectories of fluid elements or solid particles in a flow system. For example, by
numerically simulating the paths taken by 100 000 particles released at three different points,
LaRoche (2005) studied the effect of the position of the feed point on the mixing efficiency
inside a stirred vessel. The different behaviour in the suspension of three sizes of heavy
particles within a mixing vessel was recently simulated by Laverad. (2009) employing
Lagrangian particle tracking and direct numerical simulation of turbulence. Experimental
techniques which are effective in providing Lagrangian data in flow systems, however, have
been rare. A three-dimensional particle tracking technique based on images of turbulent flow
captured in a stirred vessel by two synchronised video cameras was developed by &Vittmer
al. (1998). This technique, however, suffered from drawbacks including the large size of the
particle tracer, the low frequency of data acquisition, and the fluid and vessel had to be
optically transparent. Rammoha al. (2001) developed a more sophisticated computer
automated radioactive particle tracking (CARPT) technique based on gamma-ray emissions.

Despite the experimental difficulties encountered, these authors and others have shown that
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the analysis of Lagrangian data obtained from a single particle trajectory unravel precious
mixing information which is not measurable by Eulerian observations (Villermaux, 1996;
Wittmer et al., 1998; Rammohan et al., 2001; Dowtedl., 2008b).

3-2 Data collection

As introduced in Chapter Il, the Lagrangian tracking approach is based on the study of data
obtaned following the long-term trajectory of a particle tracer either numerically or
experimentally. Therefore, the starting point is the knowledge of the position of the particle
tracer in space at multiple instants which can be expressed by the four time-spaceggrrays [t
[, [dl, [z wherek is a location counter. It must be stressed that obtaining accurate data of
this kind is not a trivial matter. Positron emission particle tracking (PEPT) is probably the
only experimental technique which can currently provide Lagrangian data with a high time-
space resolution in both single-phase and highly concentrated multi-phase opaque flows
(Pianko-Oprych et al., 2009; Guida et al., 2010).

3-2.1 Experimental particle tracking by PEPT

Positron emission particle tracking allows non-invasive probing of opaque fluids and within
opaque apparatus by using a single small sub-millimetre positron-emitting particle as flow
tracer, which is accurately tracked in 3D space and time to reveal its Lagrangian trajectory
(Barigou, 2004; Parkeet al., 2008). Being able to examine flow phenomena in three
dimensions that could not be observed as effectively by using other techniques, PEPT is
particularly useful for the study of multi-phase or multi-component flows, where one
component can be selectively labelled and its behaviour observed (Fahghr2000; 2002;

Guida et al., 2009).

The technique of Positron emission particle tracking primarily involves the use of a labelled
particle tracer, a positron camera and a location algorithm for computing the tracer location.
The tracer particle is labelled with a positron-emitting nuclide and the radio isotopes usually
used are'®F, ®*Cu and®®Ga. Isotope®F has a half-life of 109 min, and is produced from
either purified water or solid materials under direct bombardment with high energy (33 MeV)

3He beams via the reactions

37



Chapter Il Experimental and Theoretical Procedures

®* OfHe,p)®F or '® OfHe,p)®Ne-'®F (3.1)
The>He nuclei are accelerated in situ by using a cyclotron. Similarly, the reaction
® Ni(d,n)**Cu (3.2)

is induced to produc&'Cu, having a half-life of 3.3 h, by irradiating natural nickel with
deuterons. The gallium radionuclid®Ga has a half-life of 9.3 h and is produced from zinc

foils via the reaction
%z pn)Ga (3.3)

The separation of trace amounts of copper (gallium) radioisotopes from nickel (zinc) foils is
conducted by Cation Chromatography. The techniques currently employed for particle
labelling are Surface Modification (Faet al., 2006a), Direct Irradiation and lon-Exchange
(Fan et al., 2006Db).

A positron emitted by the particle tracer rapidly annihilates with an electron emitting a pair of
almost collinear 511 key-quanta in opposite directions. The detection in coincidence of
these twoy-rays by the positron camera is the first step in locating the tracer. The positron
camera, shown ifrigure 3.1, consists of twoy-camera heads working in coincidence and
mounted on a motorised gantry which allows their rotation about a horizontal axis. Each head
contains a single sodium iodide crystal optically coupled to an array of photomultiplier tubes
(Parkeret al., 2002). When a positron-electron annihilation occurg-tags emitted produce

two coincident scintillations in the crystals, the related photomultipliers generate positional
signals and two 2D centroids are calculated by the detection software (Figure 3.2). The
joining line is the photon-trajectory related to the annihilation event. With a small number of
annihilation events (theoretically only two) the position of a single positron-emitting particle

can be located at the intersection of the photon-trajectories.

The location algorithm, which is used offline, calculates the time-space location of the tracer
minimising the sum of perpendicular distances from a generic point to the various photon-
trajectories (Parkeet al., 1993). Moreover, it discards iteratively the corrupt events caused
by Compton scattering, the radioactive background or if the two detgctsd were not in

fact a pair of 511 keV photons originating from the same positron-electron annihilation event.
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Figure 3.1. The Birmingham positron camera.

Positron-electron Y-ray
annihilation - detectors ~
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Figure 3.2. Schematic illustration of positron annihilation and gamma rays detection by the positron camera.
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The major limitations of the PEPT technique are currently due to the positron-emitting
particle tracer. Tracer dimensions, density, mechanical resistance and radioactivity content
are probably the four major factors which determine the quality of the flow data obtainable.
The ideal radioactive particle tracer has exactly the same density of the tracked fluid,
negligible dimensions, high mechanical resistance, and is capable of carrying high amounts of

a positron-emitting nuclide (e.dg%F).

In this work, the density of the tracer used to track the liquid phase was generally higher than
the density of the liquid phase (water). Therefore, the resin tracer was usually made neutrally
buoyant by adding NaCl to the water so that the density of the fluid matched that of the tracer.

The resin tracer currently used for liquid tracking has usually a diameter of 250r600his
determines the flow-dynamic resolution as the tracer cannot be representative of the liquid
system when flow structures smaller than its own size are taken into considerations.
Although, the use of interest areas which are generally ~ 1000 times larger than the
dimensions of the particle tracer, effectively mitigates the negative effect of large particle
tracers, it reduces the spatial resolution of the flow velocity maps. As discussed in the
following sections, the verification of the ergodicity condition and mass continuity, and the
comparison between results obtained by PEPT and other Eulerian well-established techniques

are tools that can be used to assess the quality of PEPT data.

When the multi-phase system studied is characterised by a very high solid concentration, the
mechanical resistance of the particle tracer becomes a major challenge. The disintegration or
partitioning of the particle tracer usually causes the immediate failure of the experiment. In
this work, where turbulent solid-liquid systems were investigated, the current mechanical
performance of the particle tracer allowed experiments to be performed with a solid

concentration up to 40 wt%.

The current radioactivity content of a typical PEPT tracer used in this work to track the liquid
phase was generally high enough to allow collection of experimental data for more than six
consecutive hours. Higher radioactivity content would certainly be beneficial for the
experimental investigations; it could allow shorter experiments to be performed while
maintaining a high resolution, enable higher resolution using the same PEPT runtime, or
enable longer experiments which are useful to investigate complex systems in detail or

time-dependent long-term behaviour.
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3-2.2 Mixing systems examined

A broad set of PEPT experiments were conducted on single-phase and solid-liquid systems in
fully-baffled flat-base cylindrical vessels having a diaméfevarying in the range 150-

290 mm (Figure 3.3). Newtonian and non-Newtonian single-phase fluids were employed to
study turbulent and laminar mixing including cavern formation, using neutrally-buoyant
particle tracers. Nearly-monomodal and nearly-spherical glass beads with a déhmetes

range 1to 3.3 mm were used to make monodisperse, binary and polydisperse slurries for
analysis by PEPT. The suspending medium was usually an agueous NaCl solution. The
mean solid mass concentratioXy, was varied in the range 0 to 40 wt%. The level of the
single-phase fluid or solid-liquid suspension in the tank was kept =il for all the
experiments. Solid-liquid mixing experiments were conducted at the minimum rotational
speed for particle suspensidds, determined experimentally according to the well-known
Zwietering criterion, i.e. no particle should remain stationary on the base of the vessel for
longer than 1-2 s (Zwietering, 1958). The agitator used was a 6-bladeitdlted blade
turbine (PBT) pumping downwards (PBTD) or upwards (PBTU). Its diamBtewas varied

in the range 0.33-0.554dnd its off-bottom clearance was set at 0.25 0.33 T.

In a multi-phase system the flow behaviour of the different phases is expected to be different;
therefore, each phase component is tracked separately. In a monodisperse suspension, where

the number of components is equal to the number of phases (solid and liquid), two sets of

Figure 3.3. Experimental PEPT set-up: 1 tank; 2 shaft; 3 baffle; 4 impelleray detectors; 6 PEPT tracer.
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trajectory data are required to describe the suspension. Similarly, for a binary suspension
with two particle size fractions, three separate sets of trajectory data describing the three
components are required, i.e. one liquid phase component and two solid phase components.
More generally, a polydisperse suspension consistimg different size fractions of particles
requires R+ 1 separate trackings.

3-2.3 Xlective labelling in multi-component systems

As explained above, in the case of a multi-component system, the full three-dimensional
trajectory of each component must be resolved separately. Currently, PEPT can most
accurately track only one particle at a time. For this reason, PEPT multi-component
investigations consisted of multiple successive and distinct experiments: two for a
monodisperse suspension, three for a binary suspensiomsaid for a polydisperse

suspension.

Resin tracers radioactively labelled wifF by lon Exchange are usually employed to track

the liquid phase. They can be as small as 280and have a density slightly higher than
water. The resin particle tracer is made neutrally buoyant by using an aqueous NacCl solution
whose salt concentration is adjusted so that its density matches that of the tracer. Each solid
component is tracked using a representative glass bead of the examined patrticle size fraction
which is directly irradiated by means of a cyclotron and, therefore, enrich@g ina the

nudear reaction in Eq. (3.1).

3-3 Lagrangian-Eulerian analysis

Two kinds of data analysis are presented in this chapter: first, a Lagrangian-Eulerian analysis
used to extract Eulerian information from the purely Lagrangian information contained in the
tracer trajectory; and second, a Lagrangian-statistical analysis exploiting concepts such as
circulation time, trajectory length distribution and Poincaré maps obtainable only when
Lagrangian data are available. The structure of the computational code developed for
extracting Eulerian information consists of a set of subroutines containing different
algorithms created to progressively analyse the initial Lagrangian data and store important

intermediate outputs. Due to the varied nature of the mixing systems examined, the code had
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to be flexible enabling key-parameters to be set and specific subroutines to be activated or
deactivated as required.

3-3.1 Direct trajectory visualisation

The conversion of the input file in four numerical arrayg [k, [y, [z, wherek is the

location counter, is the first step in the data analysis. Plotting values of the spatial coordinates
X, Y andz, in 3D space generates images similar to thosegure 3.4 which show the extent

of the regions visited by the tracer. Figure 3.4a, where the neutrally-buoyant particle is
tracking a single-phase in turbulent flow (fe- 40000), the entire volume is covered very
rapidly. The complexity of the trajectory also gives a visual impression of the quality of fluid
mixing inside the vessel. In the mixing of viscoplastic fluids which exhibit an apparent yield
stress the impeller creates a cavern within which fluid is in flow, but in the bulk where the
shear stresses are below the yield stress the fluid is stagnant (Adams and Barigou, 2007). In
this case, the particle tracer visits only a portion of the vessel volume delineating the

boundaries of the cavern formed (Figure 3.A4which allows an accurate estimation of the
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Figure 3.4. Lagrangian tracking: (a) fluid trajectory in a turbulent system; (b) cavern visualisation in laminar
flow of a viscoplastic fluid with an apparent yield stress — figure shows the locus of tracer locations within
cavern.
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cavern volume and gives a detailed description of the flow field within, information which has

hitherto been impossible to obtain in opaque fluids.

3-3.2 PEPT Location filter

A basic step in the analysis of PEPT data is the elimination of the occasionally corrupt
locations not discarded by the initial PEPT reconstruction algorithm, which may be caused by
spurious radioactivity from the surroundings, scattering phenomena or a too short time
interval between two consecutive positron emissions. To efficiently remove such corrupt
locations, a filter function needs to operate locally taking into account the probability of tracer

detection and local flow velocity.

The three-dimensional flow field in a mixing vessel is very complex and is often characterised
by high local velocity gradients. Assuming a constant frequency of acquisition of the 3D
locations of the positron-emitting particle tracer, an acceleration of the tracer creates a dilation
of the curvilinear distance separating two consecutively detected locations along the
trajectory; therefore, in the presence of a high velocity the density of tracer detections along
the trajectory would be reduced. However, the frequency of data acquisition is not constant as
the probability of its detection varies with its 3D locatidfigure 3.5a is a two-dimensional
illustration of how the location of the tracer can affect the probability of detection.
Knowledge of the density of tracer detections along the trajectory can be employed to realise
a filter function which efficiently identifies and discards occasionally corrupt locations.

The probability of tracer detection can be assumed — to a first approximation — to be
proportional to the geometric efficiency of detection which can be calculated through
geometric considerations. Such an approximation is reasonable since other factors (or their
variation with tracer position) affecting the detection ability and accuracy of PEPT are of a
secondary order compared to the geometric efficiency (or its variation with tracer position),
including the possibility that two decay events occur in the same time window, the range of
the positron in the matter before annihilation with an electron, the fact thatralgs are not
exactly 180° apart (£0.5°), photon absorption/scattering phenomena and the angle at which the

y-rays pass through the crystal inside the detector.

The infinitesimal probability that oneray will travel inside the solid angldQ, subtended at

the source by an infinitesimal area of a detector can be expressed by normalising this angle by
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Figure 3.5. PEPT geometric efficiency of detection: (a) two-dimensional representation of its dependency on
the angle subtended at the source by both detectors; (b) illustration of the derivationEgf ftivection;

(c) horizontal xy maps of geometric efficiency at two different vertical coordinat&s fod00 mm.
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the total solid angle (4= Considering that twoy-rays are emitted, the infinitesimal

probability, di, that one of the two photons will travel insid@ dan then be written as

_,dQ
dEe =2, (3.4)

Expressing the solid angt? in spherical coordinates with the origin being located at the
instantaneous position of the PEPT tracery(x) as shown irFigure 3.5b, Eq. (3.4) becomes

_ singdédg

d
o 271

(3.5)

The geometric efficiencyEg, can thus be imagined as the sum of such infinitesimal
contributions whose values &f and ¢ allow the direction of the-rays to intersect both
detectors; therefore, double integration 4nand ¢ allows the geometric efficiency to be
analytically determined. By applying geometric considerations, the zenithal integration limits

can be obtained frorRigure 3.5b as functions of the azimuththus

_ -2y, $+2y
., = arctapnma ; cscd )
e 6 X{ Ho -2z  Hp +22} ] (3:6)

and

-2y, $+2y
« = 7T— arctapmax ; cscl )

The maximum function which is present in both Egs. (3.6) and (3.7) derives from the
condition that both thg-rays must intersect a detector. In a similar manner, the azimuthal
integration limits can be determined usiRigure 3.5h thus

Brin = arctaﬁmax{ 572y S+ Zy}] (3.8)

L, —2x Ly +2x

and

(3.9)

Crrax = TT— arctarEmax{ -2y S Zy}]
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A first complete expression of the geometric efficierigy, is established by evaluating the

first integral ingand then using basic trigonometric identities, namely

Bmax ) 1
Es :ii [max{ >~ 2y ; > 2y } cs69+1J 2d¢9 (3.10)
24 J Hy +(-1)2z2 Hy —(-1)"2z

The last integral can also be evaluated analytically leading, however, to a very long
expression which, on the other hand, does not exhibit any trigonometric or integral functions.
The obtained geometric efficiencyg = lg( XVZLly, HD,SD) becomes a 3D-function (only
position dependent), for given dimensidisandHp of the rectangular active area of the

ray detectors, and a fixed separatGnbetween them. Note that whilsy andHp are fixed

by the size of the detectors’ active area (470x59C fomthe Birmingham Positron Camera),

S can be varied up to a maximum of 800 mm to suit the size of the flow system under

investigation.

Two-dimensional maps of the geometric efficiency are depictdéigare 3.5¢c at selected
heights within the detection space, for a fixed detector separ&on400 mm. Eg is
maximum at the origin of coordinates, i.e. at the centre of the detection space, and is zero at
the edges. Consequently, the probability and, hence, the number of successfully detected

positions of a particle tracer, tends to be highest in the centre between the detectors.

As pointed out above, in high velocity zones the density of tracer detections along the
trajectory decreases whilst in regions where the probability of tracer detection is high such a
density increases. In a stirred vessel the central region should be affected most by high local
velocities, but at the same time the probability of tracer detection there is the highest. On the
other hand, near the boundaries of the vessel the velocities are smaller but the probability of
detection is lower. Consequently, these two effects tend to approximately cancel each other
for an accurately centred tank with dimensions not too close to those of the detectors, and for
a separation such thap $ > Lp so that the detection space is approximately cubical.

Nonetheless, for a better accuracy the filter function operates locally, as pointed out above,
and the threshold used to discard occasionally corrupted locations is calculated as a function
of the local values of geometric efficiency and the expected magnitude of the local flow
velocity.
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3-3.3 Location of the vessel axis

An accurate and precise location of the vertical vessel axig,)>and base (z is crucial to
correctly define a new system of cylindrical coordinat@sr(h) which is required for the
Eulerian description of a cylindrical mixing vessel. Manual determination of its position
without specialised equipment can lead to significant errors. Measuring by PEPT the
coordinates of a static tracer placed in specific key-positions, however, enables the three

coordinatess, Yo and g to be accurately located.

This calibration can be avoided when the particle tracer visits every region of the vessel and
the vessel boundaries are clearly traced, e.g. in a turbulent system with a sufficiently long
runtime. A wrong practice would be to assume that the average position of the particle tracer,
obtained as the mean value of the arrays [%], [z], corresponds to the centre of the tank.
There is no certainty that the tracer is detected an equal number of times in every region; it
could be detected more frequently in some areas than others for various reasons including
temporary tracer immobility, for example in a stagnant region or behind a baffle, and non-
uniformity of the geometric efficiency for vessels not perfectly placed in the centre of the

active area of detection.

This problem is circumvented when each location is projected onto a horizontal pleasued(xy
such a plane is ‘pixelised’; numerous locations within the same pixel having similar
horizontal coordinateg, y are represented by a single pixel regardless of their number and
vertical coordinate (Figure 3.6a). Such a pixelised horizontal projection contains ‘black’
pixels which are positions occupied by the tracer, and ‘white’ pixels which are positions never
visited by the tracer. Assuming a centre and starting from a circumference with riadius
dightly smaller thanl/2, the fraction of black pixelg, intersected by such a circumference is
computed. Thus, the fractiog, is recalculated increasing gradually the radius of the
circumference to a value slightly higher thd@f®. The true centre of the pixel map,
corresponding to the vessel axis position, is characterised by the sharpestairbpraf~ 1

to ~ 0 when increasing. Based on the same principles, the position of the vessetjzme

be obtained using a simpler one-dimensional projection on a vertical straight line.

The accuracy in the above procedure is increased by reducing the pixel size which is usually a
fraction of a millimetre; however, the pixel dimensions showrFigure 3.6a have been

exaggerated to illustrate the process. Figures 3.6b and 3.6¢ the performance of the
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subroutine is compared to the result obtained using the average values of thexdreay [

[y] to identify the vessel axis locationo(¥,). The tracer locations outside the vessel
bounday indicate that this last procedure may lead to a wrongly positioned vessel axis. For
the particular set of data shown kiigure 3.6, the large error obtained using the average
position of the particle tracer is engendered by a non-uniform density of locations which is
higher within the region delineated by an ellips&igure 3.6cand, consequently, causes the
vessel axis location {xy,) to be shifted towards this region.

3-3.4 Dummy locations

The code employs a 3D user-defined grid consisting of a large number of equal volume cells,
N, to obtain an Eulerian description of the flow field inside the vessel based on values of
velocity and other quantities determined in each grid cell. Such a cylindrical grid is made up
of three kinds of hyperplanes: radial-axial planés=(const), cylindrical hyperplanes

(r = const) and horizontal planes£tconst).

For an accurate data analysis, it is also important to deal with the occasional short
interruptions (> 50 ms) in the trajectory caused by very occasional incidents of low frequency

of data acquisition occurring, for example, when a particle tracer which, after hours of

100 100

50

y (mm)
y (mm)

(a)

Figure 3.6. Location of the vessel axis: (a) pixelised projection of the tracer locations onto a horizontal plane
(note the pixel size has been exaggerated for clarity); (b) axis location by data analysis routine; (c) axis location
using the average values of the coordinatesxdy (the ellipse delineates a region of high location density
causing off-centring of the vessel).
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experiments, has lost most of its radioactivity travels across a region characterised by a low
geometric efficiency (Figure 3.5c) at very high speed. The effect of such short trajectory
interruptions is usually negligible but should not be ignored when the tracer is moving at a
particularly high velocity. Where there are interruptions in the tracking of the tracer, it is not
usually possible to be certain about where the tracer has been during this interruption time,
but it is possible as a first approximation to define a linear segment of trajectory between the
last and the next detected location assuming that the tracer moves at a constant velocity
between the two points. As shownhigure 3.7, the equation of a hyperplane and the two
equations of such a 3D linear segment define a system of three equations which in the case of

a radial-axial vertical plane (say &t ) can be expressed by

(y= %)= (x=x)tans"
y=ax+b (3.11)
Z=ax+b,

where Cartesian coordinates are used and the coeffieigiais b; andb, are calculated using

the coordinates of the last and the next detected location. In the case of a cylindrical

(x=%)2+(y= Y, =(r')?
{y: ax+h

7= ax+h,
-]
%—yo )= (-, Yand'
(a) (b)
{y: ax+h,
2= ax+b,

z-z =h

:

(c)

Figure 3.7. Intersection of a 3D straight line with hyperplanes a(@)J: (b)r =r"; (c) h=h'.
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hyperplane (say at=r) or a horizontal plane (say At h) the above system of equations

becomes, respectively

(x=% )V +(y-y, ) =(f

y=ax+b (3.12)
z= g, X+b,

and
z-z,=h
y=ax+b (3.13)
Z= gX+b,

Thus, each radial-axial, cylindrical or horizontal hyperplane comprised between these two
tracer locations defines a different system of equations, the solutions of which provide the
coordinates of the intersections of the 3D linear segment with the whole grid. If the number
of such intersections is higher than 1, a dummy location is inserted in the middle between two
consecutive intersections with the defined grid, i.e. inside each cell intersected by the
fictitious segment of trajectory, as showrFHigure 3.8. Note that although the real grid used

Is based on cylindrical coordinates, for purposes of clarity of the illustration a grid composed

of cubical cells is shown.

The entire process can be iterated treating every interval between two consecutive locations as
an interruption, so that the particle tracer is characterised by transitions only between adjacent
cells. The ratio of the total number of inserted dummy locations to the total number of
original detected locations is a useful indication of the degree of fineness of the grid: a high
number of dummy locations compared to the original number of detected locations would
suggest that the grid is too fine. This operation improves the measurement accuracy of the
time the tracer spends in each cell considerably, but the effect on the calculated velocity field
IS not expected to be significant unless the rate at which tracking is interrupted is particularly

high or, equivalently, the grid is too fine.

3-3.5 Lagrangian velocity

A single Lagrangian data point consists of a temporal coordireate three spatial Cartesian
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coordinates, y, zwhich are subsequently converted to cylindrical coordindtesandh with
origin O = (%, Yo, Zo). Using this coordinate system with versérsi andh, the Lagrangian
velocity is

A~ dfd~ dr. dhp NP
V=V,0+v,r +vih=r—0+—r+—h Ora0+ Gr + 3.14
s h o T o Br +yh (3.14)

wherea, S, y are the numerically calculated time derivatives of the three cylindrical tracer
coordinates which are contained in the arra¥§ [r«] and [h]. The value ofa, for instance,

could be obtained using differencessband oft between two consecutive locations, i.e. the
ratio betweend . 1 — % andtc+ 1 — & Although almost negligible, a certain degree of spatial
uncertainty characterises each tracer location which may create small fictitious fluctuations in
the velocity vector. By using the least squares method, a number of consecutive locations
(nsm > 2) could be used to minimise this effect. The valuesr,off and y are then

determined as the slopes of the best straight line representingtheoints in the Cartesian

o Detected tracer locations
+ Intersections with the grid
@ Inserted dummy locations

Figure 3.8. lllustration of the computational insertion of dummy locations: note that the real grid used is based

on cylindrical coordinates, but cubical cells are shown here for clarity purposes.
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planestd, tr andth, respectively. Thus, the Lagrangian velocity vectgryy v,) is obtained
numeically which is then associated with a new tracer position whose four time-space
coordinates are recalculated by averaging the coordinates mfsthmitial locations. Where
ovelapping is allowed, the value afsy does not significantly affect the length of the newly
rewritten arrays W, [, [r«], [hk] which are now associated with the arrays)ly[(vr)«] and

[(vn)x] containing the three cylindrical components of the Lagrangian velocity.

It should be noted that selecting the value of the parameigis a matter of compromise, as
N_sm Must be increased for an inaccurate tracer location and decreased for a fast tracer motion
to avoid having an excessively smoothed trajectory and, hence, underestimated velocities.

The entire sets of PEPT data presented here were analysed, dgind@rb.

3-3.6 Local Eulerian quantities

On the basis of the previously defined 3D cylindrical grid wishkequal volume cells, the
instantaneous 3D position assumed by the particle tra&er h) can be converted into an
integer index,ix, designating the specific grid cell occupied by the tracer at imelhe

gpatial distribution of the number of detected tracer locations in a cell is then determined
simply by counting the number of times each cell index appears in the new grray &
sequence of equal indicésin [i] is compacted into one single element equal {@.g., the
sequence ‘777 7 7’ is reduced to a single ‘7’) a shorter argpig [treated which, by means

of the above counting process, leads to the distribution of the number of tracer visits. The two
spatial distributions of the number of tracer visitg, and detected locationsy, are
conceptually different, therefore, the conversion of the Lagrangian velocity components into

Eulerian velocities needs to be made taking into account such a distinction.

The time interval between the instants at which the particle tracer enters and leaves a cell may
be different each time the tracer visits the same cell. Primarily for this reason, the number of
detected locations is not constant at each visit during which a slow tracer is detected a higher
number of times than a tracer moving at high speed. Consequently, a simple arithmetic mean
of the Lagrangian velocities related to all the tracer locations within the same grid cell, i.e. the
arithmetic mean of all the §, (W )k or (\)k corresponding to equal indices ig,[would lead

to an underestimated mean Eulerian velocity associated with the cell.

This estimation can be improved if, in a given cell, the Eulerian velocity is determined by first
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calculating the mean Lagrangian velocitigs, V., V, along the segment of trajectory
intersecting with the cell at each visit, as showrfrigure 3.9, before averaging again by the
number of visits. This procedure reduces the Lagrangian information to a single velocity
vector associated with each tracer visit, regardless of the number of times the tracer is located
and the duration of its sojourn in the cell. In computational terms, the array$ [(vi)d]

and [(w)«] are reduced to Y], [(V)x] and [(4)«] of the same length as]]l by replacing each
sequence which corresponds to equal indices in the parallel ajrastii the arithmetic mean

of the elements of the sequence itself. The mean Eulerian velocity compogemtgandup,

are finally obtained in each cell by averaging all the velocity valuesvig(T()«] and

[(Vh)] corresponding to the same cell index ig. [lit is worth noting that the same averaging
process, performed using the squares of such velocity values, leads to the standard deviations

o9, or and g of the Eulerian velocity components in each cell.

By employing the previously obtained intersections of the tracer trajectory with the grid and
their time coordinate, the time spent by the tracer in a cell during each visit, so-called
residence timgis noted in a further array [pthaving also the same length of][I Although
intrinsically Lagrangian, this information can be transformed into an Eulerian distribution of

the cumulative timeAt, that the tracer spends within a given grid cell during an experiment,

/A A R A
///////////

Ll | o PEPT tracer locations

Figure 3.9. lllustration of the cylindrical grid used for the analysis of the Lagrangian data and a grid cell with

multiple tracer visits.
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also called cumulative residence time or cumulative sojourn time. It is determined by adding
together all the time values in [ptcorresponding to the same cell index in the arrgy [l
Furthermore, maps of the mean residence tighecan be obtained by dividing the timeby

the number of tracer visitsy,nn each cell.

3-3.7 Ocupancy

The particle-tracer occupancy distribution within the vessel offers an additional powerful tool
for characterising flow behaviour within the mixing tank. Occupancy has traditionally been
obtained by calculating the fraction of the total experimental timespent by the tracer in

each cell during the experiment. Such a definition establishes a mathematical identity
between occupancy and probability of presence of the particle tracer, but undesirably makes
occupancy highly dependent on the density of the grid so that as the number of cells increases
occupancy tends to zero. If the cells are chosen to have equal volume, however, this problem
is circumvented by using thergodic time defined aste=t,/n, instead of the total
experimental timé,.. The ergodic time represents the time that the tracer would spend in any
cell if the flow were single-phase and ergodic, an asymptotic status in which the flow tracer
has equal probability of presence anywhere within the system. Thus, the local occ@pancy,

can be defined as
E=— (3.15)

where At is the time that the tracer spends inside a given cell, i.e. the previously defined
cumulative residence time. Thanks to this definition the average value of the vessel
occupancy is 1 independently of the chosen number of gridgellén addition, as shown
bdow, Eqg. (3.15) makes it possible to describe the spatial distribution of each phase
component within a multi-phase flow. Note that ergodicity is discussed further in
Section 3-5.1.

3-3.8 Eulerian maps
The 3D cylindrical grid used is defined by three initial numerical parameters: the number of
cells in the axial directiomy, in the radial directionp,, and in the azimuthal directiony.

Whenny is set to 1, each grid cell assumes the shape of a rectangular cross-section torus and,
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therefore, the related Eulerian datum is obtained using those Lagrangian data that can be
ascribed to the torus regardless of their azimuthal coordéhates a result, Eulerian data are
intrinsically ensemble-averaged with respect to the azimuthal position and, although
representing the whole mixing volume rather than a single 2D vertical section, such data can
be presented in the form of 2D radial-axial maps. Examples of such maps are depicted in
Figure 3.10 which presents a set of quantities obtained within a single-phase turbulent system

(aqueous NaCl solution) in a single PEPT experiment.
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Figure 3.10. Azimuthally-averaged radial-axial maps of Eulerian quantities in a single-phase system:
T =190 mm; aqueous NaCl solution; PBTMI) =105mm (0.33 off-bottom clearance);N =220 rpm
(Remp ~ 40000).
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Whilst distributions of the three velocity components, (4, W) normalised by the tip speed
of the turbine,u;p, are illustrated inFigures 3.10a-¢ the normalised magnitudes of the
radial-axial 2D velocity vectou,, and the total 3D velocity vectarsp are mapped in
Figures 3.10d-e

In the case of a solid-liquid system, these velocity maps can be generated for each phase.
Furthermore, local time-averaged particle slip velocities can be estimated by locally
subtracting the velocity of the solid phase from that of the liquid. This information is of real
value to processing applications involving the transfer of heat or mass, such as in chemical
reactions or the sterilisation of particulate food mixtures, and cannot currently be obtained
using any other technique. A crude assumption often used in practice takes the free terminal
settling velocity of the particle as a representative of its mean slip velocity (Atiemo-@&beng

al., 2004). Whilst the values yielded by PEPT are likely to be much more realistic, it is
currently difficult to be certain about the accuracy of these estimations given that information
on patrticle rotation and turbulent velocity fluctuations of the two phases is missing, but these

features are probably only relevant in very complex turbulent flows.

Furthermore, as pointed out above, the standard deviatigng and o, of the Eulerian
velocity components are also determined in each cell and their normalised values together
with those ofsy, andasp are plotted irFigures 3.10f-j; these quantities provide information

on the local velocity fluctuations. Using the arraysdnd [i], the number of tracer locations

n_ and tracer visitsy are obtained in each cell providing the widely different mapsgares

3.10k-l which confirm, as discussed above, that considering the number of tracer locations

instead of visits may lead to a significant underestimation of the Eulerian velocities.

The Lagrangian measurements enatiléo be computed leading to plots of occupar@y,
and average residence timd,, as shown irFigures 3.10m-n. As expected, in a turbulent
single-phase flow the occupancy distribution is almost uniform and consequently the average

residence time is practically proportional to the inverse of the number of visits.

3-3.9 Phase distribution in multi-phase flow
Considering for example a monodisperse solid-liquid system, the infinitesimal probability,
p(P)dV, that a specific small solid particle is inside an infinitesimal volume eled\ént a

function of the particle positioR = (x, y, 2 and can be expressed from two different points of
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view. From the Lagrangian point of view, it is the ratio of the infinitesimal titnthat the
tracer spends insid#V, to the total time of detectidp; in Eulerian terms, however, it is the
ratio of the number of solid particlem, contained iV, to the total number of such particles

in the vessel n. Consequently, it follows that

dt _dn
{p(P) v_— and p(P)d v-—} = == (3.16)
Introducing the volume of a single partidlp, the infinitesimal solid voluméVs in dV, the
total solid volume present in the takk, the local solid volume concentratienthe mean
solid volume concentration in the vessg] and the total volume of the multi-phase

suspension ¥ yields

dn_ Vedn _dVg _ cdV
n Vin Vg CV;

(3.17)
Combining Egs. (3.16) and (3.17) leads to a clear correlation between the time that the tracer
spends inside d¥nd the local solid volume concentration, that is

dt _cdV
t, CV;

(3.18)

If the cell volume,AV, in the grid is uniform, the total number of grid cells is then
nc = Vr/ AV, and rewriting the above equation in discrete terms gives
At _ AV At _c

—_— = :> —_— =
t. CV tt C (3.19)

Defining, according to Eq. (3.15), the occupafgyas the ratio of time that the tracer spends
inside a cell to the ergodic time, Eq. (3.19) then becomes

O = (3.20)

Olo

Note that whilst this relationship has been derived for the discrete phase in a monodisperse
system, it is equally valid for the fluid component as well as for each component in a
suspension containing multiple liquid or solid traceable components. The immediate
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important consequence of Eq. (3.20) is that, in addition to phase velocity, it is now possible to
fully map by Lagrangian tracking the local concentration of each flow component in an
opaque multi-phase system. As showrfigure 3.10m, the occupancy map in a turbulent
single-phase system is almost uniform &d~ 1 which is in agreement with Eq. (3.20) since

in a single-phase system the phase concentration is 100% everywhere. In a single-phase
turbulent system the approximatio®s =1, becomes gradually more accurate as the
experimental runtime,, is lengthened, strictly tending to infinity (hetewas mostly 30-45

min). Consequently, the uniformity of the occupancy map in a single-phase turbulent system

could be used as an index to determine if a long enough ruptinas been selected.

Considering, for example, a binary solid-liquid suspension where the two solid components
are present at the same mean concentration, the local occupancy can be obtained for each of
the solid components and the liquid; consequently, the volume concentration of each

component can be mapped. Higure 3.11, the distributions of the three components are
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Figure 3.11. Azimuthally-averaged volume concentration maps of a binary suspension in aqueous NaCl
solution: X =20 wt%; T = 288 mm;D = 144 mm (0.25 T off-bottom clearancéy;=N;s rpm, Re,, > 100000;
(a) PBTD; (b) PBTU.
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effectively compared using newly developed maps, where the radial-axial plane is divided
into square boxes containing information for every solid and liquid component. Each box
contains two shaded bars and the fraction of the box area occupied by each bar is equal to the
local volume concentration of the corresponding solid component, so that the remaining white
area is equal to the local liquid volume concentration. Furthermore, by drawing bars of equal
base, their height is also proportional to the local solid volume concentration and, thus, the
radial profile of volume solid concentration for each solid component is represented at each

horizontal level.

Whilst to the right of each map the vertical profile of the average volume concentration of
each horizontal plane is shown, the radial profile of the vertically-averaged volume
concentration is shown above the map. In the specific caSguwe 3.11, the results show

how the pumping direction of the PBT (upwards or downwards) produces significantly
different solid distributions in the same suspension which contains 20 wt% of solids
consisting of particles of diameters ~ 1 mm and ~ 3 mm. The mixing of these binary systems

is studied in more details in Chapter VIII.

3-4 Lagrangian statistical analysis

Lagrangian tracking of the long-term trajectory of a fluid follower provides data which can be
exploited to visualise flow structures and obtain statistical information on the mixing
performance. The popular concept of residence time distribution (RTD) in a continuous flow
system was extended by Villermaux (1996) who introduced the concept of trajectory length
distribution (TLD) based on the distance covered by fluid elements or tracer particles carried
by the flow from the inlet to the outlet. By using Lagrangian data it is also possible to apply

these concepts to a batch system such as a stirred vessel.

3-4.1 Lagrangian frequency distributions

The concept of residence time in a continuous system can be extended to a batch system by
considering the time interval related to the multiple trajectories followed by a Lagrangian
tracer from the point at which it leaves a given reference plane or volume to the point where it

returns back to it. If the selected plane is a horizontal plane close to the impeller discharge,
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the concept of residence time is replaced by the circulationtf§imieich can be computed by

solving systems of equations analogous to the system in Eq. (3.13) with an additional

equation including the temporal coordinate. The valueg obtained tend to distribute

according to the statistical log-normal distribution, as showkigure 3.12a for a single-
phase turbulent system. Such a probability density distribution is called circulation time

distribution (CTD).

The trajectory length during each recirculation can also be measured obtaining the path length

{. whose distribution, the trajectory length distribution (TLD), is illustrateBigure 3.12h
Similar to the circulation time distribution, the TLD is also very well represented by a log-
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Figure 3.12. Probability density distributions in a single-phase systEm:190 mm; aqueous NaCl solution;
PBTD; D = 105mm (0.33 T off-bottom clearanch)= 220 rpm (Rg, ~ 40000); (a) circulation time distribution
for the horizontal plane at 0.25 kb) circulation trajectory length distribution for the horizontal plane atg;25
(c) Lagrangian velocity magnitude distribution; (d) residence time distribution within the shaded area.
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normal distribution. Additional statistical distributions can be obtained by analysing the
Lagrangian velocity components, exploiting the arrays)d(v[(v:)x] and [(w)x], or by using

the Lagrangian velocity magnitude. The Lagrangian velocity distribution (LVD), i.e. the
distribution of the 3D Lagrangian velocity magnituges presented ifrigure 3.12cwhich

again shows a very good agreement with the log-normal distribution.

The spatial distribution of the mean residence time within a grid&eillustrated above in

Figure 3.10n is obtained by averaging the values contained in the ariqy Btudying this

quantity can be done by considering the statistical distribution of the residencét tielated

to a selected grid cell or, more generally, to any geometrically defined volume. The residence
time distribution (RTD) shown in figur&igure 3.12d was obtained for a squared cross-
section torus (0.3 Rr<0.5Rand 0.5 kh<0.7H. Contrary to the other distributions,

the RTD for the examined volume is not well represented by a log-normal distribution; this
effect is probably due to the fact that the closed surface bounding the volume is imaginary and
the tracer can penetrate such surface at any point generating, therefore, a high number of short

residence timestavhich are close to zero.

3-4.2 Decorrelation time

In probability theory and statistics, a correlation between two random variables indicates a
mathematical relationship between them, i.e., their departure from reciprocal independence.
Where the two variables are vectors, e.g. position vector with three coordinates, the
correlation coefficients reveal information about the strength and preferred direction of
eventual relationships. If the two variables are functions of time (waveform) and a time-lag is
applied to one of them, the correlation coefficient between the two waveforms is also named
cross-correlation coefficient; it quantifies their ‘similarity’ as a function of the time-lag. The
cross-correlation between a time function and itself, which is known as autocorrelation is
frequently employed in signal processing for finding repeating patterns and represents the
similarity between the function and itself shifted by a tumel'he autocorrelation coefficient

of a time function, f (t), is given by

A(r)= (3.21)
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The three spatial coordinates of the PEPT particle tracer are functions of time and so the
autocorrelation coefficientsAy, A, and A;, can be determined. Additionally, a single
autocorrelation coefficient of the position vect® = (x, y, 2, can be obtained by extending

Eq. (3.21) to a vector function, thus

[TPOPr-r)dt A(X)+ A(y?)+A(Z)
[ROmeae  (6)+(¥)+(Z) (3.22)

A(r)=

The above defined autocorrelation coefficients of the Cartesian coordinates and position
vector of the PEPT tracer are illustratedrigure 3.13 which shows that the position of the
PEPT tracer is characterized by a short-term autocorrelation, i.e., the Reictthuences its

own evolution but only for a short time. The autocorrelation function decays rapidly with the
time shift and a characteristic timescale can be identified. Witinak (1998) defined the
decorrelation time as the time at which the tangent line to the funcfidls) at r =0

intersects the time axis. In order to also take into account the negative fluctuations of the
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Figure 3.13. Variation of the autocorrelation coefficients of the Cartesian coordinates and position vector of the
PEPT tracer with time shift in a single-phase sysfEm:288 mm; aqueous NaCl solution; PBTDz= 144 mm
(0.25T off-bottom clearance =300 rpm (Rg, ~ 100000).
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autocorrelation coefficient, the decorrelation tigas determined here by the least squares

method assuming a one-parametric exponential decay sfjdared, i.e.,

A7) e (3.23)

The timescale characterising the decay of the autocorrelation coefficients is representative of
how fast the particle tracer loses its memory. The particle tracer can be viewed as a different
particle just after a time equal toy3since the absolute value of the autocorrelation coefficient

Is lower than 5% of its initial valueds(0) = 1. The time 3zcan be employed as parameter

for characterising mixing quality or performance. For the single-phase system represented in
Figure 3.13, the threshold valueg3wvas 1.85 s when using a PBTD rotatingNat 300 rpm.

3-4.3 Pvincaré maps

Poincaré maps are mathematical entities which are theoretically defined in dynamical system
analysis (e.g., Aref and El Naschie, 1995). In this work, they are represented by the
intersections of the long Lagrangian trajectory of the tracer with a surface named Poincaré
section. Each intersection point is represented by a mark on the surface and, as a result, the
number of marks is a function of the mean mass flux through the surface. Therefore, it is
possible to visualise flow structures via Poincaré maps. Numerous interesting Poincaré
sections may be used to plot Poincaré maps including horizontal plane surfaces, vertical
planes and cylindrical surfaces of a smaller radius than the vessel. The number of different
intersection points and the spatial dispersion of these points are characteristics of the mixing
performance. Once again, the computational process to obtain such maps is based on the
solution of numerous systems of equations similar to the systems in
Egs. (3.11), (3.12) and (3.13).

The Poincaré map illustrated irigure 3.14a was obtained using as Poincaré section a
horizontal plane at a distance 0l25rom the vessel base in a tank filled with aqueous NaCl
solution and equipped with a PBTD. The cylindrical surface with radiuR @@axial to the
tank is the Poincaré section used to obtain the méjgure 3.14bwhere the baffles generate

four visible structures.
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Figure 3.14. Poincaré maps obtained using (a) a cylindrical Poincaré section of radiRs @hd (b) a
horizontal Poincaré section 0.B6off the vessel bas@:= 190 mm; aqueous NaCl solution; PBTD= 105mm
(0.33T off-bottom clearanceN =220 rpm (Rg,, ~ 40000).

3-5 Methods of validating measurements

3-5.1 Ergodicity

The theoretical premise which guarantees that a tracer is representative of all the solid or
liquid phase is referred to as ergodicity or iso-probability condition (Witahal., 1998). As
already mentioned in Section 3-3.7, for a turbulent single-phase system, such a condition
implies an equal probability of tracer presence at every point in the flow. In a multi-phase

system, however, the total probability for all phases is required to be uniform, i.e. the sum of
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probabilities of presence (weighted by the inverse of the phase volume concentration) of all
components of the system must be the same everywhere. Ergodicity is a theoretical state
which can be approached only after an infinite tracking time. However, it can be
mathematically shown that, if the probability of tracer visit is sufficiently high everywhere,
ergodicity can be assumed when the trajectory of the tracer is recorded over a sufficiently
long time which achieves adequate data resolution in every region (Wittmer et al., 1998). The
PEPT tracking time used was always > 30 min in all the experiments, which was long enough
to acquire a sufficient amount of data in all regions of the vessel. Hence, ergodicity could be
safely assumed given that in such systems the probability of visit is sufficiently uniform by
virtue of the open geometry of the vessel where all regions are more or less equally accessible
to the tracer. However, to assess the accuracy of the ergodic condition assumption the
probability of tracer presence can be calculated and its uniformity verified. On the basis of
Eq. (3.15), when the cells have equal volume the occupancy is proportional to the probability
of tracer presencat / t, and, consequentlfigure 3.10m for example shows that the tracer

has practically an equal probability of presence everywhere within the vessel.

3-5.2 Mass continuity in a multi-phase system

Mass continuity is an important tool for checking the accuracy and reliability of flow data
including Lagrangian PEPT measurements. The net mass flux through a volume bounded by

a closed surface $hould be zero, thus
D Usp ASTO (3.24)

Calculations can be made by considering a closed cylindrical siBfadth the same vertical

axis, base and diameter as the tank but of a shorter height. Becauséaing zero over the
external surface of the vessel or being parallel to it, the tepAS is zero everywhere except

in the horizontal plane across the tank, so fhatan be reduced to such a plagg,and

Eq. (3.14) is reduced to a zero average of axial velocities across the horizontal plane
considered. A similar situation can be envisaged wBei® a closed cylindrical envelope

with the same vertical axis and height as the tank but with a smaller diameter; Eq. (3.14) then
becomes a zero average of radial velocities across the lateral s&famfethe considered
cylindrical volume. Testing, for instance, the set of PEPT data collected in binary
suspensions of up to 40 wt% glass patrticles, a very good verification of the mass continuity
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was obtained as calculations gave a velocity average close to zero, generally less than 0.03u

as demonstrated in Figure 3.15.

3-5.3 Two-dimensional comparison of PEPT with PIV

Comparison between Eulerian velocity maps obtained via Lagrangian tracking and a well
established optical technique such as patrticle image velocimetry (PIV), offers a highly reliable
way to validate the Lagrangian data collected, their analysis and the technique of
measurement used itself. Unfortunately, the optical nature of the PIV technique tends to
restrict comparison to transparent single-phase systems. Even very dilute solid concentrations
(~ 1 wt%) make the suspension partially or entirely opaque compromising thus the reliability
and applicability of the PIV technique.
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Figure 3.15. Mass continuity verification for PEPT in a binary suspension of glass beads in agueous NaCl
solution: normalised radial and axial velocities averaged on suda¢ekdiameter 0.9) andS, (0.3H off the
base), respectivelyf; = 288 mm; PBTDD = 144 mm (0.29 off-bottom clearanceN = Ns; Rem, > 100000.
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In Figure 3.16, two azimuthally-averaged Eulerian velocity vector plots obtained by PIV and
PEPT in an aqueous NaCl solution are compared showing a very good agreement. Both of
the two radial-axial maps are representative of the whole mixing vessehsinegs set to 1

in the analysis of the PEPT data, and the PIV data were collected in planes at 5° intervals over
a 90° sector between two adjacent baffles and azimuthally averaged. Such multiplane PIV
experiments and data will be thoroughly described and discussed in the next chapter where
significant differences in the 2D flow-dynamics between data collected in different planes
will be shown.

A more detailed quantitative comparison is showikrigure 3.17 where multiple radial and
vertical profiles of the radial and axial velocity componentandu, are compared and the

agreement appears to be excellent throughout. Due to the importance of such comparison, a
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Figure 3.16. Comparison of azimuthally-averaged radial-axial velocity vector plots obtained by PIV and PEPT
in a single-phase systenT. = 190 mm; aqueous NaCl solution; PBTD;= 105 mm (0.33 T off-bottom
clearance)N =220 rpm (Rg,, ~ 40000).
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detailed study of the differences in the flow fields obtained with these two techniques is

presented in Chapter V.

Finally, the overall accuracy and reliability of both sets of measurements obtained from PEPT
and PIV can be examined and compared by verifying the mass continuity throughout the
vessel. The radial velocity component averaged over the cylindrical s&facelotted in

Figure 3.18a as a function of the radiug Outside the impeller region, the average

normdised radial velocity is vanishingly small for both techniques, with values below
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(Remp ~ 40000).
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0.01 wp. Where the cylindrical surfacg& intersects with the agitator, PIV data are not
available and therefore the error in mass continuity is higher for PIV but remains quite small,
mostly below 0.0244. On the other hand, the PEPT tracer continuously tracks the fluid
between the opaque impeller blades and the error in mass continuity is still very small for
surfaces Sintersecting with the agitator.

A similar plot is shown irFigure 3.18bfor the axial velocity component averaged over the
vessel cross-section.SAgain, outside the impeller region such an average velocity is close to

zero for both measurement techniques, generally less than©.0Euhe region affected by
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Figure 3.18. Mass continuity verification for PEPT and PIV:= 190 mm; aqueous NaCl solution; PBTD;
D =105 mm (0.33 off-bottom clearance)N =220 rpm (Rg, ~ 40000); (a) normalised mean radial velocity
averaged over surfac as a function of the radius &; (b) normalised mean axial velocity averaged over
surface§, as a function of the position &. The shaded areas are regions of intersectich of S, with the

impeller.
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the presence of the impeller the mass continuity error of PEPT is only fractionally higher,
whereas for PIV it increases much more almost reaching;.1Tine impeller swept region
which is inaccessible to the laser plane is dominated by axial flow, thus, the deficiency in PIV
data in this region causes a much larger error in mass continuity in the axial direction (when

averaging overppthan in the radial direction (when averaging ougr S

3-6 Conclusions

The main purpose of this chapter was to present a detailed methodology developed for the
analysis and validation of Lagrangian data obtained from tracer trajectories in fluid mixing
systems. Such a methodology has been successfully applied to the analysis of data collected
in various single-phase and multi-phase solid-liquid systems using position emission particle
tracking. More details about the application of the tools developed here are presented in

subsequent chapters.

This novel technique is capable of providing unique and accurate Lagrangian flow data within
opaque flows. It thus opens up new possibilities for tackling a range of challenging problems
in the mixing of opaque single-phase and concentrated multi-phase systems which have
remained hitherto unaddressed/unresolved because of a lack of adequate measurement
techniques. Thus, it has been possible to visualise the Lagrangian trajectory and the 3D flow
structure within the cavern formed around the agitator when mixing a viscoplastic fluid. It
has also been possible to analyse Lagrangian multi-phase data to give detailed Eulerian
descriptions of various mixing systems including the full 3D velocity field, local occupancy
and residence time distributions, and spatial distribution of each phase component. Other
features such as the use of hyperplanes and Lagrangian frequency distributions, decorrelation

time and Poincaré sections have also been demonstrated.

One of the important tools developed enables the mass continuity of each tracked component
within a multi-phase mixture to be accurately tested, which is crucial for the reliability of the
measurements. An additional reliability test presented in this chapter consisted of a brief
comparison between Eulerian velocity maps obtained in a transparent liquid via Lagrangian
tracking by PEPT and the well-established optical technique of PIV, showing an excellent

agreement between the two methods.
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Notation

Roman letters

a1 &
A

Ap
AcA A
by b

Lo Hb $

Slope coefficients of 3D straight line
Autocorrelation coefficient of f(t)
Autocorrelation coefficient of (@)
Autocorrelation coefficients of B( y(t), z(t)
Intercept coefficients of 3D straight line
Local volume concentration of solids
Mean volume concentration of solids
Particle diameter

Off-bottom distance

Impeller diameter

Geometric efficiency

Time function indicating §t), y(t) or z(t)
Height of the suspension

Cell indices

Generic cylindrical direction

Location counter

Circulation trajectory length
Dimensions of detection volume
Number of particles in the vessel

Number of grid cells

Number of cells in the cylindrical directions

Number of locations per cell

Number of consecutive locations
Number of particle size fractions
Number of visits per cell

Impeller rotational speed

Minimum speed for particle suspension
Origin of cylindrical coordinates vector
Occupancy

Probability density function

3 3 3
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Us U Un

Usp

Xy z

Xo Yo 4o

Greek letters

a

Tracer location vector

Index of summation in Eq. (3.10)
Fraction of black pixels

Radial-axial cylindrical coordinates
Centring circumference radius
Cylindrical surface radius

Vessel radius

Impeller Reynolds number (ND)
Surface area

Time

PEPT runtime

Circulation time

Ergodic time

Vessel diameter

Cylindrical Eulerian velocity components
Eulerian velocity vector

Radial-axial Eulerian velocity vector
Impédler tip speed

Tracer Lagrangian velocity vector
Magnitude of tracer Lagrangian velocity
Tracer Lagrangian velocity components
Mean velocity components in a visit
Volume

Particle volume

Volume of solids in the vessel

Total suspension volume

Cartesian coordinates

Centre of vessel base

Mean mass concentration of solids

Numerical time derivative of

rad &
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LBy Numerical time derivatives ofand h m 3
ot Residence time S

& Mean residence time S

J Azimuthal coordinate rad

0 ¢ Angular coordinates of spherical system rad
0 7 h Versors of cylindrical coordinate system -

v Kinematic liquid viscosity m? s*
09 Or Oh Standard deviation of Eulerian velocities s
03D Standard deviation ofijp| m st
Oz Standard deviation ofi,| m s’

T Time shift S

T4 Decorrelation time S

Q Solid angle s

Abbreviations

CTD Circulation time distribution

LVD Lagrangian velocity distribution
PBT Pitched blade turbine

PBTD Down-pumping PBT

PBTU Up-pumping PBT

PEPT Positron emission particle tracking
PIV Particle image velocimetry

RTD Residence time distribution

TLD Trajectory length distribution
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Chapter 1V

Azimuthally Resolved PIV Measurements

Abstract

Two-dimensional particle image velocimetry (PIV) is usually used to determine the complex
flow field in mechanically agitated vessels on the basis of measurements taken in a single
vertical plane, thus, assuming axial symmetry. In this study, 2D PIV has been used to
investigate the effects of the azimuthal position of the measurement plane in a fully baffled
vessel agitated by a pitched blade turbine. Seventeen planes located at 5 degree intervals
between two adjacent baffles are analysed. To maintain a high spatial resolution of ~1 mm
when examining each plane, a two-block approach is employed combining data from two
fields of view to reconstruct the whole flow field. Time-averaged velocity and turbulent
kinetic energy fields are obtained under fully turbulent conditions as a function of the
azimuthal position of the laser plane. It is shown that the assumption of axial symmetry for
such Eulerian fields is not fully justified within a fully baffled vessel, as there are
considerable differences between planes. The results also show for the type and size of
impeller used here, the importance of including both the axial and radial discharge
contributions for an accurate evaluation of the flow number, otherwise it can be
underestimated by up to 60%. The three-dimensional nature of the PIV measurements has

also enabled the mass continuity to be accurately verified throughout the vessel.
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4-1 Introduction

Among the various flow visualisation techniques, laser Doppler velocimetry (LDV) and
paticle image velocimetry (PIV) have become the most employed to examine the complex
nature of the flow fields in stirred vessels, provided the equipment and fluids used are
optically transparent (Kresta and Wood, 1993a; Baldi and Yianneskis, 2004). The flow field
in a stirred vessel has been the subject of investigation by LDV for the last 30 years, the use

of PIV, however, is much more recent spanning a decade or so.

Most of the works in the literature have reported two-dimensional data which represent time-
averaged flow patterns. However, in recent years, some authors have performed so-called
angle-resolved measurements, i.e., measurements resolved by the azimuthal angle between
the impeller blades to obtain more accurate turbulent quantities, since time-averaged
measurements do not take into account the periodicity of the flow due to the passage of the
impeller blades (Ducci and Yianneskis, 2006). Angle-resolved LDV measurements have been
reported in stirred tanks equipped with a Rushton disc turbine by Lee and Yianneskis (1998),
or with a pitched blade turbine (PBT) by Shaderal. (1998), while, more recently, Chueg

al. (2009), Gabrieleet al. (2008) and Kharet al. (2006) used angle-resolved PIV to
investigate vessels agitated by a PBT. These authors have shown how measurements can be
refined by considering the position of the laser sheet relative to the impeller blade, unravelling
important characteristics of the turbulent flow which are otherwise masked by time-averaging.
It is, however, surprising that seemingly no attention has been given to how the measured 2D
flow field is affected by the angular (or azimuthal) position of the laser plane. Measurements
have been restricted to a single plane, most commonly the 45° plane between two baffles,
assuming that the flow field is axially symmetrical. In consequence, it is quite possible that
the use of different planes might be responsible for the occasional discrepancies between
different experimental studies reported in the literature. Furthermore, 2D PIV measurements
are usually found not to satisfy mass continuity. For this reason, using single plane
measurements, Aubiet al. (2004) concluded that the flow field may be dependent on the
position of the laser plane relative to the baffle, but no detailed study of these effects has been

reported.

This chapter reports on the use of 2D PIV to study the influence of the azimuthal position of

the measurement plane on the radial-axial flow field in a cylindrical stirred vessel fully
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baffled and equipped with a down-pumping pitched blade turbine. Detailed information is
obtained on fluid velocities, turbulent kinetic energy and pumping flowrates in 17 planes
located at 5° intervals between two adjacent baffles. Mass continuity considerations are used

to assess the reliability of the multi-plane measurements.

4-2 Experimental

4-2.1 Apparatus

The stirred vessel used was a flat-base cylindrical glass tank of diahet®30 mm, fitted

with four equidistant wall baffles of width 0.1dnd agitated by a six-blade 45° pitched-
turbine of diameteD = 0.55 Tand vertical height 0.12, Tas shown inFigure 4.1 The
impeller blades were welded onto the hub which had an external diameter equal toad14 T
internal diameter equal to 0.05 T and a height equal to 0.IBh€ off-bottom clearance of

the PBT was set at 0.33 dnd the vessel was filled with water to a height T. The vessel

was located inside a square glass tank also filled with water to minimise light distortion. All

the experiments were conducted with the impeller operating in the down-pumping mode at a

2\

Figure 4.1. Experimental set-up for PIV investigation: 1 cylindrical vessel; 2 baffle; 3 shaft; 4 down-pumping

PBT impeller; 5 laser sheet at varyifig
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rotational speed dfl = 3.67 &' corresponding to an impeller tip speed of 1.2"m $he value
of the impeller Reynolds number (R&D?v) was 40 000, thus, ensuring fully turbulent

conditions which minimise macro-instabilities in the flow field (Roussinova et al., 2000).

4-2.2 PIV experiments

Two-dimensional PIV measurements were conducted using a dual head Nd:YAG 532 nm
pulsed laser (New Wave Research Inc., USA) and a single frame-straddling CCD camera
(PowerView Plus, TSI Inc., USA) capable of capturing 15 image pairs per second at a
resolution of 2048x2048 pixels. Frame and laser sequencing were controlled by a TSI
Laserpulse 610035 synchronizer and a workstation running TSI Insight 9.0 software. Fast
Fourier Transform (FFT) cross-correlation was used to interrogate each pair of images, which
were sectioned into small interrogation areas (I1A). For measurement of the liquid velocities,
hollow silver coated particles of 1@rudiameter were seeded into the vessel and were

illuminated using a 1 mm thick laser sheet.

The flow field in the vessel was analysed in 17 azimuthally equidistant planes comprised
between two adjacent baffles. By rotating the cylindrical vessel within the square tank in 5°
angular steps, frond# = 5° to # = 85°, the laser sheet was used to illuminate the different
planes in turn, each plane passing through the vessel axis as illustreigdran4.1. Note

that the 5° plane is on the leeward side of the baffle, whereas the 85° plane is on the windward
side of the baffle. Recently, using a multi-block approach, ka. (2004) partitioned the
illuminated vertical plane in many blocks which were analysed separately and then assembled
together to reconstruct the whole flow field, thus, improving the resolution of PIV
measurements significantly. In the present work, a simpler partitioning method was adopted
using two blocks (Zone A and Zone Bhigure 4.1). Thus, two-dimensional PIV flow data

were obtained in both zones at varyifiyalues based on 500 image pairs recorded in each
experiment. The frequency of data acquisition was set to 1.01 Hz whicN,5&67 &%,

allowed the impeller blades to be captured at 500 fairly evenly distributed angular positions
between 0 and7”2 Therefore, the time-averaged results were representative of all the angular

positions assumed by the impeller blades with respect to the laser plane.

The images were processed with a recursive Nyquist grid using an 1A of 32x32 pixels in the

first pass and 16x16 pixels in the second. Since a recursive grid was used to process the
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images no further overlapping between adjacent 1As was allowed. Using a resolution of
64.7 um per pixel, a vector resolution of 1.04 mm was obtained, i.e. a grid was defined where
each 16x16 pixel cell represented a region of area 1.04x1.64omtining a single vector.

The two frames of each image pair were separated by a time interval of 400 us which ensured
a maximum expected displacement (basedugg~ 0.5 W, the maximum fluid velocity
expected near the tip of the impeller) within 25% of the length of the IA, as suggested by the
‘one-quarter rule’ (Adrian, 1986).

The two blocks (Zone A and Zone B kgure 4.1) were joined simply by averaging the
velocity values obtained in the cells within the overlapping area. In this area the velocity
values obtained from Zone A were generally within 2% of the values obtained from Zone B,

thus showing a high degree of measurement reproducibility.

4-3 Theory and data analysis

4-3.1 Mean flow field and flow number

In each of the 17 planes investigated, the mean flow field was determined by ensemble-
averaging the 500 instantaneous vector fields obtained in both Zone A and Zone B depicted in
Figure 4.1. The measurements yielded a large amount of data which required the
development of a computer code to manage 51 000 files including images and text files, and
extract the required information. Thus, local time-averaged values of the radial and axial
fluid velocity componentst, (19, r, z) and Uz(ﬁ, r, z) were obtained in terms of cylindrical
coordinates. As pointed out above, such time-averaged velocity values are representative of
all the angular positions assumed by the impeller blades with respect to the laser plane.

The flow number,Fl, is a dimensionless parameter used to measure impeller pumping

effectiveness, and is usually defined as the normalised volumetric discharge, i.e.,

Fl=2
ND

(4.1)

For a PBT in a fully baffled configuration, the volumetric discha€yehas been traditionally
estimated by taking into consideration only the vertical flow emerging from the lower

horizontal edge of the impeller blades, denote@pyn Figure 4.2. Such an approximation
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assumes thdD, represents virtually all of the discharge flow, which may not necessarily be
true for the type and size of impeller used here. Given the mixed axial-radial nature of the
total discharged flow emerging from the PBJ,should include the radial contributidps
depicted in Figure 4.2 so thatQ =Q + Qs. In order to assess the importance of each
contribution separately;l, andFl3 can be calculated using Eqg. (4.1) on the basi®.aind

Qs, respectively, so thdtl = Fl, + Fls. In a similar wayFl; is defined using the volumetric
flowrateQ; entering at the impeller inlet. Time-averaged velocity data obtained from PIV in
the 17 interrogated planes can be used to determine the flov@at€» and Qs which are
defined as

9=2mr=D/2

Q= [ [w@rz)dsdr (4.2)
J=0 r=0
d=2mr=D/2

Q= | [w(@rz)dsdr (4.3)
#=0 r=0
D 9=2m zzzl_ D

QS :E _[ I ur[ﬂ’Ei chwdz (44)

9=0 z=2,

wherez; andz are, respectively, the axial coordinates of the upper and the lower edge of the
impédler blades.

When PIV data are only available in a single vertical plane, as is usually the case, axial
symmetry is presumed and the mean velocity components are assumed not to vary with the
angular position ¢ of the plane of measurement, hence, the double integrals in
Egs. (4.2), (4.3) and (4.4) are reduced to single integrals or discrete sums multiplied by 2z
While this 2D approximation may be fully justified in an unbaffled system, in a baffled
system, however, azimuthal gradients in the mean flow should be expected, but iais not
priori clear how significant these are. The experimental data obtained from the 17 planes will
allow the calculation 0);, Q. andQs using the above equations; in addition, using the 2D
approximation of thed-invariant mean velocity for each plane, the rowratéSD)(ﬂ),

#0)(:9) and Q™ () are obtained which are then normalised according to Eq. (4.1) to give
FLED(9), FISP(9) and FI™(9), respectively. By analogy witkl above, the sum of

FIZ#® and FIZ® is equal to FI®® which can be used to verify the validity of tife
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invariance assumption widely used in the literature in experimental investigations of the mean
flow in stirred vessels. Note that the flowrates (or flow numbers) obtained using
Egs. (4.2), (4.3) and (4.4), are identically equal tofreveraged values of the flowrates (or
flow numbers) calculated using the 2D approximation and denoted by the superscript ‘(2D)’.

4-3.2 Turbulent kinetic energy

The turbulent flow regime in a mechanically agitated vessel is characterised by three-

dimensional chaotic and unsteady velocity variations in space and time. For flows which are

steady on average, it is possible to resolve at any point in the system each of the three
instantaneous vector-components of the velocityinto a time-averaged mean component,

u;, and a fluctuating component, , i.e.,
u =0 +u'j (4.5)

where the subscrigtindicates the direction of the vector-component. By definition,uhe
terms are characterised by a zero average, therefore the root mean square of the fluctuating

velocity component, usually called RMS velocity, is used to quantify the degree of ‘deviation

Qs

Figure 4.2. Schematic illustration of flowrat&3;, Q,, andQs for estimating the flow number of the PBT used.
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from the mean’, thus
U, =4/u’? (4.6)

RMS velocities provide a local measure of the turbulence level and its direction within the

system. For a more detailed analysis, the RMS velocities in a given plane can be further
resolved by considering the oscillatory cycle arising from the passage of the rotating impeller
blades. Such an analysis would require detailed angle-resolved velocity information between

impeller blades, which is beyond the scope of this study.

In a stirred vessel, the impeller imparts kinetic energy to the fluid generating both the mean
flow field and the fluctuating velocities associated with it. The turbulent kinetic energy
(TKE) is the portion of kinetic energy per unit mass due to the velocity fluctuations and takes

the form of the half trace of the Reynolds stress tensor, i.e.,
k:%(@u G2 +?) (4.7)

In order to measure the turbulent kinetic energy with sufficient accuracy to reach 95% of the
correct value, the spatial resolution should be as small as ~ 20 times the mean Kolmogorov
length scale (Saarenrinegal., 2001), defined as

A :[V_gj“ (4.8)

&

wherev is the liquid kinematic viscosity ang is the specific energy dissipation rate. Using
the average energy dissipation rate within the tank, the Kolmogorov length sgals,
estimated as ~ 50m which is indeed ~ 20 times smaller than the vector resolution adopted
(2.04 mm).

The experimental setup employed in this study yields 2D PIV data in each interrogated plane
but there is no measurement of the tangential velocity component and its related RMS.

Thereforek is estimated using a pseudo-isotropic assumption, i.e.,

u92 D "l‘j'r2 D GZZ (49)
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which postulates that, in the absence of direct measurement, the third RMS velocity

component can be estimated by a 2D approximation (Sheng et al., 2000), thus

@ =2 (6 +02) (4.10)
and combining Egs. (4.7) and (4.10) yields

kz%(ﬁf +0?) (4.11)

Although this assumption has no theoretical justification in a stirred tank (Kresta and Wood,
1993b), it has been recently confirmed experimentally by kdtat. (2006) for a PBT using
stereoscopic 3D PIV data, and by Chat@l. (2007) also for a PBT by reconstructing the 3D
flow field from 2D PIV measurements in vertical and horizontal planes inside a miniature
fully-baffled stirred vessel. In this work, the analysis of the collected data allowed the radial
and axial RMS velocities and TKE to be obtained as a function of the 3D cylindrical
coordinates, namelyi, (9,r,2), G,(9,r,z) and k(,r,z). The applicability of Eq. (4.9) in

this case could be partly assessed by verifying that the measured radial and axial RMS

velocities are, in fact, approximately equal.

4-3.3 Mass continuity

As already mentioned in Section 3-5.2, mass continuity is an important means of checking the
accuracy and reliability of the PIV measurements. The net mass flux through a volume

bounded by a closed surfacsi®uld be zero, thus
2. UASO0 (4.12)

Calculations were made by considering a closed cylindrical sugagth the same vertical

axis, base and diameter as the tank but of a shorter height. Becaudewlg zero over the
external surface of the vessel or being parallel to it, the @rAS is zero everywhere except

in the horizontal plane across the tank, so thatan be reduced to such a pla8e,and

Eqg. (4.12) is reduced to a zero weighted average of axial mean velocities across the horizontal
plane considered. PIV results are based on equal interrogation areas and, because of the

cylindrical geometry, velocity vectors at different radial position correspond to different IA
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volumes. As a consequence, differently than for PEPT, the use of the mass continuity
principle involves calculations of weighted velocity averages values instead of simple
arithmetical averages. To be properly addressed, mass continuity must be considered from a
3D point of view and, hence, all the measurement planes were taken into account in the

verifications conducted.

4-4 Results and discussion

4-4.1 Mean flow field

The statistical reliability of the number of PIV image pairs used in the flow analysis was
tested by examining its effect on the mean and RMS values of the measured velocity
components. Such an effect is demonstratdedgare 4.3 at a typical sample poinf & 30°,

z=0.6 H r = 0.9 R within the vessel, where the velocities and their fluctuating components
seem to reach a good degree of convergence already after 200 image pairs. The convergence
of the measurement statistics can be tested throughout the vessel by calculating the variation
in the mean and RMS velocities when averaging a number of image pairs lower than the one

that has been used (Sharp and Adrian, 2001). Calculations conducted at most of the grid

0000000 0go000000%00000000,
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o
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O-Z%H%\Dl.j\ ﬂﬂtt!‘.ﬂ'1'." - E Bl LR I B e 3
1 0o m% - 00 o oo oo

0.1

Normalised velocity, u/usp (-)

0 100 200 300 400 500
Number of image pairs (-)

Figure 4.3. Effect of the number of image pairs used on the measured time-averaged and RMS velocity

components within a typical sample grid céll= 30°, =z0.6 Hr=0.9 R
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points in the flow using 400 image pairs instead of 500 produced variations generally less

than 2% in the mean velocities and less than 1% in the RMS velocities.

Using 500 image pairs, two-dimensional maps of the mean radial-axial liquid velgcaye

presented inFigure 4.4 for all of the 17 planes investigated at different azimuthal positions,

where the velocities are normalised by the impeller tip spged zND. As suspected, a8

the planar flow field exhibits

to 85°

SN @ Mm Y MO @Y, Y M O QN YWY MmN O

sweeps the sector between the two baffles from 5°

(-) H/z ‘uonisod jeixy

Radial position, r/R (-)

Figure 4.4. Effect of the azimuthal position of the measurement plane on the measured mean radial-axial

velocity field.
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increasingly significant differences. In each plane, the velocity map shows the usual flow
pattern observed in previous studies of a down-pumping PBT using ensemble-averaged data
(see for example, Aubiat al., 2001; Jaworslet al., 2001). The observed flow field with a
primary anti-clockwise flow loop around the impeller and the bulk region, and a slower less
prominent clockwise flow loop underneath the impeller is typical of a down-pumping PBT
with a high D/T ratio. Fluid velocities are relatively high above the impeller (> @,3%ud

around the eye of the primary flow loop, where a clearly visible flow region shaped in the
form of a 'J’ is established which includes the highest velocities (> @5 ldowever, in the

uppe part of the tank at > 0.8 Hthe flow is relatively quiescent faf < 80°, with velocities
around 0.1 . Underneath the impeller where the flow is reversed, velocities are also around
0.1ug creating a region where solid suspension has proved arduous, as shown in
Chapters VII-IX.

Rotating the laser plane froth= 5° to = 85° reveals gradual transformations in the 2D flow
field including changes in the shape and size of the primary loop, the position of its centre, the

flow discharge angle, the velocity magnitude in the impeller inlet region, the velocities around
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Figure 4.5. Effect of the azimuthal position of the measurement plane on the 2D distribution of the normalised

mean radial-axial velocity magnitude.
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the lower flow loop and the flow field in the upper part of the taRlgure 4.5 shows how
the angular position of the measurement plane influences the distribution of the magnitude of
the mean 2D velocity in the plane. The distribution gradually changes shé&peaaies from

5° to 85°, so that ultimately considerable differences are observed between extremity planes.

An average (weighted by grid cell volume) of all the mean 2D velocity magnitudes measured
in each plane, showed that the plane with the lowest average liquid velocity Was18P

(0.16 up) while the plane at? = 85° had a 50% faster average velocity (O ult should

be mentioned that this weighted velocity average, normalisaghynas been assumed in the
literature to be virtually unaffected by the position of the laser plane, so that it has been
proposed as an agitation index for characterising global impeller effectiveness (Mavros and
Baudou, 1997; Aubiret al., 2001). However, Mavros and Baudou (1997) who originally
proposed such an index used it to compare different vessel configurations where all
measurements had been made at45°, but they did point out that such an index may be
affected by the azimuthal position of the measurement plane. The results presented here show
that such an index is indeed a significant functiof @nd, therefore, 2D comparisons using

this criterion should not be made when measurements pertain to different planes.

Quantitative details of the effects observed above are presenkeguie 4.6 where radial

and vertical profiles of the two measured mean velocity compomerded u, are plotted for

three different values of. The radial profiles depicted Kigure 4.6a show the effects of the
azimuthal position of the measurement plane on both the radial and axial mean velocity
components at three different heights in the vessel, i.e., just below the impeller blade at
z=0.26 H just above the impeller blade &+ 0.40 H and halfway between the upper edge

of the impeller blade and the free surface at0.70 H In the horizontal plane at= 0.26 H

away from the wallu, is virtually the same for the two vertical planes on either side of a
bafle (i.e., 7 =5° andf = 85°), while for# = 45°, T, is generally higher, up to 40% close to

the tip of the impeller. In the same horizontal plane, this effect is reversed in the daase of
which is generally lower fo#? = 45°. These two observations confirm that the flow discharge
angle changes significantly witl¥;, as pointed out earlier in relation tgure 4.4. The
maximum angle of discharge detected in the vessel is 40° and is located in the 45° plane close
to the tip of the impeller blades. In the plane#at5° andd = 85° the maximum discharge

angle is 29° and 32°, respectively, also occurring near the tip of the impeller. In the horizontal
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plane atz= 0.40 H the radial velocities are close to zero ands higher for$ = 45°, except
close to the wall. Az=0.70 H fluid motion is relatively slow in the 45° plane, significantly
faster in the 5° plane and much faster in the 85° plane vihereaches a positive value of
0.37uwip at a short distance from the wall. Such dissimilarities indicate that the 2D flow
structure in the upper reaches of the tank is strongly dependeht étowever, considering

the entire set of radial profiles the effectb$eems to be generally negligible when 0.3 R,

I.e., sufficiently far from the baffles where probably the assumption of axial symmetry is still

reasonable.
(a) ) _ (b)
Radial component Axial component r=0.95R
0.75 T T T T T T T T 1 T T
¢
z=0.70H z=0.70H | |——39=5°
05} 1 E R 9 =450
0.8+ P |——8=85
)
/
.
061! f<
-~ L
1 \
Nt
= Radial \
35 component !
= 0.4} g
3 \
' \
g
-~
§_ < o02f 7
o 2
£ ~ /
o N 3
S <
2 S o =
Q =
S 2
> 2 /
c
& 5 08} !
: < \
o
Q
(7]
2 0.6+
[
£
.
o Axial
4 component
0.4+ E
0.2+
-0.5 . . . . . . . . oL . . . . . . .
0O 02 04 06 08 0O 02 04 06 08 1 -02 0 02 04 06 -02 0 02 04 06
Radial position, r/R (-) Normalised mean velocity component, G;/usip (=)

Figure 4.6. Normalised profiles of the radial and axial velocity compon@ntand U, in the vessel: (a) radial

profiles at three different levels; (b) vertical profiles at two different radial positions.
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The effects of the measurement plane position on the mean axial velocity profiles, are
depicted inFigure 4.6b at the radial positions=0.65R and =0.95 R. Whilst there are
some significant differences in the axial profiles @f especially atr =0.65 R, the axial
profiles of U, are strongly affected by showing large differences between planes; for
example, in the vicinity of the wall at= 0.8 H the axial velocityu, is negative in the 45°
plane (- 0.13 ), almost zero af = 5°, and positive in the 85° plane (0.3§).u

Whilst the 45° plane has usually been chosen to conduct PIV studies, more recently, the plane
59 in front of a baffle has been preferred to avoid light obstruction by the baffle in front of the
camera (Chungt al., 2009; Gabrielet al., 2008). It should be noted that in practice this
plane could in fact be situated either on the windward sitte §5°) or the leeward side
(Z=5% of the baffle, depending on the direction of impeller rotation. Therefore, such a
distinction needs to be always clearly made since the results obtained here show important

differences in the flow properties between these two planes.

4-4.2 Flow number

Using the 2D approximation af-invariant mean velocity for each plane, values@f® ,

Q¥® and Q*® were computed in each measurement plane at a short distance away from the
edge of the impeller bladéd; = d = 1.14 mm andd; = 1.86 mm (sed-igure 4.2). These
flowrates were used to obtain the approximated flow numbers which are plotted as a function
of g in Figure 4.7, i.e.,FI??, FIZ?, FIY and FI ®® =FI £ + FI . Surprisingly, for

every interrogated plane, the flow number related to the inlet fioffP is significantly

higher than the flow number related to the discharge fl&#/$> . This effect is justified in
relation to a single plane as there is no theoretical prerequisite for the 2D mass flow to be
balanced in any verticak plane; i.e., the flow can be predominantly upwards in one plane
and predominantly downwards in another. Moreover, the global flow number obtained from
the total axial and radial discharge using the data from the 17 measurementkilar@$§7),

which is consistent with published valuesFf(Hemrajani and Tatterson, 2004), does not
counterbalance the flow number at the inke € 0.81). This can be attributed to the effect

of the finite distances;, d, andds; at which the flow numbers in question were determined;
these create gaps in the cylindrical envelope bounding the control volume containing the
agitator. In order to examine such an effect, the flowr@te€). andQs, were recalculated
extending the three surfaces of integration to close such gaps, as shown in Figure 4.8.
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Figure 4.7. Effect of the azimuthal position of the measurement plane on the flow number obtained from the 2D
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Figure 4.8. Schematic illustration of flowrate®; e, Qo and Qs e Used for correct verification of the mass

balance around the agitator.
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With this modification, the error in the mass balance between the in-flow
(Qreq = 0.00405 Ms™) and the out-flows (Qx + Qzex = 0.00389 Ms™) was reduced down
toonly 4%. This highlights the importance of measuring the flow number as close as possible

to the impeller tip.

While the radial and axial contributions to the flow numBleaire comparable (FE 0.31 and

Fl3 = 0.36), Figure 4.7 shows that the approximated valu&{®® and FI{® fluctuate
differently and considerably witl#, each making a significant contribution 6> ; in fact,

for 4 <15° and# > 55° the radial discharge exceeds the axial discharge by a significant
margin, withFI1*® being up to 67% higher thafl{*> at 9 = 85° where it exhibits one of its
smallest values. If images are collected in planes distant from the baffles £38°50°)

FI*® is maximum and its value can be up to 64% higher tR&3® which is at its
minimum. However, the total approximated flow numier?® | does not appear to be much
affected by, as it fluctuates around its average value of 0.67, with a standard error < 5%.
These results show the importance of including both the radial and axial contributions in the
estimation of the flow number of an impeller generating mixed flow whether using-the
invariance approximation or 3D data from all the planes. Neglecting the radial contribution
here would lead to an underestimation of ~40-60%. Such an omission might be at least

partly responsible for the significant discrepancies irfHhalues reported in the literature.

4-4.3 Turbulent kinetic energy

The 2D contours of Turbulent Kinetic Energy are also affected by the azimuthal position of
the measurement plane, as demonstratdeigare 4.9. The energy values were calculated
using Eq. (4.11) and normalised by the square of the impeller tip speed. The highest TKE
values are generally localised in the radial impeller discharge stream, at the bottom of the
primary flow loop and, for a few planes, also at a short distance from the wall. In the regions
just above and just below the impeller the energies measured are not significantly affected by
the laser plane position; however, the lateral discharge region is characterised by a decrease in
the normalised TKE from ~ 0.095 to ~ 0.07 wh2waries from 5° to 85°. The zone nearer

the wall ¢ J0.85R) around the impeller mid-plane presents the highest azimuthal gradients
of TKE. The normalised energy values measured there are 0.05-0.96>25° and up to
double behind the baffles?E 5-10°) with a maximum of 0.11 &= 5° which is also the
greatest value recorded within the whole vessel. Wherereases, the upper half of the tank
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shows first a localised rise in TKE at the walt £ 5-40°), followed by a more uniform
redistribution of the energy value# € 50-85°). The TKE distribution in the planes behind
the baffle (i.e., lows) is markedly different from that in the planes in front of the baffle (i.e.,
high ). Minor variations of TKE are also discernible close to the base of the vessel.

Although the baffles used were transparent, the effect of the edges of the baffle interposed

between the laser plane and the camera are visiBligume 4.9, which is hard to avoid. Due

o R N WA U o N © b -

Axial position, z/H (-)
o = N WD U o U o

o = N W s U1 v N4 »® L
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Figure 4.9. Effect of the azimuthal position of the measurement plane on the radial-axial maps of normalised

turbulent kinetic energy.
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to the statistical nature of the RMS velocities, these optical artefacts are not negligible as in
the case of the velocity plots shown kigure 4.4 If desired, it would be possible in

principle to filter out such noise by further image processing and data manipulation.

4-4.4 Mass continuity

Finally the overall accuracy and reliability of the measurements was examined by verifying
the mass continuity throughout the vessel. The radial velocity component averaged over the
cylindrical surfaceS is plotted inFigure 4.10a, as a function of the radius Outside the
impdler region, the average normalised radial velocity is vanishingly small, with values well

below 0.01 w,. Where the cylindrical surfac® intersects with the agitator PIV data are not
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Figure 4.10. Mass continuity validation: (a) normalised mean radial velocity averaged over sBrfasea
function of the radius 0§; (b) normalised mean axial velocity averaged over sur@s a function of the

position of S. The shaded areas are regions of intersecti@afS with the impeller.
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available, and therefore the error in mass continuity is higher but remains quite small, mostly
below 0.02 w,. A similar plot is shown irFigure 4.10b for the axial velocity component
averaged over the vessel cross-secBonAgain, outside the impeller region such an average
velocity is close to zero, generally less than 0.2 Un the region affected by the presence of
the impeller, however, the mass continuity error increases much more this time almost
reaching 0.14. The impeller swept region which is inaccessible to the laser plane is
dominded by axial flow, thus, the deficiency in PIV data in this region causes such a larger
error in the mass continuity in the axial direction (when averagingQ)yénan in the radial

direction (when averaging ovef)S

4-5 Conclusions

Two-dimensional PIV experiments have been successfully conducted in multiple vertical
planes passing through the axis of a fully-baffled vessel agitated by a PBT and operating in
the turbulent flow regime. By considering flow through horizontal and cylindrical
hyperplanes introduced numerically in the vessel, the overall accuracy and reliability of the
PIV measurements has been demonstrated by showing that the mass continuity is verified

throughout the vessel.

With the laser sheet set at 17 different azimuthal positions, important details of the 3D
Eulerian fields of velocity and turbulent kinetic energy have been obtained. Rotation of the
laser plane causes a gradual variation of the measured 2D flow properties ultimately leading
to considerable transformations in the velocity distribution in the plane, the shape of the
primary flow loop, the position of its centre, the flow discharge angle, the velocity magnitude
in the impeller suction, the velocities around the secondary flow loop, the direction of the
flow in the upper part of the tank, and the turbulent kinetic energy distribution. The
measurement planes at 5° either side of a baffle exhibit the largest differences in flow
properties, the plane on the windward side of the baffle (85°) containing the highest velocities.
The turbulent kinetic energy appears to be more uniformly distributed in this plane, while the
highest TKE values are detected in the 5° plane on the leeward side of the baffle around the

impeller discharge region and near the wall.

The agitation index proposed in the literature, based on the average (weighted with the
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volume of the grid cells) of the mean 2D velocity magnitude measured in each plane, appears
to be unreliable for describing impeller effectiveness as it can vary by up to 50% between
measurement planes. On the other hand, using the 2D approximationfahttagiant mean
velocity for each vertical plane, the obtained flow nuni&P’ is not significantly affected

by the rotation of the laser plane, as it fluctuates around its average value (Fl = 0.67) with a
standard error < 5%. The results have shown for the type and size of impeller used here, the
importance of including both the axial and radial discharge contributions for an accurate

evaluation of the flow number.

The findings of this study suggest, overall, that #h@variance of the flow field cannot be
assumed in a baffled configuration without a considerable loss of information. As a result,
instead of using a single vertical plane, most of the results obtained by PEPT and shown in
Chapters VI-IX will be presented as azimuthally averaged Eulerian maps or profiles, which

contain the whole 3D information.
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Notation

Roman letters

D Impeller diameter m

d Distance from the edge of impeller blade m
ds Axial position of surface,S m

Fl Flow number -
FI©D) Approximated flow number -

H Vessel fill height m

k Turbulent kinetic energy m? s?
N Impeller rotational speed g

Q Impeller pumping rate m® s?
Q®D Approximated impeller pumping rate gt
r Radial distance m

R Vessel radius m

Re Impeller Reynolds number (KIB) -

rs Radius of surface,S m

S Surface area m?

S Vertical cylindrical surface area m?

S Horizontal planar surface area m?

T Vessel diameter m

1] 3D mean velocity vector |m s
u; Instantaneous velocity component m s*
vp Mean velocity component m s*
u; Fluctuating velocity component m s’
U, RMS velocity component m s*
a, u, Mean radial and axial velocity components s
U, Mean radial-axial velocity magnitude ms
Utip Impeller tip speed m s*
Us U U, Cylindrical components of RMS velocity nts
z Axial distance m

Greek letters
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eT

Ak

Specific energy dissipation rate m’ s®
Kolmogorov length scale m
Kinematic liquid viscosity m® st
Azimuthal position of measurement plane deg

Abbreviations

2D
3D
CCD
A
PBT
PEPT
PIV
RMS
TKE

Two-dimensional
Three-dimensional
Charge-coupled device
Interrogation area

Pitched blade turbine

Positron emission particle tracking
Particle image velocimetry

Root mean square

Turbulent kinetic energy
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Chapter V
PEPT compared to PIV and PLIF

Abstract

Three-dimensional Eulerian velocity measurements made by positron emission particle
tracking (PEPT) in a mechanically agitated cylindrical vessel are compared directly with
those performed in multiple planes via particle image velocimetry (PIV) using the same
mixing equipment and fluid. Additionally, cavern boundaries in a viscoplastic fluid with an
apparent yield stress, which were visually detected using a planar laser induced fluorescence
(PLIF) technique, are compared with PEPT data collected on the same non-Newtonian
system. This study aims to investigate possible minor local discrepancies obtained by two
different measurement techniques and develop an understanding of the reasons behind their
existence. Such a detailed and pointwise comparison between techniques will allow PEPT to
be reliably used to obtain accurate data throughout the entire complex three-dimensional flow
field in a range of mechanically agitated, laminar or turbulent, single- or multi-phase systems

previously not amenable to quantitative analysis.
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5-1 Introduction

Previously performed comparisons between the PEPT and PIV techniques using water
involved optical measurements collected in one single plane and azimuthally-averaged maps
obtained from tracking the whole 3D system (Pianko-Oprgtlal.,, 2009). The minor
discrepancies in the profiles of axial velocity, close to the trailing vortex system of the
impeller, were attributed to the different type of data collected and the different way of
ensemble-averaging of the two techniques. In a baffled configuration, as demonstrated in
Chapter IV, rotation of the laser plane causes a significant variation of the optically measured
2D flow properties ultimately leading to considerable transformations in the planar flow field.

If axial symmetry of the flow field cannot be assumed, intrinsic differences are to be expected
when comparing optical data collected in one single 2D vertical plane and azimuthally

averaged data related to the whole 3D system.

In Section 3-5.3 the comparison between Lagrangian tracking by PEPT and the well-
established optical technique of PIV was refined by using azimuthally-averaged 3D data for
both methods. Results showed an excellent agreement between the two methods; however,
due to the importance of such comparison, a detailed study of the differences in the flow

fields obtained with these two techniques in multiple vertical planes is still needed.

In the mixing of viscoplastic fluids, which exhibit an apparent yield stress, the agitator creates

a cavern within which fluid is in flow, but in the bulk where the shear stresses are below the

yield stress the fluid is stagnant (Adams and Barigou, 2007; A@arat, 2008; Adams,

2009; Elson, 1990; Nienow and Elson, 1988). In this case, the PEPT particle tracer visits only
a portion of the vessel volume delineating the boundaries of the cavern formed as already
shown inFigure 3.4b. Such boundaries can also be detected in a transparent fluid by using

the now well established optical PLIF technique.

In this chapter, the reliability of the PEPT technique is tested firstly in a non-Newtonian
environment by comparing cavern boundaries optically visualised via PLIF with those
detected by PEPT Lagrangian tracking. Secondly, Eulerian flow fields obtained by PEPT in a
Newtonian turbulent fluid are directly compared with 2D PIV measurements performed in the
same system. For each method, radial-axial velocities were determined in 17 vertical planes

located at 5° intervals between two adjacent baffles.
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5-2 Experimental procedures

5-2.1 Cavern boundary visualisation

An aqueous solution of 0.1 wt% carbopol 940 was used for both the experimental PLIF
visualization of caverns as well as PEPT Lagrangian tracking. The pH of this solution was
adjusted to 4.6 to give a viscous fluid whose rheology was described by a Herschel-Bulkley

model; i.e., the shear stress, z, as a function of the sheay rasegiven by
r=r1,+ky" (5.1)

where g is the yield stress, ik fluid consistency coefficient and n is the flow behaviour index.

The mixing vessel used was a flat-bottom cylindrical glass tank of diaineté60 mm, was
equipped with four baffles of width 0.1dnd thickness 0.01 T, and was stirred by a six-
bladed 45° down-pumping pitched-blade turbine of diamBter0.33 Tand height 0.08.

The off-bottom clearance of the PBT was set at 0,3 the fluid height was setldt=T.

The vessel was located inside a square glass tank which, during the PLIF experiments, was
filled with water to minimise light distortion. Both PLIF and PEPT experiments were
conducted with an impeller rotational speed\of 3.33 § corresponding to an impeller tip
speed of 0.52 m$

PLIF measurements were conducted using a Nd:YAG 532 nm pulsed laser (New Wave
Research Inc., USA) and a CCD camera (PowerView Plus, TSI Inc., USA) capable of
capturing 30 images per second at a resolution of 2048x2048 pixels. Frame and laser
sequencing were controlled by a TSI Laserpulse 610035 synchronizer and a workstation
running TSI Insight 9.0 software. A small volume (5 ml) made up of a 5 mg of fluorescent
Rhodamine 6G tracer in 1 | of test fluid, was injected at a point just above the impeller blades.
By firing a laser sheet onto the vessel, the process of cavern formation and fluid mixing
within was captured by the CCD camera at a rate of 1 frame per second. The final vertical

cross-sectional area of the caverns was stored electronically.

PEPT experiments were performed by using a neutrally-buoyant resin tracer o400 p
diameter labelled with®F. The PEPT runtime was 6 h, long enough to allow the Lagrangian
tracer to reach all regions of the cavern including those close to the cavern boundary where,

due to the poor mixing, the probability of visit can be very low.
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In order to avoid entrapment of air bubbles which can affect the fluid rheology, a fresh aliquot
taken from a large batch of carbopol solution was transferred to the mixing vessel for each
experimental run before adjusting the pH. For both measurements by PEPT and PLIF, the pH
was adjusted with particular caution, since the rheology of such a solution is highly sensitive
to pH. Nevertheless, in order to verify that the fluids examined by PLIF and PEPT had
effectively the same characteristics, fluid samples were extracted from the cavern region at
the end of each experiment, and their rheology measured via parallel plate viscometry using a
stress controlled rheometer (AR-1000, TA Instruments). The obtained rheograms showing
the Herschel-Bulkley behaviour of Eq. (5.1) are presentdéigare 5.1. The discrepancy
between the two curves obtained probing the fluids examined by PLIF and PEPT is
practically negligible, so that the fluid used for PEPT measurements can be safely considered

the same of that used during the PLIF experiments.

5-2.2 Multiplane Eulerian flow fields

The PEPT experiments were carried out in the same mixing vessel described in Chapter IV

where the 17 vertical planes had already been investigated by 2D PIV. The glass tank used

Shear stress, 7 (Pa)

o T T T T T
0 10 20 30 40 50 60

Shear rate, y (s™)

Figure 5.1. Measured variation of the shear stress with the shear rate for samples of aqueous solutions used for
the PLIF and PEPT experiments; 0.1 wt% carbopol 940; pH = 4.6.
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was flat-bottomed of diametdr= 190 mm, fitted with four equidistant wall baffles of width
0.1 T and thickness 0.01anhd agitated by a six-blade 45° down-pumping pitched-turbine of
diameterD = 0.55 Tand height 0.12.T The impeller blades were welded onto the hub which
had an external diameter equal to 0.14f internal diameter equal to 0.0%id a height
equal to 0.15 T. The off-bottom clearance of the PBT was set at ,0a8®@ The vessel was
filled with water to a height H T.

Both PEPT and PIV experiments were conducted with the impeller rotating at a constant
rotational speed dfl = 3.67 & corresponding to an impeller tip speed of 1.2'm $he value

of the impeller Reynolds number (Rg= ND?/V) was 400, thus, ensuring fully turbulent
conditions. A neutrally-buoyant resin tracer of 400 giameter labelled with® by lon
Exchange was used to track the water. The PEPT runtime was 6 h, long enough to obtain
numerous tracer locations in every region of the vessel. This enabled the full Eulerian
description of each thin vertical 5° cylindrical sector of the tank. It should be noted that
shorter PEPT experiments allow accurate azimuthally-averaged data to be obtained, as shown
in Chapter Ill, but for accurate plane-by-plane analysis a long experiment is required. The
multi-plane PIV measurements conducted using the same fully baffled cylindrical stirred

vessel are described in details in Section 4-2.2.

5-3 Comparison PEPT-PLIF

For viscoplastic materials, the boundary of the cavern is normally defined as the locus of
pointsat which the shear stress in the fluid is equal to the apparent yield stress of the material.
In such conditions, fluid motion outside the boundaries of the cavern is unexpected. Whereas
the injection of the fluorescent Rhodamine tracer is made within the cavern, the only mass

transfer phenomenon that allows the dye to reach the static fluid is molecular diffusion.

After injection, the fluorescent dye mixes within the cavern and the volume of dyed fluid
slowly expands to colour the whole cavern volume. After this point, additional stirring has no
effect on the size and shape of the illuminated vertical cross-section; thus, it can be safely
assumed to be equal to the cavern cross-section. The original captured image (Figure 5.2a
was processed using digital image elaboration software to give an enhanced image of the

cavern (Figure 5.2bwhere boundaries are clearly identifiable (Figure %.2c
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Vessel boundaries
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Figure 5.2. Caverns in a Herschel-Bulkley fluid: (a) PLIF original image; (b) processed PLIF image indicating
vessel boundaries; (c) cavern boundaries detected by PLIF; (d) locus of PEPT particle tracer locations within

cavern; (e) comparison of cavern boundaries detected by PEPT and PLIF.
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As discussed in Section 3-3.1 and shown in Appendix A, a PEPT data file is a text file
containing four main columns representing the four time-space coordinates of consecutive
particle tracer locations. Converting these four columns of numbers to four numerical arrays
Is the first step of the code written for the Lagrangian -Eulerian analysis. The Lagrangian
space information is then converted from Cartesian to Cylindrical coordinates with the origin

at the intersection between the axis and the base of the vessel.

As shown inFigure 5.2a-ky the cylindrical symmetry in such system is a safe assumption, as
the boundaries of the formed cavern are barely affected by the presence of the baffles. It
could be said that, with reference to the area of interest, the vessel is virtually unbaffled.
Therefore, plotting in a 2D plane the whole array containing the axial tracer coordiinate,
against the array containing the radial coordingteyill result in a radial-axial projection

(and hence a section) of the cavern formed around the agitator, as shown in Figure 5.2d

The direct comparison between cavern boundaries obtained by both PEPT and PLIF is finally
completed by superimposing the two resultsFigure 5.2e which shows an excellent

agreement between these two methods.

Since the viscosity of the fluid is not knowanpriori, the impeller Reynolds number can not
be determined immediately. However, the rheological measurements shéiguia 5.1
can be used to estimate the effective viscosity of the fluidiefined as the ratio between the
effective shear stress,, and the effective shear rate,. This allows the Reynolds number to
beevaluated as
ND®

RQmp = pz (52)

The broadly accepted Metzner-Otto (1957) hypothesis assumes that, in the impeller region,

the effective shear rate is proportional to the impeller rotational speed, that is
Ve=kN (5.3)

The constanks has a value in the range 10-13, slightly dependent on impeller type and size;
but for most practical purposes the value of 11 is generally recommended and was used here
(Adams and Barigou, 2007). Based on the valug, afalculated via Eqg. (5.3), the valuewf

(and hencee) was determined using the rheogram in Figure 5.1, leadingitg R&0.
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5-4 Comparison PEPT-PIV

The information contained in the long Lagrangian trajectory of the neutrally-buoyant PEPT
tracer was extracted using the code for the Lagrangian-Eulerian data analysis, as described in
Chapter Ill. Using the cylindrical symmetry of the four sectors generated by the four vertical
baffles the whole vessel domain can be reduced to one quarter, namely the volume of fluid
comprised within one of the four quadrant defined by two orthogonal vertical planes
containing the vessel axis. Therefore, the four fields of Lagrangian velocities contained in the
four cylindrical sectors are superimposed to obtain, as an added bonus, a 300 % higher

resolution in one quadrant.

In order to obtain Eulerian flow fields in planes spaced at 5°, the 3D cylindrical grid used for
the data analysis was defined with 18 cells in the azimuthal direction. Thalak® ¢ = 0°
or 4 =90°), which is not presented here, corresponds to the plane containing the baffle and

thus is not accessible by the laser sheet during the PIV data collection (Guida et al., 2010b).

The set of PEPT results are directly compared to the time-averaged PIV velocity components
presented in Chapter IV. Both sets of Eulerian velocity data are normalised by the impeller

tip speed g = aND.

The plane by plane comparisons are performed on the basis of four aspects: the modular error

in the 2D velocity magnitudes, radial axial velocity vector plots, axial velocity profiles and

radial velocity profiles. The modular error of the 2D velocity magnituggs defined as
(PIV)

(PIV))2 ((PIV))Z_\/( (PEPT))2 ((PEPT))Z
eagen N

E, = =
utip utip

(5.4)

where the superscripts (PIV) and (PEPT) indicate the technique used to obtained the velocity

value. The details of such comparisons are presented in Figures 5.3-5.19

Apart from the high turbulence regions, whegereaches values of 0.1, the modular error is
generally < 0.02. Whilst excellent visual agreement is obtained between vector plots at each
plane, a quantitative assessment can be done on the basis of the axial and radial velocity
comparisons. Small discrepancies in both velocity components are discernible throughout the
whole vessel but no particular trend can be identified, i.e., neither techniques consistently

underestimates or overestimates fluid velocity (radial or axial) at any specific position.
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Figure 5.3. Comparison of radial-axial velocity obtained by PEPT and PI¥ a°: (a) normalised modular

difference; (b) vector plot; (c) normalised vertical and (d) radial profiles.
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Figure 5.4. Comparison of radial-axial velocity obtained by PEPT and PI¥ atl0°: (a) normalised modular

difference; (b) vector plot; (c) normalised vertical and (d) radial profiles.
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Figure 5.5. Comparison of radial-axial velocity obtained by PEPT and PI¥ atl5°: (a) normalised modular

difference; (b) vector plot; (c) normalised vertical and (d) radial profiles.
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Figure 5.6. Comparison of radial-axial velocity obtained by PEPT and PI¥ af0°: (a) normalised modular

difference; (b) vector plot; (c) normalised vertical and (d) radial profiles.
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Figure 5.8. Comparison of radial-axial velocity obtained by PEPT and PI¥ aB0°: (a) normalised modular

difference; (b) vector plot; (c) normalised vertical and (d) radial profiles.
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Figure 5.9. Comparison of radial-axial velocity obtained by PEPT and PI¥ aB5°: (a) normalised modular

difference; (b) vector plot; (c) normalised vertical and (d) radial profiles.
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Figure 5.11. Comparison of radial-axial velocity obtained by PEPT and Pk¥-a#5°: (a) normalised modular

difference; (b) vector plot; (c) normalised vertical and (d) radial profiles.
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Figure 5.12. Comparison of radial-axial velocity obtained by PEPT and Pk¥-a60°: (a) normalised modular

difference; (b) vector plot; (c) normalised vertical and (d) radial profiles.
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Figure 5.13. Comparison of radial-axial velocity obtained by PEPT and Pk¥-ab5°: (a) normalised modular

difference; (b) vector plot; (c) normalised vertical and (d) radial profiles.
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Figure 5.14. Comparison of radial-axial velocity obtained by PEPT and Pk¥-a60°: (a) normalised modular

difference; (b) vector plot; (c) normalised vertical and (d) radial profiles.
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Figure 5.15. Comparison of radial-axial velocity obtained by PEPT and Pk¥-a65°: (a) normalised modular

difference; (b) vector plot; (c) normalised vertical and (d) radial profiles.
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Figure 5.16. Comparison of radial-axial velocity obtained by PEPT and P& =af70°: (a) normalised modular

difference; (b) vector plot; (c) normalised vertical and (d) radial profiles.
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Figure 5.17. Comparison of radial-axial velocity obtained by PEPT and P& =a75°: (a) normalised modular

difference; (b) vector plot; (c) normalised vertical and (d) radial profiles.
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Figure 5.18. Comparison of radial-axial velocity obtained by PEPT and Pk¥-aB0°: (a) normalised modular

difference; (b) vector plot; (c) normalised vertical and (d) radial profiles.
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Figure 5.19. Comparison of radial-axial velocity obtained by PEPT and Pk¥-aB5°: (a) normalised modular

difference; (b) vector plot; (c) normalised vertical and (d) radial profiles.
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In order to probe the impeller discharge and suction regions, which are the parts of the vessel
where the difference between PIV and PEPT axial velocities is usually maximum (Pianko-
Oprych et al., 2009), horizontal colour contours of axial velocity at these two levels (at

h =0.25 Hand at h =0.41 Hare shown in Figure 5.20.

Similar flow structures can be identified between maps; however, PIV detected higher axial

velocities in the discharge plane close to the impeller tipSfer45° while PEPT detected

Vessel - = = Impeller

Figure 5.20. Normalised axial velocity maps in a horizontal plane: (a) PEPT, discharge plar6.26H; (b)
PIV, discharge plane at=0.25H; (c) PEPT, suction plane at=0.25H; (d) PIV suction, plane &t =0.25H.
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higher velocities close to the wall &t~ 20° and$ ~ 80°. Conversely, PEPT detected higher

axial velocity in the suction plane in correspondence to the agitator, and PIV close to the wall.
Both methods gave equally valid measurements, and considering that these are the areas
where the worst agreement between the two measurement techniques was found by Pianko-
Oprych et al.,, 2009, probably because of the trailing vortex system of the impeller, the

comparisons showed in Figure 5.20 are, overall, satisfactory.

5-5 Conclusions

A previously performed comparison between 2D-PIV and PEPT involving, respectively,
measurements conducted in one single plane and azimuthally-averaged maps obtained from
tracking the whole 3D system, showed an overall satisfactory agreement between the two
techniques (Pianko-Opryddt al., 2009). However, the two-dimensional PIV measurements
presented in Chapter IV show that cylindrical symmetry of the flow field cannot be assumed
in a baffled configuration without a considerable loss of information. The comparison was
then refined, as presented in Chapter lll, by using azimuthally-averaged Eulerian velocity
fields obtained in a transparent liquid both via Lagrangian tracking by PEPT and by Eulerian

PIV measurements.

Nevertheless, due to the importance of such comparison, a detailed 3D study of the
differences in the flow fields obtained with these two techniques in multiple vertical planes is
presented in this chapter. Eulerian velocity fields in 17 vertical planes obtained by three-
dimensional PEPT measurements are compared directly with those performed in each of these

planes via PIV using the same equipment and fluid.

A part from some restricted high turbulence regions, where differences in velocity between
the two techniques reached values of @yl the discrepancy between the local modules of

the PEPT and PIV radial-axial velocity vector is generally < 0{2 uExcellent overall
agreement is obtained between vector plots at each of the 17 planes, and a quantitative

assessment based on axial and radial velocity component profiles confirms that.

Small discrepancies in both velocity components are discernible throughout the whole vessel
but no particular trend can be identified, i.e., neither techniques consistently underestimates or

overestimates fluid velocity (radial or axial) at any specific radial or axial position. The
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discharge plane of the impeller is the area where the worst agreement between the two
measurement techniques is found. Such a minor discrepancy can be attributed to velocity

fluctuations generated by the trailing vortex system of the impeller.

Additionally, cavern boundaries in the same viscoplastic fluid with an apparent yield stress,
were visualised via a planar laser induced fluorescence (PLIF) technique and radioactively
detected using PEPT. The superimposition of the cavern profiles measured by these two

different methods show no significant discrepancy between these two methods.

PEPT has now been successfully tested in detail in two different fluids and different flow
regimes through detailed comparisons with well-established optical techniques. PEPT can
now be reliably used to obtain accurate data throughout the entire complex three-dimensional
flow field in a range of mechanically agitated, laminar or turbulent, single- or multi-phase

opaque systems previously not amenable to quantitative analysis.
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Notation

Roman letters

D Impeller diameter

h Axial distance

H Vessel fill height

] Cylindrical direction index#, r or h)
k Fluid consistency coefficient

Ks Proportionality constant in Eq. (5.3)
n Flow behaviour index

N Impeller rotational speed

r Radial distance

R Vessel radius

R&mp Impeller Reynolds number

T Vessel diameter

U W Radia and axial velocity components
Urh 2D radial-axial velocity magnitude
Utip Impdler tip speed

Greek letters

y Shear rate

Ve Effective shear rate

4 Azimuthal coordinate

€m Velocity modular error

e Effective viscosity of the fluid

Vv Kinematic liquid viscosity

p Density of the fluid

T Shear stress

Te Effective shear stress

Ty Yield stress

Abbreviations

CCD Charge-coupled device

3 3 3

Pa$

w,
i
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PBT Pitched blade turbine
PBTD Down-pumping PBT
PBTU Up-pumping PBT
PEPT Positron emission patrticle tracking
PIV Particle image velocimetry
PLIF Planar laser induced fluorescence
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Chapter VI
Shannon Entropy Analysis by PEPT

Abstract

If 100 dice cannot be cast simultaneously, one single die can be cast 100 times. On the basis
of this simple principle, the experimental technique of positron emission particle tracking has
been used to develop and implement a new methodology for quantifying the local and global
mixing characteristics within a mechanically-agitated fluid batch system. Using a high data
acquisition rate, the PEPT tracer was continuously tracked in 3D space and time to accurately
determine its trajectory over a considerable period of time. By partitioning its long trajectory,
the single particle tracer can be regarded as thousands of simultaneously tracked particles
which are instantaneously, locally and non-invasively injected in the mixing system at
varying feed positions. A large amount of PEPT data were collected for impeller rotational
speeds ranging from 100 to 500 rpm which allowed new statistical tools derived from
Information Theory, such as Shannon entropy and uncertainty, to be implemented in the data
analysis. Thus, measurements of newly defined entropy mixing indices were obtained as a
function of position, time and impeller speed. The method also allowed the determination of
characteristic time parameters including the macroscale mixing time which agreed very well
with correlations of the dimensionless mixing time available in the mixing literature. Detailed
local information is provided on minimum mixing time positions for feed and withdrawal of
material, which can be used to optimise the design or operation of stirred batch mixing

systems.
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6-1 Introduction

Mixing can be defined as the increase in homogeneity through input of mechanical energy in
a single or multiphase system to achieve a desired process result. This is an important
industrial operation which is often conducted in a mechanically agitated vessel and is critical
to the successful manufacturing of numerous products. Blending of fluids is a common
mixing operation whose objective is to mix fluids to a desired level of homogeneity, and the
length of time required to achieve it is referred to as the blend time, macroscale mixing time

or simply mixing time.

Mixing time is often used as an important indicator of mixing quality and chemical reactor
performance, and a number of techniques are available for its measurement. Two that are
widely used are dye injection and acid-base colorization-decolorization (Goain 1994).

Both techniques provide similar results for blend time and have the advantage of allowing
visual observation of the mixing patterns and the location of any dead zones in the vessel.
However, they are subjective and they are also restricted to clear vessels, which makes them
useless in industrial tanks. Image processing can potentially circumvent the problem of
subjectivity using planar laser induced fluorescence (PLIF) (Cktiagy, 2007; 2009) or the
colorimetric method itself (Cabaret al., 2007); nevertheless, the transparency constraint still
presents a serious limitation to these applications. Other techniques are the fluorimetric
method (Pineault and Cloutier, 1970), the dual indicator method (Mettah, 2002), the
thermographic technique (Lee and Yianneskis, 1997), and electrical resistance tomography
(e.g., Holden et al., 1998).

The use of temperature sensors positioned at various locations in the vessel to measure
temperature uniformity provides a technique which is applicable in opaque vessels é@rown

al., 2004). The method is fairly simple and reliable provided the material added to alter the
temperature in the vessel can generate a strong enough disturbance that a response can be
measured, and provided also that the rate of bulk mixing is significantly faster than the rate of
thermal diffusion. Another technique which is also suitable in non-transparent systems is
conductivity measurement, which consists of injecting a small amount of a conductive (salt)
tracer and using one or more conductivity probes to monitor changes in conductivity at
selected locations in the vessel (Ruszkowski, 1994). The mixing time is measured as the time

taken to reach a certain fraction (usually 95%) of the equilibrium conductivity in the vessel.
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This technique has become more or less a standard method for measuring mixing time for
aqueous systems, while other techniques such as dielectric response have been proposed for

use in organic-phase solutions (Shervin et al., 1992).

Most mixing studies have focused on global measurements of mixing time including
occasionally a visualisation of flow patterns. These studies have been experimental in the
main and correlations have been proposed which match experimental data to give tractable
engineering solutions (Grenville and Nienow, 2004). However, theoretical mixing models are
rare and the lack of fundamental understanding, such as it exists, lies as much in weaknesses
in the theory as in the need for improved experimental techniques. A more detailed localised
description of the internal mixing performance of a stirred vessel in terms of dispersion,
homogenisation, microscale and macroscale mixing times and flow structures is increasingly
becoming necessary to provide a better basis for design. For example, several authors (Ducci
and Yianneskis, 2007a-b; LaRoche, 2005; Guillard and Tragardh, 2003) reported a
dependence of the mixing time on the feed position in a mixing vessel, indicating the
existence of ‘preferred’ positions for feed insertion. Usually, more by-product is formed at
feed points where local mixing is slow which has important product quality implications for
many processes such as precipitation for catalysts manufacture (Edstaatls 2009).
Consequently, careful selection of the feed location is required. However, only a small
number of investigations have attempted to quantitatively describe the influence of feed
position on mixing performance (Ducci and Yianneskis, 2007a). This has been mainly due to
the lack of suitable techniques that can be used to measure detailed local flow properties in

such systems, especially when these are opaque.

Shannon entropy is used in Information Theory to measure the uncertainty about the outcome
of a random event and describe statistical phenomena in terms of information content and
uncertainty about the outcome. Where a set of possible events has a flat probability
distribution, intuitively, an observer cannot be more uncertain about the outcome. A
guantitative approach centred on this uncertainty enables evaluation of the degree of
uniformity of the probability distribution, allowing mixing capacity/quality indices to be
specifically defined for the systems in which the physical phenomena are studied. Mixing can
be viewed as a process by which a complex exchange network between regions of the system

is generated. Thus, Shannon entropy, as used in Information Theory, appears to be a useful
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parameter for describing mixing efficiency in a system in terms of uncertainty about the
possible transitions or exchanges between zones. Ogéavad. (1980) discussed the
possibility of using Information Theory to describe mixing processes, but hitherto this idea

has not been fully developed and validated so that it can be exploited in mixing studies.

The idea behind this application of Shannon entropy is that the related probability spectra in a
mixing system can be accurately measured by tracking a single particle in 3D space and time;
thus, by judiciously partitioning its long trajectory into appropriate segments, a single particle
tracer can be regarded as thousands of simultaneously tracked particles which are
instantaneously, locally and non-invasively injected in the tank at varying feed positions.
This chapter reports on the development of a new methodology based on the concept of
Shannon entropy for the study of the local and global mixing characteristics in a batch mixing

vessel using PEPT.

6-2 Experimental

The PEPT experiments were conducted in a flat-bottom cylindrical vessel of didme288

mm equipped with four baffles of widtB=0.1 T. The agitator used was a 6-blade 45°
pitched-turbine (PBT) of diamet& = 0.5 Tand heightiv=0.1 T. The height of the fluid in

the vessel was set Bt=T and the impeller off-bottom clearance v@as 0.25 T. A resin
particle of 250 m diameter, activated withiF by an ion-exchange technique, was used as the
PEPT tracer. The working fluid was water whose density was adjusted to 1100 kg m
adding sodium chloride to make the particle tracer neutrally buoyant. Measurements were
performed at a rotational spedd, varying from 100 rpm to 500 rpm, in the fully turbulent
regime such that the impeller Reynolds number waﬁpRedDzlv> 30 000, where/ is the
liquid kinematic viscosity. The PBT agitator was studied in both down-pumping (PBTD) and
up-pumping (PBTU) modes.

In each experiment, the trajectory of the particle tracer was recorded over a period of
~ 45 min. Such a PEPT runtime was long enough to achieve an adequate resolution in terms
of tracer locations. However, a brief study of the probability of tracer presepceas
conducted to assess the accuracy of the ergodic condition assumption (see Section 3-5.1).

Dividing the vessel volume in 10 horizontal sectidhswas estimated by the fraction of time
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spent by the particle tracer in each section during the experiment. The plogmiria 6.1
show thatP, was approximately equal to its theoretical valug.{P 1/10) in all the sections;
consequently, supported by theory and experimental evidence, ergodicity of flow could be

safely assumed.

6-3 Theory and Data Analysis

6-3.1 Information and uncertainty

The foundation of Information Theory is a quantification of information. The class of objects
to which the quantity information is related are occurrences of events associated with a
probabilistic interpretation. In 1948, Shannon the main pioneer of the mathematical
formulation of the Information Theory, defined information qualitatively as that which
reduces uncertainty (Shannon, 1948). Information is something that regardless of its form
(stories, description, rumour, etc.) and value to an individual (likes and dislikes, good and
bad, merits and demerits, etc.) replaces uncertain knowledge with more certain knowledge
(Ogawa, 2007).
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Figure 6.1 Probability of tracer presence normalised by the theoretical vajue=R/10) at different vertical
positions in the vessel f&t = 300 rpm, for both (a) PBTD and (b) PBTU.
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From a probabilistic perspective, uncertainty of knowledge exists as different possible results
can be considered for an occurring phenomenon. The actual event is the one selected from a
set of possible events and can be interpreted as the result or outcome of the examined process.
An occurring event can be considered a container of information quantified by a certain
amount of uncertainty related to the unknown outcome. Such an uncertainty vanishes when

the information contained in the occurring event is produced and the outcome is known.

If the number of equally likely possible events in a set is finite, then this number or any
monotonically increasing function of this number can be regarded as a measure of the amount
of information produced when the outcome is known. Similarly, such a function is an
expression of the uncertainty about the outcome. However, there are other requirements

related to the functional form of the uncertainty about the outcome.

In Figure 6.2 an experimenX whose outcome is to be revealed is schematically illustrated.
An example oiX can simply be a quantity (e.g. velocity) expressed by a random variable. For
the moment, particular attention will be paid to the case in which thessible events of
experimentX are all equally likely. In this special case, the uncertainty about the outcome

will be a monotonically increasing function of n, say f(n).

If, as illustrated inFigure 6.3, X is a compound experiment consisting of two independent
experimentsy andZ with n; andn, equally likely events, respectively, the total number of
events,n, of the compound experiment is the produat;odindn,. Revealing the outcome of

X is, therefore, equivalent to revealing the outcomesy aind Z separately. Thus the
information produced when the outcomeXofs known must be the sum of the informations

produced when the outcomes ¥fand Z are known. Likewise, the uncertainty about the

EXPERIMENT X

n
equally
likely
events

Process

TTTH T e

Figure 6.2 Schematic representation of a hypothetical experiment from a probabilistic point of view.
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outcome of X must be the sum of the uncertainties about the outcomas®¥Yi.e.,

f(n)= f(n)+ f(n,) (6.1)
where

n=nn, (6.2)

It can be shown that the only monotonically increasing functiomsvaifiich are solutions of
the functional equation represented by Egs. (6.1) and (6.2) are multiples of the natural
logarithm of n, here denoted by log (see for example, Hanketsaln 2003); thus

f(n) = clogn (6.3)

wherec is a positive constant. The probabilipy,that one of tha equally likely events will
occur is uniform and equal to 1/n. Consequently, the information produced when the outcome

of Xis known or, equivalently, the uncertainty about the outcomecaivbe defined as
I(X)=-clogp (6.4)

If the possible events of the experiment are not all equally likely, intuitively the amount of
information contained in the occurring event cannot be the same for each possible event.
However, the definition of information can be extended to cover such a general case. A
possible eveniy;, of experimeni is an element of the set of all the possible eventsnd

its probability of occurrencey;, characterises the event itself. Whprés not uniform, the

EXPERIMENT X

EXPERIMENT Y

Process n
1
n=niny
EXPERIMENT 2Z /
Process n2

Figure 6.3. Combination of two independent experiments into one.
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term used to define the information that a specific event indeed occurred is self-information.
The self-information contained in an event, depends only on the probability of the event

itself and it is defined as
(@ )=~clogp (6.5)

Tribus (1961) later named the tenfaw;) surprisal. Surprisal is the degree to which an
observer is surprised to see a result. Whpeis maximum (equal to 1)(w;) = 0 and there is
zero surprise at observing the result. As the probability of the specific event decreases below

1, its surprisal value increases tending4o +

Where the events are pairwise mutually exclusive, the uncertainty about the outcome is given
by the average of the respective values of self-information. The average self-information is
obtained as the sum of the self-information of each possible event weighted by the probability

of occurrence of the event itself, i.e.,
H(X) =Y pllw)=-c> plogp (6.6)
i=1 i=1
where

2 p=1 6.7)

If one (or more) of the probabilities is zero, its related term in Eg. (6.6) is indeterminate
(0 xo0) and consequentlid(X) should also be indeterminate. However, any such term is
conventionally set to zero, which effectively excludes it from the calculatiot(>3f. The
convention 0x log0=0 extends Eq. (6.6) to cases in which zero probability events are

involved, and its use is justified by the limit
lim(~ plog p)=0 (6.8)

An indication that supports the postulation ti{iX) represents the uncertainty about the
outcome when tha events are not necessarily equally likely, is the limiting case of equally
likely events in whichp; = 1/n, and hencKX) = H(X). Another indication can be obtained by
considering experimenY depicted inFigure 6.4 it hasm equally likely possible events
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assembled into two groups, containingandny, possible events, such that
m+m=m (6.9)

Where an observer is not really interested in the particular outcome of the expéfirnent
only in whether the outcome is a possible event of the first or the second group, the significant

outcome is one of two eventg and e, having probabilities

M gy p= M

= (6.10)
m+m, m+m,

Consequently, it is possible to define experimémds having only two not equally likely

possible eventsp: and w,, with probabilitiesp; and p,, respectively. To determine the
uncertainty about the outcome of, it is possible to start with the amount of information
provided (or uncertainty about the outcome that vanishes), when one of drpally

probable events of the experiment Y is known, thus
(Y) = clogm (6.11)

which contains a surplus of information. It is possible to subtract the excess information
provided (or uncertainty about the outcome that vanishes) when one ofy tequally
probale events is known, i.ec,log m. However, this occurs not all the time but only for a
proportionof the time equal tow/m. Similarly, the amount of information contained in an
occurring event among thme, equally likely events of the second subgroup lsg m,, and it

occurs for a proportion of time equal te/m. The calculation then gives

EXPERIMENT X

m
EXPERIMENTY [ [ ™ _ |  possible
— FIRST event o
— GROUP 1
Process — .
— mo possible
— SECOND —
— | Group event w;

Figure 6.4. An experiment with two outputs of unequal probability.
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I(X)= I(Y)-% clogml—% dog m =-d pilog p, + p,log p,) (6.12)
In the case oh subgroups)(X) will assume the form oH(X) in Eq. (6.6) justifying the
podulate thatH(X) represents the uncertainty about the outcome for a sepadsible events

not neessarily equally likely.

6-3.2 Shannon entropy

The sum in Eq. (6.6) bears a formal resemblance to thermodynamic entropy as defined in
Statistical Mechanics introduced by Boltzmann in th& t@ntury and further discussed by
Gibbs and Von Neumann (see for example, Tsallis, 1988). For this rd@&pis also called

the entropy function opy, p,..., ph @and is sometimes written B{ps, p,..., ). Other names

such as ‘information entropy’ or ‘Shannon entropy’ have also been used in the literature.

Shannon (1948) showed, in a more rigorous way than used here to arrive at Eq. (6.12), that
the only functiorH(X) able to represent the uncertainty about the outcome of an expeXiment

is of the form indicated by Eq. (6.6). The proof was based on three properties pertaining to
the functionH(X) which quantifies the uncertainty about the outcome of an experkneith

a set of possible event®, whose individual probabilities of occurrence preps, ..., pn: (i)

H(X) must be continuous ip; (i) H(X) must be a monotonically increasing functionnof

when all thep’s are equal; and (iii) if an event is broken down into two successive events, the
origind H(X) should be the weighted sum of the individual valuesi®f), H(Z), etc; this

propety is illustrated inFigure 6.5for a case with three possible events.

The unit of Shannon entropy depends on the logarithmic base used, as changing the value of
the constant is equivalent to imposing= 1 and varying the base of the logarithm. In this
work, the logarithm used is the natural logarithm to the batbeis

n

H(X)=-> plogp, (6.13)

i=1

and the unit is calledat (natural units). However, the unit used is immaterial and should not

be a cause for concern since Shannon entropy is usually discussed in terms of relative values.

The concept of information entropy can be extended to events with conditional probabilities
or redefined for continuous random variables with a probability density function. However,
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the entropy expression given by Eq. (6.13) bears enough significance and is sufficiently

powerful for the purposes of this study.

6-3.3 Maximum entropy

The entropy function given by Eg. (6.13) satisfies many interesting properties including
additivity, symmetry, concavity, sub-additivity and recursivity. One of the most important

characteristics of the entropy function concerns its maximum. It can be shown that

—Zn: nlogp <logn (6.14)
i=1
with equality holding if and only if; = 1/h regardless df (see for example, Hankersenal.,
2003). In other words, the uncertainty about the outcome of an experin@uantified by
the entropy function) is maximum when the discrete distribution of probabilities of the
possible events is uniform. For example, in the case of only two possible evedt?}
with probabilitiesp and 1 -, the entropy function in Eq. (6.13) can be represented as a

function of p, thus

H( X) =~ plog p- (1~ p)log(L- p) (6.15)

1/2 12 R
3/8 T z /8
3/8 RN o172 3/4 /8
L8 " 1/8
/8 > iz —L—p
H(X)=H 131 H(Y)+1H(z):|-| 111,381
288 2 2'2) 2 \4'4
@ (b)

Figure 6.5 Decomposition of (a) an experimeRt with three possible events into (b) two consecutive
experimentsy andZ, both with two possible events. The values of entropy before and after the decomposition

must agree.
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which is plotted inFigure 6.6. The graph depicts the property expressed by Eg. (6.14): the
entropy is maximum whep =1 — p = 0.5 and its value ln.x= 0.693 nat (i.e., log 2). The
figure shows that the entropy function increases if the two probabilities are replaced with

another two that better approximate a uniform probability distribution.

6-3.4 Entropy and mixing

The entropy concept offers a very good means of describing probabilistic phenomena in terms
of uncertainty. Thus, local or global quality indices can be defined on the basis of the
uncertainty about the outcome of a random variable, which makes entropy ideally suited to
the study of mixing phenomena. In this work, the objective is to describe local and global
mixing in a batch stirred vessel, and the spectrurtrasfsition probabilitiesof an injected
substance (e.g. a dye) and the estimation of the related uncertainty about the occurred
transition will, therefore, form the first basis for the application of the above concepts. Given
a three-dimensional grid with equal volume cells which defines the system, the transition
from thei-th cell (the injection cell) to theth cell occurs when an element of the injected
substance is located in thh cell after a fixed time intervali, during which knowledge of

the location of the element is irrelevant.

0.8

0.7 - Hmax = 0.693 nat

0.6
05}
0.4}

0.3}

p=0.5

0.2}

0.1

Shannon Entropy, H(X) (nat)

0 0.2 0.4 0.6 0.8 1
Probability of the first event, p (-)

Figure 6.6. Entropy functionH(X), as given by Eq. (6.15) for the case of two possible events with probabilities
pand 1 -p.
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In the hypothetical condition of zero-mixing, the substance will never exit the injection cell.
On the other hand, in the case of perfect mixing the injected substance is able to reach any
cell, distributing itself uniformly throughout the whole vessel. In the case of zero-mixing, the
sole non-zero transition probability is related to the transition from-tihecell to thei-th

itself (the injection cell), while the transition from thth cell to a different celj has a zero

probability of occurrence, thus
pi =1, p; =0 where j#i (6.16)

The superscript: indicates that the transition from cellis outward. In this case, the
transitionii is a certain outcome and, consequently, the uncertainty about the outcome must
be zero. The case of plug flow, where the substance moves but without dispersing, can be
considered as another extreme example of the zero-mixing condition where the tréinsition
has zero probability and another specific transifjois certain. However, by judiciously
renaming the destination cells, Eq. (6.16) maintains its validity; i.e., one pjnigl@on-zero

and could be renamed ag p

In the case of perfect mixing any transition ij has the same probability of occurrence, thus

1 .

p{i:n— where j=12,...,nc (6.17)
C

where 1 is the total number of grid cells. Intuitively, in this case, an observer cannot be more

uncertain about the occurring transition and, consequently, the uncertainty about the outcome

must be maximum.

In order to prove the above conjectures concerning the uncertainty about the outcome in the
cases of zero-mixing and perfect mixing, Shannon entropy can be employed to estimate such
an uncertainty in both cases. Using the probability distribution defined by Eq. (6.16),
estimation of the entropy via Eq. (6.13) gives = Opatkerei denotes the injection cell

and the conventiorOx log0=0 is used. If the probability distribution is uniform as defined

by Eq. (6.17), the value of entropy obtained via Eq. (6.13)lis=logn. and, by virtue of

Eqg. (6.14), such a value is the maximum obtainable with a set g@ossible events. In
consequenceH, is a non-negative continuous function which gradumltreases from 0 to

its maximum value aH; ., =logn. , when the transition probability distribution tends to the
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uniform distribution defined by Eq. (6.17).

The more uncertain an observer is about the occurred transition, the less predictable the
transition itself is, the more uniform the transition probability spectrum is, and the better the

fluid is mixed. Since mixedness increases with the uncertainty about the occurred transition
up to the condition of perfect mixing, the evaluation of such an uncertainty can be used to

define an index quantifying the mixing capacity, i.e., the ability to mix, thus

H, 1 &
M/ =i - "log p! 6.18
HiT,max |Og Ne ; pj J pJ ( )

where M is thefirst entropy mixing indeand its value lies between 0 and 1. It is important
to note that the entropy mixing index is related to the injection e@ldl its value, therefore,
will vary with the location of the injection point.

Nevertheless, the definition of the first entropy mixing index is not entirely satisfactory. It
uses transition probabilities to estimate the dispersion capacity of a substance following a
localised injection, however, the quality of mixing is not only governed by the ability of an
injected substance to disperse but also by the degree of diversification of the flow. In other
words, for good mixing it is also important that elements of a pre-dispersed substance flowing

into a cell, would emanate from a large number of different cells (Guida et al., 2010c).

Where the tracer substance is already fully dispersed in the vessel, the movement of the tracer,
with reference to theth cell, can be classified into two types according to its direction:
outflow, from celli to a cellj and inflow, from a celj to celli. If the flow regime can be
assumed to be unaffected by the introduction of the tracer substance, taking as reference the
th cell, the presence of other amounts of tracer in the rest of the vessel is inconsequential to
the evaluation of the outflow. Therefore, ik cell can be considered as the ‘injection’ cell

and the elements of the tracer substance located in the cell can be marked and followed as the
only elements of the inner substance. Consequently, the estimations of the outflow, the
related transition probability distribution as well as the consequent uncertainty lead again to
Eq. (6.18). In order to expand the definition of the entropy mixing index, therefore, it is

necessary to analyse the inflow of the tracer substance in the i-th cell.

We refer to the probabilityp; , that an element of the tracer substance was located in cell
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some timeAt before flowing in thei-th cell, asprovenanceprobability which provides a
probability spectrum useful to estimating a new parambter, the entropy mixing index
associated with the diversification of the inflow to fké cell. Using intuitive considerations
and theoretical verifications analogous to those presented for the transition probability
spectrum above, the entropy function of a set of provenance probabHtitiesassumes the

value 0 for a zero-mixing condition artd; ., =logn. for a perfect mixing state.

In a similar way to Eq. (6.18), the entropy function of a set of provenance probabilities,
normalised by its maximum value, provides thecond entropy mixing index which is
associated with the inflow to theh cell, thus

H/ 1

M il = =— ; ' lo i% .
|_lil,max |Og Ne ; nj J pj (6 19)

Mixing performance can hence be imagined as being the combination of two factors related to
dispersion of the local outflow and diversification of the local inflow. Finally, supposing that
these two phenomena contribute equally to the total mixing performance, the arithmetic
average of the two local entropy mixing indices described above yieldhitdeentropy

mixing index; that is

— I\/IiT +Mil

M;
2

(6.20)

This more complete mixing index gives a description of mixing performance based on both
the local outflow and the local inflow. It takes into consideration how well the fluid elements
disperse after flowing out of a cell as well as how diverse is the fluid flowing into the cell, i.e.,
it considers both the past and future history of the local flow. It should be noted that the three
mixing indices defined above are all highly dependentAbrnwhich is set initially for

estimating the two probability spectra; i.g, = p; (At) and g = p; (At).

6-3.5 Multiple tracking

Quantification of the two probability spectra,; and p; , is the first experimental challenge.
Where the position of multiple elements of the tracer substance (e.g. small particles) can be
readily detected, the number of elements contained in each grid; csllknown at any time.

Furthermore, if the Lagrangian trajectory of each individual particle can be depicted, the
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number of transitions from theh to thej-th cell occurring during a fixed time intervalt, is
expressed by the number of particlas, which att = t, are inside cell and att = t, + At will

be inside cellj. A sufficiently large number of such tracked particles allows statistical
considerations, so that the frequency of transition occurrence is a good approximation of
probability and

R=n/n (6.21)

Similarly, considering the provenance of the particles flowing inte-theell, the number of
particles, n; , which att=1t, are inside celi and att =t,— At were inside celj, can be

ij

determined, thus
R=n/n (6.22)

The process for computing the numerical values,ofnd n; is schematically illustrated in
Figure 6.7; a similar procedure is used to obtajn These numbers of particles are of the
same order of magnitude as the ratio between the number of tracked particles asd; is

of theorder of the ratio between the number of tracked particlesxand

In principle, an experiment could be conceived using a large number of particles. If this is not
possible, because of the nature of the process, a single experiment can be repeated a large
number of times considered sufficient to obtain a good accuracy of measurement, e.g. one die
can be cast 100 times if 100 dice cannot be cast simultaneously. In order to avoid erroneous
results, however, the experiment must be repeated under identical conditions. Such an
approach can be used to measure the above probability spectra. Thus, by accurate Lagrangian
tracking of a single particle, the technique of positron emission particle tracking provides a

unique and powerful tool for measuring transition and provenance probabilities.

The single radioactive neutrally-buoyant particle tracer visits a grid cell many times during an

experiment. The tracer could be viewed as a different particle every time it leaves a cell and
returns to it, thus, a multiple tracking procedure could be emulated by partitioning the tracer
trajectory in as many segments as the number of times the particle tracer visits the cell. In
order to evaluate whether the particle tracer can be treated as a different particle when
revisiting the same grid cell, it is necessary to estimate the minimum segment of the past

particle tracer trajectory which will affect the rest of its trajectory, i.e., the minimum time
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necessary for the tracer to lose its memory.

6-3.6 Decorrelation time

As already discussed in Section 3-4.2, the autocorrelation coeffidignf the position
vector P(x,y,z) offers an effective tool to quantitatively determine a time range during which
the instantaneous location of the tracer is influenced by its initial position. The
autocorrelation coefficient of a single Cartesian coordinate, for exatftplés computed via

the numerical approximation of the equation

- [ XOKt-r)dt

[ ()t

A (6.23)

where 7 is the time shift. As demonstrated by Eq. (3.22), a combination of the three
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Figure 6.7. Two-dimensional illustration of the computational process to estimagad n; : (a) the particles
are dispersed within the vessel at timge (b) a grid is definedn, particles are inside cellat time t, and the

remaining particles are disregarded; (c) after a time interyahAbf n particles are within ce]l
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coefficientsA,, Ay, and A, provides the autocorrelation coefficient of the position veetor
that is

6.24
() {)+(2) oo
The decorrelation time, which is identified by the timescale characterising the decay with the
time shift of the autocorrelation coefficiefs, is representative of how fast the particle tracer
loses its memory. The numerical value of the decorrelation tinis, determined here by the

least squares method assuming a one-parametric exponential degasgobred as given by

A(r)O e (6.25)

For correct data analysis, the particle tracer can be viewed as a different particle only after a
time 3g since the absolute value of the autocorrelation coefficient is lower than 5% of its
initial value,Ap(0) = 1. In the instance &f = 300 rpm, the threshold value;3vas 1.85 s, as
shown in Figure 3.13.

6-3.7 PEPT runtime
A PEPT runtime of 45 min provides 250-300 thousands of tracer locationsider the

present turbulent conditions; consequently, the average number of locations contained in a
cell is 2500-3000 where a grid of ~ 100 cells is used. Some of the detected locations in a cell
cannot be used to simulate a different particle as they are separated by time intervals which
are too short. An iterative filter function discards locations (generally <20%) in order to
ensureAt > 3z between two locations within the same cell. The remaining average number
of locations per cell is nonetheless sufficiently large to enable an accurate estimation of

transition and provenance probabilities.

Since in the stirred vessel, as established above, the ergodicity condition is fulfilled and the
grid cells have the same volume, the actual number of PEPT locations contained in each grid
cell is approximately the same and, thus, will be a good approximation to the mean number of
locations per cell. The tracer trajectory partitioned in as many segments as the number of
times the tracer visits theth cell, will emulate the tracking of usually more than 2000

paticles. Although a longer PEPT runtime would enhance resolution, 2000 ‘tracked’
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particles and ~ 100 toroidal grid cells are sufficient to give a very detailed 2D description

(radial-axial) of mixing efficiency hitherto unreported in mixing studies.

6-4 Results and discussion

6-4.1 Mixing indices

A computational code was developed for the analysis of PEPT data based on the theory
described above. Using cylindrical coordinates, maps of the different entropy mixing indices
are obtained by defining a grid consisting f equal volume cells (i,j=1, 2,...¢»
estimating the decorrelation timg so that the correat; are obtained, and calculating the
probaility spectra p; and p; with reference to a pre-fixedt ranging from 0 to 2 min.
Two-dimensional maps of entropy mixing indices are showirigure 6.8, for both the

PBTD and PBTU whereic =98. The plots highlight the differences between the two
agitation modes: the use of an up-pumping instead of a down-pumping impeller clearly
impairs the local mixing efficiency especially in the upper part of the vessel, and increases

non-uniformity between different regions of the vessel.

1

In Figure 6.8a and dthe first entropy mixing indexM, , is very dependent on position
confirming that the feed position has a strong effect on the measured local dispersion
capacity. On the other hand, Figure 6.8b and ethe maps ofM, demonstrate that the
outlet position strongly influences the local degree of flow diversification in a system where
there are multiple injections (of several different substances) distributed in the vessel. As a
result, the third mixing indexyl;, shown inFigure 6.8cand f which describes both the local
ability to disperse flow and the local state of flow diversification, varies significantly with
position and it is maximum at= 0.85R andh = 0.55H for the PBTD, and at= 0.85R and

h =0.47H for the PBTU. It is important to point out here that a system presenting similar
maps of the mixing indices but obtained with a shorter time intetalis to be preferred

(i.e., it achieves similar mixing results but in less time).

6-4.2 Global mixing index

Where a quick comparison between two systems is needed or multiple inlets and outlets are

present, a global entropy mixing index can be very useful. As the grid cells are of equal
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volume, such a global index can be defined as the arithmetic mean of the local indi@s M

M, 6.26

"2 Z (6.26)
Similarly, global values can be obtained f& and G'. However, Figure 6.9 which
represents the variation of the mixing indices as a functiofitofeveals thatG OG' OG*

for any given rotational speed and agitation mode of the PBT. The global mixing @dsx,
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Figure 6.8 Radial-axial maps of the three entropy mixing indiéés, M' andM at N = 300 rpm,nc = 98,
At =200 ms: (a-c) PBTD; (d-f) PBTU.
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a saturation curve with an asymptotic value of 1, &+ 1 asAt — «. Increasing the
agitation speed increases the slope of the curve which, as expected, improves mixing;

however, at the same speed, the PBTD always achieves better mixing than the PBTU.

In order to obtain information on the functional expressi@t), the logarithm of the
residual (1 — g and its square have been examined as showigire 6.10; note that the

final part of the curves is flat because of the experimental error due to the non-infinite number
of particles used to estimate the transition and provenance probabilities. Ignoring the flat part
of the curves, log(1 —)Gin Figure 6.10a show a parabolic trend while (log(1})°Gin

Figure 6.10bcan be well fitted by a straight line, thus

G 01-exd-(1at)*) (6.27)

where the decay paramefeis obtained by the least squares method. A convergence time can
then be determined as a functiontaising Eq. (6.27); for examptg is the time necessary to
have G = 0.99 and its value is ~ 21/ In Figure 6.11 values oftgg are plotted depicting an

approximately linear relationship with 1/NConsequentlyNtyy is approximately constant

1.2

[ary

©
®©

Global entropy mixing index, G (-)
o
[e)}
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Figure 6.9, Variation of the global entropy mixing indice§’', G' and G, with At for different rotational

speeds and PBT agitation modes.
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showing a clear resemblance to the macroscale mixing time, or simply mixing time, typically

used for characterising stirred vessels (Nienow, 1997a).

Note that the above approximati@ G’ JG' applicable for the global indices may not be
admissible in the case of a local analysis, so tHatdM,” OM, may not necessarily be
valid. However, a dependence of the local entropy mixing indit&s, and M, , on At

similar to the one illustrated iRigure 6.9 for the global mixing indices will be shown below,

and Eq. (6.27) can therefore be used to fit the experimental data related to the local mixing

indicesM, and M, .

6-4.3 Macroscale mixing time

The basis of the technique used to quantify the spectrum of transition probabilities can be
employed to simulate a localised injection of a tracer substance and obtain information about
its local volume concentration after a time interx&al Knowledge of the initial number of
particlesn; in celli and the number of particles which move from cédl cellj can lead to
knowledge of the local concentration of particles in gellf Vp is the volume of a single
paticle tracer andAV is the volume of a grid cell, the initial volume concentration in the

injection cell is

- nVe
AV

Cio (6.28)
For cells of equal volumeAV =Vi/nc where Vt is the volume of the tank. After a
theoretically infinite time, the concentration in the tank is uniform and its valae=isjo/nc.
When At #0, a number of particles subjected to théransition, n; , generate a non-zero

volumeconcentration in cej| that is

Ve 6.29
Gi =V (6.29)

The variance (for varyingand fixedi) of the local volume concentration normalised by its

final value, ¢, is an index of the homogeneity achieved in the vessel and is given by

0?2 =ii(ﬁ—1j (6.30)

Nc =\ G
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Combining Egs. (6.21) and (6.28)-(6.3@)° can be expressed as a function of the transition
probabilities, thus

af:%fxmf-l (6.31)

=

While in previous experimental works such a variance was, for example, determined as the
variance of the output of usually 1-3 conductivity probes following the localised injection of a
salt tracer, in this case Eq. (6.31) provides the variance of the output from the equivalent of a
set of 98 non-intrusive local concentration probes uniformly distributed in the vessel.
Moreover, the calculation can be repeated by changing the inddych is experimentally
equivalent to changing the feed point of the tracer. Thus, 98 different injection points can be
investigated in the tank. The two quantitie$ and M, are both dependent only on the set

of transition probabilitiesp; whose distribution changes witt. While o? is a measure of

the quality of mixing achieved after a timé, the entropy mixing indeM,' is a measure of

the level of dispersion obtainable int. Their physical significance as well as their
mathematical definitions given by Eqs. (6.18) and (6.31), suggest that it should be possible to

find some relationship between these two parameters.

The experimental measurementat as a decreasing function of time allowed the definition

of the (macroscale) mixing time as the time necessary to reach a pre-determined degree of
homogeneity (Ruszkowski, 1994). Conventionally, the mixing tpes the time necessary

to obtain a degree of homogeneity of 95%, thatojs= 005, corresponding to a local
concentration mainly between 95% and 105% of the average concentration in the vessel; thus
o? = 00025 for At=6,. When such a degree of homogeneity is reached, the measured
quantities tend towards their limiting values; i.ep; — 1/nc, o’ -0 and M| - 1.

Consequently, some approximations can be used.

A real function f (77) that is infinitely differentiable in a neighbourhood of a real nunaber

can be approximated by its Taylor series:

flp)=3 6

g (n-a) (6.32)

where f@(a) denotes the-th derivative off evaluated at poird; the zero-th derivative df
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is defined af itself. If the range of interest gfis ‘sufficiently’ close toa, the series can be

even truncated at the first-order term, so that

t(7)O f(a)+% (7-a) (6.33)

Consequently, the above approximation can be applied to the natural logarithm function

logp; when pj - 1/nc, so that

: 1 o1
log p; Dlog(n—j + 1 ( b, —n—] =n.p, —(1+logn) (6.34)

C C

and as a result, Eq. (6.18) can be modified to give another expression of the first entropy

mixing index valid only whenp; - 1/nc, thus

Ne & 2 1+logn
'\/IiT |:|_ c iT +—C
logne ;(pj) logn. (6.35)

Combining Egs. (6.31) and (6.35) yields the sought relationship between the variance of the

normalised local volume concentratiofi and the entropy mixing indeM ;' , thus
a.iZ

M 01—
logne

(6.36)

However, the validity of this correlation is limited to the valueatofor which a high degree
of homogeneity has already been reached. If the mixing 8nés the time necessary to
achieve g, = 005, according to Eq. (6.36)4,, is also the time necessary to achieve
M/ (em): 09994 wheren. =98. In a similar way to the case of the global entropy mixing
index G, a convergence timg,, can be defined as the time required to reklch= 09994,

so that
toox 16, (6.37)

This important result allows the mixing time to be directly calculated via an entropy study of
the system and it paves the way for an extended investigation of such a fundamental
parameter. The subscriptn M, indicates the injection point of the tracer, therefore, the

mixing time in this case can be measured for 98 feed positions. An extension of the concept
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of mixing time can be found in the meaning f,, the time necessary to achieve

M, = 09994. By similar considerations, it can be shown thgt is the time necessary to

find a similar @ = 005) concentration oihc different tracer substances in cel{outlet)
starting from an initial state in which each equal volume cell contains the same amount of a
different tracer (i.e., totally segregated system). Alternativgly,could be perceived as the

imaginary mixing time if the temporal evolution of the flow were inverted.

The definition in Eq. (6.20) indicates that values of the third entropy mixing iMiexare
constantly betweeM, and M, which are modelled using the expression of Eq. (6.27). The
convergence timetgg, Necessary to achieviel, = 09994, could therefore be approximated

by the arithmetic mean df,, andty,,. However, in this work such a convergence timg,

which contains in its definition the concepts of flow dispersion and diversification, was
calculated in a more accurate way numerically solving in each grid cell the transcendental

equation

exp(— (A'tggx)°‘5)+ exp(— (Aitggx)"'s): $1 09994 (6.38)

which is obtained by combining Eqg. (6.20) and Eq. (6.27) used for Mgtrand M . The
decay parameterd’ and A' are obtained locally using the least squares method based on the

monoparametric expression of Eq. (6.27).

6-4.4 Local analysis

As discussed above, the maps depicteBigure 6.8 were obtained usingt = 200 ms. For

At =0 s the mixing indices are zero (maps uniformly white) whileAtor 10 s the indices

will converge to 1 (maps uniformly black). A similar variation of the local mixing indices
with the time interval shown ifrigure 6.9 for the global mixing index is expected and
Figure 6.12confirms such a supposition, the expression in Eg. (6.27) can therefore be safely
used to fit the experimental data related to the local mixing indices. The figure shows how in
different positions of the tank the convergence of the mixing indices could require very
different time intervals and so, as anticipated above, the approximtidnM," OM;' is

indeed not strictly valid in the case of a local analysis. Moreover, the curves in
Figure 6.12candd show that, although a PBTD mode generally offers a faster convergence,

for certain feed or outlet positions the PBTU may in fact perform better.
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The maps inFigures 6.13-6.15 offer an interesting means of estimating the local mixing
capacity at various inlet/outlet positions for different agitation speeds. The qualitative
resemblance between the convergence time maps at different rotational speeds is evident due
to the linear dependence of the local convergence times on 1/N. However, the maps are
guantitatively different as increasimg proportionally reduces the convergence times. Plots

similar toFigure 6.11 can be obtained for each one of the 98 grid cells, and an example is
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Figure 6.13 Radial-axial maps of the three convergence time intetygls ts,, and ty, of the three entropy
mixing indicesM,", M, and M; atN =300 rpmnc = 98: (a-c) PBTD; (d-f) PBTU. The black dots represent

the positions examined Figure 6.12
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shown in Figure 6.16 forr=0.5R andh=0.75H The figure confirms the above
proportionality so that local values of the dimensionless convergence fifigs, Nty,, and

Nty , are practically constant at different impeller rotational speeds.

Previous experimental studies which measured mixing time in single phase turbulent flow
report that the tracer is usually injected at the surface, and where a PBT type impeller is

employed it is used in the down-pumping mode (PBTD) and its off-bottom clearance is
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0.33 T. Since the clearance used here@a$.25 T the injection point was selected at 2 C
above the impeller mid-plane (h = 0.75 H) and halfway between the vessel axis and the wall
(r = 0.5 R), so that the values gf, for the PBTD presented FFigure 6.16 can be compared

to experimental results from the literature.

The majority of the mixing literature has reported on the basis of single surface feed-point

measurements that in the turbulent regime the dimensionless mixing time, i.e., the product of
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the measured mixing time and the impeller speed, is a constant independent of the impeller
Reynolds number. The value of this constant, however, is dependent on the impeller type and
also on the impeller-to-tank diameter rdlf whenH = T. The design correlations given by
Ruszkowski (1994), Grenville and Nienow (2004) and Nienow (1997b) are all of the form

2
NG, = APo'm(%j (6.39)

where Po is the dimensionless power number of the impeller (~1.33 for a down-pumping
pitched blade turbine under turbulent conditions Witk 0.25 7 and the constark varies
slightly in the literature from 5.2 to 6. The average valueNaf, at the above selected
postion for the PBTD, was 21.5 which agrees very well with the value of the dimensionless
mixing time (N, = 19-22) predicted by Eqg. (6.39).

Such a comparison between the mixing times obtained by the Lagrangian PEPT data and the

empirical correlation expressed in Eq. (6.39) is a further confirmation of the validity of
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Figure 6.16 Convergence time intervats, , ts, andty, of the three entropy mixing indiced;”, M; and
M; at f =0.5 Rh=0.75H as a function of N for both PBT agitation modes.
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Eq. (6.37). As a result, the convergence timgs, ts,, and ty,,, can now be called
respectively first, second anthird entropy mixing time, i.et,, t,, andt,,. The first entropy
mixing time is identical to the (macroscale) mixing time used in the mixing literature. In
Figure 6.17 maps of the dimensionless entropy mixing tinhts, Nt., and Nt , are plotted

for each agitation mode. Given that the dimensionless entropy mixing times are practically

independent oN, the average of the 8 data sets corresponding to different agitation speeds is
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Figure 6.17. Radial-axial maps of the first, second and third dimensionless entropy mixingNithedNt, and
Nt : nc = 98; (a-c) PBTD; (d-f) PBTU.
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presented for better accuracy. The plots demonstrate that the first dimensionless entropy

mixing time, equivalent to &, varies considerably with the feed position.

6-4.5 Design of mixing processes

Little attention has been devoted in the mixing literature to the effect of the feed position on
mixing efficiency and, as mentioned above, previous studies have focused on the effects on
the mixing time of the impeller type and size, vessel dimensions and agitation speed with the
tracer typically injected at the surface. Nevertheless, a ~ 30% reduction in mixing time was
reported by Ducci and Yianneskis (2007a-b) when the tracer was carefully inserted inside the
core of the detected macro-instability vortex generated by a radial flow impeller rather than
outside it. Through PIV measurements, Doulgerakial. (2009) concluded that even more
substantial mixing enhancements can be achieved by using feed pipes located within the flow
where the macro-instability energy maxima are found. Similarly, Guillard and Tragardh
(2003), by measuring instantaneous pH values in 3, 12 and®3&imed vessels,
demonstrated that both under unaerated and aerated conditions the location at which the tracer
is added substantially affects the dimensionless mixing tiéhe N

In addition, by numerically simulating the paths followed by 100 000 particles released at
three different points in the flow (just below the free surface, at the impeller mid-plane and
halfway between the PBT and the surface), LaRoche (2005) showed that the location of the
feed pipe can have a huge effect on the mixing efficiency. Finally, by positioning a static feed
pipe at a point close to the impeller where energy dissipation is considerable, Astsaklli
(2005) showed that the micromixing efficiency (although conceptually different from the

macromixing efficiency being considered here) is enhanced by several folds.

The final results presented kigure 6.17 show a very wide variation in local entropy mixing
times throughout the vessel. In addition to the numerical quantification of the entropy mixing
times, these results enable rapid identification of the regions within the vessel producing the
fastest flow dispersion or reaching the fastest flow diversification, and the regions where both
effects are considerably fast. Such detailed maps could be used to inform equipment and/or

process design so as to maximise the overall mixing efficiency of the system.

For the stirred vessel geometry considered here, the best positions for feeding or withdrawing

material are shown ifrigure 6.18. The location and orientation of the inlet stream were
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chosen on the basis of the position and shape of the white zdrigsiie 6.17a and dor the

PBTD and PBTU, respectively, whemt,, is lowest. In this case, it is apparent from the
local values ofNt, that a PBTD generally allows a better mixing efficiency. However, for
proesses where there is a requirement to position the feed (or withdrawal) point at a pre-
determined location it might be advantageous to use a PBTU; for example,
Figure 6.17a and dshow that when feeding in the vicinity of the upper edge of the impeller,
Nt,, for a PBTU is smaller than for a PBTD. Note that the best withdrawal positions for both
PBT configurations, which are located in the regions whare is minimum and the
diversification of the flow is fastest, are essentially the same. Moreover, the méjis of

Figure 6.17candf could be used to design a stirred tank where the feed and withdrawal
streams alternate using the same line stpas the convergence time of the third entropy
mixing index M; which by definition includes both concepts of flow dispersion and local
diversification. The above findings suggest that the usual practice of injecting at the surface
and withdrawing at the base should be reconsidered to maximise mixing in stirred vessels.
Finally, the entire computational process is summarised in the form of a block diagram in
Figure 6.19.
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Figure 6.18. Best feed and withdrawal positions in the vessel: (a) PBTD; (b) PBTU.
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6-5 Conclusions

A new methodology based on the concept of Shannon entropy has been developed for
studying the local and global mixing performance in a batch stirred vessel. The Lagrangian
technigue of positron emission particle tracking has been used to conduct experiments in the
fully turbulent regime.

Three newly defined local entropy mixing times have been proposed which enable rapid
identification of the regions within the vessel producing the fastest flow dispersion or
reaching the fastest flow diversification, and the regions where both effects are considerably
fast. Such detailed results could be used to inform the design of experiments to study mixing
phenomena or equipment design to maximise the global or local mixing efficiency of the

system.

For the stirred vessel configuration and pitched blade turbine considered here, the best
positions for feeding have been located relatively close to the wall in line with the upper edge
of the impeller for a PBTD or slightly above it for a PBTU, whilst the best withdrawal
positions are found approximately a baffle-width away from the wall slightly above the
central horizontal plane of the vessel regardless of the orientation of the PBT. A better global
and local mixing performance is generally obtainable using a PBTD rather than a PBTU;
however, for processes where there is a requirement to use a specific feed or withdrawal
position, both impeller configurations should be considered as a PBTU might be preferred to
a PBTD.

Despite the additional complexity generated when a pipe is placed deep inside the flow (e.g.
vortex shedding around the pipe or influence of the feed rate), the common industrial practice
of injecting at the surface and extracting at the base should be reconsidered to achieve better

mixing efficiency in these systems.
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Notation

Roman letters

Constant in Eq. (6.32) -
Constant in Eq. (6.39) -
Autocorrelation coefficients of(B -
Autocorrelation coefficients of x(t), y(t), z(t) -
Baffle width m
Arbitrary constant in Eq. (6.3) -
Impeller off-bottom clearance m
Mean tracer volume concentration -
Tracer volume concentration in cgll -
Initial tracer volume concentration in cell -
Impeller diameter m
Generic function -

First, second and third global mixing indices -

Axial distance m
Vessel fill height m
Shannon entropy of transition probabilities nat

Shannon entropy of provenance probabilities nat
Shannon entropy function nat

Cell indices -
Uncertainty about the outcome Xf -
Self-information contained injw -
Location counter in Figure 6.19 -

First, second and third entropy mixing indices -
Number of possible events -
Impeller rotational speed S
Number of grid cells -
Number of particles within cell -
Number of particles flowing frominto | -

Number of particles emanating from | -
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ng
p
Pi
P

t99 t9T9 t§;9
t99X t919X t919X
ty tn tn
Vp

V7

w

XYy z
XY, Z

Greek letters

AV

n
Om
A A A

Oi

Number of PEPT locations
Probability

Probability of the evend;
Transitional probability
Provenance probability

Impeller power number
Probability of tracer presence
Theoretical limit value of P
Summation index in Eq. (6.32)
Radial-axial cylindrical coordinates
Tank radius

Impédler Reynolds number (Niv)
Tank diameter

Time

Convergence time intervals @', G', G'

Convergence time intervals &ff, , M/, M}

First, second and third entropy mixing times S

Particle volume

Total volume of the working fluid
Impeller height

Cartesian coordinates

Experiments

Grid cell volume

Variable in Eq. (6.32)

Macroscale mixing time

Decay parameters @', M/, M}
Kinematic liquid viscosity
Standard deviation of normalised c
Time shift
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Td

Decorrelation time

i Possible event

Q Set of possible events
Abbreviations

LSM Least squares method

PBT Pitched blade turbine

PBTD Down-pumping PBT

PBTU Up-pumping PBT

PEPT Positron emission particle tracking
PIV Particle image velocimetry

PLIF Planar laser induced fluorescence
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Chapter VII

Mixing of Monodisperse Solid-Liquid Suspensions

Abstract

The technique of Positron emission particle tracking (PEPT) has been used to determine the
two-phase flow field and spatial phase distribution in a stirred vessel containing coarse glass
particles suspended in water. The Lagrangian flow data provided by PEPT have been
converted to give a detailed Eulerian description of the two-phase flow generated by a pitched
blade turbine (PBT) operating in up-pumping or down-pumping mode. For the first time, it
has been possible to determine the full 3D velocity and concentration fields of both the liquid
and the solid phase within an opaque dense slurry of this type containing up to 40 wt% solids.
The detailed PEPT measurements have also enabled the solids mass balance and the mas:
continuity of the two phases to be accurately verified throughout the vessel. The data show
that the pumping effectiveness of the PBT is unaffected at moderate solid fractions, but is
considerably reduced at high fractions and even more so in the up-pumping mode. A
uniformity index based on the variance of the local solids concentration in the vessel shows
that, overall, a down-pumping PBT achieves a significantly better homogeneity than an up-
pumping PBT.
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7-1 Introduction

Solid-liquid mixtures are widely encountered in a variety of industrial processes including the
manufacture of fine chemicals, pharmaceuticals, personal/home care products, polymers,
food, paper and pulp. Numerous difficult mixing problems are found with solid-liquid
processing, some 86 of products in the chemical industry, for example, being of this type
(Shamlou, 1993). Operations involving the suspension of solids in a continuous phase such as
bio-slurries, crystallisation and catalytic processes frequently employ mechanically agitated
vessels. Design, control and performance are dependent on a thorough understanding of the
flow dynamics. The choice of design parameters to ensure an adequate solid distribution is
still an open problem for design engineers. In such systems one crucial aspect is the
achievement of good mixing which allows for an efficient interaction between the two phases.
The methods generally used for designing stirred vessels for solid-liquid mixing tend to be
based on a global ‘black-box’ approach, and a more detailed description of the internal flow
structure is needed to aid the development of rational design rules. Recently, with the advent
of powerful measurement and modelling techniques, more effort is increasingly being devoted
to this field of research to try and fully understand the mechanisms behind particle suspension
and distribution (Unadkadt al., 2009; Tamburinet al., 2009; Guhat al., 2007; Kagoshima

and Mann, 2006).

A localized hydrodynamic approach provides a better basis for design since it enables a
detailed description of the multi-phase flow structure to be obtained. Whereas for translucent
systems Eulerian data have been available through the use of well established techniques such
as laser Doppler velocimetry (LDV) and particle image velocimetry (PIV), these optical
instruments, however, have only been applied to very dilute suspensions and cannot be
applied to dense slurries which are opaque. So far, other attempts at local measurements have
been mainly limited to the investigation of mean axial solid-concentration profiles at
relatively low concentrations using a single vertical conductivity or capacitance probe traverse
or a withdrawal technique (Brunazzi al., 2004; Barresi and Baldi, 1987). However, these
methods give limited information and cannot be used to probe concentrated suspensions in

detail or to measure the 3D distribution of both liquid and solid.

In this chapter, the technique of positron emission particle tracking (PEPT) is used to study

the mixing of dense suspensions of monodisperse coarse glass particles in water. Extensive
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data for suspensions containing up to 40 wt% solids are presented here. Detailed information
IS obtained on particle and fluid trajectories which is converted to give a pointwise Eulerian
description of the two-phase flow field as well as the spatial distribution of both the liquid and

solid phases.

7-2 Experimental

PEPT experiments were conducted in a flat-base cylindrical vessel of didneR38 mm

made of Perspex, as shownRigure 7.1. The vessel was fitted with four wall baffles of
width 0.1Tand was agitated by a 6-blade 45° pitched-turbine (PBT) of diabet€.5T and
height 0.1T as depicted kigure 7.2. The off-bottom clearance of the PBT was 0,250

the height of the suspension in the vessel was d¢é¢t=at. The suspending liquid used was
water whose density was adjusted to 1150 Kgby adding NaCl to make the PEPT particle
tracer used to track the liquid phase neutrally buoyant. Nearly monomodal and nearly
spherical glass beads £2.85-3.30 mm) having a density of 2485 k{ were used to make

a two-phase suspension with a mean solid mass concentrdtioarying in the range 0 to

40 wt% (or, equivalently, with the mean solid volume concentra@pwarying in the range
0-23.6 vol%). Experiments were conducted at the minimum rotational speed for particle
suspensionl;s, visually determined experimentally according to the well-known Zwietering
criterion, i.e. no particle should remain stationary on the base of the vessel for longer than 1-
2 s (Zwietering, 1958).

Mixing of the suspension was investigated with the impeller operating in the down-pumping
mode (PBTD) and in the up-pumping mode (PBTU). The experimental conditions are
summarised iMTable 7.1. At a given solid fraction, the measubigvalues for the PBTD

and PBTU in this case are the same within experimental error. It should be noted, however,
that while the concept dfNjs is simple, its accurate measurement is not especially under
conditions of high solids concentration. DeterminatiolNgtends to be somewhat subjective

and even more so under such turbid conditions, so that accurate measurefNeusiofy the
Zwietering criterion can be difficult.

For a given solid-liquid suspension, PEPT experiments consisted of independently resolving

the full three-dimensional trajectories of the fluid phase and of the solid phase in two
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5 -
N
@v\{\.
3

Figure 7.1. Experimental PEPT set-up: 1 cylindrical tank; 2 shaft; 3 baffle; 4 PBT impelferay detectors; 6
PEPT particle tracer.

Figure 7.2. Mixed flow impeller used: 45° pitched-blade turbibes 144 mmw = 41 mm, b= 55 mm.
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successive and distinct experiments. A representative glass particle radioactively labelled
with *®F, by direct irradiation, was used to track the solid phase, whilst a neutrally-buoyant

resin tracer of 600 m diameter also labelled witfF was used to track the liquid phase.

Fore each experiment, the PEPT tracking timejn this study was set at 30 min for each
phase, which was long enough to acquire a sufficient amount of data in all regions of the
vessel, so that ergodicity could be safely assumed given that in such a system the probability
of visit is sufficiently uniform by virtue of the highly turbulent state of the suspension
(Remp = NsD%v> 10), and the open geometry of the vessel where all regions are more or
less equally accessible by the tracer. Ergodicity is discussed in more details in Section 3-5.1.

7-3 Results and discussion

7-3.1 Liquid and solid velocity fields

For each experimental investigation, PEPT provides the Cartesigjz)(>coordinates of a
single particle tracer moving within the system being studied as a function of time, as
illustrated inFigure 7.3. These sets of raw data were analysed using the code described in
Chapter Il with a number of grid cellg =512. The vector velocity maps of the agitated
liquid obtained with no solid particles present in the vessel are shokigure 7.4 for both

the PBTD and PBTU aN=5.58" Using cylindrical coordinates, the radial-axial 2D
velocity maps were obtained by azimuthally averaging the 3D velocity data and projecting

them onto the 2D radial-axial plane (rh), as described in Section 3-3.8. Whilst being two

Table 7.1. Experimental conditions for the study of monodisperse solid-liquid suspensions.

X (Wt%)  C (volos) N or Ns (59 Rém ()
PBTD PBTU PBTD PBTU
0 0 5.50 5.50 1.31 x 10 1.31 x 10
5.2 2.5 6.00 6.25 1.43 x 10 1.49 x 10
10.6 5.2 6.75 6.83 1.61 x 10 1.63 x 10
20.0 10.4 8.00 7.83 1.91 x 10 1.87 x 16
40.0 23.6 9.83 9.67 2.34%x 16 2.31x 10
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x {mm)

y (mm)
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Figure 7.3. Segment of liquid tracer trajectory in a stirred suspension: (a) horizontal Cartesian cocftlinate

(b) horizontal Cartesian coordinatg)y(c) vertical Cartesian coordinatg)z

(a) (b)

Axial position, h/H (-)

0 2 4 6 8 0 2 4 6 8 1
Radial position, r/R (-) Utiey

Figure 7.4. Azimuthally-averaged radial-axial velocity maps of the liquid phase in the absence of solid particles
atN = 5.5 §: (a) PBTD; (b) PBTU.
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dimensional, these flow maps are representative of the whole 3D velocity field. The observed
flow field with a single flow loop is typical of a down-pumping PBT with a low impeller off-
bottom clearance, whilst an up-pumping PBT usually gives rise to a double flow loop. As
expected, fluid velocities are relatively high in the impeller region and around the centre of
the flow loops but low in the upper parts of the tank and in the centre of the loops. For ease
of comparison, all the velocity plots presented have been normalised by the impeller tip

speed, §.

The effects of the mean solid concentratignon the fluid and solid phase velocity fields
generated by the PBTD are depictedrigures 7.5 and 7.6. A comparison of the liquid flow
maps under single-phase flow conditions (Figure 7.4a) and in the presence of the solid phase
(Figure 7.5 shows global qualitative similarities in the flow pattern eveK at40 wi%. A

more detailed scrutiny of the images reveals no significant quantitative changes in the velocity
field up to 10.6 wt% of solids, followed by a significant diminution of the normalised velocity

in the impeller discharge region above 10.6 wt%, accompanied by a slight variation in the
shape and position of the flow loop; the centre of the loop slowly changes position axially
upwards fromh = 0.2H (X =0 wt%) toh = 0.25H (X = 40 wt%) and radially inwards from

r =0.73R tor = 0.63R The ability to detect such fine details in these opaque systems is
testimony to the power of the PEPT technique. Similarly, increasing the solid concentration
up to 10.6 wt% does not produce any significant effects on the solid phase velocities, but at
higher concentrations there is a clear damping effect on the solid flow field around the
impeller, as depicted iRigure 7.6. Such a damping effect appears to be more pronounced at
20 wt% than at 40 wt%. These results, however, should be considered in conjunction with the
solid phase distributions presented laterFigure 7.9 which show a much higher relative
solid presence around the impeller at 20 wt%, and thus explain the lower local Eulerian

velocities.

The liquid and solid flow patterns generated by the PBTU are shown in Figures 7778and

and similar to the PBTD, a first qualitative analysis suggests that the flow maps on the whole
are not extensively affected by the increase in mean solid concentration, while a more detailed
analysis reveals the presence of secondary effects. There is a significant reduction in the
magnitude of the normalised fluid velocity in the impeller discharge region at concentrations

above 10.6 wt% solids, but there are no noticeable effects below that (Figure@dib
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X = 5.2 wt% X = 10.6 wt% X = 20 wt% X = 40 wt%
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0O .2 4 6 .8
Radial position, r/R (-)

Figure 7.5. Azimuthally-averaged radial-axial velocity maps of the liquid phase for the PBTD at vXrging
N = Ns.
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Figure 7.6. Azimuthally-averaged radial-axial velocity maps of the solid phase for the PBTD at vArgimd)
N = Ns.
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Figure 7.7. Azimuthally-averaged radial-axial velocity maps of the liquid phase for the PBTU at vXrging
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Figure 7.7). At the highest concentration of 40 wt%, the lower flow loop appears to have
contracted significantly with the centre shifting downwards by half the impeller height

(0.05H), while the upper flow loop has virtually disappeared. Similar observations can be
made concerning the effects of solid concentration on the magnitude of the normalised
particle velocity in the impeller discharge region, as showrFigure 7.8. Again, the

contraction of the lower flow loop at 40 wt% solids is noteworthy.

The above observations are quantitatively confirmdeigare 7.9 which shows details of the
effects of the mean solid concentration on the three velocity components of both the liquid
and solid phases. The plots exhibit radial distributions of the three velocity components

(us, W, W) for both liquid and solid in the horizontal impeller discharge plane, i.e. along the

X =0wt% X=52wt% X=10.6wt% X=20wt% X =40 wt%
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Figure 7.9. Azimuthally-averaged radial profiles of the three velocity components in the horizontal impeller
discharge plane &t= 0.2H for the PBTD and k& 0.3 for the PBTU; N =N.
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lower edge of the impeller blade lat= 0.2Hfor the PBTD, and along the upper edge of the
impeller blade ah = 0.3Hfor the PBTU. As done for the flow maps, all the velocity plots
have been normalised by the impeller tip spegsd for ease of comparison. As expected, the
dominaat component in this plane is the axial velocity. The tangential velocity component is
only significant close to the impeller and declines to almost zero away from it. The radial
component is generally relatively small except at 40 wt% solids in the case of the PBTU
where for both liquid and solid it is comparable to the axial component. This indicates a
change in the impeller pumping direction down to approximately 45° which confirms the

observed contraction of the lower flow loop in Figures 7.7 and 7.8.

7-3.2 Spatial phase distribution

As demonstrated in Chapter lIll, in addition to location and velocity information, PEPT allows
the occupancy distribution of the particle tracer to be determined via measurements of the
time that the particle spends within each cell. As shown by Eq. (3.20), the occpaiscy
directly proportional to the local volume concentratmrso that, in the examined two-phase
system, phase distributions can be mapped using PEPT. Therefore, the azimuthally-averaged
radial solid concentration profiles were estimated and are showgune 7.10 for both the

PBTD and PBTU. All the solid volume concentration profiles have been normalised by the
mean solid volume concentratio@, A high solid accumulation underneath the impeller is
visible for every value of the mean solid concentration. This effect is more pronounced in the
case of the PBTU at 5.2 wt% and 10.6 wt%. Everywhere else in the vessel, both pumping
modes generate more or less similar radial concentration profiles. The vertical profiles of the
normalised volume concentration of the solid phase averaged azimuthally and ragliatly,
displayed inFigure 7.11 for both pumping modes. The plots highlight the high degree of
vertical non-uniformity of the solid distribution, with a local minimum at the impeller level

and a local maximum above it, near the central plane; these salient points are much more
prominent in the case of the PBTU. The shape of these profiles bears a good resemblance to
the so-called ‘belly-plots’ available in the literature obtained by a number of other studies
using either a single vertical probe traverse or a withdrawal technique (e.g., Barresi and Baldi,
1987). The results presented here, however, are much more detailed as solid concentration
values are accurately determined on a pointwise 3D grid covering the whole vessel, which has

not been possible before with any technique including sampling and probe methods.
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Figure 7.10. Azimuthally-averaged radial solid volume-concentration profiles at different heights in the vessel;
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Figure 7.11. Vertical normalised profiles of azimuthally and radially-averaged solid volume concentration at
N = Ns: (a) PBTD; (b) PBTU.
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7-3.3 Flow number

In order to further assess the magnitude of the effect of the presence of particles on the flow
field inside the stirred vessel, the dimensionless flow number was estimated. Because of the
significant quantity of solids used, the volumetric flow r&®, discharged by the agitator
needs to be determined separately for each phdaking into account its local volume
concentration. For each phasé) @as calculated along the horizontal edge of the impeller
blade corresponding to the impeller discharge plane, by integrating the axial velocity profile
weighted by the local phase volume concentration, i.e. by fb+the liquid phase and ly

for the solid phase. Thus, the usual definition of the flow number used to estimate the
pumping effectiveness of impellers in single-phase systems was extended to this two-phase

problem. The flow number was computed for each phase using the following expressions:

(L) = Q(L) |_
and
_Q¥ .
ND3_ND3I 4l (72)

PBT

where the superscriptsandS refer to the liquid and solid, respectively, and the integral in
each case is evaluated over the horizontal discharge edge of the impeller blade (upper for
PBTU and lower for PBTD). The sum &®“ and Q® represents the total volumetric
discharge, Qand introducing the two-phase flow number, Fl, it follows that

(D (S)
=09 -9 *9" _qu, g (7.3)

ND? ND?

As shown inFigure 7.12, low to moderate solid concentrations up to ~ 10 wt% seem to cause
only a small reduction il which is compensated for by the increasé&lif? (due to the

local rise inc); accordingly, the two-phase flow numbEt, remains approximately constant.

At higher solid concentrations above ~ 10 wt%, the increaénfails to counterbalance

the steep reduction iRl® caused by the presence of solid particles, consequently leading to a
substantial reduction iRl. This effect is much more significant when the impeller operates in

the up-pumping mode; as suEhdiminishes by 18% wheK rises from 10.6 to 40 wt% with
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a PBTD, whilst incurring a massive reduction of 40% with a PBTU.

7-3.4 Uniformity of suspension

The substantial variation of the local solid concentration throughout the vessel, as
demonstrated by the radial distributionsFigure 7.10 and the axial profiles figure 7.11,
justifies the introduction of a global uniformity indeX,to enable a quantitative description

of the degree of uniformity of the distribution, thus:

fo 1 1 _c
o? +1 1%((; —Cjzﬂ (c?) (7.4)
NC i=1 C

wherei is the cell number within the measurement grid. The index is conveniently defined so
that as¢ — 0 the uniformity of the suspension is at its minimum (condition achieved for a

theoretically infinite variance;?, of the normalised local concentration); and wkenl the
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0.8

~~
<
™
5
a 0.6 Down-pumping: N
§ - -7 - Liquid phase, FIV IR
c - - Solid phase, FI'® RSN
g 0.4 —YTwo phase, Fl \‘\\\\\ i
i Up-pumping: \\\\\ﬁ
- - Liquid phase, FIV
--a - Solid phase, FI®
0.2F —a—Two phase, FI V.
”_—:Wéjﬁf
%_——"ZX’ | | | |
0 10 20 30 40

Mean solid mass concentration, X (wt%)

Figure 7.12. Effect of the mean mass concentration of the solid phase on the flow number.
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solids are uniformly distributed within the vessel volume, i.e. there are no solid concentration
gradients present and the local solid concentration everywhere is equal to the average
concentration in the vessel (i€ =0). Values of the inde¥ for different average mass
concentrations are reportedrigure 7.13, for both the up-pumping and down-pumping PBT.

The results show thdtincreases witlX for both modes of impeller operation. This seems to
suggest, perhaps counter-intuitively, that as long as the particles are in suspension mode more
concentrated suspensions will tend towards a homogeneous state by virtue of their increased
solids loading. However, the resultskigure 7.13 show that above ~ 20 wt% the rate of
increase int reduces dramatically for the PBTU, seemingly suggesting an inability to cope
with the distribution of particles in suspensions of high solid fractions as demonstrated by the
formation of a prominent ‘belly’ ifrigure 7.11h The data clearly demonstrate how a PBTD

generally achieves a significantly more homogeneous suspension than a PBTU.

7-3.5 Verification of mass balance and mass continuity
The pointwise measurements obtained with PEPT have now enabled the solids mass balance
throughout the vessel to be accurately verified, i.e. the measured local values of the solid

volume concentration balance the experimental parameter C, so that

1
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wr 0.8F l
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Q
©
[ =
= 0.6 |
>
2
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Figure 7.13. Variation of the uniformity indeg as a function of mean solid mass concentration.

181



Chapter VI Mixing of Monodisperse Solid-Liquid Suspensions

1 &

= - =C 7.

nci;q (7.5)
The identity symbol=" appears in Eq. (7.5) because the local concentration is obtained from
Eg. (3.20) through the measurement of local values of the occupaneiiose average value

is by definition identically equal to 1.

An additional confirmation of the accuracy and reliability of the PEPT measurements can be
obtained by verifying the mass continuity of the two phases. The net mass flux through a

volume bounded by a closed surf&should be zero, thus
D UASO0 (7.6)

Calculations were made considering a cylindrical closed sufaeih the same vertical axis,
base and diameter as the tank but with a shorter height. Becausbeaig zero over the

external surface of the vessel or being parallel to it the teBis zero everywhere except in
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Figure 7.14. Normalised radial and axial velocities averaged on surfaged diameter 0.5) andS, (0.3H off

the base), respectively.
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the horizontal plane across the tank, so $hatn be reduced to such a plang. (®ividing

the vessel into equal volume cells make§||A constant, which reduces Eq. (7.6) to a zero
sum (or average) of axial velocities across the horizontal plane considered. A similar
situation can be obtained when considering a cylindrical closed surface with the same vertical
axis and height as the tank but with a smaller diameter; Eg. (7.6) then becomes a zero sum (or
average) of radial velocities across the lateral surfacef the considered cylinder. For the

PEPT velocity fields presented above, calculations gave a velocity average close to zero,
generally less than 0.0guas demonstrated in Figure 7.14.

7-4 Conclusions

PEPT has been successfully applied to the study of turbulent solid-liquid suspensions in a
stirred vessel. For the first time, the flow field in dense suspensions of up to 40 wt% solids
has been probed in detail, which serves to demonstrate the exceptional power of PEPT as a
non-invasive technique for the analysis of opaque multi-phase systems. It has been possible
to obtain the trajectory, the full 3D velocity field and spatial distribution of both the liquid and
solid phases, thus, yielding a substantial amount of unique experimental data.

Values of the two-phase flow number indicate that the pumping effectiveness of the PBT
agitator is preserved for low to moderate concentrations. At high solid concentrations,
however, the flow number is significantly reduced for a PBTD and even much more so for a
PBTU.

The azimuthally and radially-averaged vertical solids distributions show qualitative
resemblance with the very limited literature data obtained in a number of other studies using
either a single vertical probe traverse or a withdrawal technique. A criterion based on the
variance of the local solids concentration in the vessel has been used to quantitatively describe
the uniformity of the suspension and a PBTD has been shown to achieve in general a

significantly more homogeneous suspension than a PBTU.

Furthermore, the detailed pointwise measurements obtained with PEPT have enabled the
solids mass balance throughout the vessel and the mass continuity of the two phases to be

accurately verified; a unique result which has not been achieved by any other technique.
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The technique will now be extended to study a number of unaddressed/unresolved problems
in the area of solid-liquid mixing including complex polydisperse systems where particles of

different size fractions can be selectively labelled and tracked.
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Notation

Roman letters

b Blade length m

c Local volume concentration of solids -
C Mean volume concentration of solids -
Ch Mean volume concentration at level -

d Particle diameter m

D Impeller diameter m

Fl Two-phase flow number -

FIV Flow number of the liquid phase -
FI® Flow number of the solid phase -

h Axial distance m

H Height of the suspension m

i Cell number -

j Phase index -

k Cylindrical direction index#, r or h) -

Ne Number of grid cells -

N Impeller rotational speed st
Nis Minimum speed for particle suspension 1s
Oe Occupancy -

P Tracer location vector |m|

Q Total impeller pumping rate m? st
Q® Impédler liquid pumping rate m? st
Q® Impéler solid pumping rate m*s*
r Radial distance m

R Vessel radius m
R&mp Impeller Reynolds number (0% ) -

S Surface area m?

S Horizontal planar surface area m?

S Vertical cylindrical surface area m?

t Time S

T Vessel diameter m
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to

u

Urh

Utip

Us U Un
\W

X

Xy z

Greek letters

v

¢

o

PEPT runtime

3D velocity vector

2D radial-axial velocity magnitude
Impéler tip speed

Cylindrical velocity components
Blade width

Mean mass concentration of solids

Cartesian coordinates

Kinematic liquid viscosity

Uniformity index

Standard deviation of normalised ¢

Abbreviations

PBT
PBTD
PBTU
PEPT
PIV

Pitched blade turbine
Down-pumping PBT

Up-pumping PBT

Positron emission particle tracking

Particle image velocimetry
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Chapter VIII

Mixing of Binary Solid-Liquid Suspensions

Abstract

In this study, the three-component flow field and spatial phase distribution of binary mixtures
of glass particles suspended in water in a stirred vessel have been resolved using positron
emission particle tracking (PEPT). The Lagrangian flow data provided by the technique have
been converted to give a detailed Eulerian description of each of the three phase components
of the flow generated by a down-pumping pitched blade turbine (PBTD). It has been possible
to determine the full 3D velocity and concentration fields of the liquid phase and both the
solid components within opaque dense slurries of this type containing up to 40 wt% solids.
Spatial distributions of local time-averaged slip velocity have also been obtained for each
solid component showing wide variations. The detailled measurements have enabled the
solids mass balance and the mass continuity of the three components to be accurately verified
throughout the vessel. Using a pitched blade turbine pumping upwards (PBTU) rather than
downwards, the experimental campaign and data analysis procedure were repeated to obtain
similar results for this agitation mode and compare the different mixing performances of the

two agitation modes.
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8-1 Introduction

The processing of solid-liquid suspensions such as bio-slurries, crystallisation and catalytic
mixtures is frequently conducted in mechanically agitated vessels. In such systems one
crucial aspect is the achievement of good mixing which allows for an efficient interaction
between the different flow components.

Among the various flow visualisation techniques, laser Doppler velocimetry (LDV) and
particle image velocimetry (PIV) have become the most reliable to examine the complex
nature of the flow fields in optically transparent single-phase systems (e.g., Ducci and
Yianneskis, 2006; Chunegt al., 2007; 2009). Application to multi-phase studies, however,
has been restricted to extremely dilute suspensions as these techniques fail completely in
dense systems which are opaque (e.g. Unaztkalt, 2009). One of the important aspects in

the local description of multi-phase or multi-component mixtures is the measurement of phase
distribution which has remained a challenge. Attempts at local measurements in these
systems have been mainly limited to the measurement of mean axial solid-concentration
profiles at relatively low concentrations, using a single vertical conductivity or capacitance
probe traverse or a withdrawal technique (Brun&tzal., 2004; Barresi and Baldi, 1987).
More recent experimental studies using electrical resistance tomography (ERT) demonstrated,
albeit mainly qualitatively, how visualisation of gas, solid or liquid distribution can help
improve understanding of mixing processes (e.g., Vg, 2000). However, none of these
methods is suitable to probe concentrated suspensions in detail to acquire quantitative
information on the local flow dynamics of the different phase components or their individual
3D distribution.

A number of mixing studies have reported that in stirred solid-liquid systems variation in the
particle size produces significant effects on the fluid dynamics and phase distribution. For
example, Virdung and Rasmuson (2007) showed that the fluid velocity fluctuation, detected
via LDV measurements, due to the turbulence levels in the liquid phase were higher in solid-
liquid suspensions than in a single phase flow, an effect that increased with particles size.
Although their simulations involved particle sizes less than 0.1 mm, Alevagl. (2001)
showed that the pattern of solid concentration contours for different particle sizes was
gualitatively similar; however, smaller particles showed a more uniform distribution. Using

larger particles with 0.1 mm < d < 0.5 mm, Spidtaal. (2005) experimentally confirmed by
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means of a conductivity probe that smaller solid particles generate a more homogeneous
suspension. The results also showed that the homogeneity of the solid-liquid suspension
improved with increasing average solid concentration. The same effect has been observed
using coarse monosized particles ~(@ mm) in Chapter VI, as more homogeneous

suspensions were obtained when the solids content was increased.

This chapter reports on the use of the PEPT technique to study the mixing of dense binary
mixtures consisting of glass beads of two different size classes suspended in water. Extensive
data for these binary systems containing up to 40 wt% solids are presented here. Detailed
information is obtained on particle and fluid trajectories which is converted to give a
pointwise Eulerian description of the flow field as well as the spatial distribution of each of

the liquid and two solid components of the mixture.

8-2 Experimental

8-2.1 Multi-component positron emission particle tracking

As discussed in details in Chapter Ill, the Lagrangian technique of positron emission particle
tracking primarily involves the use of a labelled particle tracer, a positron camera and a

location algorithm for computing the tracer location.

In the case of a multi-component system, the full three-dimensional trajectory of each
component must be resolved separately using different particle tracers. Currently, PEPT can
most accurately track one particle at a time. For this reason, PEPT multi-component
investigations consist of multiple successive and distinct experiments, i.e. one for a single-
phase system, two for a monodisperse suspension, and three for a binary suspension. The
Lagrangian evolution of the flow components for the binary systems discussed in this chapter
is presented in Appendix B as sequence of images. These images were obtained via emulated

multiple particle tracking as discussed in Section 6-3.5).

8-2.2 Experimental apparatus and procedure

Using a similar experimental set-up to that used for the analysis of monodisperse systems in

Chapter VII, the PEPT experiments were conducted in a fully-baffled flat-base vessel of
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diameterT = 288 mm, agitated by a 6-blade 45° pitched-turbine (PBT) of diaeted.5 T,

as shown irFigure 8.1 The height of the suspension was séd atT and the impeller off-
bottom clearance was 0.25 T. The suspending liquid was an aqueous solution of NaCl of
density 1150 kgn® - NaCl was added to enable the water density to be matched to that of the
resin PEPT tracer used to track the liquid - and the solid particles used were spherical glass
beads of density 2485 kg>. Two nearly-monomodal particle size fractions; £dL.00-

1.25 mm,d, = 2.85-3.30 mm) were used to make a binary solid-liquid suspension. The two
size fractions were mixed in equal proportions with a total solid mass concentdtion,
varying from O to 40 wt%, i.e.p& X, = 0.5 X.

During the first experimental campaign, suspension of the solids was investigated with the
PBT impeller pumping downwards (PBTD). Experiments were conducted at the minimum
rotational speed for particle suspension in the binary mixigevisually determined through

the transparent walls of the vessel according to the well-known Zwietering criterion, i.e. no
particle should remain stationary on the base of the vessel for longer than 1-2 s (Zwietering,
1958). The experimental campaign was repeated using a pitched blade turbine pumping
upwards (PBTU) rather than downwards. The experimental conditions are summarised in
Table 8.1

Each component of the suspension was tracked and its full trajectory separately determined in
three successive experiments. A neutrally-buoyant radioactive resin tracer om600 p

diameter was used to track the liquid phase, and from each particle size fraction a

Figure 8.1. Experimental PEPT set-up for studying the mixing of a binary suspension: 1 tank; 2 shaft; 3 baffle;
4 PBT; 5y-ray detectors; 6 PEPT tracer; 7 glass beadd fdm); 8 glass beads &8 mm).
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representative glass particle was taken, was directly irradiated via a cyclotron and its motion
tracked within the agitated slurry. The PEPT tracking time was 30 min in each case, long
enough so that adequate data resolution was obtained in every region of the vessel and
ergodicity of flow, given that the probability of visit is well-distributed by virtue of the open
geometry of the vessel where all regions are more or less equally accessible by the tracer, and
the highly turbulent state of the suspension Wherean%eNjSDzlv> 1. Ergodicity is
discussed in details in Section 3-5.1.

8-2.3 Data analysis

PEPT only provides the Cartesian yx2 coordinates of a single particle tracer moving
within the system being studied as a function of time. The newly developed code, whose
computational procedures are presented in Chapter Ill, has been used to analyse PEPT flow
data. Using cylindrical coordinates to calculate Lagrangian velocities along the trajectory of
the tracer, the Lagrangian velocities are converted to Eulerian velocities using a 3D user-

defined grid consisting.r= 512 equal volume cells.

In addition to location and velocity information, PEPT allows the particle-tracer occupancy
distribution within the vessel volume to be computed and, on the basis to Eqg. (3.15) applied to
the flow systems studied here, the local occupancy of each of the three component of the

mixture, Q, can be defined as

Table 8.1. Experimental conditions for the study of binary solid-liquid suspensions.

X (Wt%)  C (volos) Nor N, () Rem ()
PBTD PBTU PBTD PBTU
0 0 5.00 5.00 1.19 x 16 1.19 x 16
5.2 2.5 6.33 6.00 1.51 x 10 1.43 x 10
10.6 5.2 7.50 7.00 1.79 x 10 1.67 x 10
20.0 10.4 8.50 8.00 2.03 x 16 1.91 x 10
40.0 23.6 10.17 10.00 2.43 x 16 2.38 x 10
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=2 (8.1)

whereAt; is the time that the tracer of thi¢h component (solid or liquid) of the mixture
spends inside a given cell and the ergodic titaes t./ ., is used instead of the total
experimental timet,.. For the binary systems examined in this work, the ijdagsumes

values 1, 2 or 3 wherg= 1, 2 denotes the solid components, ard3 denotes the liquid

phase also sometimes designated by the symbol L

Given the above definition, the average value of the occupancy is 1 independently of the
chosen number of grid-celig. Considering the system at hand, a specific small solid particle
having diameterd;, selected from the solid compongntas an infinitesimal probability,
f(P)dV, to be inside an infinitesimal volume elemeM, which is a function of the particle
position P and can be expressed from two different points of view. From the Lagrangian
point of view, it is the ratio of the infinitesimal tinad that the solid particle spends insiiié

to the total time of detectioty.. In Eulerian terms, however, it is the ratio of the number of
solid particlesdn, contained indV, to the total number of such particles in the vessel

Consequently, it follows that

{f(P)dV:% and f(P)dV:ﬂ} S (8.2)

o J

Considering thg-th solid component, and introducing the volume of a single pakiglehe
infinitesimal solid volumelV; in dV, the solid volume present in the tawk the local solid
volume concentratiorg;, the mean solid volume concentration in the ve€geand the total

volumeof the multi-phase suspension in the vesselMlds

dn.

i _ Wedny _dV; _cidv
n

VeV, CV;

(8.3)
j j
Combining Eq. (8.2) and Eq. (8.3) leads to a clear correlation between the time that the tracer

spends inside d¥ind the local solid volume concentration, i.e.

dat; _¢dVv

LTcov (8.4)
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If the cell volume,AV, in the grid is uniform, the total number of grid cells is then

n. = Vr/ AV, and rewriting the above equation in discrete terms gives

At; AV N Aty ¢
t. CMV; te G (8:5)

J

Now, using the definition given by Eq. (8.1) for the occupadgcgs the ratio of time that the

tracer spends inside a cell to the ergodic time, Eg. (8.5) then finally becomes
O, =— (8.6)

In the same way of Eq. (3.20), although Eq. (8.6) has been derived for a discrete phase
component, such an expression of the occupancy is equally valid for the continuous fluid
component (j =3). The consequential implication which readily follows from Eg. (8.6) is
that, even in a complex multi-component solid-liquid suspension, it is possible to fully resolve
the local concentration distribution of each flow component (solid and liquid).

8-3 PBTD: results and discussion

Extensive data were obtained through Lagrangian tracking of the solid and liquid components
of the binary suspensions described above. Results are presented as azimuthally-averaged
Eulerian maps or profiles which represent the whole flow field including the effect of the
baffles. This is an effective way of presenting 3D data in a reduced form. Furthermore, in
order to enable efficient consultation and comparison of data, results are presented in a
concise format using sets of images judiciously produced by grouping together multiple
graphs, greyscale contours, or vector plots. Results include for each component of the
mixture, flow fields, spatial distributions, slip velocities, flow numbers and uniformity
indices. Finally, evidence of the reliability of the PEPT technique and the related data
analysis is provided via three-component mass continuity calculations conducted throughout

the vessel.

8-3.1 Flow fields

As mentioned above, raw data were analysed by defining a cylindrical grid consisting of
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n. = 512 equal volume cells. The vector velocity map of the agitated liquid obtained with no
solid particles present in the vessel (X =0 wt%) is showrrigure 8.2 for an impeller
rotational speedN =5 §' =300 rpm. Using cylindrical coordinates, the radial-axial 2D
velocity map was obtained by azimuthally averaging the 3D velocity data and projecting them
onto the 2D radial-axial plane (rh). As pointed out above, whilst two-dimensional these flow
maps are representative of the whole 3D velocity field. The observed flow field with a single
flow loop is typical of a down-pumping PBT with a low impeller off-bottom clearance. As
expected, fluid velocities are relatively high in the impeller region and around the flow loop,
but low in the upper parts of the tank and in the centre of the loop. For ease of comparison,

all the velocity plots presented are normalised by the impeller tip spged, u

The effects of the mean solid concentratignpn the velocity fields of the liquid phase and

the two solid components are depictedrigure 8.3. A comparison of the liquid flow maps
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Figure 8.2. Azimuthally-averaged radial-axial velocity map of the liquid phase in the absence of solid particles
(X = 0 wt%) atN = 5.0 §; PBTD.
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under single-phase flow conditions (Figure 8.2) and in the presence of the solid phase (first
row in Figure 8.3) shows global qualitative similarities in the flow pattern even at

X =40 wt%. A more detailed scrutiny of the images reveals that, excluding the impeller
discharge region, no significant quantitative changes occur in the velocity field up to 20 wt%
solids, but a distributed small diminution of the normalised velocity is observed at
X =40 wt%. In addition, the contours suggest that the normalised velocity in the discharge
region diminishes aX increases up to 10 wt%, but slightly recovers at 20 wt% before further
declining at 40 wt%.

Unlike the liquid phase, more significant qualitative and quantitative variations in the flow
field can be observed for the smaller solid particles hasding. mm, as shown in the second

row of Figure 8.3. AtX =5 wt%, the flow field is affected by large fluctuations which make

the vector plot appear slightly irregular. This is caused by the scarce presence of solids in the
upper part of the vessel which drops to almost zero close to the surface; such an effect was
visually confirmed during the experiments and will be highlighted again below when
analysing the phase distributions. Whilst the normalised velocity in the discharge region
decreases monotonically Asincreases from 5 wt% to 40 wt%, the centre of the loop slowly
shifts upwards from h = 0.2FK = 5 wt%) to h = 0.25HX = 40 wt%).

Similarly, the flow fields of the second solid component consisting of glass beads with
d ~ 3 mm (third row irFigure 8.3), are affected by the low particle occupancy of the upper
part of the tank. In this case, however, the irregularities are more pronounced and extend to
the suspension witlk = 10 wt%. In a similar way to the smaller particles, there is a clear

damping of the solid flow field in the impeller region at X0 wt%.

The above considerations are complemente#igyre 8.4, which shows the contours of the
azimuthally-averaged tangential velocity component for the three components of the
suspension. As expected, all the greyscale maps exhibit their maxima (0.2)0n2aw the

lower tip of the impeller blades. The liquid phase is characterised by the highest tangential
velocities whose magnitude and spatial distribution are not significantly affect&d by a

similar way to the radial-axial velocities, at 5 wt% the contours of the two solid components
are affected by small irregularities which generate a uniformity effect in the velocity map for
the larger particles. Both solid components show significantly reduced tangential velocities
for X = 40 wt%.
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The observations made above are quantitatively confirmgedyure 8.5 which shows details

of the effects of the mean solid concentration on the three velocity components for each
component of the mixture. The plots exhibit radial distributions of the three velocity
components (4 U, W) in the horizontal impeller discharge plane, i.e. along the lower edge of
theimpeller blade ah = 0.2H In a similar way to the flow maps discussed above and in the
previous chapters, all the velocity plots have been normalised by the impeller tipspeed,

for ease of comparison.

As expected, due to the type of agitator used, the dominant velocity component in this plane
for all the mixture components is the axial The tangential velocity component is only
significant close to the impeller and falls off to almost zero away from it. The radial
component for all phase components is generally relatively small, except at 40 wt% solids

where for both solid components it is comparable to the tangential component.
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Figure 8.5. Azimuthally-averaged radial profiles of the three velocity components in the horizontal impeller

discharge plane &it= 0.2H; N = Ng; PBTD.
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8-3.2 Time-averaged slip velocity maps

The primary objectives of solid-liquid mixing are to create and maintain a slurry and/or to
promote and enhance the rate of mass or heat transfer between the solid and the liquid phase.
Heat and mass transfer coefficients are significantly influenced by the relative velocity
between phases, also known as slip velocity. Such an important hydrodynamic variable
obviously varies from point to point within a stirred vessel and there are no techniques
available for measuring it. Consequently, in practice, the particle settling velocity has often

been taken as a guess estimate of the slip velocity (Atiemo-Obeng et al., 2004).

Neglecting any contribution to slip which might arise from possible rotation of a particle
about its centre, the magnitude of the local time-averaged slip velocity vector can be

determined for each solid component j, thus:

$=\/( o - L;J))Z_F(qu —Uf”)2+(u,§” _ur(]i))z (8.7)

In consequence, the radial-axial and tangential velocity data presenkdune 8.3 and
Figure 8.4 can be used to map the local time-averaged slip velocity.

The effects of the mean solid concentration on the spatial distribution of the normalised slip
velocity for each solid component of the mixture is showigure 8.6. The irregularities of

the solid flow fields attributed to the scarce presence of solid particles in the upper part of the
vessel, as discussed above in relatiorFigure 8.3, cause analogous effects in the slip
velocity maps afX =5 wt% for the smaller particles and up Xo= 10 wt% for the larger

particles.

There are wide variations in the spatial distributionsof As a consequence of Eq. (8.7),
which combines radial-axial and tangential contributions, the regions of maximum slip
velocity occasionally correspond with the lower tip of the impeller blades (tangential
dominance), with the discharge region of the impeller (radial-axial dominance), or with both
areas when there is a more balanced contribution of the three cylindrical components of the
slip velocity vector. For both particle size fractions, the areas above the impeller and in the
upper part of the vessel, ile> 0.4H are characterised by a gradual but significant reduction

in the slip velocity with increasing. A similar reduction is observed in the rest of the vessel

for particles with d ~ 3 mm.
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8-3.3 Spatial solid and liquid distribution

On the basis of Eqg. (8.6), in each binary suspension the local occupancy can be obtained for
each solid component and the liquid; consequently, the volume concentration of each
component can be mapped. The spatial distributions of the three phases can be effectively
compared using purposely created maps, where the radial-axial plane is divided into square
boxes containing information for every solid and liquid component, as shokigure 8.7a.

Each box contains two shaded bars: the fraction of the box area occupied by each bar is
equivalent to the local volume of the corresponding solid component, while the remaining
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Figure 8.6. Normalised azimuthally-averaged maps of time-averaged slip velocity of the solid components of

the suspension at varying N =N;;; PBTD.
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white area is equivalent to the local liquid volume. Furthermore, by drawing bars of equal
base, their height is also proportional to the local solid volume concentration and, thus,
horizontal profiles of solid concentration for each solid component can be represented at each

horizontal level as depicted in Figure 8.7b

The spatial distribution of the volume fraction of both particle size classes is shown in
Figure 8.8 forX = 5-40 wt%. Since these 2D maps were obtained from azimuthally averaged
data, the area of each square cell is representative of the volume of the related 3D cell (a torus
with a square cross-section). A high solid accumulation underneath the impeller is visible for
every value of the mean solid concentration. This effect is more pronounced for larger glass
particles, so that the local solid volume concentration of the larger particles (d ~3 mm) is
about twice the concentration of the smaller particles (d ~1 mm) up=t@0 wt%. At

X = 40 wt%, the accumulation underneath the impeller is still high compared to the rest of the
tank, but overall the solids distribution appears much more uniform than for Xowedues,
especially in the case of the smaller particles. This result suggests tihag ¢, the
accumulation below the turbine reduces for smaller particles and/or higher solids

concentrations.

(a) Volume

c_:ccgpled by — o
liquid phase
Volume
occupied by
Volume _+*® glass beads
occupied by (d ~3mm)
glass beads
(d~1mm)
—— —
equal base

(b)

i T

Figure 8.7. Representation of the local concentration of the three suspension components: (a) square box

containing information for every solid and liquid component; (b) a sequence of adjacent boxes depicting two

horizontal solid volume concentration profiles.
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Moreover, information on the radial and vertical average concentration profiles is also
provided inFigure 8.8; whilst to the right of each map the vertical profile of the radially-
averaged volume concentration is shown, the radial profile of the vertically averaged volume
concentration is shown above the map. The average radial profiles are more or less flat for
both particle size fractions, whereas the vertical profiles show similar behaviour atXevery
value. To compare such vertical profiles, normalised values of the azimuthally and radially
averaged volume concentratian, of each particle size class are plottedrigure 8.9. The

plots highlight the non-uniformity of the solids distribution, with a minimum at the impeller
plane and a maximum above it, near the central plane. The proximity of the profiles to the
vertical linecy/Cj = 1 for smaller particles and/or higher solids concentrations, corrobates the

point previously highlighted that local solids build up diminishes under these conditions.

In a similar way to the monodisperse systems studied in Chapter VII, the shape of the curves
in Figure 8.9 bears a good resemblance to the so-called ‘belly-plots’ reported in the literature
in a number of studies using either a single vertical probe traverse or a withdrawal technique,
e.g. Barresi and Baldi, 1987. The results presented here, however, are much more detailed as
local solid concentration values are accurately determined on a pointwise 3D grid covering

the whole vessel.

8-3.4 Global indices for multi-phase mixing

Flow number

In order to further assess the magnitude of the effect of the presence of particles on the flow
field inside the stirred vessel, the dimensionless flow number was estimated. Because of the
considerable quantity of solids used, the volumetric flowrate discharged by the agitator needs
to be determined separately for each flow component taking into account its local volume
concentration. For each component of the mixt@®,was calculated along the horizontal
lower edge of the impeller blade corresponding to the impeller discharge plane, by integrating
the axial velocity profile weighted by the local volume concentration, i.e; bpdc;, for the

solid components and bgs for the liquid phase. Thus, the usual definition of the flow
numbe used to estimate the pumping effectiveness of impellers in single-phase systems,
which has already been extended to the two-phase flow number in Chapter VII, was further
extended to this three-component problem. The flow number was computed for each

component using the following expression:
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_ (0 1 _
FIO = Q - . l)dS
ND3 ND3 PJB.Tq L“ (8'8)

where the integral is evaluated over the horizontal discharge edge of the impeller blade
(h=0.2Handr <0.5R). The sum of", Q® and Q® represents the total volumetric

discharge, Qand introducing the total two-phase flow number, Fl, it follows that:

(L) @ (@]

As shown inFigure 8.10, low to moderate solid concentrations up to 10 wt% seem to cause a
small reduction irFI® which is not compensated for by the simultaneous incred@&iand

FI® (mainly due to the local rise iy andcy); thus, the total flow numbeEl, diminishes

from 0.86 to 0.77. At higher solid concentrations above 20 wt%, the approximately linear
increase inFI™ and FI® fails to counterbalance the steep reductioffliff caused by the
presence of solid particles, consequently leading to a substantial Fll @verall,Fl incurs

a reduction of ~ 20 % whenriges from 0 to 40 wt%.
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Figure 8.10. Effect of the mean mass concentration of the solid phase on the flow number; PBTD.
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Average slip velocity

The qualitative observations noted above in relatidfigare 8.6 concerning the reduction in

slip velocity with an increase in mean solid mass concentration, can be effectively quantified
by evaluating an average of the azimuthally-averaged values of normalised slip velocity
across the whole radial-axial plane. Using a grid with equal volume cells guarantees that the
arithmetic mean of slip velocity coincides with the volume-weighted average. These space-
averaged slip velocity values are plotted as a functiod iof Figure 8.11 for both particle

size fractions. As expected, for both solid components the normalised average slip velocity,
§;, decreases witX. Starting alX = 5 wt% with a value of, 37% higher thars,, both S;

values rapidly fall off to a similar value (~ 0.03gpasX increases to 40 wt%. Hence, it can

be concluded that at high solid concentrations the normalised average slip velocity is
considerably reduced, but it is not entirely clear whether it loses its dependence on patrticle

size.
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Figure 8.11. Variation of the normalised mean time-averaged slip velocity as a function of the mean solid mass

concentration; PBTD.
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Uniformity of suspension
The substantial variation of the local solid concentration throughout the vessel, as

demonstrated by the mapshkigure 8.8 and the axial profiles ifigure 8.9, warrants the use
of a further global index to enable a quantitative description of the spatial uniformity of the

solids distribution. Similarly to Chapter VII, for each particle size fraction a uniformity index

is defined as:
= 1 1 _c?
= = =
o’ +1 ZL ¢ —C, ]2 . <C,2> (8.10)
C i=1

wherei is the cell number within the measurement grid. The index is conveniently defined so
that asé — 0 the uniformity of thej-th solid component is at its minimum (condition
achieved for a theoretically infinite varianag;, of the normalised local concentration); and
when¢ = 1 the solids thgth component are uniformly distributed within the vessel volume,

l.e. there are no concentration gradients present and the related local concentration
everywhere is equal to the average concentrafipim the vessel (i.eo” =0). Values of the
index & at varying average mass concentrations are plottéigure 8.12 for both particle

sizes, showing thafj increases witlK. This seems to suggest, perhaps counter-intuitively,

that as long as the particles are in the ‘just suspended’ mode more concentrated suspensions
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Figure 8.12. Variation of the uniformity inde¥; as a function of the mean solid mass concentration; PBTD.
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will tend towards a homogeneous state by virtue of their increased solids loading. The
smaller particles, however, are significantly better dispersed than the larger ones at all the

values of X used here.

8-3.5 Verification of mass balance and mass continuity

As already discussed in Chapter VIl in the case of monodisperse systems, the pointwise
measurements enables the solids mass balance throughout the vessel to be accurately verified,
l.e. the measured local values of the two solid volume concentrations balance the

experimental parameter € Vj/ Vr, so that:

1 &

_ZC]O =C, (8.11)

nc i=1
The identity symbol=’ appears in Eq. (8.11) because the local concentration is obtained from
Eq. (8.6) through the measurement of local values of the occu@andyose average value is

by ddinition identically equal to 1.

Another important tool for checking the accuracy and reliability of flow data is mass
continuity. The net mass flux through a volume bounded by a closed sSrfsiteuld be

zero, thus
Y uPmsoo (8.12)

Two types of surfaceS, andS were numerically introduced in the vessel and the continuity
test was conducted on all the sets of PEPT data collected in this study. As previously reported
in Chapter Ill, the results which are summarisedFigure 3.18 showed a very good
verification of the mass continuity as the velocity average across the given surface in each

case is close to zero, generally less than @,03u

8-4 PBTU: results and discussion

In order to expand the results presented in the previous section, the whole set of PEPT
experiments was repeated using the same geometrical configuration but with an up-pumping

pitched blade turbine. Similarly to the data presented above for the PBTD, results obtained
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with the PBTU include three-component flow fields, spatial distributions, slip velocities, flow
number and uniformity index values. Finally three-component mass continuity calculations

conducted throughout the vessel are also provided.

Both in single and multi-phase conditions, the observed radial-axial flow field with two flow
loops is typical of an up-pumping PBT, as showrrigures 8.13 and 8.14. Fluid velocities

are relatively high in the impeller region and around the lower flow loop, but low in the upper
parts of the tank and in the centre of the main loop. As expected, all the greyscale contours of
tangential velocity exhibit their maxima near the upper tip of the impeller blades. Similarly to
the PBTD, velocity maps and radial profiles (Figures 8.13-8.16) and flow number
(Figure 2.1) confirm that the increase of mean solid mass concentration produces a damping

effect on the local velocities of all the flow components.

Whilst in Figure 8.6 a single scale (0-0.12y) was adopted, in the case of the PBTU the
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Figure 8.13. Azimuthally-averaged radial-axial velocity map of the liquid phase in the absence of solid particles
(X = 0 wt%) atN = 5.0 §; PBTU.
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larger particlesd ~ 3 mm) presented a consistently higher local time-averaged slip velocity,
so that, two different colour scales had to be used, as shovangume 8.17. Such a
difference of the slip velocities between the two particle size fractions is confirmed by
Figure 8.21, where, at every mean solid concentration, the valugsa® much higher than

S,. For both particle size fractions, local slip velocity values were generally higher than those
generated by the PBTD.

In Figure 8.18, a high solid accumulation underneath the impeller is visible for every value of
the mean solid concentration. This effect, compared to the case of the PBTD, is more
pronounced for the PBTU, and 4t= 40 wt%, the local solid volume concentration of the
smaller particles (d ~ 1 mm) is surprisingly ~ 50% higher than the concentration of the larger
particles (d ~ 3 mm). Overall, howeveé&igure 8.19 suggests that smaller particles distribute
more uniformly than large particles. This is finally confirmed by the value of the uniformity

index reported in Figure 8.22.

Finally, mass continuity calculations, conducted as discussed in Section 3-5.2, are shown in
Figure 8.23. A very good verification of the mass continuity is achieved as the velocity
average across the given surface in each case is close to zero, generally less thanghe 0.03u

for horizontal planes and 0.0dgsfor cylindrical surfaces.

8-5 Direct 1D comparison PBTD-PBTU

In order to enable a rapid but multifaceted comparison between PBTD and PBTU, the

performances of the two agitation modes were compared by using the three global parameters
defined above: the three-component flow number, the normalised mean slip velocity and the
uniformity index. The three diagrams presentedrigure 8.24 show the variation of the

three indices with the mean solid mass concentration, X, for both pumping modes.

In terms of multi-phase pumping capacity of the impeller, the PBTU performed better than the
PBTD up toX = 20 wt%; however, at the maximum mean solid concentration investigated

(X =40 wt%), the three-component flow number for the PBTU is 25 % lower than the one
generated by the PBTD.

With regards to the measurements of slip velocity, which strongly influences heat and mass
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transfer between the liquid and the solid components, the PBTU performed much better than

the PBTD at every mean solid mass concentration.

For a given solids concentration, a down-pumping PBT achieves a more uniform suspension
of both particle size fractions compared to an up-pumping PBT, but the difference between
the two modes of impeller operation becomes small at high solids concentrations. The
smaller particles are better dispersed than the larger ones when using either a PBTD or a
PBTU. Such a difference in behaviour between the two particle sizes is, however, more

pronounced with a PBTD.

8-6 Conclusions

The Lagrangian technique of positron emission particle tracking has been successfully applied
to the study of dense solid-liquid binary suspensions. The Lagrangian flow data provided by
the technique have been converted to give a detailed Eulerian description of each of the three
phase components of the flow generated by a pitched blade turbine. For the first time, it has
been possible to determine the full 3D velocity field and spatial distribution of the liquid
phase and of each particle size fraction within a binary suspension.

In addition, a substantial amount of unique experimental data on local hydrodynamics and
homogeneity of suspension have been obtained in solid-liquid flows of such high

concentrations reaching 40 wt%. Such detailed results could be used to inform the design of
experiments to study mixing phenomena or equipment design to maximise the global or local
mixing efficiency of the system. The accuracy of the PEPT measurements has been

ascertained through multi-component mass continuity verifications throughout the vessel.

Values of the multi-component flow number indicate that the pumping effectiveness of the
PBT agitator is preserved for low to moderate concentrations. At high solid concentrations,
however, the multi-component flow number and normalised mean slip velocity for both
particle sizes are considerably reduced; such a reduction is accentuated for an up-pumping
PBT.

Results on spatial phase distribution have shown how local solids build up diminishes for

smaller particles and/or higher solids concentrations, with the maximum uniformity index
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being obtained for the smaller particles at 40 wt% solids. Overall, a PBTD achieves a better
homogeneity than a PBTU at low and moderate solids concentrations, but the difference in

suspension uniformity between the different particle size classes is higher.

The technique can, therefore, be extended to the study of more challenging systems with
wider particle size distributions, more complex rheologies and probably even higher

concentrations.
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Notation

Roman letters

C Total mean volume concentration of solids -

Ch Mean volume concentration at level -

G Local volume concentration of component j -

G Mean volume concentration of component | -

D Impeller diameter m

d d d; Particle diameter m

Fl Multi-phase flow number -

IO Flow number of component j -

H Height of the suspension m

i Cell number -

j Mixture component index -

k Cylindrical direction index#, r or h) -

N Impeller rotational speed st

Ne Number of grid cells -

n Number of particles of j within the vessel -

Nis Minimum speed for particle suspension 1s

O Occupancy -

P Tracer location vector |m|

Q Total multi-phase impeller pumping rate et

QY Impeller pumping rate of component j *gt

r h Radial-axial cylindrical coordinates m

R Vessel radius m

Remp Impeller Reynolds number QEDZ/V) -

S Surface area m?

S Horizontal planar surface areas m?

S Vertical cylindrical surface areas m?

S Local slip velocity of component | m s*

§; Mean slip velocity of component | m s!
Time S

T Vessel diameter m
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te PEPT runtime S

te Ergodic time S

u 3D velocity vector |[m Y|
Us U Un Cylindrical velocity components m s*
Urh 2D radial-axial velocity magnitude m s’
Utip Impédler tip speed m s*
\Y; Volume m®
Vv Volume of component j in the vessel m®
Vp; Particle volume of component j m®
V7 Total suspension volume m®
Xy z Cartesian coordinates m

X Total mean mass concentration of solids -
X1 Xo Mean mass concentration of solid component -

Greek letters

d Azimuthal coordinate rad
v Kinematic liquid viscosity m? s*
g Uniformity index of component | -

o] Standard deviation of normalised c -
Abbreviations

LDV Laser Doppler velocimetry

PBT Pitched blade turbine

PBTD Down-pumping PBT

PBTU Up-pumping PBT

PEPT Positron emission particle tracking

PIV Particle image velocimetry
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Chapter IX

Mixing of Polydisperse Solid-Liquid Suspensions

Abstract

The work presented in the previous two chapters has been extended to complex polydisperse
systems where solid particles of five different size fractions have been selectively radio-
labelled and tracked. Here, the multi-component flow field and spatial phase distribution of
polydisperse suspensions of glass beads generated by a pitched blade turbine operating in up-
pumping or down-pumping mode have been resolved using the Lagrangian technique of
positron emission particle tracking. PEPT multi-component investigations consisted of six
successive and distinct experiments to track the liquid phase and the five flow components of
the solid phase. Experiments were performed with a total solid concentration varying in the
range O to 40 wt%. Extensive data were obtained on the local hydrodynamics and phase
distribution of each particle size fraction; consequently, in order to enable efficient
examination and comparison of data, results are presented in a concise format using
composite images judiciously produced by grouping together multiple graphs, greyscale
contours, or vector plots. Results include for each liquid and solid component of the mixture,
flow fields, spatial distributions, slip velocities, flow number and spatial uniformity index
values. Finally, in a similar way to the experimental studies presented in Chapter VI and
Chapter VIII, the reliability of the three-dimensional measurements and the related data

analysis is assessed via six-component mass continuity calculations.
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9-1 Introduction

In industrial operations, the solid phase is often completely suspended but a uniform
distribution of solid particles within the suspension is difficult to attain (Miealal., 2000).

This condition is particularly desirable when a continuous and representative flow of solids
from the system is required or a uniform concentration of solids must be achieved (e.g.
crystallizers, polymerization reactors, heterogeneous photocatalytic reactors, etc.). In
crystallization, non-uniform solids concentration may lead to unacceptably high local
supersaturation levels and subsequent non-uniformity in crystal growth (Atiemo-&tang
2004). Therefore, knowledge of the solid concentration and distribution in polydisperse
systems, where multiple particle size fraction are suspended in a liquid phase, would be

needed for design purposes, process development and scale-up.

As mentioned in Section 2.4.2, uniform suspension is not only characterised by an
approximately uniform solid concentration throughout the vessel but also by a uniform
particle size distribution. However, the results presented in Chapter VIII for binary
suspensions, showed that particles of different size within the same solid suspension exhibit
significantly different hydrodynamic and phase distribution behaviours. In a polydisperse
system this should lead to similar non-uniformities in the solid concentration field as well as

to a significantly different particle size distribution from point to point.

Detailed experimental investigation of these phenomena has remained a major challenge due
to a lack of adequate non-optical measurement techniques capable of probing such opaque
multiphase systems (Barigou, 2004).

This chapter reports on the use of the PEPT technique to study the mixing of concentrated
polydisperse solid-liquid mixtures where glass beads of five different size classes are
simultaneously suspended in water. Extensive data for these polydisperse suspensions
containing up to 40 wt% solids are presented here. Detailed information is obtained on
particle and fluid trajectories which is converted to give a pointwise Eulerian description of
the six-component flow field as well as the spatial distribution of each of the liquid and five
solid components of the mixture. Global parameters such as flow number, average slip
velocity and uniformity index are then compared to assess the different behaviour of each

flow component.
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9-2 Experimental

9-2.1 Multi-component positron emission particle tracking

In the case of a multi-component system, the full three-dimensional trajectory of each
component must be resolved separately using different particle tracers. Currently, PEPT can
most accurately track one particle at a time. Therefore, PEPT multi-component investigations
consist of multiple successive and separate experiments, i.e. one for a single-phase system,
two for a monodisperse suspension, three for a binary suspensiogtantbr a polydisperse
suspension consisting of a liquid phase agdlifferent size fractions. In this work where
ns=5, so that six consecutive PEPT measurements must be performed at each mean solid

concentration and agitation mode.

9-2.2 Experimental apparatus and procedure

PEPT experiments were conducted in a flat-base cylindrical vessel of didnme&38 mm

made of Perspex, as shownRigure 7.1. The vessel was fitted with four wall baffles of

width 0.1Tand was agitated by a 6-blade 45° pitched-turbine (PBT) of diabnet€.5T and

height 0.1T as depicted Figure 7.2. The off-bottom clearance of the turbine was set to
0.25T to enhance solid suspension, and the height of the suspension in the vessel was set at
H =T. The suspending liquid used was water whose density was adjusted to 1I56kg m
adding NaCl to make the PEPT particle tracer used to track the liquid phase neutrally
buoyant. Five nearly-monomodal particle size fractions nearly-spherical glass beads whose

characteristics are shown Trable 9.1 having a density of 2485 kg°mvere used to make a

Table 9.1. Glass particles characteristics.

Diameter Density
denomination  range (mm) average (mm) (kgm)
d; 1.0-1.25 1.1 2485
d, 1.5-1.85 1.7 2485
d3 2-2.3 2.2 2485
ds 2.55-2.85 2.7 2485
ds 2.85-3.3 3.1 2485
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two-phase six-component suspension with a mean solid mass concen¥atiarying in the
range O to 40 wt% (or, equivalently, with the mean solid volume concentr@tioarying in

the range 0-23.6 vol%). The five size fractions were mixed in equal proportions, i.e.,
X,= X,= X;= X, = X5 =0.2X (9.1)

Experiments were conducted at the minimum rotational speed for particle suspegsion, N

Mixing of the suspension was investigated with the impeller operating in the down-pumping
mode (PBTD) and in the up-pumping mode (PBTU). The experimental conditions are
summarised imable 9.2. At a given solid fraction, the measubigvalues for the PBTD

and PBTU in this case are the same within experimental error. It should be noted, however,
that while the concept dfjs is simple, its accurate measurement is not especially under
conditions of high solids concentration. DeterminatiolNgtends to be somewhat subjective

and even more so under such turbid conditions, so that accurate measureNeusiofy the

Zwietering criterion can be difficult.

For a given solid-liquid suspension, PEPT experiments consisted of independently resolving
the full three-dimensional trajectories of the fluid phase and of the solid phase in six
successive and distinct experiments. A representative glass particle taken alternatively from
each of the five solid components radioactively labelled Wi by direct irradiation, was

used to track each solid component, whilst a neutrally-buoyant resin tracer ofm600 p

diameter also labelled witfiF was used to track the liquid phase.

Fore each experiment, the PEPT tracking titpejn this study was set at 40 min for each

Table 9.2. Experimental conditions for the study of polydisperse solid-liquid suspensions.

X (Wt%)  C (volos) Nor N, () Rem ()
PBTD PBTU PBTD PBTU
0 0 5.50 5.50 1.31 x 16 1.31 x 10
5.2 2.5 6.33 6.00 1.51 x 10 1.43 x 10
10.6 5.2 7.50 7.00 1.79 x 10 1.67 x 10
20.0 10.4 8.50 8.00 2.03 x 16 1.91 x 10
40.0 23.6 10.17 10.00 2.43 x 16 2.38 x 10
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phase, which was long enough to acquire a sufficient amount of data in all regions of the
vessel, so that ergodicity could be safely assumed given that in such a system the probability
of visit is sufficiently uniform by virtue of the highly turbulent state of the suspension
(Remp = NsD%v> 10), and the open geometry of the vessel where all regions are more or
less equally accessible by the tracer. Ergodicity is discussed in more details in Section 3-5.1.

9-3 Results and Discussion

Eulerian data were obtained through Lagrangian tracking of each of the six solid and liquid
components of the polydisperse suspensions described above. Results are presented as
azimuthally-averaged Eulerian maps which represent the whole flow field including the effect

of the baffles. This is an effective way of presenting 3D data in a reduced form. Furthermore,

in order to enable efficient examination and comparison of data, results are presented in a
concise format using sets of images judiciously produced by grouping together multiple
graphs, greyscale contours, or vector plots. Results include for each component of the
mixture, flow fields, spatial distributions, slip velocities, flow number and uniformity index

values.

Similarly to Chapters VII and VIII, raw data were analysed by defining a cylindrical grid
consisting ofn. = 512 equal volume cells. The obtained radial-axial velocity vector maps,
greyscale contours of tangential velocity, time-averaged slip velocities and volume
concentrations and vertical profile of volume concentration are presenféguies 9.1-9.9,

for each flow componentand mean solid concentratiod, The index varies from 1 to 6;
however, for clarity purposgs= 6, which indicates the only liquid component present in each

of the polydisperse systems investigated here is sometimes replaced by L

All maps reported here present a clear qualitative resemblance with the Eulerian maps
presented in Chapters VII and VIII. In quantitative terms, local variations of velocity, slip
velocity or concentration can be observed in detail. However, due to the complexity of the
system and the large amount of variables involved, it is difficult to identify the exact reasons
for the existence of such local variations. Nevertheless, a global assessment approach can be
performed using concepts such as the multi-phase flow number, mean time-averaged slip

velocity and uniformity index.
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Figure 9.4. Azimuthally-averaged tangential velocity maps of the six components of the polydisperse

suspension at varying N = Ng; PBTU.
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Figure 9.5. Normalised azimuthally-averaged maps of time-averaged slip velocity of the five solid components

of the polydisperse suspension at varyiadN =N;s; PBTD.
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Figure 9.6. Normalised azimuthally-averaged maps of time-averaged slip velocity of the five solid components
of the polydisperse suspension at varyiadN =N;s; PBTU.
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Figure 9.9. Vertical normalised profiles of azimuthally and radially-averaged solid volume concentration at
N = Ns for both PBTD and PBTU.
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Defining the volumetric flow rate discharged by the agitator as in Eq. (8.8), the total

volumetric flow rate related to the whole polydisperse mixture is given by
5 .
Q=qQ%+> QW (9.2)
i=1
where the superscrifit indicates the liquid phase a@¥ is the volumetric flow rate of the

j-th solid flow component. Consequently, the multi-phase flow number for the present study

can be defined as

5
(L) (1
o © +2.Q" s 9.3)
Fl=—%_= = =AY+ RO =FY+R® '
ND ND =

where the superscrif@ indicates the total solid phase, i.e., the sum of the five solid flow

components (j = 1-5).

Defining the uniformity index¢;, for each of the solid componenin the same way as in
Eq. (8.10), and calculating, as an average of the azimuthally-averaged values of normalised
slip velocity across the whole radial-axial plane, three global indices can be obtained for each

flow component at each mean solid mass concentration.

The three diagrams presentedrigure 9.10 show the variation of the three indices with the

mean solid mass concentration, X, for both pumping modes.

Similarly to Chapter VIII, the PBTU produced a better multi-phase impeller pumping capacity
than the PBTD up t& = 10 wt%, as shown iRigure 9.10a-b However, forX = 20 wt% and

above, the three-component flow number for the PBTU is lower (up to 15% when

X =40 wt%) than the one generated by the PBTD. This effect seems to be caused by the
contribution of the liquid phase which is sensitive to the pumping directidSaappears to

be practically unaffected by the agitation mode.

Every particle size fraction presents a higher normalised slip velocity when the agitator is
pumping upwards (Figure 9.16d). Such an enhancement in the normalised mean slip

velocity is more pronounced for larger particles. Surprisingly, when using a PBTU at
X =40 wt%, two of the three medium-sized particle fractions present a non-negligible

enhancement irs;. This is contrary to the general behaviour of the rest of the particles
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Figure 9.10. Effect of the mean mass concentration of the solid phase on the (a-b) multi-component flow

number, (c-d) the normalised mean time-averaged slip velocity, and (e-f) the uniformity index.
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which, for both agitation modes, generally present a small diminution in mean slip velocity

whenX increases.

For a given solids concentration, a down-pumping PBT achieves a more uniform suspension
of each particle size fraction compared to an up-pumping PBT, as shdviguie 9.10ef

but the difference between the two modes of impeller operation becomes small at high solids
concentrations. Whilst the smaller particles are better dispersed than the larger ones when
using a PBTD, at low to moderate mean solid concentrations, the PBTU generates a poor
dispersion of the small particles which are probably highly influenced by the presence of
other solid components.

For the PEPT velocity fields, calculations, conducted as discussed in Section 3-5.2, gave a
velocity average close to zero, generally less than §.08u both PBTD and PBTU, as

demonstrated in Figure 9.11.
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Figure 9.11. Normalised radial and axial velocities averaged on surfaged diameter 0.5) andS, (0.3H off

the base), respectively.
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9-4 Conclusions

The limits of applicability of the Lagrangian technique of positron emission particle tracking
have been successfully extended to the study of dense solid-liquid polydisperse suspensions.
The Lagrangian flow data provided by the technique have been converted to give a detailed
Eulerian description of each of the six liquid and solid components of the flow generated by a
pitched blade turbine operating in both up- and down-pumping conditions. For the first time,
it has been possible to determine the full 3D velocity field and spatial distribution of the liquid

phase and of each particle size fraction within such complex polydisperse suspensions.

Due to the complexity of the system investigated here and the large amount of variables
involved, not all local phenomena observe can be explained. However, the effect of the
agitation mode and the mean solid mass concentration have been studied via a global
assessment approach, involving concepts such as the multi-phase flow number, mean time-
averaged slip velocity and uniformity index. Values of the multi-component flow number
indicate that the pumping effectiveness of the PBT agitator is preserved for low to moderate
concentrations. At high solid concentrations, however, the multi-component flow number is

slightly reduced; such a reduction is more accentuated for an up-pumping PBT.

Every particle size fraction presents a higher normalised mean slip velocity when the agitator
operates in the up-pumping mode. Such an enhancement in the normalised mean slip velocity

Is more pronounced for larger particles.

Results on spatial phase distribution have showed how local solids build up generally
diminishes for smaller particles and/or higher solids concentrations, with the maximum
uniformity index being obtained for the smaller particles at 40 wt% solids. Whilst, a PBTD
achieves a better homogeneity than a PBTU at low and moderate solids concentrations, the
PBTU generates a poor dispersion of the small particles which are probably highly influenced

by the presence of other solid components.

An extensive amount of unique experimental data on local hydrodynamics and suspension
homogeneity have been obtained in complex solid-liquid flows of high concentrations
reaching 40 wt%. Such detailed results could be used to inform the design of experiments to
study mixing phenomena or equipment design to maximise the global or local mixing
efficiency of the system. The accuracy of the whole set of PEPT measurements has been

ascertained through multi-component mass continuity verifications throughout the vessel.
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Notation

Roman letters

C Total mean volume concentration of solids -
Ch Mean volume concentration at level -

G Local volume concentration of component j -
G Mean volume concentration of component | -
D Impeller diameter m

d; Particle diameter m

Fl Multi-phase flow number -
IO Flow number of the component j -

FI® FI®  Flow number of the liquid and solid phase -

H Height of the suspension m

j Mixture component index -

N Impeller rotational speed st

Ne Number of grid cells -

Ns Number of particle size fractions -

Nis Minimum speed for particle suspension 1s
Q Total multi-phase impeller pumping rate gt
QW Impeller pumping rate of the liquid component g1
QU Impeller pumping rate of component j St
r h Radial-axial cylindrical coordinates m

R Vessel radius m
Reémp Impeller Reynolds number QEDZIV) -

S Horizontal planar surface areas m?

S Surface area m?

S Vertical cylindrical surface areas m?

S Local slip velocity of component | m s*
§; Mean slip velocity of component | m s!
T Vessel diameter m

teo PEPT runtime S

Us U Un Cylindrical velocity components m s’
Urh 2D radial-axial velocity magnitude m s*
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Utip Impédler tip speed m s*
X Total mean mass concentration of solids -
X Mean mass concentration of solid component -

Greek letters

v Kinematic liquid viscosity m® s*
& Uniformity index of component j -
Abbreviations

PBT Pitched blade turbine

PBTD Down-pumping PBT

PBTU Up-pumping PBT

PEPT Positron emission particle tracking

PIV Particle image velocimetry
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Chapter X

General conclusions and Future Recommendations

Abstract

In-depth conclusions of each of the studies undertaken in this work can be found at the end of
each chapter. In addition, this final chapter presents overall concluding remarks and future

recommendations.
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10-1 Conclusions

Mixing is intrinsically a Lagrangian process and, although Eulerian data are essential, a
Lagrangian study is necessary for its complete description. The Lagrangian approach has
been used in this work to describe laminar and turbulent mixing, in single- and multi-phase

opague systems.

10-1.1 Data analysis methodology

The main purpose of the first stage of this work was to develop a detailed methodology for
the analysis and validation of Lagrangian data obtained from tracer trajectories in fluid mixing
systems. Such a methodology has been successfully applied to the analysis of data collected

in various mixing systems using position emission particle tracking.

This novel technique is capable of providing unique and accurate Lagrangian flow data within
opaque flows. It thus opens up new possibilities for tackling a range of challenging problems
in the mixing of opaque single-phase and concentrated multi-phase systems which have
remained hitherto unaddressed/unresolved because of a lack of adequate measurement
techniques. Thus, it has been possible to visualise the Lagrangian trajectory and the 3D flow
structure within the cavern formed around the agitator when mixing a viscoplastic fluid. It
has also been possible to analyse Lagrangian multi-phase data to give detailed Eulerian
descriptions of various mixing systems including the full 3D velocity field, local occupancy
and residence time distributions, and spatial distribution of each phase component. Other
features such as the use of hyperplanes and Lagrangian frequency distributions, decorrelation

time and Poincaré sections have also been demonstrated.

One of the important tools developed enables the mass continuity of each tracked component
within a multi-phase mixture to be accurately tested, which is crucial for the reliability of the

measurements.

The structure of the computational code for extracting Eulerian information has been
developed on the basis of a set of subroutines containing different algorithms aimed to
progressively analyse the initial Lagrangian information and store important intermediate
outputs. Due to the variety of mixing systems which can be examined, the code has been
created with intrisec flexibility enabling key-parameters to be set and specific subroutines to

be activated or deactivated as required. The code was written in MATLAB and examples of
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typical input/output files are presented in Appendix A.

10-1.2 Validation of the PEPT technique

In order to study the nature of the axial symmetry within a baffled mechanically agitated
vessel, two-dimensional PIV experiments have been successfully conducted in multiple
vertical planes passing through the axis of a fully-baffled vessel agitated by a PBT and
operating in the turbulent flow regime. By considering flow through horizontal and

cylindrical hyperplanes introduced numerically in the vessel, the overall accuracy and
reliability of the PIV measurements has been demonstrated by showing that the mass

continuity is verified throughout the vessel.

With the laser sheet set at 17 different azimuthal positions, important details of the 3D
Eulerian fields of velocity and turbulent kinetic energy have been obtained. Rotation of the
laser plane causes a gradual variation of the measured 2D flow properties ultimately leading
to considerable transformations in the velocity distribution in the plane, the shape of the
primary flow loop, the position of its centre, the flow discharge angle, the velocity magnitude
in the impeller suction, the velocities around the secondary flow loop, the direction of the
flow in the upper part of the tank, and the turbulent kinetic energy distribution. The
measurement planes at 5° either side of a baffle exhibit the largest differences in flow
properties, the plane on the windward side of the baffle (85°) containing the highest velocities.
The turbulent kinetic energy appears to be more uniformly distributed in this plane, while the
highest TKE values are detected in the 5° plane on the leeward side of the baffle around the

impeller discharge region and near the wall.

The agitation index proposed in the literature, based on the average (weighted with the
volume of the grid cells) of the mean 2D velocity magnitude measured in each plane, appears
to be unreliable for describing impeller effectiveness as it can vary by up to 50% between
measurement planes. On the other hand, using the 2D approximationfahttaiant mean
velocity for each vertical plane, the obtained flow nunf&P’ is not significantly affected

by the rotation of the laser plane, as it fluctuates around its average value (Fl = 0.67) with a
standard error < 5%. The results have shown for the type and size of impeller used here, the
importance of including both the axial and radial discharge contributions for an accurate

evaluation of the flow number.
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The findings of this study suggest, overall, that fhi@variance of the flow field cannot be
assumed in a baffled configuration without a considerable loss of information. As a result,
instead of using a single vertical plane, most of the results obtained by a technique capable of
collecting data in the whole three-dimensional system should always be presented in 3D,
plane by plane or as azimuthally averaged Eulerian maps or profiles, which contain the whole

3D information.

Using identical equipment and fluid, three-dimensional Eulerian velocity measurements made
by PEPT in a baffled stirred vessel have been compared directly with the above mentioned
PIV measurements performed in multiple planes. The study aimed to investigate possible
minor local discrepancies and, whether significant, develop an understanding of the reasons of

their existence.

A previously performed comparison between the PEPT and an optical technique involving
measurements conducted in one single plane and azimuthally-averaged maps obtained from
tracking the whole 3D system, showed an overall satisfactory agreement between the two
methods. However, since the two-dimensional PIV measurements showed that cylindrical
symmetry of the flow field cannot be assumed in a baffled configuration without a
considerable loss of information, the comparison was then refined by using azimuthally-

averaged Eulerian velocity fields obtained via PEPT and PIV measurements.

Nevertheless, due to the importance of such comparison, a detailed 3D study of the
differences in the flow fields obtained with these two techniques in multiple vertical planes is
presented here. Eulerian velocity fields in 17 vertical planes obtained by three-dimensional
PEPT measurements are compared directly with those performed in each of these planes via
PIV using the same equipment and fluid. Excellent overall agreement is obtained between
vector plots and contours at each of the 17 planes, and a quantitative assessment based on

axial and radial velocity component profiles confirms that.

Moreover, cavern boundaries in a viscoplastic fluid with an apparent yield stress, were
visualised via a planar laser induced fluorescence (PLIF) technique and radioactively detected
using PEPT. The superimposition of the cavern profiles measured showed no significant

difference between these two different methods of measurement.

As a direct consequence, PEPT has now been successfully tested in details in two different
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fluids and flow regimes through detailed comparisons with well-established optical
techniques. PEPT can now be reliably used to obtain accurate data throughout the entire
complex three-dimensional flow field in a range of mechanically agitated, laminar or
turbulent, single- or multi-phase opaque systems previously not amenable to quantitative
analysis.

10-1.3 Alternative methodology for Lagrangian tracking

A new methodology based on the concept of Shannon entropy has been developed for
studying the local and global mixing performance in a batch stirred vessel. The Lagrangian
technique of positron emission particle tracking has been used to conduct experiments in the

fully turbulent regime.

Three newly defined local entropy mixing times have been proposed which enable rapid
identification of the regions within the vessel producing the fastest flow dispersion or
reaching the fastest flow diversification, and the regions where both effects are considerably
fast. Such detailed results could be used to inform the design of experiments to study mixing
phenomena or equipment design to maximise the global or local mixing efficiency of the

system.

For the stirred vessel single-phase configuration and pitched blade turbine considered here,
the best positions for feeding have been located relatively close to the wall in line with the
upper edge of the impeller for a PBTD or slightly above it for a PBTU, whilst the best
withdrawal positions are found approximately a baffle-width away from the wall slightly
above the central horizontal plane of the vessel regardless of the orientation of the PBT. A
better global and local mixing performance is generally obtainable using a PBTD rather than a
PBTU; however, for processes where there is a requirement to use a specific feed or
withdrawal position, both impeller configurations should be considered as a PBTU might be
preferred to a PBTD.

Despite the additional complexity generated when a pipe is placed deep inside the flow (e.qg.
vortex shedding around the pipe or influence of the feed rate), the common industrial practice
of injecting at the surface and extracting at the base should be reconsidered to achieve better

mixing efficiency in these systems.
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10-1.4 Solid-liquid suspensions

PEPT has been successfully applied to the study of turbulent solid-liquid suspensions in a
stirred vessel. For the first time, the flow field in dense suspensions of up to 40 wt% solids
has been probed in detail, which serves to demonstrate the exceptional power of PEPT as a
non-invasive technique for the analysis of opaque multi-phase systems. It has been possible
to obtain the trajectory, the full 3D velocity field and spatial distribution of both the liquid and

solid phases, thus, yielding a substantial amount of unique experimental data.

Values of the two-phase flow number indicate that the pumping effectiveness of the PBT
agitator is preserved for low to moderate concentrations. At high solid concentrations,
however, the flow number is significantly reduced for a PBTD and even much more so for a
PBTU.

The azimuthally and radially-averaged vertical solids distributions show qualitative
resemblance with the very limited literature data obtained in a number of other studies using
either a single vertical probe traverse or a withdrawal technique. A criterion based on the
variance of the local solids concentration in the vessel has been used to quantitatively describe
the uniformity of the suspension and a PBTD has been shown to achieve in general a

significantly more homogeneous suspension than a PBTU.

Furthermore, the detailed pointwise measurements obtained with PEPT have enabled the
solids mass balance throughout the vessel and the mass continuity of the two phases to be

accurately verified; a unique result which has not been achieved by any other technique.

In a subsequent experimental study, the fluid-dynamic characterisation of stirred binary solid-
liquid suspensions at varying solids concentration has been made by using PEPT. The three-
component flow field and spatial phase distribution of binary mixtures of glass particles
suspended in water in a stirred vessel have been resolved via Lagrangian radioactive tracking.
Unigue experimental data on local hydrodynamics and homogeneity of suspension have been
obtained in solid-liquid flows of such high concentrations reaching 40 wt%. These detailed
results could be used to inform the design of experiments to study mixing phenomena or
equipment design to maximise the global or local mixing efficiency of the system. The
accuracy of the PEPT measurements has been ascertained through multi-component mass

continuity verifications throughout the vessel.
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Values of the multi-component flow number indicate that the pumping effectiveness of the
PBT agitator is preserved for low to moderate concentrations. At high solid concentrations,
however, the multi-component flow number and normalised mean slip velocity for both
particle sizes are considerably reduced; such a reduction is accentuated for an up-pumping
PBT.

Results on spatial phase distribution have shown how local solids build up diminishes for
smaller particles and/or higher solids concentrations, with the maximum uniformity index
being obtained for the smaller particles at 40 wt% solids. Overall, in these binary
suspensions, a PBTD achieves a better homogeneity than a PBTU at low and moderate solids
concentrations, but the difference in suspension uniformity between the different particle size

classes is higher.

Thanks to a third experimental campaign involving solid-liquid suspensions, the limits of
applicability of the Lagrangian technique of positron emission particle tracking have been
successfully extended. PEPT has been applied to the study of dense solid-liquid polydisperse
suspensions containing a total of five solid components. For the first time, it has been
possible to determine the full 3D velocity field and spatial distribution of the liquid phase and

of each patrticle size fraction within such complex six-component polydisperse suspensions.

The effect of the agitation mode and the mean solid mass concentration have been studied via
a global assessment approach, involving concepts such as the multi-phase flow number, mean
time-averaged slip velocity and uniformity index. Values of the multi-component flow
number indicate that the pumping effectiveness of the PBT agitator is preserved for low to
moderate concentrations. At high solid concentrations, however, the multi-component flow

number is slightly reduced; such a reduction is more accentuated for an up-pumping PBT.

Every particle size fraction presents a higher normalised mean slip velocity when the agitator
operates in the up-pumping mode. Such an enhancement in the normalised mean slip velocity

is more pronounced for larger particles.

Results on spatial phase distribution have shown, similarly to the binary suspensions, how
local solids build up generally diminishes for smaller particles and/or higher solids
concentrations, with the maximum uniformity index being obtained for the smaller particles at

40 wt% solids. Whilst, a PBTD achieves a better homogeneity than a PBTU at low and
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moderate solids concentrations, the PBTU generates a poor dispersion of the small particles

which are probably highly influenced by the presence of other solid components.

10-2 Future recommendations

This work has shown that concentrated solid-liquid suspensions in mechanical agitated
systems can be investigated in details by using the technique of positron emission particle
tracking. The complexity of the phase distribution and flow data produced highlights the
need for further research in this area which can build on the results reported here.

Suggestions for further work are provided below.

The whole set of solid-liquid experiments were performed using a 6-blade 45° pitched-turbine
(PBT) of diameteD = 0.5T and height 0.1The off-bottom clearance of the PBT was 0,25T

and the height of the suspension in the vessel was Bet dt As the impeller provides the
primary source of turbulence, further research can be conducted to study other impeller
designs, changing impeller type or fundamental agitation parameters (number of blades, blade
attack angleD/T ratio, off-bottom impeller clearance). Alternative vessel configurations may
also be considered to study their effect on the flow and phase distribution, including the shape

of the vessel base, number of baffles and the use a multiple impeller agitated system.

The application of the Shannon Entropy analysis presented in Chapter VI, can certainly be
extended to rheologically complex fluids and multi-phase suspensions. The generalisation of
these theoretical and experimental procedures to the study of such complex systems is a very

challenging exercise and should be investigated further.

Apart from the data collected for the validation of PEPT against the optical techniques of PIV
and PLIF, Lagrangian data were usually collected for 30-40 min per experiment which
generated an average of 200-250 thousands raw PEPT tracer locations. An in-depth 3D
analysis could be conducted (similarly to the multi-plane investigation in Chapter V) for each
of the already investigated concentrated solid-liquid suspensions in order to unravel precious
details on local phenomena. This could be achieved by simply using a longer PEPT runtime
per experiment or, alternatively, by the enhancement of the acquisition rate via, for example, a
PEPT tracer capable of containing a higher positron activity concentration or an improved

PEPT camera efficiency.
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Each solid-liquid experiment was performed Mt=Ns; with a purposely designed
experimental program involvinyl > Ns, important correlations between the uniformity index
and the impeller rotational speed could be empirically determined, so that values of minimum
rotational speed for uniform suspension could be predicted at varying solid concentration or

vessel/impeller configurations.

Previous research studies have been mainly concerned with the study of suspension of solids
in turbulent Newtonian flows. The dispersion of coarse particles in non-Newtonian fluids
have received little attention, so that solid-liquid suspensions in rheologically complex fluids
could be studied in details using the PEPT technique in conjunction with the set of

Lagrangian tools developed here.
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Appendix A

Examples of input and output data files

Summary

An example of PEPT data file is presented in this appendix. Due to the large number of pages
required, the PEPT data file Trable A.1 is truncated to the first 60 rows corresponding to the
first 43 tracer location in time and space; a full data file can contains millions of rows. As
described in Chapter Ill, such a PEPT data file contains the Lagrangian information and is
used as input for the computational code for the Lagrangian-Eulerian analysis. The output file
containing the Eulerian information, as discussed in Section 3-3.8, is presefigaréA.1.

Finally a typical input file containing the user defined computational parameters necessary to
execute the Lagrangian-Eulerian data analysis is reported in Table A.2.
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Table A.1. Sample of PEPT data file.

Fixed slices: 60 events/slice,

205.1

2213
233.3
262.8
274.5
280.7
279.9
279.6
277.9
2741
264.9
252.4
246.3
235.0
219.7
210.4
197.5
191.3
185.0
186.5
186.7
188.5
191.5
193.3
201.2
209.5
212.0
216.2
220.2
256.2
2855
287.7
292.0
286.3
265.8
245.7
216.0
187.6
183.6
178.1
183.2
186.1
193.6

40%3mmGup580rpm_G
Separation= 530
57 2619
22.8 260.6
35.8 259.2
53.1 229.2
61.8 216.6
69.6 204.5
76.6 192.6
83.8 184.6
89.4 181.9
955 175.2
100.8 174.2
108.4 170.7
113.8 173.1
118.7 172.0
125.1 177.9
1309 179.0
139.4 186.6
148.0 192.8
1549 202.3
1679 217.3
179.1 237.7
191.3 2535
203.7 261.4
2141 266.6
2265 275.1
239.6 277.7
250.4 280.7
262.0 2814
272.8 282.2
311.7 298.9
356.3 337.8
366.9 357.3
384.5 365.6
407.9 380.7
435.6 396.7
451.9 404.5
470.7 410.9
489.3 410.0
509.6 404.4
529.6 388.9
546.4 370.7
560.9 363.4
5745 358.8

237.4

2295
237.5
265.7
267.5
270.8
279.2
289.1
287.5
294.9
291.4
305.5
302.3
295.9
303.3
312.0
304.9
301.7
296.7
285.0
283.8
279.0
272.0
282.3
274.9
274.0
274.6
271.3
278.5
313.7
343.3
343.5
351.7
347.6
350.9
382.3
348.1
354.7
356.3
329.1
337.1
320.6
312.7

f(opt) : 0.200 Displacement parameters :

9.7
4.7
8.8
9.9
3.4
3.4
5.9
41
3.2
2.8

2.6
2.6
2.3
3.0
2.5
3.1
2.4
2.4
5.3
5.1

300, 400, 1500

1 locations/slice

0.0 0.00 12
0.0 0.00 11
0.0 0.00 11
0.0 0.00 11
0.0 0.00 11
0.0 0.00 10
0.0 0.00 10
0.0 0.00 10
0.0 0.00 10
0.0 0.00 10
00 000 9
0.0 0.00 9
00 000 9
0.0 0.00 9
00 000 9
0.0 0.00 9
00 000 9
0.0 0.00 9
00 000 9
00 000 9
0.0 0.00 10
0.0 0.00 10
0.0 0.00 10
0.0 0.00 10
0.0 0.00 10
0.0 0.00 11
0.0 0.00 11
0.0 0.00 11
0.0 0.00 11
0.0 0.00 11
0.0 0.00 11
0.0 0.00 11
0.0 0.00 11

0.0 0.00 11
0.0 0.00 11
0.0 0.00 10
0.0 0.00 10
00 000 9
0.0 0.00 9
00 000 9
0.0 0.00 9
0.0 0.00 10
0.0 0.00 10
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Appendix A

Table A.2. Typical input file containing computational parameters for the Lagrangian-Eulerian data analysis.

% Declare parameters

%% Folders and files names
IN_OUTfolder = "input-output’;
%% Geometrical parameters

H = 288; % Vessel height [mm]
T = 288; % Vessel diameter [mm]
D = 144; % Impeller diameter [mm]

H_imp =28; % Impeller height [mm]

imp_cle =.25; % Impeller clearance [H]

D_shaft =16; % Shaft diameter [mm]

D_hub=28; % Hub diameter [mm]

H_hub =30; % Hub height [mm]

w_baff =29; % Baffles width [mm]

s_baff=5; % Baffles thickness [mm]

a baff =0; % Baffles-detectors angle [deg]

%% Probability function

Hd = 510; % Vertical height of the detector rectangle [mm]

Ld = 380; % Horizontal width of the detector rectangle [mm]
Dd = 600; % Distance between the detectors [mm]

deltaX =5; % Horizontal step [mm]

deltaY =5; % Horizontal step [mm]

deltaz =5; % Height step [mm]

%% Filter of data running

flag_fi = 0; % on=1 off=0

width_kernel = 4; % Width of the Gaussian kernel

sigma = 3; % Standard deviation of the Gaussian kernel
k_vtip =1.2;

c_star =5;

%% Poincare Sections

flag_ps = 0; % on=1 off=0

Ns_r=0; % Num of sections (r=cost) - 0 for irregular steps
Ns_z=0; % Num of sections (z=cost) - O for irregular steps
Sec_r=[.552]; % Specify r/R for irregular steps

Sec_z =[.25]; % Specify z/H for irregular steps

%% Centring Parameters

flag_sc=1; % on=1 off=0

marginT =5; % Radiuses (mm) to scan lower than T/2

LRT = 0.20; % Locations ratio threshold

n_rings =4; % Number of rings (mm) to average the annular density
x0 = 307.0; % Suggested origin if flag_sc=0

y0 =167.0; % Suggested origin if flag_sc=0

z0 = 300.0; % Suggested origin if flag_sc=0

%% Gostpoints

flag_gp=1; % Tofill skipped voxels with interpolated locations
%% Fitting and Lagrangian velocities

coo ="'cyl'; % 'cyl' (‘car') to fit in cylindrical (Cartesian) coordinates
n_fit=3; % Width of the interpolation/fitting interval [locations]
%% Eulerian velocities

flag_fitloc = 1; % Write 1 (0) to use fitted (original) locations
thdsym = 1; % To use the cylindrical pseudo-symmetry (4 baffles)

Ntheta = 1; % Discretization using cylindrical coordinates

Nr = 16; % Discretization using cylindrical coordinates

Nz = 32; % Discretization using cylindrical coordinates

%% Plot

flag_lagsave = 0; % on=1 off=0 to export Lagrangian images
flag_eulsave = 0; % on=1 off=0 to export Eulerian images
flag_scPL =1, % '1' plot the results of centring '0' no plot
flag_gpPL = 0; % on=1 off=0 to plot images from gostpoints_cyl.m
rangepl = 2400:2600; % Change to see different trajectory's piece
locplot = 10000; % Number of location to plot
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Appendix B

Emulation of multiple particle tracking

Summary

A PEPT runtime of 30 min provided more than 200 thousands tracer locations under the
turbulent conditions discussed in Chapter VIIl. For each of the three components of the
mixture, the tracer trajectory was experimentally determined and computationally partitioned
in as many segments as the number of times the tracer visited a selected toroidal small volume
above the impeller. This emulates the simultaneous tracking of hundreds of particles as
discussed in Section 6-3.5. Using available Lagrangian data collected for the three-
component binary system with total solid concentration equal to 10 wt%, as described in
Section 8-2.2, the consecutive location in the mixing vessel of hundred of particles is shown
in Figures B.1-B.3. These consecutive radial-axial projections are separated by a time

interval of 0.01 s, short enough to allow the paths of the particles to be discerned.
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