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Summary

The rapid settling nature of some industrial mineral slurries can cause problems in the
measurement of their rheological properties. To address this problem a flow
rheometer based on the principles of helical flow was developed. The rheometer
designed, is a modified Couette flow system, whereby slurries are circulated through
the concentric cylinders by the addition of an axial flow. The purpose of this axial
flow is to prevent particles from settling and to maintain a homogeneous suspension.
However, the addition of an axial flow component to Couette flow complicates the
analysis procedure for non-Newtonian fluids particularly in wide gap geometries.
Thus a specific emphasis in this study was placed on developing a correct analysis
procedure for helical flow that eliminated the need for rudimentary calibration

procedures.

Experimental measurements with different liquids, including those with Newtonian
and non-Newtonian flow properties showed good agreement between data obtained
from the flow rheometer and data obtained using other standard laboratory
instruments. Typical differences between the results from the flow rheometer and
results from other laboratory instrument varied between 1-2%, with standard
deviations in the flow rheometer data of between 2-4%. The flow properties of several
non-Newtonian slow settling slurries were examined using the flow rheometer and
also with a specially modified tube rheometer. As with the pure liquid results good
agreement was obtained between the results from the flow rheometer and those
obtained with the modified tube rheometer. Several rapid settling slurries were
examined using the flow rheometer, but due to the rapid settling nature of these
slurries they could not be examined with any other laboratory instruments. However,
internally consistent results were obtained from different tests with the flow
rheometer using different values of axial flow rate. These results demonstrate that the
correct data analysis method was developed for the helical flow of non-Newtonian
fluids

Particle migration is a phenomenon known to affect the results of both rotational and

axial flow rheological equipment. Whilst the motion of particles within the helical
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flow geometry could not be directly observed, careful examination of the results from
several experiments with slurries showed that the effects of particle migration were
minimal or non-existent within the flow rheometer. It is presumed that the circulation
of the fluid through the geometry minimises the residence time in the geometry,

which reduces the likelihood of particle migration.

The development of Taylor vortices in a Couette type geometry can cause substantial
errors in any rheological measurements. The flow rheometer is based on helical flow,
which is a combination of both Couette and axial flow and as such may also suffer
from measurement errors if instabilities develop in the flow. A stability criterion for
the helical flow of non-Newtonian fluids is therefore required to ensure measurements
from the flow rheometer were obtained in the laminar flow region. The stability
criterion for laminar Couette flow of a Newtonian fluid was well known, as was the
effect of imposing axial flow on Newtonian Couette flow. However, the effect of the
rate of acceleration of the inner cylinder and the effect of non-Newtonian fluids on the
onset of Taylor vortices was unknown. An increase in the rate of acceleration of the
inner cylinder was found to have a destabilising effect on Couette flow. A modified
Taylor number was developed for non-Newtonian fluids using the power-law model
and was experimentally validated for a range of non-Newtonian fluids. These results
were then used to develop a laminar flow stability criterion for rheological

measurements of non-Newtonian fluids in the flow rheometer.

To test the suitability of the results from the flow rheometer for use in the design and
optimisation of process units, the power requirements to turn an impeller in a small
baffled mixing vessel were investigated. Good agreement was obtained in the laminar
and turbulent flow regions for a variety of Newtonian and non-Newtonian fluids
between measured values of impeller power and those predicted using rheological

measurements from the flow rheometer.

Altering the density of the solid particles in a slurry is known to affect the overall
rheological properties of the slurry. However, the effects of changing the liquid
density were not so clearly defined and thus several artificial slurries of PMMA (poly-
methylmethacrylate) spheres in water/NaCl and water/glycerol solutions were used to

investigate this phenomenon. It was found that the slurry rheology was altered by
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changes in the suspending liquid density, however, these changes could be entirely
attributed to changes in the liquid viscosity associated with the changes in liquid

density.

To summarise, the work presented in this Thesis provides a fundamental approach for
the absolute measurement of the rheological properties of settling slurries, under
conditions that more accurately represent those found in actual mineral processing

operations.

Vi
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Nomenclature

English Letters

Dt
dx
dv
ELF

pre-exponential parameter, power-law model
shear stress calculation parameter, vane

Shi and Napier-Munn (1996) model parameters
constant of integration

height of the impeller above the base of the tank
differential pressure parameter

turbine diameter

x% of particles have a smaller diameter
particle diameter (volume average)

entrance length parameter

displacement of inner cylinder axis from centre axis
gravitational acceleration

axial length of a Taylor vortex

Headstrom number

gap width between parallel plates

impeller blade pitch

width of baffles

ratio of cylinder speeds (inner/outer)

Krieger and Maron model parameter

Krieger and Maron model parameter

mixing parameter used by Sinevic et al. (1986)
length

length of impeller blade

entrance development length

torque

number of baffles in a tank

number of impeller blades

exponential parameter, power-law model
Taylor’s turbulence parameter

pressure

Pas"

mV(s/rad)*
m
kg/(m%s?)

m

m

Nm

Pa
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Q flow rate m*/s
R outer cylinder radius m
Re Reynolds number
Re’ modified Reynolds number for mixing tank systems
S radius ratio (outer/inner) (=1/x)
SC stability criterion
Ta Taylor number
Ta’ Taylor number (= Ta?)
Tac critical Taylor number
Y velocity m/s
Vim minimum velocity to maintain homogeneous conditions ~ m/s
(V) average annular axial velocity m/s
W width of an impeller blade m
z axial length m
Greek Symbols
angle between cone and plate rad
difference
€ eccentric Ratio (= e / average gap width(R-kR))
n apparent viscosity Pas
solids volume concentration
Dp power number
) fluidity function (=1/1) 1/Pas
Y shear rate 1/s
[0) co-axial cylinder shape factor
K radius ratio (inner/outer) (=1/S)
A radius ratio (axial velocity peak/outer)
Q angular velocity rad/s
o combined pressure (= p + pgz) Pa
u viscosity Pas
v kinematic viscosity m?s
p density kg/m?
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T shear stress Pa
Ty yield stress Pa
0 cone and plate angle (= n/2-a/2) rad
L acceleration of the inner cylinder rad/s
b wave number

Subscripts

b property at bob (inner cylinder) wall

I property of the liquid

p property of the solid fraction (particle)

r radial direction, cylindrical co-ordinates

w property at the system wall

S property of the slurry

z axial direction, cylindrical co-ordinates

0 annular direction, cylindrical co-ordinates

Superscripts

C CMC solution

g glucose-water solution
m moderate gap geometry
n narrow gap geometry

p polyox (PEO) solution

w wide gap geometry
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CHAPTER 1 INTRODUCTION

1.1 Background

An economically viable ore body may contain only 1% valuable mineral or even less
for exceptionally valuable products such as gold where only a few grams per tonne
may be economically viable. Thus it is usual that a lot of gangue material will also be
unearthed as part of the mining process. The transportation and processing of ore is
often in the form of slurries. Water is therefore a key component of every mining and
mineral-processing operation and in 1996-97 Australian mine sites used over 570 GL
of water (Australian Bureau of Statistics 2001). However, Australia is one of the
driest continents and is characterised as having a high spatial and temporal variability
in climatic conditions (Australian Bureau of Statistics 2001), making water an
extremely valuable and expensive commodity. The plant life cycle cost of a mining
operation is typically influenced greatly by the throughput or processing rate, the

solids concentration and rheological properties of the slurries (Wills 1976). In more
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recent years a greater focus is being placed on improving the design and optimisation
of mineral-processing operations to reduce costs. In order to achieve this goal it is
crucial that the actual physical properties of the slurries being processed including the
rheological properties be determined under conditions that realistically represent those

found in actual site operations.

Solid / liquid solutions can be divided into two broad categories; settling slurries and
suspensions. Suspensions (non-settling / slow-settling slurries) usually consist of fine
particles (smaller than 40 um) at high solids concentrations. The slow settling rate of
particles in these suspensions means that their rheological properties can be measured
using generic standard rheological instruments. However, while only standard
rheological instruments are required; slip, the presence of a yield stress and possible
thixotropic behaviour often means that advanced measurement techniques are
required (Steffe 1992, Van Wazer et al. 1963).

Compared to suspensions, settling slurries consist of a diverse range of particle sizes,
which include large particles (greater than 40 um) and lower solids concentrations. A
significant problem encountered when measuring the rheological properties of these
slurries in standard instruments including: parallel plate, bob and cup and capillary
tube, is that the particles settle during any measurements. The formation of a
concentration gradient within the instrument can lead to substantial errors in the

measurement of the slurry's rheological properties.

The challenge is therefore to develop a rheological instrument that is capable of
determining the actual rheological properties of settling slurries whilst maintaining
homogeneous conditions. This thesis outlines the development of an instrument
capable of measuring the actual rheological properties of settling slurries. The design
of this instrument was based on the addition of axial flow to Couette flow to generate
helical flow (Nguyen et al. 2000). The purpose of the axial flow was to circulate fluid
through the Couette geometry thereby maintaining the particles in a homogeneous
suspension. Most mineral suspensions however, are characterised by non-Newtonian
behaviour and the large sized particles in settling slurries often mean that narrow gap

geometries cannot be used. Particular emphasis in this work was therefore placed on
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developing the correct analysis procedures for the measurements of non-Newtonian
fluids in wide gap geometries in helical flow.

1.2 Research Objectives

The primary objective of this project was to develop an instrument and a data analysis

procedure that is capable of determining the rheological properties of non-Newtonian

settling slurries. This primary objective can be divided into a number of smaller
objectives and these are outlined as follows.

e Examine and evaluate existing modified concentric cylinder rheometers in the
literature.

e Develop a design for a flow rheometer with a particular emphasis on an ability to
maintain rapid settling slurries in a homogeneous suspension.

e Develop a data reduction procedure with a particular emphasis on non-Newtonian
fluids in wide gap geometries.

e Evaluate the flow rheometer with a wide range of fluids including ideal
Newtonian, pseudoplastic and yield-pseudoplastic fluids and settling and non-
settling slurries.

e Determine the effect, if any, of particle migration on rheological measurements of
slurries and suspensions from the flow rheometer, due to the helical nature of the

flow profile.

The secondary objective of this project was to examine and develop a criterion for the

onset of turbulent instabilities in the flow rheometer, which is based on helical flow.

The onset of turbulent instabilities can cause errors during rheological measurements

and it is therefore important to have a criterion, which can accurately predict the onset

of these instabilities. A breakdown of the objectives of this project, relating to the

onset of instabilities in helical flow are presented below.

e Develop an instrument to study (visualise) the onset of Taylor vortices in helical
flow.

e Evaluate the effect of changes in the rate of acceleration of the inner cylinder on
the onset of Taylor vortices in Couette flow.

e Modify and evaluate the Taylor number for non-Newtonian fluids.
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e Determine the effect of axial flow on the stability of Couette flow for non-
Newtonian fluids.
e Define a criterion of stability for the flow rheometer

e Evaluate the stability criterion with Newtonian and non-Newtonian fluids.

Another objective of this project was to show that the flow rheometer can be used to
generate rheological results, which can be used in industrial and research applications.
To simulate an industrial application rheological measurements from the flow
rheometer were used to predict the power requirements of a mixing tank system. As a
research application the flow rheometer was used to examine the effect that changes
in the density of the suspending liquid can have on the rheological properties of a

slurry.

1.3 Thesis Outline

This thesis is directed towards developing an instrument capable of measuring the
actual rheological properties of settling slurries with a particular emphasis placed on
developing the correct data analysis procedures for the helical flow of non-Newtonian

fluids in wide gap geometries.

This thesis is divided into five distinct sections. In Section A the purpose for this work
is introduced along with an overview of fundamental rheology knowledge. In Section
B the design, development and experimental validation of the flow rheometer for
settling slurries is presented. The onset of instabilities in the helical flow of non-
Newtonian fluids is analysed in Section C. In Section D the flow rheometer is used in
several different experimental studies. Finally Section E provides an overall summary

of the finding from this study and presents possible directions for future work.
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1.3.1  Section A: Introduction and Introductory Concepts

and Techniques

In Chapter 1 the background and relevance of this project to the mineral processing
industry is summarised. The research objectives and thesis outline are also presented.

Rheology is an important and fundamental component of this study and thus Chapter
2 presents a summary of basic rheological properties seen in liquids and slurries and
some of the rheological models used to describe the different types of behaviour that

can be observed.

1.3.2 Section B: The Flow Rheometer

Chapter 3 presents a comprehensive overview of different rheological instruments
currently available. Particular emphasis is placed on examining the suitability of
instruments based on modified Couette geometries to measure the properties of
settling slurries. Other more specialised instruments developed for the measurement

of settling slurries are also evaluated.

In Chapter 4 the theory and analysis of helical flow is examined. This chapter
discusses methods for determining the rheological properties of non-Newtonian fluids

from measurements with a helical flow geometry.

Chapter 5 presents a detailed description of the flow rheometer developed to measure
the properties of settling slurries. The difficulties associated with the measurements of
low viscous, rapid settling slurries are discussed with regards to instrument design.
The auxiliary equipment including the pump and computer control program are also

discussed.

Chapter 6 presents a description of the generic experimental apparatus, techniques and
data analysis procedures used to support the unique experiments performed in this
study. The techniques presented include; particle size analysis using a Malvern size

analyser and generic rheological measurements in both controlled stress and
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controlled rate instruments with a variety of different geometries. Finally a description
of a modified tube rheometer, developed to measure the properties of slow settling

slurries is presented.

The flow rheometer was extensively tested with a wide variety of liquids and slurries
with different rheological properties including Newtonian, non-Newtonian and yield-
stress behaviours. Some problems were encountered with the measurement of yield-
stress fluids at low values of shear rate but a modified measurement method was
devised to minimise this problem. A summary and discussion of the results obtained
for the different types of fluids examined is presented in Chapter 7.

A significant complication of helical flow compared to Couette flow is the
contributions of the additional axial flow component. In Chapter 8 the axial flow
component of helical flow is examined with a focus on the errors that can arise when
the contribution made by the axial flow component to the total shear rate in the
system are ignored. An improvement to the analysis procedure, developed in Chapter

5, based on the findings is also presented.

The migration of particles in Couette flow, axial flow and helical flow is examined in
Chapter 9. The migration of particles is known to affect the rheological measurements
of slurries and suspensions in both axial and Couette flow and so it is possible that
migration could also occur in helical flow. The extent of particle migration in the flow

rheometer with respect to rheological measurements is examined.

Chapter 10 presents a summary of the results and findings of the work conducted with

the flow rheometer presented in chapters 3 to 9.

1.3.3 Section C: Instabilities in Helical Flow

Chapter 11 presents a review of literature regarding the onset of instabilities in
Couette flow, axial flow and helical flow. A particular focus of this chapter is a
detailed examination of the various effects that alter the critical speed for the onset of
Taylor vortices in Couette flow.

Page 7



The University of Adelaide Continuous Flow Rheometry for Settling Slurries

In Chapter 12 a detailed description is given of the specially developed equipment

designed to visualise the onset of Taylor vortices in Couette and helical flow.

The onset of Taylor vortices in Couette flow is examined in chapter 13 with regards to
rheological measurements. Particular emphasis is placed on the onset of Taylor
vortices under conditions more regularly encountered in rheological measurements;
fast acceleration rates of the inner cylinder and the presence of non-Newtonian fluids.
The Newtonian Taylor number is suitably modified to better account for the different
rheological properties observed in non-Newtonian fluids.

The onset of instabilities in a rotational type rheometer can cause errors in the torque
measurements and thus it is necessary to ensure that laminar flow is present during
any measurements. Chapter 14 presents a stability criterion for helical flow for both
Newtonian and non-Newtonian fluids so that the presence of instabilities in the flow

rheometer during any rheological measurements can be determined.

Chapter 15 presents a summary of the work regarding the onset of instabilities in
helical flow.

1.3.4  Section D: Applications of the Flow Rheometer

Chapter 16 examines the suitability of measurements from the flow rheometer to be
used in the design and optimisation of mineral processing units. The power
requirements for a small mixing vessel are measured and these are compared to values

predicted using rheological measurements from the flow rheometer.

In Chapter 17 the effect that altering the density of the suspending liquid has on the
rheological properties of a slurry is examined. Artificial slurries of PMMA spheres
and water, with sodium chloride salt or glycerol added to the water to adjust the

suspending liquid density, were used to study this effect.
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1.3.5 Section E: Conclusions and References

Chapter 18 provides an overview and summary of the major outcomes of this project
and presents possible directions for future work as a result of this study.
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CHAPTER 2 BAsIC RHEOLOGY

2.1 Introduction

In order to improve the optimisation of mineral processing operations the rheological
properties of settling slurries must be determined as accurately as possible under
conditions that closely resemble actual site conditions. This chapter presents a review
of rheology including the different types of fluids that exist and the different models
available to characterise their rheological properties.
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2.2 Rheology of Slurries and Suspensions

Settling slurries and suspensions of solids in liquid may exhibit a wide variety of
rheological behaviours. The rheological properties are heavily dependent on the solids
concentration of the slurry (Clarke 1967, Saraf and Khullar 1975). At low solids
concentrations, constant viscosity, Newtonian behaviour is observed, but as the solids
concentration increases the rheological behaviour becomes increasingly complex and
non-Newtonian with the viscosity becoming dependent on the shear rate. The nature
of the non-Newtonian behaviour depends on the solids concentration, the particle
shape, the particle size, the particle size distribution and the suspending liquid
rheological properties. The suspension/slurry may develop a yield stress and/or
become time dependent in nature as structures develop within the fluid at higher
solids concentrations (Barnes 1999). Two typical types of time-dependent behaviours
are possible; Thixotropy, where the fluid thins with shear and time and the opposite
rheopexy, where the fluid thickens with shear and time. This study however, is
primarily focused on the measurement of the rheological properties of settling slurries
where it is necessary to continuously circulate or shear the slurries to prevent settling.
Under these conditions it is assumed that the fluid will be fully sheared and that the
rheological properties will be unlikely to change further with time. Thus time-
dependent effects will not be investigated further and the discussion will focus only

on time independent behaviour.

2.2.1  Viscous Fluids

A settling slurry or suspension that flows under the influence of shear, no matter how
small the shear, can be considered as a viscous fluid. Under these conditions it is
assumed that for a given shearing condition (the shear stress, t) there will only be one

unique response in the fluid (the shear rate, 7), represented in Equation (2.2-1).

T=1(}) (2.2-1)
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The relationship between the shear stress and shear rate describes the fluids
rheological behaviour. Figure 2.2-1 presents three of the more simple rheological

behaviours observed in settling slurries and suspensions.

Shear-Thickening

Newtonian

Shear Stress (Pa)

Pseudoplastic

Shear Rate (1/s)

Figure 2.2-1 Flow curves for purely viscous fluids

22.11 Newtonian

The simplest relationship between shear stress and shear rate for a fluid, is one that is

constant or directly proportional, Equation (2.2-2).

T=uy (2.2-2)
In this case the proportionality constant, y, is referred to as the Newtonian viscosity.
The flow curve (a plot of shear stress versus shear rate) is therefore a straight line

passing through the origin, see Figure 2.2-1.

Newtonian behaviour is typically only observed in suspensions and slurries when the

particles can be considered non-interacting or fully dispersed (Clarke 1967, Vand
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1948a, 1948b). Under these conditions particle collisions are assumed to occur in a
relatively insignificant number of cases. Thus the movement of particles in the flow

field results in only an increase in the viscous energy dissipation.

2.2.1.2 Pseudoplastic

Pseudoplastic fluids are typically suspensions of solids or dissolved long chain
polymer strands. As the shear rate increases the structure of the fluid becomes more
ordered, which steadily reduces the apparent viscosity, see Figure 2.2-1. The power-
law model also referred to as the Ostwald-de Waale model (Ostwald 1926), Equation

(2.2-3), may be used to model the rheological behaviour of pseudoplastic fluids.
T= Ay n (2.2-3)

The parameter A is defined as the pre-exponential factor or consistency index and n as
the exponential factor or the flow-behaviour index. The relative value of A refers to
the viscous behaviour of the fluid, while the value of n describes the deviation of the
fluid behaviour from Newtonian behaviour. For pseudoplastic fluids n must be less
than unity. If n is equal to one then Equation (2.2-3) reduces to the Newtonian model,
Equation (2.2-2) and A becomes the Newtonian viscosity, u. A value of n greater than
one is used to describe the behaviour of a shear thickening fluid, see section 2.2.1.3.
In reality however, most pseudoplastic fluids cannot be described by the power-law
model over a wide range of shear rates, as there is typically a region of Newtonian
behaviour at very low shear rates and a second Newtonian region at very high shear
rates (Skelland 1967, Van Wazer et al. 1963).

More complex models based on the power-law model have been proposed to improve
the description of pseudoplastic fluid behaviour over a wider range of shear rates. The
Carreau model, Equation (2.2-4) incorporates two terms 1o and n., which correspond

to the constant viscosity regions at very low and very high shear rates respectively.

Mo —M _ |:1+(A,Y)2 ]<n_1)/2 (22-4)
No ~Mwo
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2.2.1.3 Shear Thickening

Shear thickening behaviour should not be confused with dilatancy, which is a change
in volume on deformation, though dilatancy is often used to describe shear thickening
behaviour. Suspensions of solids in liquids are often capable of shear thickening
behaviour over certain ranges of shear rate. The degree of shear thickening and its
onset is a function of the solids concentration, the particle shape and size distribution.
At rest the particles are assumed to be situated in such a way that the void space
between particles is at a minimum, but as the shear rate increases the particles become
more disordered and there may be insufficient liquid to fill the space between the
particles leading to direct particle contact which causes an increase in the apparent
viscosity of the fluid or shear thickening behaviour (daC.Andrade et al. 1949, Mondy
et al. 1994).

A fluid that shows purely shear thickening behaviour is extremely rare, but in such
cases the rheological models presented for shear-thinning fluids can be used to
describe the behaviour of the fluid, except that pre-exponential parameter n must be
greater than one. In more practical situations shear thickening behaviour may be
observed over a particular range of shear rate values and in these cases several
different rheological models may be needed to describe the fluids behaviour over a
wide range of shear rates.
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2.2.2 Yield Stress Behaviour

The yield stress of a fluid is commonly defined as the stress that is required to initiate
flow of the material. Some of the more simple types of flow curves associated with

yield stress behaviour in fluids are presented in Figure 2.2-2.

Yield - Shear Thickening
Bingham Plastic

Yield - Pseudoplastic

Shear Stress (Pa)

Shear Rate (1/s)

Figure 2.2-2 Flow curves for yield stress fluids

The yield stress, however, is not easily measured and values of the yield stress for a
fluid will often vary depending on the measurement technique (Steffe 1992). It is
believed that the material responds similar to an elastic solid until the yield stress is
reached, at which point the fluid starts to flow. The yield stress is usual explained as
the fluid contains an internal structure that is able to resist a certain amount of stress
before flow commences. There is some discrepancy in the literature as to the true
nature of the yield stress and whether or not it truly exists (Barnes and Walters 1985).
If the yield stress does indeed exist then the variable nature in measured values of
yield stress suggests that there may be multiple types of structures involved that have

varying levels of significance during different types of tests (Cheng 1986). Cheng
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(1986), proposed a two-structure theory; the first structure is a pseudo-time
independent structure, where the structure is insensitive to changes in shear rate and
serves to define the equilibrium flow curve of the fluid. While a true time independent
structure is highly unlikely a time dependent structure that recovers extremely rapidly
would give the impression of time independent behaviour (Steffe 1992). The other
structure is a time dependent structure that builds up in the fluid during the absence of
shear. If this structure is more significant than the time independent structure it
explains why the yield stress of a fluid changes depending on the rest time, the shear

rate and the type of test performed (Steffe 1992).

The two most common types of tests to determine the yield stress are direct
measurement and extrapolation. Numerous methods have been proposed for the direct
determination of the yield stress, but one of the more simple methods uses a generic
rotational rheometer and a vane geometry (Nguyen and Boger 1985). If a direct
measurement is not possible then rheological data must be obtained at shear rates as
low as possible and then an extrapolation procedure (Murdoch and Kearsey 1960,
Kearsey and Cheney 1961) must be used to obtain an estimated value for the yield
stress.

2.2.2.1 Bingham Plastic Model

The simplest type of yield stress fluid model is the Bingham plastic model (Bingham
1922), shown in Equation (2.2-5). For this model once the yield stress is exceeded it is
assumed that the fluid behaves like a Newtonian fluid, where the shear stress
increases proportionally with increases in shear rate. However, there are few
suspensions and slurries for which the Bingham model can be used to describe the
rheological behaviour over a wide range of shear rates. But over a small range of low
values of shear rate the Bingham model may be more applicable for a wider range of

suspensions and slurries.

T=1 g (2.2-5)
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2.2.2.2 Yield Pseudoplastic Fluids

Generally most suspensions and slurries can be described as yield-pseudoplastic
fluids; once the yield stress is exceeded the fluid can be expected to act similar to a
non-yield stress shear thinning fluid, described previously, in section 2.2.1.2. Two of
the more simple models that exist for yield pseudoplastic fluids are the Casson and
Herschel-Bulkely model. Initially developed to describe the properties of printing inks
but later shown to be suitable for some yield stress fluids, the Casson model is shown
in Equation (2.2-6) (Casson 1959).

Vo= [ty +up (2.2-6)

The Herschel-Bulkley model (Herschel and Bulkley 1926a, 1926b) is a three
parameter model that is quite similar to the power-law model previously described,
section 2.2.1.2, with an additional yield stress term, ty, shown in Equation (2.2-7).
The Herschel-Bulkley model is more widely used than the Casson model because the

extra term increases the range of fluid behaviour that can be described by the model.
T=1+Ay" (2.2-7)

In the case of either the Casson or Herschel-Bulkley model the fluids yield stress must
either be obtained from an experimental measurement, such as the vane method
(Nguyen and Boger 1985), see section 3.2.2.5, or by extrapolation from measured
rheological data; shear stress and shear rate (Kemblowski at al. 1988, Murdoch and
Kearsey, 1960).

2.2.2.3 Yield Shear Thickening

Yield shear thickening behaviour is not common but as previously mentioned, over a
certain range of shear rates, slurries and suspension depending on the properties of the
solid particles and the suspending liquid can exhibit shear thickening behaviour. In
the case of yield shear thickening behaviour, the Herschel-Bulkley model, Equation
(2.2-7), previously outlined for yield-pseudoplastic fluids can be used to describe the
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fluids rheological behaviour, except that pre-exponential parameter n must be greater
than one.
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SECTION B THE FLow RHEOMETER
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CHAPTER 3 RHEOLOGICAL

INSTRUMENTATION

3.1 Introduction

The correct determination of the rheological properties of different fluids including
suspensions and slurries is important to many research and industrial applications. To
achieve this, the choice of the correct instrument for the application is essential, as
many different methods and instruments exist for determining the rheological
properties of fluids. Whatever the design of the instrument two essential components
are required to correctly measure the rheological flow properties of a non-elastic fluid;
these are an ability to apply a measured stress to the fluid and to measure the fluids
response to the applied stress. Most common laboratory type instruments can be
separated into two broad categories; rotational and tube type.
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3.2 Standard Rotational Type Rheological

Instruments

Of the two basic types of rheometers previously mentioned the rotational type is the
most common and includes cones and plate, parallel plate, concentric cylinder and
vane geometries. To achieve accurate rheological measurements steady laminar flow
and no slip of the fluid at the surfaces of the geometry are required. A significant
advantage of the rotational type rheometer is that only a small sample volume is usual
required, which also means that control of temperature and pressure of the sample can
be more readily achieved. Accuracy, reliability and easy of use make these
instruments extremely common, though they are significantly more expensive than
other types of rheometers (Steffe 1992, Van Wazer et al. 1963).

3.2.1 Plate Type

3.21.1 Parallel Plate

The parallel plate geometry consists of two parallel disks separated by a defined
distance, with the space between two disks filled with the sample liquid, see Figure
3.2-1. One of the two discs rotates at a defined speed and the resistance of the fluid to
the motion is recorded as a torque. It is also possible to apply a certain torque and
measure the speed of rotation. The shear rate is not uniform across the radius of the
geometry, with a significantly higher shear rate observed at the outer edge of the plate
compared to the centre. Due to this difference an average shear rate must be
determined and while this is a relatively simple task for a Newtonian fluids, errors in
the calculations will increase with increasing non-Newtonian behaviour of the tested
fluid. The shear stress and shear rate may be determined from the measured values of
torque and rotational speed respectively as shown in Equation (3.2-1) and (3.2-2),
where, M is the torque, Q is the rotational speed, R is the radius of the plates and h is

the gap width between the two plates.

3M
27R 3

(3.2-1)
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;=R (3.2-2)

Measurements of slurries and suspensions with the parallel plate geometry can be

affected by slip and settling particles.

Slip can occur when the gap width between the two shearing surfaces is small
compared to the particle size (a gap to particle ratio of less than 10:1). Under these
conditions the assumed boundary conditions that the velocity of the first layer of fluid
equals that of the adjacent plate can become invalid. The effect of this phenomenon
can to a certain extent be offset in the parallel plate geometry as the gap width can be

varied.

The only direction of shear in the parallel plate geometry is rotational in the horizontal
plane, there is no vertical shear and thus the settling rate of particles cannot be
reduced. As particles settle a concentration gradient will develop lending to incorrect
values of measured torque and incorrectly determined rheological properties (Steffe
1992, Van Wazer et al. 1963).

A further problem with the parallel plate geometry is that there is often quite a low
upper limit on the shear rates that can be examined, particularly with low viscosity
fluids that can be ejected from the geometry due to centripetal forces at higher values

of shear rate.

Figure 3.2-1 Parallel plate geometry
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3.21.2 Cone and Plate

The cone and plate geometry is shown in Figure 3.2-2 and either the cone or the plate
can rotate at a set speed and the resistance of the fluid to the motion, the torque, is
measured. Due to the changing gap size with radius, the shear rate across the conical
shaped gap can be considered constant, providing that the cone angle, a, is less than
3° (Van Wazer et al. 1963).

Figure 3.2-2 Cone and plate geometry

The calculations to determine the shear stress and shear rate require that the tip of the
cone touch the plate, but because this is often impractical a truncated cone can be used
instead. In a truncated cone a small portion of the tip of the cone is removed but the
cone is positioned as if the cone was complete. The equations to determine the shear
stress and shear rate are shown in Equation (3.2-3) and (3.2-4), where 0 is related to

the cone angle, a, (0 = — a/2).

[ o) 529
T Sin
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The small clearance between the cone (whether truncated or not) and the stationary
plate means that particles can become easily trapped. Trapped particles significantly
increase the measured resistance (the torque) and this can lead to significant errors in
the calculated shear stress. Thus the size of particles in suspensions that can be
measured with the cone and plate geometry is quite limited. Settling and slip may also
affect the measurements from a cone and plate geometry, in the same way that the
parallel plate geometry is affected and test samples can also be ejected from this

geometry at higher rotational speeds (Steffe 1992, Van Wazer et al. 1963).

3.2.2 Concentric Cylinders

The concentric cylinder system, shown in Figure 3.2-3, consists of a bob or inner
cylinder and a cup or outer cylinder, with the fluid placed in the annular region
between the two cylinders. Usually the inner cylinder is rotated and the resistance of
the fluid to the motion measured as a torque. It is however possible to rotate either
cylinder, though in most practical applications it is significantly easier to rotate the

inner cylinder.

Figure 3.2-3 Concentric cylinder geometry
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3.2.21 Shear Stress

For a concentric cylinder geometry, it is easier to calculate the shear stress compared
to the shear rate, as the calculations are not dependent on the dimensions of the
geometry or the rheological properties of the fluid being examined. Thus from the
measured torque, the shear stress may be determined as shown in Equation (3.2-5),
where «k represents the ratio between the radius of the two cylinders (inner/outer), L

the length of the cylinders and R the radius of the outer cylinder.

= (3.2-5)

3.2.2.2 Shear rate

The shear rate across the gap between the two cylinders in the concentric cylinder
geometry is not constant for any type of fluid, but if a Newtonian fluid is examined

then shear rate at the wall of the inner cylinder may be determined as follows.

2(22 (3.2-6)
1-x
If a non-Newtonian fluid is examined in a small gap then the shear rate may be
approximated using the Newtonian method, Equation (3.2-6).

When a wide gap is used to examine a non-Newtonian fluid other methods must be
used to determine the correct shear rate. If a rheological model can accurately
describe the rheological behaviour of the fluid over the shear rate range of interest
then the shear rate may be determined directly. For the case of the power-law model

the shear rate at the inner cylinder may be determined using Equation (3.2-7).

2Q0

}'/:(—Mz/n (3.2-7)
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The parameter n may be obtained from the slope of a plot of the natural log of torque
versus the natural log of rotational speed.

If the non-Newtonian behaviour of the fluid is unknown or cannot be described by a
model then the Krieger and Maron method (Krieger and Maron 1953, 1954) may be
used to determine the shear rate in a wide gap geometry where the radius ratio, k is
greater than 0.833.

Y= 2(22 |:l+ kl(il+1j+k2[£|+lﬂ (3.2-8)
1-«x n n

where:

(3.2-9)

ko= f1- KZ)M (3.2-10)

The parameter n” will depend on the rotational speed but it’s value for a given
rotational speed may be determined from the slope of a plot of the natural log of

torque versus the natural log of rotational speed.

For larger gaps (x < 0.833) Krieger (1968), proposed a more complex method of

solution.

In the case of a yield stress fluid the presence of a plug or a region of zero shear must
be determined so that the shear rate can be properly calculated. The presence of a plug
may be determined using Equation (3.2-11), where 1y is the yield stress and 1y is the

shear stress at the bob.
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k2™ 51 (No Plug) (3.2-11)
T
y

If a plug is not present then the Krieger and Maron method described previously may
be used to calculate the shear rate. However, if a plug is present then the shear rate
may be determined in the same method as that of a bob rotating in an infinite medium

as shown below.

L (3.2-12)

3.2.2.3 End Effects

The set of concentric cylinders shown in Figure 3.2-3 will be subject to end effects
due to the design of the inner cylinder. In the calculations to determine the shear
stress, Equation (3.2-5), it is assumed that the only shearing surface is the cylindrical
wall of the bob and not the top or the base. As can be seen in Figure 3.2-3 additional
liquid contact with the top and base will increase the value of the measured torque for
a given rotational speed. This will lead to a higher determined value of shear stress for
a given value of shear rate. One procedure to determine the extent of end effects in a
concentric cylinder system involves measuring values of torque at different
immersion depths of the bob for a given rotational speed. By extrapolating a graph of
torque versus immersion depth an additional imaginary length may be determined.
This additional length is assumed to account for the additional drag due to the ends of
the bob and must be added to the length of the bob in the shear stress calculation,
Equation (3.2-5) (Van Wazer et al. 1963). It is however, preferable to minimise end
effects through modifications to the design of the bob and cup rather than
continuously calibrating the equipment with different liquids. An example of a
modified bob is shown in Figure 3.2-4, which is an automatic immersion depth type;
the hollow at the base of the bob creates a pocket of air, which greatly reduces the
drag on the base of the inner cylinder. The top of the bob also contains a hollowed
region where any excess fluid in the cup can flow into, which leaves the liquid filled
to exactly the correct depth. The only shearing surface is then the sidewall of the inner

cylinder and the integrity of Equation (3.2-5) is preserved.
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Air Bubble

Figure 3.2-4 Automatic immersion depth concentric cylinder geometry

3.2.2.4 Particulate systems

The measurement of the rheological properties of suspensions or slurries in a
concentric cylinder can be affected by slip and settling particles. Incorrect choice of
the measurement geometry (a gap width that is too small) can lead to slip. However,
this effect can be minimised through the correct choice of gap width and/or by
employing ribbed walled cylinders. On the other hand settling cannot be slowed or
prevented in a standard concentric cylinder geometry as there is no vertical shear
under laminar flow conditions. Thus a concentration gradient will develop and lead to
errors in any measurements performed under these conditions (Klein et al. 1995,
Steffe 1992, Van Wazer et al. 1963).

A further problem that can occur when a small gap width concentric cylinder
geometry is used to measure the properties of a slurry or suspension is particle
bridging. As discussed in section 2.2.1.3 suspensions and slurries may, under certain
shear conditions, exhibit shear thickening behaviour. It is suggested that the reason for
this shear thickening behaviour is the formation of clusters of particles due to the
shear in the geometry (Bender and Wagner 1996). It has been shown (Chow and
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Zukoski 1995a and 1995Db) that the onset of this shear thickening behaviour can be
influenced by the gap width of the geometry in which the suspension is examined.
Chow and Zukoski (1995a and 1995b) also showed that if the gap width of the
geometry is particularly narrow then the clusters of particles that form can span the
entire width of the gap and may become jammed. These jammed clusters of particles
can cause abrupt shear thickening, which is referred to as particle bridging.

3.2.2.5 Vane Geometry

As outlined briefly above slip can cause measurement errors in a concentric cylinder
system, especially when suspensions, slurries and yield stress fluids are examined. A
vane geometry, shown in Figure 3.2-5, can be used to eliminate the problem of slip.
The vane geometry however, cannot prevent particles settling and so it is generally
restricted to those systems where particles either don’t settle or settle very slowly.
Like the bob in a concentric cylinder system the vane is rotated in a cup and the shear
stress and shear rate determined from measurements of torque and rotational speed
respectively. To analyses measurements from the vane geometry it is assumed that the
fluid between the vane blades is not sheared and that the vane blades will describe a
cylinder shape in the fluid with a radius equal to the width of a blade. In this case the
system can be treated the same as a bob and cup geometry for the purpose of analysis
(Barnes and Nguyen 2001). This assumption however, is only valid for very shear
thinning fluids or yield stress fluids. It cannot be used with Newtonian fluids or low
viscosity fluids where inertial effects become important. In the case of Newtonian
fluid or low viscosity fluids the Couette flow lines can become distorted and at higher
rotational speeds vortices can form behind the blade tips of the vane, which will lead
to measurement errors (Barnes and Nguyen 2001).
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- ~<

- ~<

Figure 3.2-5 Schematic of a vane geometry

Another important use of the vane geometry is in the direct determination of the yield
stress of a fluid. In the case of a direct yield stress measurement certain geometrical
restrictions are placed on the dimensions of the vane and the cup so as to minimise
end effects and wall effects. To perform a measurement the vane is typically rotated at
speeds of 0.5 rpm or slower and the torque is recorded as a function of time. The
torque curve will typically show a distinct peak or a plateau and this maximum value
of the curve indicates the yield stress of the fluid (Nguyen and Boger 1985). The
actual yield stress may then be determined from the maximum torque value, using
Equation (3.2-13), where the parameter a is equal to 1/6 if the top of the vane is level
with the top of the fluid or 1/3 if the vane is fully submerged to a depth of one vane

diameter.

1= (3.2-13)
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3.3 Generic Tube Type Rheometer

A tube rheometer is shown in Figure 3.3-1 and primarily consists of a pressurised
reservoir and a capillary tube. Fluid is held in the reservoir and forced out through the
tube under a certain pressure and the flow rate is recorded. Usually the tube is placed

in a vertical position though measurements with horizontal tubes are possible.

Unlike the rotational type rheometers the tube rheometer is based on pipe flow, which
means that it better represents the conditions found in actual industrial pipelines.
Higher values of shear rate can also be achieved in a tube rheometer compared to a
rotational type rheometer. These features make the tube rheometer much more

suitable for pipeline design than rotational type geometries.

Pressure Gauge

Compressed

Reservoir

¥

Capillary Tube

Figure 3.3-1 Schematic of a generic tube rheometer
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The wall shear stress, t, for any fluid may be determined from the pressure drop
across the length of the tube, as in Equation (3.3-1), where D is the diameter of the
tube, L is the tube length and Ap the pressure drop along the length of the tube. For
the case of the tube rheometer used in this investigation, section 6.5 the pressure drop
across the length of the tube was equal to the applied gauge pressure plus the head of

liquid in the reservoir.

Ty = Dgf_p) (3.3-1)

For a Newtonian fluid the wall shear rate may be determined using Equation (3.3-2),
where Q is the volumetric flow rate of fluid out of the tube and the R is the tube

radius.

4Q

x (3.3-2)
I

yw:

When non-Newtonian fluids are examined the shear rate is not constant across the
tube width (Metzner 1956) and a correction to the Newtonian wall shear rate
calculation is required. The true corrected wall shear rate may be determined using
Equation (3.3-3) which is known as the Weissenberg-Rabinowitsch-Mooney equation

(Rabinowitsch 1929) and is suitable for any type of fluid.

(3.3-3)

ey

Where n” may be determined from the slope of a plot of the natural logarithm of t,, vs

the natural logarithm of 4Q/nR®.

It is usual when determining the pressure drop across a tube rheometer to assume that
the fluid has no (or a minimal) velocity when it exits the end of the tube. This

assumption will not always be valid and under certain conditions can lead to
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significant errors that are referred to as “kinetic effects” (Sarmiento et al. 1979). The
observed pressure drop can be corrected as shown in Equation (3.3-4). Where Ap is
the corrected differential pressure, Apoys IS the observed value of differential pressure,
p is density of the fluid under examination and o is the Kinetic energy correction
factor. The value of the correction factor o can vary with different types of fluids and
the size of tube used, but it is generally assumed that o has a value of unity for
Newtonian fluids (Van Wazer et al. 1963).

2
Ap = APgps . (3.3-4)

End effects, which are the combination of entrance and exit effects, may influence the
results from a tube rheometer. When the fluid enters the tube a certain length is
required for a laminar flow profile to fully develop, but the shear stress and shear rate
calculations described previously assume fully developed laminar flow along the
entire length of the tube. However, if the tube is sufficiently long (length to diameter
ratio greater than 200 (McKelvey et al. 1957)), then the additional pressure loss due to
the fluid entering and exiting the pipe will be insignificant compared to the total
pressure loss across the length of the tube and end effects may be ignored. If it is
impractical to use long tubes then any end effects may be accounted for as follows.
Values of pressure drop over the tube length at different L/R ratios and different flow
rates are measured. Lines of constant flow rate are constructed on a graph of L/R
versus pressure drop over the tube length. If the intercept of these lines on the x-axis
(L/R) is zero, then end effects will have no impact on the results. However, if the
intercept is negative then the absolute value of the intercept is equal to the additional
length required to account for the entrance effects and must be added to the length

term in the shear stress calculation, Equation (3.3-1) (Bagley 1957).

When suspensions, slurries or very viscous fluids are examined there is the possibility
of wall effects influencing the measurements. Wall effects or slip occurs when the
first fluid layer next to the tube wall no longer conforms to the zero velocity boundary
condition. Particles in the fluids can often cause this phenomenon especially if their
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diameter is large compared to the diameter of the tube. This effect can also sometimes
be seen in viscous fluids at higher values of velocity.

Wall effects can also manifest in the form of particle migration, particularly shear
induced particle migration, which is more common in highly concentrated
suspensions and slurries (Allende and Kalyon 2000, Shauly et al. 1998, Sinton and
Chow 1991). Particle migration is discussed in further detail in CHAPTER 9 but
briefly, in concentrated suspensions the imperfect nature of particle collisions leads to
the migration of the particles, generally towards the centre of the tube. This
concentration gradient leads to an increase in the fluid velocity of the suspension near
the wall, because of the reduced solids volume concentration. Particle migration can
also occur in low solid concentration suspensions under a mechanism referred to as
inertial effects (Segre and Silberberg 1962a, 1962b, Tehrani 1996). However, the
effects of this migration on rheological measurements are less pronounced due to the

lower initial solids concentration.

3.4 Rheological Instruments for Settling Slurries

The control of the rheology of settling suspensions is of great importance to the
mineral processing industry, as it is a critical factor in optimising plant life cycle
costs. However, many processes involve handling particles of diverse sizes, usually in
the form of rapid settling (unstable) slurries and it is the slurry viscosity not the solids
concentration that affects the energy consumption and many of the design factors of
mineral processing units (Thomas et al. 1998). It is therefore essential that the
rheological properties of these slurries be determined accurately under conditions that
closely represent those conditions found in the actual industrial processes. A
significant problem faced in the design of a suitable rheometer for settling slurries is
that the slurries are typically heterogeneous and settling in nature. Many existing
rheometers using standard geometries, such as cone and plate, parallel plate, bob and
cup and capillary tube are not suitable for measuring the rheological properties of
settling slurries, as they cannot prevent the particles from settling during experimental
measurements. To illustrate the effect that settling solid particles in a slurry can have

on rheological measurements from a concentric cylinder geometry, Figure 3.4-1 is
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presented. The fly ash sample settles rapidly (0.017 cm/s, see Table 6.2-1) under the
influence of gravity and under no circumstance can a stable torque reading be
obtained. The final flattening of the curves represents the final settled position of the
particles and does not represent the true rheological properties of the slurry.
Examination of the sample at the end of the test confirmed that the sample had settled
during the test and thus it is extremely unlikely that the results are due to a thixotropic

behaviour of the slurry.
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Figure 3.4-1 Rheological measurements of a fly ash slurry using a standard bob

and cup geometry

3.4.1 The Impeller Geometry

One option, which can be extremely effective, providing the correct operating
conditions are maintained, is to use an impeller to maintain homogenous conditions
(Kassim and Killick 1996). However, the procedure to determine the rheological
properties of a slurry or suspension from an impeller-based geometry is extremely
complex. Typically the torque required to turn the impeller, usually a Rushton turbine
or marine impeller, at a certain speed is measured. Once the rotational speed and
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torque are measured it is necessary to solve the equations of motion for the impeller
geometry. However, the mathematics needed to define such a system are very
complex and make numerical solutions extremely difficult (to impossible) to develop,
especially for non-Newtonian slurries. To avoid solving the equations of motion for
the impeller geometry calibration procedures are required either by using standard
Newtonian liquids of known viscosities or by employing an average mixing shear rate
method for non-Newtonian liquids (Metzner and Otto 1957, Metzner and Taylor
1960). Thus, while numerous data sets and correlation procedures have been reported
in the literature for mixing tank systems, in general they are highly empirical and
system-specific (Calderbank and Moo-Young 1959, 1961) and thus errors in these
correlations can be quite significant. As an example, experimental work by
Calderbank and Moo-Young (1959), produced results for a variety of different fluids
with errors as high as 20%.

A more complex method of solution was proposed for a helical screw impeller
(Chavan and Ulbrecht 1972, Kemblowski et al. 1988, Valverde et al. 1997). Instead of
calibrating the impeller system an effective radius (equivalent to a bob and cup
geometry) was determined. With this effective radius, the measured torque and
rotational speed were used to determine the shear stress and shear rate using bob and
cup calculations. Kemblowski et al. (1988) tested various fluids in an instrument
consisting of a helical screw impeller in a draft tube. The results while more accurate

than those of Calderbank and Moo-Young, still showed significant errors of 10-15%.

To maintain a homogeneous mixture of solid particles in the liquid medium it is often
necessary to maintain highly turbulent conditions within the mixing vessel (Shi and
Napier-Munn 1996, Warren 1975). Results are therefore generated and analysed

under turbulent flow conditions, which can lead to considerable errors.

Thus, in conclusion regardless of the calibration procedures performed the impeller
viscometer is fundamentally imperfect, as the equations of motion for the geometry
cannot be solved. Until this situation can be rectified other geometries and methods
must be employed to measure the rheological properties of settling slurries under

homogeneous conditions.
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3.4.2 Modified Coaxial-Cylinders

To avoid the complications associated with using mixing impellers as rheometers,
simpler geometries must be used. However, they must be suitably modified so that
homogenous conditions in a slurry can be maintained during rheological
measurements. The concentric cylinder viscometers used in its standard form is
obviously not capable of maintaining homogenous conditions. However, in situations
where the particle settling rate is known, it is possible to design a concentric cylinder
viscometer where the shearing surface is only in the hindered settling zone, see Figure
3.4-2. By measuring only in the hindered settling zone the solids concentration is
known and should remain relatively constant. Such a device was designed and tested
by Klein et al. (1995), who demonstrated good reproducibility for results with coal-
water slurries although there was no comparison of the results with measurements on
other instruments. This design however, is unlikely to be suitable for characterising
slurries in which the particles settle rapidly as a zone of known concentration may

only exist for a few seconds if particularly rapid settling materials are examined.

—>

Clear Zone

Hindered Settling Zone

Compression Zone

Final Compressed Zone

Figure 3.4-2 Modified concentric cylinder geometry, with the bob in the hindered
settling zone
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Another development based on the concentric cylinder geometry, proposed by
Reneham et al. (1987), was to place a set of concentric cylinders in a concrete mixing
bowl, which when rotated would keep the slurry particles suspended, see Figure 3.4-3.
The flow patterns however, within the rotating mixing bowl, especially when the bowl
IS rotated at higher rotational speeds, which are often required to keep the particles
suspended, are more complex than those present in standard Couette flow. These
complex flow patterns will alter the Couette flow between the concentric cylinders
and thus the total shear rate experienced by the fluid will be greater than that due to
the rotation of the inner cylinder alone. The change in the total shear rate between the
concentric cylinders is however, extremely difficult to quantify, but this difference
will affect the results of non-Newtonian fluids, as the rheological properties of these
fluids are dependent on the shear rate. The design of the instrument is such, that end
effects may also reduce the accuracy of the torque measurements, due to measurement

fluid coming into contact with the ends of the rotating cylinder.

N

Figure 3.4-3 Concentric Cylinder — Bob in a mixing vessel
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3.4.3 Addition of Axial Flow to Concentric Cylinder

Geometries

The concentric cylinder system is inherently unable to accurately measure the
properties of settling slurries because there is no shear in the vertical or axial direction
and thus particle settling cannot be slowed. The addition of an axial flow to the
concentric cylinder system would overcome this inherent deficiency and prevent the
particles from settling. Various technique and instruments have been developed to
impose axial flow in a concentric cylinder system and their design and effectiveness

are discussed below.

3431 Shielded Mixing Impeller

One option by which axial flow may be imposed on a Couette system is to use a
mixing impeller and a series of baffles and plates to direct the flow of the circulating
liquid so as to provide adequate mixing of a slurry. A series of experimental apparatus
were designed and constructed by Clarke (1967), Purghit and Roy (1965) and Saraf
and Khullar (1975). Figure 3.4-4 presents schematic of the instrument, which was

used by all three research groups.

A six-baffle tank was used to prevent excess turbulence. A marine impeller was fixed
a short distance off the base to maintain homogeneous conditions. To prevent a vortex
forming a disc was attached to the baffles and used to shield the bob from the
impeller. A second smaller tube, the cup, was placed inside the baffled tank above the
impeller and shielding disk. Careful design of the tank and impeller meant that the test
suspensions circulated up along the baffles and down through the smaller tube. Good
mixing was obtained in the tank with a minimal (x 5%) variation in the solids
concentration throughout the tank (Saraf and Khullar 1975). In one instance a
Brookfield disc was placed inside the smaller inner tube (Saraf and Khullar 1975), in
other cases a more standard concentric cylinder bob was used (Clarke 1967, Purghit
and Roy 1965).
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Figure 3.4-4 Concentric Cylinder — with shielded mixing impeller

For the Brookfield system (Saraf and Khullar 1975) the viscosity was only determined
at one rotational speed. No tests were performed with standard materials or the
experimental results compared with measurements on other instruments. The effect of

the fluid circulation on the total shear rate was also not discussed or accounted for.

For the case of the concentric cylinder arrangement (Clarke 1967, Purghit and Roy
1965) the bob was attached to a Ferranti portable viscometer, which was used to
rotate the bob and measure the torque. Purghit and Roy (1965) and Clarke (1967)

obtained good agreement with Newtonian calibration liquids. However, this is to be
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expected, as the viscosity of the fluid is independent of changes in the shear rate due
to the circulation of the fluid. Unfortunately other results generated by Purghit and
Roy (1965) for several slurries appear to have been obtained in the presence of Taylor
vortices. The vortices were made visible by the presence of the solid particles in the
liquid. Whether or not the Newtonian results were obtained under the same condition
cannot be determined, but the presence of Taylor vortices in some of the results
affects the accuracy of the measurements. It is also probable that results generated by
Clarke (1967) were also obtained in the presence of Taylor vortices, as the results of
Clarke (1967) show dilatant behaviour in all the suspensions examined with solid
volume concentrations greater than 10%. While this result is possible, given that the
results of Purghit and Roy (1965) were obtained under Taylor vortex flow and Taylor
vortex flow is known to cause an increase in measured torque values, see section
11.3.1, it must be concluded that the results from Clarke’s experimental work may
have also been obtained under Taylor vortex flow conditions.

While this system has been shown to provide adequate mixing of the slurry and thus
maintain the particles in a homogeneous suspension the axial flow rate cannot be
readily determined. This makes the determination of the total shear rate very difficult
and although this will not affect the measurements of Newtonian fluids because the
rheological properties are independent of the shear rate, the rheological properties of

complex non-Newtonian fluids cannot be reliably determined.

3.4.3.2 External Axial Flow Source

The inability to measure the flow rate in the mixing impeller system described
previously may be overcome by the use of an external axial flow source instead of the
mixing impeller. Various researches Bhattacharya et al. (1990), Blaszczyk and Petela
(1986), Ferrini et al. (1979), Reeves (1985) and Shi and Napier-Munn (1996) all used
similar helical flow rheometers to measure the properties of settling suspensions.
Helical flow is the combination of axial and Couette flow. A schematic of the
instrument used by Ferrini et al. (1979) is shown in Figure 3.4-5. The instruments
used by Bhattacharya et al. (1990), Blaszczyk and Petela (1986), Reeves (1985) and
Shi and Napier-Munn (1996) were all similar in design, with rotating inner cylinders
and axial flow in a downwards direction, the only difference being the type of pumps
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used to generate the axial flow. However, although pumps were used in the
instruments to aid in the fluid circulation, the actual external force used to generate

the downward axial flow was provided by gravity alone.

5

Bob

N

Pump

Figure 3.4-5 Schematic of a concentric cylinder geometry, with an external

pumping source

Ferrini et al. (1979) recognised that the axial flow component would affect the total
shear in the system, but chose to calibrate with standard fluids rather than calculate
the actual total shear rate. Few results were compared between measurements with the
helical flow rheometer and other standard instruments but errors of approximately
10% were observed. The instrument used by Blaszczyk and Petela (1986) used only a
small axial flow rate and thus the effects on the total shear rate were ignored in the
calculations, resulting in errors of about 7%. The instrument used by Reeves (1985)
differed from the previous two in that baffles were placed around the inside wall of
the outer cylinder. A calibration with standard Newtonian fluids was performed,
instead of trying to correctly determine the shear rate in the system. The large gap
width between the inner and outer cylinders promoted turbulence within the

instrument and this is thought to have affected the results, especially those results

Page 42



The University of Adelaide Continuous Flow Rheometry for Settling Slurries

where suspensions showed shear thickening behaviour (Shi and Napier-Munn 1996).
The rheometer used by Shi and Napier-Munn (1996), was similar to that used by
Reeves (1985), including the baffles around the outer cylinder. Complex calculations
and correction factors were employed to account for the turbulent conditions and the
resulting additional torque that would be measured by the instrument under these
conditions. The procedure appeared to be quite successful for the several ideal fluids
tested, but the turbulence correction method used is not very suitable, as it appears to
depend on the rheological properties of the fluid, which is usually unknown at the

time of testing.

The device employed by Bhattacharya et al. (1990), used an external screw in a draft
tube to lift the slurry above the concentric cylinders. It again relied on the force of
gravity to generate the fluid flow between the cylinders. However, the instrument was
designed with a narrow gap geometry, which limited its use to the measurement of
slurries with small particle sizes. A narrow gap assumption was also used in the
calculation procedure. Good results were obtained with a Newtonian fluid but for
shear thinning fluids at higher values of axial flow rate a certain amount of error in the

results was apparent.

3.4.3.3 Helical Flow Instruments

Albert et al. (1966) developed a helical flow instrument, with axial flow in an upward
direction. The design of the instrument was such that the outer cylinder was rotated
instead of the inner one. The analysis was quite unusual in that no attempt was made
to measure the drag on either cylinder, instead the pressure drop across the length of
the cylinders was measured. A comparison of results between computed and
experimentally determined angular velocities showed excellent agreement. Despite
the fact this instrument was not tested with slurry materials it does show that

experimental results from helical flow could be matched to theoretical predictions.

Nguyen et al. (2000) reported on the development of a rheometer, for settling slurries
based on the principles of helical flow, where, unlike most of the previously
mentioned instruments and measurement procedures the contributions made by the

axial flow component were included in the calculations to determine the fluid’s
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rheological properties. Thus for this instrument no calibration procedures were
required and the rheological properties could be determined absolutely. Figure 3.4-6
shows the experimental system, with a detailed schematic of the instrument shown in
Figure 3.4-7. The axial flow in the instrument is provided by an external pump, with

the direction of flow upwards through the concentric cylinders.

__|m | | Data | | K

j Logger

! ooo =

/ Control Computer
Unit

Flow Rheometer

]
I

Tank

X

Pump

Figure 3.4-6 Complete experimental system for a helical flow rheometer
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Figure 3.4-7 Schematic of a helical flow rheometer
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The data analysis procedure proposed by Nguyen et al. (2000), assumed a narrow gap
between the cylinders and while this assumption may be valid for an instrument that is
used to test viscous ideal solutions, mineral slurries often contain many large diameter
particles. It is often assumed, as a rule of thumb, that a gap width of ten times the
largest particle diameter is required within an instrument to minimise wall effects
(Barnes 1995). However, it was later shown by Barnes (2000) that the gap width
required to minimise wall effects is dependent on the solid phase volume fraction and
that gap widths much greater than ten can often be required for high volume fraction
slurries and suspensions. Thus the presence of large particles in mineral slurries

means that a narrow gap assumption cannot be reliably used.
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3.4.4 Modified Tube Rheometers

A tube style rheometer offers another possibility for measuring the properties of
settling slurries if suitably modified for the purpose. Thomas et al. (1998) presented a
rheometer that consisted of an inverted U-tube connected to a process stream via a
control valve. The pressure drop over the length of the tube was measured for a given
flow rate, which was set using a control valve, and from this the shear stress and shear
rate were determined. However, the u-bend section in the geometry caused some
complications in the analysis of the data, especially for non-Newtonian fluids.
Minimal comparison work with standard fluids and other instruments was performed,

though promising results were presented for Newtonian fluids.

A more conventional straight tube rheometer was proposed by Kawatra et al. (1999).
In this instrument a sample stream is removed from a main process stream, the sample
stream then flows through a capillary tube across which the pressure drop and flow
rate are measured. A complex arrangement of pressurised vessels is used to control
the sample flow rate through the tube, though a conventional data analysis procedure
can be used because of the straight tube. Reasonably good agreement was observed
between this modified tube rheometer and other laboratory instruments, though a
minimal amount of comparative results were reported. This instrument is also more
susceptible to particle settling because the measurement tube is horizontal rather than

vertical.

3.4.5 Other Instruments

3451 A vibrating sphere and concentric cylinder geometry

A device for settling slurries was proposed by Kawatra and Bakshi (1996), which
incorporated a rotational viscometer and a vibrating sphere viscometer. Using two
different geometries in combination extended the operating shear rate range of the
instrument; with the vibrating sphere operating in a higher shear rate range, while the
rotating Brookfield portion of the instrument covered the lower region of the

measurement range.
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The rotational component of the device was extremely similar to the systems
proposed by Blaszczyk and Petela (1986), Ferrini et al. (1979), Reeves (1985) and Shi
and Napier-Munn (1996), in that an external pump was used to transport the
experimental fluid above the geometry and the fluid allowed to flow through the
system under the influence of gravity. But also like these previous instruments the
results were compromised because the additional shear rate due to the axial flow was

not properly accounted for in the analysis procedure.

In the vibrating sphere section of the instrument the fluid was pumped directly into
the tank containing the vibrating sphere and allowed to return to the main storage tank
via gravity. The main advantage of the vibrating sphere as a rheometer for slurries is
that it can operate within an unspecified gap width and as such the gap width between
the sphere and the wall of the surrounding vessel can be made sufficiently large so as
to minimise particle related problems. One significant problem with the vibrating
sphere is that it is sensitive to external vibrations and thus requires good damping.
However, mineral-processing plants can be subject to significant amounts of
vibrations, which could affect measurements from the vibrating sphere. Another
significant problem with the vibrating sphere is that it is very difficult to determine
the actual operating shear rate and thus the rheological properties of non-Newtonian

slurries cannot be accurately determined (Kawatra and Bakshi 1995).

Good agreement was observed internally between both components of the system for
measurements with Newtonian fluids and reasonable differences were observed when
shear thinning fluids were examined. The difference in results for shear thinning
fluids is expected because the operating shear rate range of the two components is
different. However, the results were not compared with results from other rheological
instruments and so while it is accepted that the instrument can detect non-Newtonian

abehaviour, whether it can accurately characterise this behaviour is unknown.

3.45.2 Modified Parallel Plate

Vlachou and Piau (2000) designed a modified parallel plate geometry to measure the
properties of cement slurries. The geometry consisted of three rotating plates with
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four stationary plates, which were placed top and bottom and in between each rotating
plate. Each plate whether stationary or rotating had a series of openings cut out of it,
see Figure 3.4-8 below. The holes served two purposes, to allow particles to settle and
to provide surface roughness to reduce slip. Results from experiments with Newtonian
calibration fluids showed errors of 8-17% for a wide range of shear rates. For settling
materials the rate of settling must be known so the device can be placed in the zone of
constant solids concentration. Experiments with settling slurries showed that the
geometry could measure the properties of the slurries without the results being
adversely affected by settling particles. However, the results from the modified
geometry were consistently higher than those recorded in a standard parallel plate
geometry before the settling nature of the slurries affected the parallel plate results.
Like the modified concentric cylinder device designed by Klien et al. (1995),
discussed previous in section 3.4.2, this design is unlikely to be suitable for
characterising rapid settling slurries.

a
N

| sample containing
up

= rotating plates
extemal gxe (one

] oul of three)
fixed plates
fixed part

ER

Figure 3.4-8 Schematic of the modified parallel plate geometry proposed by
Vlachou and Piau (2000).
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3.5 Statement of Purpose

To correctly examine the rheological properties of settling slurries it is critical that
homogeneous conditions are maintained within the measuring instrument. However,
this criterion cannot be satisfied by most standard rheological equipment and so while
the concentric cylinder geometry has many positive features that make it highly
desirable, in its standard form it cannot prevent particles settling. A lot of research has
been focused on modifying Couette geometries to make them more suitable for the
measurement of settling slurries. The majority of these modifications involve the
addition of an axial flow to the system to create helical flow. However, most
measurement and analysis procedures then ignore the contributions made to the total
shear by the axial flow component or merely rely on calibration procedures to account
for the additional shear. Thus the proposal for this research is to develop an
instrument that is capable of measuring the absolute properties of settling mineral
suspensions without the need for complex calibration procedures. Particular emphasis
will be placed on developing the correct method of data analysis for helical flow
especially for wide gap geometries and non-Newtonian fluids. The design of the
instrument is also important and consideration must be given to its ultimate purpose,
which is to measure the properties of settling slurries. The instrument must therefore
be designed, such as to minimise areas of slow flow where particle settling may occur
and cause erroneous measurement errors and/or unexpected equipment failure due to

blockages.
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CHAPTER 4 THEORY AND ANALYSIS OF

LAMINAR HELICAL FLOW

4.1 Introduction

Many laboratory rheometers utilise a rotational type Couette geometry, the advantage
of such an instrument is the need for smaller sample volumes than some other
rheometers and also accurate measurements of torque and rotational speed, from
which shear stress and shear rate are determined. However, when settling suspensions
are measured the direction of fluid motion is perpendicular to the direction that the
particles settle and so there is no applied force to reduce the settling rate of the
particles. As discussed in CHAPTER 3 the most suitable design for a rheological
instrument to measure the properties of settling slurries is based on helical flow
(which is the addition of Couette and axial flow). However, in almost all previous
studies (discussed in CHAPTER 3) a proper complete analysis procedure for helical
flow was not developed. In this chapter a correct analysis procedure for helical flow is
developed, particularly for non-Newtonian fluids in wide gap geometries.
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4.2 Summary of Variables

A schematic representation of helical flow is presented in Figure 4.2-1 below using
cylindrical coordinates (r,z,0). The liquid flows between the two concentric cylinders,
where the inner radius of the outer cylinder is defined as, R and the outer radius of the
inner cylinder as a fraction of, R, kR. Either or both cylinders may rotate in either
direction, though in the example presented below, only the inner cylinder rotates
clockwise with an angular velocity Q. The rotational motion of the cylinders imparts a
rotational flow on the fluid, ®, which is a function of the radial position, r. A
differential pressure (not shown), op/oz is applied across the length of the cylinders,
L, which imparts an axial velocity on the fluid, u, which is also function of the radial

position, r.
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Figure 4.2-1 Schematic of Helical flow
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4.3 Rheological Measurements from Helical Flow

Under helical flow conditions a non-uniform shear rate is known to exist across the
gap between the two concentric cylinders. The system however can be solved for a
Newtonian fluid, but further complexities are introduced when non-Newtonian fluids
are examined. A number of theoretical investigations of this type of flow have been
performed (Coleman and Noll 1959, Rivlin 1956), but the results from these
investigations did not lead to a full solution to the problem for the case of non-
Newtonian fluids. Thus the problem of solving the equations of motion for helical
flow may only be solved exactly for simple fluid models (Dierckes and Schowalter
1966, Dostal et al. 1993, Rea and Schowalter 1967). However, some simplifications
can be made to develop a solution for more complex fluids under certain conditions.
If the gap width between the cylinders is very small then the curvature of the
cylinders may be ignored and the system may be considered as channel flow with a
moving wall (Chiera et al. 1992, Garcia-Ramirez and Isayev 1992, Tanner 1963a,
1963b).

One reason for the difficulty of solution for non-Newtonian fluids is the interaction
between the axial flow and the Couette flow. It has been theoretically predicted and
proven experimentally that for a shear thinning “power-law” fluid the speed of
rotation of the inner cylinder can affect the flow rate through the annulus for a given
value of differential pressure. That is for a given constant pressure drop over the
cylinder the flow rate will increase with an increase in the speed of rotation of the

inner cylinder (Dostal et al. 1993).

In the following sections of this chapter an analysis procedure will be developed to
solve the helical flow system for non-Newtonian fluids, so that a fluids rheological
properties can be determined from measurements of rotational speed, torque, pressure

drop and flow rate from a helical flow system.
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4.4 Theory of Analysis

Consider the helical flow between two concentric cylinders as shown in Figure 4.2-1.
The inner cylinder of radius, kR, is rotating at a constant angular velocity, Q, under
an applied torque, M. The outer cylinder of radius, R, is stationary. The fluid flow in
the axial direction is caused by a pressure gradient, (0p/0z). The velocity of a particle
of fluid in cylindrical co-ordinates {r, z, 6} in the annulus may be described by
Equation (4.4-1).

v ={Vvr,vz,Ve} = {0, u(r), re(r)} (4.4-1)

The axial and tangential components of the fluid velocity u and o respectively are
assumed to be a function only of the radial position, r. Thus the boundary conditions
associated with the flow are as follows:

u(xR) =0; o(kR) =Q (4.4-2)
u(R) =0; o(R)=0 (4.4-3)

It is assumed that the rheological behaviour of the fluid can be described by a unique
relationship between the total shear stress and the total shear rate as shown in
Equation (4.4-4).

t=1(7) (4.4-4)
The aim is therefore to determine the shear stress and shear rate from the measured

variables from which a function describing the rheological behaviour of the fluid can
be determined.
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4.4.1 Determining the Shear Stress

From the theory of helical flow by Coleman and Noll (1959) and from further
developments by Huilgol (1990), it follows that the total shear stress experienced by
the fluid consists of an axial component and a tangential component. The total stress
tensor of the fluid consists of nine components in cylindrical co-ordinates. It can be
shown (Huilgol 1990) that the only two non-zero tensors are 1, the axial component
and T, the rotational component. Thus the total shear stress may be determined as

follows.

N (449

where:

b op r
=——|-—+ — 4.4-6
Tyz ] ( P pgjz ( )
M
o = — (4.47)
2nrcL

Equation (4.4-6) may be simplified as follows

b c(kR)

=— -7 4.4-8
Tz R 5 ( )
where:
c= _%® +pg (4.4-9)
0z

The parameter b is a constant of integration that appears when Equation (4.4-10) is
integrated to yield Equation (4.4-6) and physically represents the radial location of the
peak in the axial velocity profile.
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@_’__a'frz +T£_ pg =0 (44'10)

The axial flow component of the shear stress must be solved, but to do so requires
parameter b. Examination of the physical nature of the system indicates that b must lie
somewhere between the outer boundaries of the system in this case the inner and outer

walls of the concentric cylinders and so the following equation must be satisfied.

ap R? ap (kR)?
_P oy | ape| =P 4.4-11
( az+pgj 2 ( az+pgj 2 (44-11)

The helical flow system, as previously mentioned can be solved for a Newtonian fluid
and as such, b can be directly determined for a Newtonian fluid (Huilgol 1990) as
shown in Equation (4.4-12).

1( op R%—(kR)?
b==|-2= AANL ol 4.4-12
4( az+pgj TR ( )
kR

If a non-Newtonian fluid is examined under narrow gap conditions then the variation
in possible radial positions for the parameter b are limited and thus the following
approximation, Equation (4.4-13), may be made to determine the value of b.

3( op R® - (kR)’
SO e LA L 4.4-13
10( 5Z+pij3—(KR)3 (4419

The situation where a non-Newtonian fluid is flowing in a wide gap geometry will be

discussed in further detail, section 4.4.5.
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4.4.2 Determining the Shear Rate

Similar to the total shear stress the total shear rate is a function of only two tensor

components, ¥, the axial component and v, the rotational component and thus the

total shear rate may be determined as follows.

) 2 .2
Y=vYrz T 7r0 (4.4-14)

where:
du
o= U 4.4-15
) (4.4-15)
) do :
'Yre = —ra =—T® (I‘) (44'16)

To determine the shear rate the velocity profile of both the axial and rotational
components of the flow must be known. However, without a PIV (Particle Imaging
Velocimetry) system or some other form of velocity measuring device this cannot be

achieved.

4.4.3 Determining the Rheological Properties without

determining the Shear Rate

By using the boundary conditions defined in Equation (4.4-2) and Equation (4.4-3)
the equations of motion can be partially solved and the following relationships
developed (Huilgol 1990).

b cr
J‘¢(r){? —ﬂdr =0 (4.4-17)
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R
J¢(T) M3 dr=0 (4.4-18)
2nrCL

kR

R

Joel-
| ot br—7 dr=-Q (4.4-19)
kR

Where the fluidity function, ¢, is the inverse of the apparent viscosity.

Thus to determine the rheological properties of the fluid without determining the
shear rate a rheological model must be used so that an expression for the fluidity
function, ¢, can be developed. It is assumed that this model will fit the rheological
properties of the fluid over the range of shear rates examined experimentally. For this
study the power-law model is chosen, as it provides a reasonably good fit to most
fluid behaviour over a moderate range of shear rates, yet it is relatively simple as it is
comprised of only two parameters. For the power-law model the fluidity function, ¢,

may be defined as follows.

1-n
= 2 2 | 2n
(LM b_cr _
¢(T)_(Aj (anzL] J{r 2) (44-20)

By using the relationships described in Equation (4.4-18) or Equation (4.4-19) the
experimentally measured variables Q, Q, M and (dp/dz) can be used to determine the
values of the power-law model parameters A and n. The experimental values of Q or
Q are compared to calculated values and used to optimise the power-law model

parameters, see section 4.4.4.
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The shear stress may then be determined using Equation (4.4-21) (Huilgol 1990).

M

2
. {L _ _C(KR)T (4.4-21)
2n(kR)?L

kR 2

Because the shear rate cannot be determined from the measured variables directly it
may be determined using the already calculated values of shear stress and the

optimised power-law parameters, using the following equation.

i= (—j (4.4-22)

The calculation procedure outlined above to determine the rheological properties of a

fluid from helical flow measurements is summarised in a flow chart, see Figure 4.4-1.
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Determine b using either Equation (4.4-12) or (4.4-13)

'

Determine Total Shear Stress using Equation (4.4-21)

:

Guess values of A and n

i

Evaluate either Equation (4.4-18) or (4.4-19) and
determine either Q or Q

Compare with
experimetnally
determined variables

Poor Agreement

Good Agreement

Determine Total Shear Rate using
Total Shear Stress and A and n

Figure 4.4-1 Basic data analysis procedure for helical flow
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4.4.4  Optimisation Procedure

The optimisation procedure used was the Levenberg-Marquardt technique for non-
linear regression (Marquardt 1963).

The Levenberg-Marquardt technique is the combination of two non-linear regression
techniques, the method of linear descent and the Gauss-Newton technique. Non-linear
regression involves fitting a particular equation to given a set of data. To start the
process it is usual to guess a set of initial values for the variables in the fitting
equation. The variables are then adjusted so that the fitting equation gives the best fit

to the set of data.

The method of linear descent is a relative simple technique where by the initially
guessed values are adjusted by a small amount and the affect on the accuracy of the fit
of the equation to the data set is examined. If the fit of the data improves then the
direction of change was correct and another small change is taken in that direction. If
the fit however, is worse then the direction of change was incorrect and a change is
made in the opposite direction. As the optimal solution is approached the step size is

adjusted (usually reduced) to give a more accurate fit.

The Gauss-Newton technigque involves examining the slope of the rate of change of
the accuracy of the fit with changes in the fitting variables. If the fitting equation were
linear then this would be enough to determine the most accurate fit, but because the
equation is non-linear there is not enough information in one step to find the optimal
solution. However, the correct direction of alteration is given and repeating the

process will eventual give the most optimal solution.

Generally the method of linear descent works well for early iterations and slows down
as the optimal solution is approached. The Gauss-Newton method is the opposite;
initially the method can be quite slow but works well in later iterations. The
Levenberg-Marquardt method utilises both techniques, in early iterations the method
of linear descent is used and then this is gradually changed to the Gauss-Newton
method in later iterations (Marquardt 1963, Press et al. 1990).
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As mentioned the Levenberg-Marquardt procedure fits a function of a given number
of variables to a given set of data. In this case the function used was a modification of
Equation (4.4-18), though Equation (4.4-19) could have also been used. The angular
velocity, QQ, measurements were used as the optimisation data set because the
experimentally measured values were considered more accurate than the axial flow

rate measurements, Q. The actual function optimised is shown in Equation (4.4-23).

1-n
1 ¢R 2 2\ 2n
Q- ﬂ(ij n M 1. [9 —E} Lar (4.4-23)
2nL A R anZL r 2 r3

The Levenberg- Marquardt method also requires the derivatives of this function with

respect to the fitting variables, which in this case were A and n. The derivatives are

shown below.

1-n
1

_ (+lj R 2 2\ 2n
g—izz M (ij n [ M2 } +[9—9} igdr (4.4-24)
ncL\ A <R 2nrcL r 2 r

1-n
1 4R

@M (i T{E_ET g

on 2n?zL\A) J oll2mr?L] Lr 2
(4.4-25)
In 2A %dr

\/{ M } [b ch r
TR B s
2nrcL r2

A weakness of the Levenberg- Marquardt procedure is that an initial guess of the
fitting variables is required and the poorer the guessed value of these variables the
more likely the procedure will not reach the most optimal solution. To improve the
chance of determining the correct values of A and n the initial guess values were

determined by analysing the experimental data from the flow rheometer using Couette
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flow theory, that is the axial flow component was ignored. This simplifies the analysis
procedure, reduces the number of iterations that must be made and increases the

chance of finding the most appropriate solution.

445 Determination of b for a Non-Newtonian Fluid in a
Wide Gap

The data analysis procedure previously outlined relied on determining a value for the
parameter b in one of two ways, either because the fluid under examination was a
Newtonian fluid or because a narrow gap geometry was used. However, slurries are
generally non-Newtonian in nature and in most cases cannot be examined in a narrow
gap geometry because to avoid wall effects a gap width of ten time the largest particle
diameter is required (Barnes 1995). Thus b cannot be determined in such a case and

thus the rheological properties of the fluid cannot be calculated either.

It can be shown, APPENDIX A, that the parameter b is a function only of the system
dimensions, the rheological properties of the fluid and the pressure drop across the
bob. Therefore for a given set of experimental tests performed at a constant value of
differential pressure the parameter b should be constant providing that the rheological
properties of the fluid do not significantly change over the shear rate range of

investigation.

An iteration procedure was developed to determine the value of the parameter b for
non-Newtonian fluids in a wide gap geometry. In order to achieve this, a range of b
values were selected, based on the limits imposed by Equation (4.4-11). Optimal
values of A and n were then determined for each of the assumed values of b, using the
Levenberg-Marquardt non-linear regression procedure. The correct set of A, n and b
must satisfy Equation (4.4-26), which is a combination of Equation (4.4-17) and
Equation (4.4-20).
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The left-hand side of Equation (4.4-26) was evaluated for each set of A, n and b and

the set of variables that best satisfied the equation were used to describe the

rheological properties of the fluid. The variations in the values of Equation (4.4-26)

with b are illustrated in Figure 4.4-2. A single distinct value of b is noted when the

value of the integral equals zero indicating the suitability of the method devised.
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Figure 4.4-2 Plot of the values of Equation (4.4-26) versus b

4.5 Summary of the Data Reduction Procedure

The measured variables from a helical flow experiment are angular velocity, Q, the

torque, M, the pressure drop (0p/oz) and the flow rate, Q. A range of b values are

selected based on the limits imposed by Equation (4.4-11). For each value of b an

optimal value of the rheological parameters A and n are determined using the

Levenberg-Marquardt procedure, where the starting guess values of A and n are

determined using Couette analysis. Each set of A, n and b are examined using
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Equation (4.4-26) and the set that best satisfies the equation (i.e. the value of the
integral is zero) are used to describe the rheological properties of the fluid. The
calculation procedure is outlined in Figure 4.5-1.

Experimental data
(@, Ap, Q, M)

v

Determine A and n using
Couette analysis

v

Select initial value of b

:

Levenberg- Marquardt analysis to
determine A and n

@ Yes

No

Determine correct set of A, n
and b, using Equation (4.4-26)

v

Determine values of shear
stress and shear rate

Figure 4.5-1 Data analysis procedure
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4.6 Computer Analysis

To reduce analysis times the data reduction procedure described previously was
adapted into a computer program. The raw experimental data was imported into a
specially prepared Microsoft Excel spreadsheet using a custom written Macro. A
second Macro was used to perform the data analysis, to determine the best
combination of A, n and b and to present the rheological data in term of shear stress
and shear rate. The most complex portion of the analysis was the Levenberg-
Marquardt non-linear regression. To improve the speed and reliability of the analysis,
the Levenberg-Marquardt procedure was written in a separate Pascal program, which
was run when required by the Excel Macro. The actual Levenberg-Marquardt
technique was programmed using a standard procedure (Press et al. 1990), which was
used as a framework for the rest of the Pascal program. The numerous definite
integrals in these equations were solved using a fourth order Runge-Kutta procedure
(Kreyszig 1993).
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CHAPTER 5 THE FLOW RHEOMETER -

DESIGN AND DEVELOPMENT

5.1 Introduction

The design, development and commissioning of the flow rheometer is presented in
this chapter. Several unique problems were encountered in the operation of the
equipment used to measures the properties of low viscous, rapid settling slurries and
these difficulties and the solutions are presented and discussed. Auxiliary equipment
including pumps and pressure measurement devices are also discussed with a focus on
operation in a settling slurry environment. The automation incorporated into the

measurement procedure for the flow rheometer is also presented.
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5.2 Description of the Flow Rheometer

The flow rheometer and the experimental system are shown in Figure 5.2-1 and
Figure 5.2-2. The helical flow geometry consists of a stationary outer cylinder with an
inner diameter of 38mm, with two interchangeable inner cylinders (bobs) with outer
diameters of 36mm and 32mm and both 130mm in length. The helical flow geometry
is attached to an existing Haake VT 550 viscometer, which is used to control the
speed of rotation of the inner cylinder from 0.05 to 800rpm and also to measure the
torque acting on the rotating bob. Measurements of torque from the VT 550 are sent
to a computer for storage and data processing. A pressure transducer is used to
measure the value of differential pressure across the concentric cylinders. The voltage
output signal from the pressure transducer is sent to a Data Taker (DT 50,
manufactured by Data Taker Australia) where it is analysed and then sent to a

computer for storage and data processing.

A variable speed positive displacement pump was used to circulate the sample fluid
from a feed tank up to and through the geometry. The design of the pump is detailed
in section 5.4. The force of gravity is used to return the fluid from the helical flow
geometry to the feed tank. The feed tank was specially built from Perspex with a
conical base and ball valve at the outlet. The Perspex allows the test material to be
visually examined and to ensure that homogeneous conditions are maintained when
settling slurries are examined. A Rushton turbine connected to a variable speed drive
was used to mix the slurries in the tank and maintain homogeneous conditions. For
viscous liquids heating of the re-circulating fluid was found to alter the rheological
properties and so to prevent this problem a copper cooling coil was placed in the feed
tank, which was connected to an existing water bath. A cooling coil was not placed
around the helical flow geometry because the residence time in the geometry was
insufficient for adequate heat transfer to take place and to allow for accurate control

of the fluid temperature.

Page 67



The University of Adelaide Continuous Flow Rheometry for Settling Slurries

Haake
VT 550 j-==============-=-- — -
| [ =]
Data _
Taker Computer
H :
[}
1 Helical Flow i
re Geometry |
[}
i N | F Eﬂ Cooling
- ! Water
J

i
L|_|
?

Tank

Figure 5.2-2 Photograph of the flow rheometer (cooling coil is not shown)
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5.3 The Helical Flow Geometry

A detailed schematic of the design of the helical flow geometry is shown in Figure
5.3-1 and a photograph is shown in Figure 5.3-2.

Flowing fluid enters at the base of the geometry through the inlet pipe and is
distributed by the lower insert into annular flow. Flow continues in a vertical direction
past the pressure transducer and along the length of the bob. However, before the top
of the bob is reached outlet holes allow the fluid to exit the geometry. This reduces
the effective bob length to 116 mm. A single outlet pipe is used to transport the fluid
from the geometry back to the feed tank.

The geometry is designed to attach directly to a Haake VT 550 viscometer using the
existing holding screws. The bobs used in the helical flow geometry are also designed
to screw directly into the Haake VT 550, similar to the generic Haake bobs. To assists
in cleaning, the outer (stationary) portion of the geometry is made of three
interconnecting parts; flanged joints connect the three parts together with Teflon
gaskets used between the sections to prevent leaks. The entire geometry was
manufactured from stainless steel to avoid corrosion problems, because in many

industrial applications mineral slurries are not processed at neutral pH values.

Page 69



The University of Adelaide Continuous Flow Rheometry for Settling Slurries

Attachment to
Haake VT 550

A
v

_______________________

Fluid Out

i BT | R i -Jl
s e

— | Pressure
W777| | |Transducer

Lower Insert

Fluid In

Figure 5.3-1 Schematic of the helical flow geometry
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Figure 5.3-2 Photograph of the helical flow geometry
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5.3.1 Pressure and Flow rate Measurement

The four essential variables that must be measured for the determination of
rheological properties are the rotational speed of the inner cylinder, Q, the torque
required to turn the inner cylinder, M, the axial flow rate and Q and the pressure drop
required to generate the axial flow, op/oz. The torque and rotational speed are
measured using the Haake VT 550 viscometer, but other methods are required to
measure the differential pressure across the concentric cylinders and the axial flow

rate through the geometry.

The differential pressure across the instrument can be determined by measuring the
gauge pressure at the base of the inner cylinder, using the pressure transducer shown
in Figure 5.3-3. Specific issues relating to pressure measurements and settling slurries
are discussed in section 5.3.2.1. Before the top of the bob is reached the fluid flows
out of the geometry, see Figure 5.3-1, which gives an exit pressure approximately
equal to the surrounding atmosphere and thus the differential pressure across the bob
must be equal to the gauge pressure at the base of the bob. For this assumption to be
valid the fluid must exit the geometry with no kinetic energy and while this is
practically impossible, the fluid will have a lower value of kinetic energy if a positive
displacement pump is used. The characteristics of a positive displacement pump are
such that for a given flow rate the pump outlet pressure generally matches the system
head (McGuire 1993), leaving the fluid with little excess head pressure when it leaves

the system.

Figure 5.3-3 Pressure transducer (IMT, Germany)
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Initially the flow rate was determined by collecting a certain volume of the fluid (in a
measuring cylinder) flowing out of the rheometer in a given time. It was later
established that the flow rate measurement was not required to determine the
rheological properties and so axial flow rate measurements were abandoned. The
justification for not measuring the axial flow rate is discussed in detail in CHAPTER
8.

5.3.2 Critical Design Issues

During design and development several critical issues were identified as possible
sources of measurement problems. These were unreliable pressure measurements, the
blocking of the instrument by settling solid particles, end effects and entrance length

effects.

53.2.1 Pressure Measurement and Settling Particles

The pressure measurement is a critical variable that can be affected by a build-up of
settling particles. It is common for pressure to be measured by running a capillary line
away from the main process stream to an external pressure measurement device. If
this procedure were used in the flow rheometer the capillary line would rapidly block
with settling solids. To eliminate this problem a pressure transducer with the sensing
element at its very end, see Figure 5.3-3, was used. When this transducer was screwed
into position in the helical flow geometry the sensing element was flush with the
vertical pipe wall and thus there was no region with a reduced flow rate or an area in

which particles could settle and interfere with the pressure measurement.

53.2.2 Settling Particles within the Helical Flow Geometry

In the transport of settling slurries it is important to maintain a sufficiently high
velocity to keep the solid particles in a homogeneous suspension and to prevent them
from settling. The critical velocity to avoid deposition of the particles varies with the

orientation of the flow and a considerably higher velocity is required for horizontal
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flows compared to vertically orientated flows (Spells 1955). The following
correlation, Equation (5.3-1), was proposed by Spells 1955, to determine the
minimum flow required in a horizontal pipe to prevent particles settling, where vy, is
the minimum average flow velocity to maintain particles in a homogeneous

suspension, 85% of particles have a diameter smaller that dgs, R is the pipe radius, n is

the apparent viscosity of the suspending liquid, p the density and the subscripts s, p
and | refer to the slurry, the particles and the liquid respectively. This correlation may
be used to determine the minimum flow rate necessary in the delivery pipe to prevent
settling in the flow rheometer, if measurements at particularly low flow rates are

required.

0775
V22 :(0.0251)d859(2|:;p5] ppp P (53-1)
|

The design of the flow rheometer is such that particles will settle first in the delivery
pipe rather than in the instrument as this pipe is not directly vertical but is positioned
at an angle of approximately 60° from horizontal. Bends or changes in the direction of
the flow can also lead to regions of low flow rate where settling can occur. To further
minimise the chance of particles settling and blocking the flow rheometer a “straight
through” design was used. In this design fluid enters at the base of the geometry and
travels in a vertical direction until the exit holes are reached, where it flows out of the
geometry. This design makes for a long geometry, which can lead to construction
issues with the rotating bob. If the bob has a small offset at the top of the geometry,
then this can be magnified over the total length of the bob resulting in considerable
wobble at the base of the rotating bob. However, the advantage of this design is that
the flow is predominately in a vertical direction, which means there are very few

places where solid particles can settle and block the instrument.

5.3.2.3 End Effects

Rotational rheometers in particular suffer from reduced accuracy due to end effects,
but careful design of the geometry can significantly minimise these errors. One way

this can be achieved in a Couette geometry is to use an automatic immersion depth
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bob with a hollow end (Steffe 1992), see Figure 6.4-3a. The air trapped in the hollow
significantly reduces the drag on the end of the geometry. In order to minimise end
effects in the helical flow geometry a hollow ended bob was also used. The use of a
hollow ended bob in the presence of axial flow may lead to problems as illustrated in
Figure 5.3-4a. If the axial flow impacts directly on the base of the bob it may displace
the air from inside the hollow increasing the measurement errors due to end effects.
The problem of air displacement is reduced in the helical flow geometry by the
addition of the lower insert, Figure 5.3-4b. The lower insert directs the fluid flow
around the bob and protects the pocket of air from direct exposure to the axial flow.
Examination of the bob after experiments showed only a small ingress of fluid into

the hollow region.

Displaced Air

A A A Fluid directed
/ \ around base of
the bob

Lower

N
P

Axial Fluid Flow

Figure 5.3-4 a: Axial Flow impacts on the base of the bob; b: Axial flow directed

around the bob
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End effects may also manifest at the top of the bob. In the case of the helical flow
geometry the fluid flows out of the geometry before the top of the bob is reached, see
Figure 5.3-1, which avoids fluid contact with the top of the bob. In this case the bob
length used in any calculations must be determined as the length of the bob in contact

with the fluid and not the manufactured length of the bob.

5.3.24 Laminar Flow Development

The circulation of the sample fluid in the helical flow geometry means that in terms of
fluid flow the geometry has a lot more in common with a tube rheometer than a
standard Couette geometry. Even under steady-state conditions fluid is continuously
entering the geometry from a pipe and a certain length is required for a full laminar
flow profile to develop. Calculations that can be used to determine the entrance
development length for laminar flow entering an annulus are described in section
11.2.2. Assuming a viscosity of 0.01 Pas, a density of 1000 kg/m®, a maximum axial
flow rate of 4 L/min and using the wide gap geometry (32mm bob), an axial flow
development length of 10mm can be calculated (axial flow development length
calculations are discussed in section 11.2.2). The total effective measurement length
of the inner bob in the flow rheometer is 116mm, which means that the axial flow
development length is less than 10% of the total length. This value of 116mm does
not include the length of the lower insert, which also provides an additional region for
laminar flow to develop, before the bottom of the bob is even reached. It is therefore
unlikely that development of laminar axial flow will affect experimental

measurements in the flow rheometer.

5.3.3 Sizing the Geometry

The critical variables that must be measured (rather than those which are preset) are
the torque and the differential pressure. The dimension of the rheometer needed to be
carefully selected in order that lower viscosity materials such as mine tailings could
be successfully measured. Ideal fluids such as CMC and glycerol tend to be highly
viscous, with values of apparent viscosity typically 50 to 100 times that of mine

tailings.

Page 76



The University of Adelaide Continuous Flow Rheometry for Settling Slurries

A computer-based simulation was developed to determine the optimal dimensions for
the flow rheometer. The different factors and effects that were considered in
determining the optimal dimensions are discussed in the following sections. The
dimensions of the Haake MV Il geometry (see section 6.4.2.1.) were used as
preliminary starting values for the analysis.

5.3.3.1 Differential Pressure Measurement

If the magnitude of the pressure drop is very small then accurate measurement can be
very difficult. To increase the value of the differential pressure across the instrument
at a given volumetric flow rate, several dimensional changes can be made, based on
Equation (5.3-2).

_ 8QuL In(%/x) 3-
Ap ) (1—K4)|n( K)—(l—K2)2 (5.3-2)

Equation (5.3-2), describes the pressure drop through an annulus when a Newtonian
fluid is flowing at given flow rate. Examination of this equation shows that the
pressure drop can be significantly increased if the outer radius of the instrument is

reduced, whilst maintaining a constant gap ratio, as shown below.

1
ApocF

Since the pressure drop is also directly proportional to the length of the bob, a further

increase in pressure can be obtained by lengthening the bob.

Ap < L
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The gap ratio, k, between the outer cylinder and the rotating bob can also have a

significant effect on the pressure drop, see Figure 5.3-5.

Ap o In(1/x)

(1—1<4)In( K)—(l—Kz)z

As shown in Figure 5.3-5 the value of differential pressure decrease rapidly with
increasing gap width and approaches a value 1000Pa which represents the static head
pressure for the system defined at the beginning of this analysis. To maximise the
value of differential pressure the smallest gap width possible is necessary. However,
the final minimum gap width is controlled by the size of particles and the

requirements necessary to minimise wall effects (Barnes 1995).
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Figure 5.3-5 The effect of gap width on the pressure drop of a flow in an annulus
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5.3.3.2 Torqgue Sensitivity

The torque acting on a bob rotating in a Newtonian fluid in an annulus can be

determined using Equation (5.3-3).

R2
M = 4nulLQ 2 (5.3-3)
-K

The measured torque is dependent on the square of the radius of the outer cylinder,
providing that the gap ratio is constant and will increase with an increase in the outer

cylinder radius, as shown.
M oc R?

However, the measured torque will decrease with an increase in the gap ratio for a

constant outer cylinder radius.

1

M o
1—K2

Lengthening the bob will proportionally increase the measured torque values.

Mo L

5.3.3.3 Laminar Flow Criteria

Laminar flow in the helical flow geometry must be present for any rheological
measurements to be performed. To ensure laminar flow, it is necessary to maintain the
axial Reynolds number and the Taylor number below the respective critical transition
values. Calculated Reynolds numbers for maximum axial flows of four litres a minute
with a low viscosity liquid (10cp) were approximately 250 times less than the critical
value. This indicates that it is extremely unlikely that the axial flow component will

ever become turbulent. However, unlike the axial flow component, calculations (see
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APPENDIX B) revealed that Couette turbulence or Taylor vortices could develop in
the helical flow geometry and thus the criteria for laminar Couette flow was
incorporated into the optimisation. The Taylor number shown in Equation (5.3-4) can
be used to determine the onset of turbulent flow in a Newtonian fluid in a concentric

cylinder system.

Ta= YoRU-K) [L-x (5.3-4)
A% K

The critical speed for the onset of instabilities will increase proportionally with an

increase in the outer cylinder radius at a constant gap ratio.
TaocR

An increase in the gap ratio can significantly lower the critical rotational speed at
which instabilities in the flow appear.

(1 - K)S/ 2

Ta o
Y2

5.3.34 Summary

Several key findings were drawn from the analysis performed on the helical flow

geometry and are listed as follows.

e Reducing the outer radius and lengthening the bob will increase the differential
pressure across the geometry.

e A Reduction in the outer cylinder radius reduces the measured torque but
increasing the length of the bob can offset this.

e The onset of Taylor vortices can be delayed by reducing the outer cylinder radius.

By combining these key results the following dimensional changes were made.

Compared to a standard Haake MV Il geometry (see section 6.4.2.1) the outer

cylinder radius was reduced and the entire geometry lengthened, to better optimise the

measurements of torque and differential pressure. The final dimensions of the helical
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flow geometry are presented in Table 5.3-1. These design modifications also had an
advantage of further minimising any end effect at the base of the bob by increasing
the length to gap ratio and the onset of Taylor vortices was delayed by reducing the

radius of the outer cylinder.

Table 5.3-1 Summary of the dimensions of the helical flow geometry

Dimension (mm)
Outer Cylinder Diameter 38
Bob Diameter — Narrow Gap 36
Bob Diameter — Wide Gap 32
Bob Length — Manufactured 130
Bob Length — Effective 116

Using the dimensions presented in Table 5.3-1, the operational limits of the Haake VT
550 viscometer and a maximum flow rate value of 4 L/min from the helical rotor
(Mono) pump the operating range of the flow rheometer was calculated and is shown
in Figure 5.3-6.
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Figure 5.3-6 Operating range of the flow rheometer
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5.4 Pump Selection

A significant problem associated with the operation of the flow rheometer with
settling slurries was the selection of a suitable pump to circulate the settling slurries.
The pump was required to meet several specifications; an ability to handle solid and
abrasive particles and to provide non-pulsed flow. A slurry centrifugal pump would
have been most suitable except that the smallest of these pumps that could be sourced
was rated at 30L/min., well above the maximum requirements of 4L/min. A standard
centrifugal pump would have been eroded rapidly by the abrasive particles and
accurate variable flow control of these types of pumps is often difficult without an
elaborate wear resistant control valve. Most positive displacements pumps including
diaphragm and peristaltic pumps resist erosion better than centrifugal pumps but the
flow delivered is pulsed in natured. Even the flow from an eight roller peristaltic
pump was considered too pulsed for use in the flow rheometer. The pump that was
eventually selected for this application was a helical rotor pump. The helical rotor
pump is a positive displacement pump with a continuously variable pumping volume
created by the voids between a single spiral helical rotor and a double “angle-rate”
helical spiral stator, see Figure 5.4-1 below. To resist erosion the stator is made of a
natural rubber and the rotor made of hard chrome plated steel. Many helical rotor
pumps including the mono pump used in this study have a large cavity before the
pumping head where solids can settle out, see Figure 5.4-1. However, the drive shaft
also goes through this cavity and thus it was possible to attach a set of custom-made
paddles to the drive shaft that kept the solid particles suspended during pumping
operations.

Stator Cavity / \ Motor
" [ A ]
F > 1 [ [
T L] N L L

Rotor
Additional Paddles

Figure 5.4-1 Schematic of the modified helical rotor pump
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55 Computer Control and Interface / Data

Acquisition Program

The unique design and operation of the flow rheometer required the development of
specialised data acquisition and control software. The analysis procedure restricted
the type of tests that could be performed to the measurement of torque as a function
time at a constant rotational speed. Thus to generate a rheological profile of the
experimental fluid a series of tests at different values of rotational speed were
required and thus the control aspect of the program incorporated an ability to pre-
program a sequential series of experiments at different values of rotational speed.

A requirement for the correct analysis of helical flow is that the differential pressure
across the geometry be maintained at a constant value for different values of
rotational speed, see CHAPTER 4. This is particularly important when non-
Newtonian fluids are examined as the rotational speed of the bob can affect the
differential pressure across the concentric cylinders. Thus the data acquisition
program needed to not only interface with the Haake rheometer but also with the
pressure transducer through the data logger, to provide real-time measurements of the
differential pressure, so that changes in the flow rate could be made to keep the
differential pressure constant. Visual Basic was used to write the code for the
control/acquisition program as it allowed for the development of a user-friendly input
interface. The data from each experiment was stored in a modified text file (a “.hfr”

file) that could be later accessed by the excel macro for data analysis, see section 4.6.
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CHAPTER 6 GENERAL EXPERIMENTAL

APPARATUS AND TECHNIQUES

6.1 Introduction

To support the development of the flow rheometer and the other unique apparatus
developed as part of this study, several generic pieces of experimental apparatus were
required. These apparatus and the experimental techniques used are discussed in detail
in this chapter. The rheological instruments used included standard commercial
instruments and geometries (a Bohlin CVO-50 and a Haake VT 550) and also a
specially developed modified tube rheometer. A Malvern particle size analyser was
also used. A variety of different fluids were used in this investigation and included
ideal Newtonian fluids (glycerol, glucose water solutions and standard rheological
oils), both pseudoplastic and yield-pseudoplastic solutions (CMC, polyox, xanthan
gum and carbopol) and both settling and non-settling slurries (fly ash, gold mine

tailings, diamond mine tailings, a clay slurry and a PMMA in water slurry).
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6.2 Preparation of Experimental Fluids

6.2.1 Liquid Solutions

6.2.1.1 Newtonian Fluids

The Newtonian solutions used were a standard rheological oil, glycerol-water
solutions and glucose-water solutions. The standard rheological oil (s200 grade,
supplied by Cannon Oils, Cannon Instrument Company, USA) is a mineral oil of
certified viscosity and density at selected temperatures and is used with no additional

preparation.

Glycerol (supplied by ACE Chemicals, South Australia) is a significantly polar
molecule that readily hydrogen bonds and is thus quite viscous at room temperature
with a viscosity of 1.1 Pas (at 20°C) (Dean 1985). However, water may be absorbed
from the atmosphere and even a small amount of water can significantly reduce the
viscosity. For this reason when comparative rheological experiments were performed
on different instruments the tests were performed as close as possible, to minimise the

chance of changes in the rheological properties of the glycerol.

Glucose (MCY grade, supplied by Fielders, Australia) is an isomer of a group of eight
sugars known as the Altohexoses, but is only one of two that occur naturally
(McMurry 1992). The glucose was diluted to a variety of concentrations with reverse
osmosis (ro) water. This dilution however meant that the newly prepared solution was
highly susceptible to microbial attack. So as to prevent a build-up of mould in the
solution a small quantity of Dettol Antiseptic liquid (manufactured by Reckitt and
Coleman, UK) was added. Evaporation of the water in the solution could cause the
viscosity to increase with time, so to prevent evaporation the solutions were kept in
sealed buckets. As with the glycerol when comparative test work was performed on

different instruments minimal time was allowed to elapse between tests.
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6.2.1.2 Non-Yield Stress Pseudoplastic Fluids

The pseudoplastic fluids used, were various concentration solutions of the polymers
CMC and polyox. As with the previously discussed Newtonian solutions evaporation
could cause the rheological properties to change so these solutions were stored in
sealed buckets and a testing program, the same as previously discussed for the

glycerol and glucose solutions was used.

CMC or carboxymethyl-cellulose (c600 grade, supplied by ACE Chemicals, South
Australia) is a derivative of a natural cellulose polymer and finds many uses from a
paper covering to a depressant in mineral flotation. The same standard procedure was
used to make the various different concentration solutions. The correct quantity of
CMC was first weighed and placed into a suitable container; the correct quantity of
ro-water was then weighed and added. The solution was then left to rest for several
days except when it was occasionally stirred by hand, to allow an aqueous dispersion
to form (Wright 1999). It was found that this method for producing a CMC solution
provided a more viscous and shear thinning solution than using an impeller to

aggressively mix the CMC powder into the water.

Polyox is the trade name for polyethylene oxide resins (supplied by Union Carbide,
USA), which are high molecular weight homopolymers produced by the
heterogeneous catalytic polymerisation of ethylene oxide (Hubbe 2003). A quantity of
ro-water was weighed and placed within a glass beaker of known weight, which in
turn was placed on a magnetic stirring/heating element. A magnetic stirring piece was
placed in the water and the heating element and magnetic stirrer switched on. The
desired amount of polyox was measured and slowly added to the water at a
temperature of approximately 80°C (Wei and Willmarth 1992). Once the solution had
cooled, further water was added and mixed in to equalize that which was lost to
evaporation. Often a larger quantity of solution was required than could be heated on
the mixer/heater and in these cases a more concentrated solution was created and then

later diluted to the desired value
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6.2.1.3 Yield-Pseudoplastic Fluids

The vyield-pseudoplastic fluids used, were various concentration solutions of the
polymers xanthan gum and carbopol. As with the previous solutions evaporation
could cause the rheological properties to change so the same storage and testing

regimes as previously discussed were used.

Xanthan gum (Food grade, supplied by ACE Chemicals, South Australia) is a high
molecular weight polysaccharide that is produced by fermentation (Chaplin 2003).
The preparation of the xanthan gum was similar to that of the CMC solutions; correct
quantities of water and polymer powder were weighed and placed in a suitable
container and then left for several days (Vlaev et al. 2002), except when they were

occasionally stirred by hand

Carbopol (940 grade, supplied by B.F. Goodrich Co.) is a manufactured polymer,
which belongs to a class of resins, known as carbomers. Carbomers are a polyacrylic
based polymer cross-linked with allypentaerithritol and modified with C10 to C30
acrylates (Curran et al. 2002)]. The preparation of the carbopol solution is again
similar to that of the CMC solutions; correct quantities of water and polymer powder
were weighed and placed in a suitable container and then left for several days, except
when they were occasionally stirred by hand. The rheological properties of a carbopol
solution are heavily influenced by the pH of the solution (Curran et al. 2002) and thus

the pH of the solutions needed to be carefully monitored and adjusted were necessary.
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6.2.2 Slurries

A variety of different artificial and real slurries were used in this investigation.

6.2.2.1 Artificial Slurries

PMMA or polymethylmethacylate (IF 850 grade, supplied by LG Chem, Korea) is an
injection moulding grade polymer in spherical form. Before these spheres could be
used they were first washed to remove any remaining monomer on the surface
(Abbott et al. 1991, Graham et al. 1991, Tetlow et al. 1998). Once washed the spheres
were dried in a drying oven at approximately 90°C, to prevent the particles melting
and fusing together. The PMMA particles were then combined with ro-water to form
a slurry. Varying amounts of sodium chloride salt was added to the water to adjust the

density of the liquid and the settling rate of the solid particles.

6.2.2.2 Real Slurries

The diamond mine tailings (supplied by Rio Tinto Technical Services) and the fly ash
(supplied by the CSIRO Minerals) were provided in a slurry form and could be used
as supplied, though ro-water was added to adjust the solids volume concentration.

The clay slurry (supplied by Rio Tinto Technical Services) was provided in a dry
powder form. The solids were added to ro-water, well mixed and allowed to rest for

several days before rheological experiments were performed.

The gold mine tailings (supplied by Rio Tinto Technical Services) were provided in a
dry solid form. Care was taken when handling the gold mine tailing due to the
possibility of residual cyanide within the sample. As with the clay slurry the dry
solids were added to ro-water, well mixed and allowed to rest for several days.
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6.2.3 Determining the Solution Density

For solutions containing no solid particles a 50mL density bottle was used to
accurately determine the density. A water bath was used to control the temperature of
the bottle and any liquid contained within. To determine the correct volume of the
density bottle a fluid of know density was used (s200 grade standard oil, supplied by
Cannon Qils)

The presence of solid particles in a slurry prevented the density bottle from being used
as solid particles interfered with the operation of the stopper. Standard oil (s200
grade, supplied by Cannon Oils) was used to calibrate the volume of two small 25mL
measuring cylinders. To reduce measurement errors two cylinder were used and the

average result recorded.

6.2.4 Determining the Settling Rate

The settling rates of particles in the slurries used in this study were determined using a
500mL glass measuring cylinder. A quantity (approx 350mL) of the slurry was placed
in the measuring cylinder (where the solid volume fraction was the same as that used
in the rheological tests) and thoroughly mixed by up-turning the cylinder multiple
times. The settling velocity of the clear zone interface was then observed. Where the
settling rate varied dramatically between different particles present, usually due to the
difference in the size of the particles, the fastest settling rate is presented.

Table 6.2-1 Settling Rate of Slurry Particles

Slurry wt% Solids  Particle Settling Rate (cm/s)
Clay slurry 71 Negligible

Fly ash 68 0.017

Gold mine tailings 36 0.48

Diamond mine tailings 49 1.33
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6.3 Particle Size Analysis

The size and size distribution of particles in a slurry can have a significant influence
on the rheological properties of the slurry (Clarke 1967, Moreland 1963, Ward and
Kammermeyer 1940, Ward and Whitmore 1950). The size of the particles can also
limit the size of the geometry and the type of instrument used to perform the
rheological characterisation (Barnes 1995). For this reason accurate measurements of

the particle size is important.

For this study a Malvern Particle Size Analyser, 2600 series was used. The Malvern
instrument uses a light scattering technique to determine the particle size. Numerous
attachments for the instrument are available to enable a wide range of particle sizes to

be measured.

6.3.1 Experimental Apparatus

The Malvern Particle Size Analyser consists of a He-Ne Laser, a beam expander, a
ultrasonic and mechanical mixing tank, a liquid measurement cell, a receiver lens and
detector plane. The set-up of the apparatus is shown in Figure 6.3-1. Several different
receiver lenses are available depending on the size range of particles to be measured
as shown in Table 6.3-I.

Table 6.3-1 Malvern Size Analyser -Lenses

Lens Size (mm)  Size Range (um)

63 1.2-118
100 1.9-188
300 5.8 -564
600 11.6-1128
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In operation the sample of slurry is pumped from the mixing tank through the liquid
measurement cell and returned to the mixing tank, see Figure 6.3-1. The laser beam

passes through the sample and the scattered light collects on the detector plane.

Beam Expander Receiver Lens Detector plane

N\ ]

He — Ne Laser \ Electronicsé
Liquid measurement '
|
T cell
— -
Mixing tank Computer
and pump

Figure 6.3-1 Malvern particle size analyser

6.3.2 Experimental Results

6.3.2.1 Standard Material

To test the accuracy of the Malvern particle size analyser a sample of glass beads of
known particle diameter were measured. The particle size distribution of the glass
beads (supplied by ATA Scientific, Australia) is shown in Table 6.3-Il. Results from
the Malvern particle size analyser are shown in both Table 6.3-11 and Figure 6.3-2.
Good agreement, within the limits of the instrument and variation in the bead sample,
IS observed between the manufacturer’s data and the experimental data. This
agreement verifies the accuracy of the experimental procedure used for the Malvern

particle size analyser.
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Table 6.3-11 Particle size — Glass Beads

Manufacturer Measured
Particle Size Mean Diameter (um) Mean Diameter (um)
dio 53.2+8% 55.7
dso 67.8 + 5% 68.7
do 87.7 + 8% 94.7
100
<><>W
90 - o
80 - °
<o
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<o
__ 60 |
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0 OO :
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Particle Size (um)

Figure 6.3-2 Results - Malvern particle size analyser, cumulative under size —

Glass Beads
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6.3.2.2

Slurry Results

Once the accuracy of the Malvern particle size analyser was confirmed using the glass

beads the instrument was used to determine the particle size distributions of the

various slurries used in this investigation. The results are present in Figure 6.3-3

below.

CUS (%)
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A s

1000
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Figure 6.3-3 Cumulative under size plot — various different solid particles
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6.4 Generic Rheological Instruments

The correct determination of the rheological properties of experimental fluids in the
standard laboratory rheological instruments was an extremely important component of
this study, as these results were needed for comparison with results generated on the
unique instruments, which were developed during this project. The values of the
viscosity for many common fluids may be found in books and literature, but when
these results are compared to laboratory results there is often too much variation for
the literature results to be accurately used. This variation between the literature results
and laboratory results can be caused by many factors that are extremely difficult to
control, including the length of time the fluid has been prepared for, the amount of
exposure to the air and the ambient storage temperature. For this reason the
rheological properties of a fluid must be determined immediately before or after its

use in experiments rather than using literature values.

Two generic rheometers were used in this investigation, a Bohlin CVO-50
(manufactured by Bohlin Instruments, UK) and a Haake VT 550 (manufactured by
ThermoHaake, Germany).

6.4.1 Bohlin CVO-50

The Bohlin CVO-50 is a controlled stress rheometer that can also be used in a
simulated constant rate mode. A supply of dry compressed air was required for the air
bearing in the instrument, so a three stage drying unit, which consists of a drain
catcher, mist separator and a membrane dryer, was installed on the air supply line
from the main compressor. The CVO unit consists of a torque motor and a deflection
sensor. Measurements involve applying a torque to a sample and measuring the
resulting deflection. A separate water bath is attached the CVO to control the

temperature of the fluids under examination.
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6.4.1.1 Geometries Available for use on the Bohlin CVVO-50

A wide variety of geometries are available for use on the CVO including, parallel
plates (40mm and 20mm diameter), cone and plates (4°/40mm diameter, 2°/40mm
diameter, 4°/20mm diameter), a Money bob and cup (bob: 14mm diameter, 22.3mm
long and a cup 15.4mm diameter) and a vane (vane: 10mm diameter, 20mm long and
a cup 15.4mm diameter). All the cone and plate geometries are truncated cones, where
the degree of truncation is 0.07mm for the 2° cone and 0.15mm for the 4° cones. For
the rheological analysis of liquids that contained no solid particles, the 4°/40mm cone
and plate geometry was used as the larger diameter increases the sensitivity of the
measurement and the use of a cone and plate geometry, as opposed to the other

geometries available, ensured a constant shear rate across the measurement gap.

6.4.1.2 Rheological Measurements

The sample was then loaded as shown in Figure 6.4-1, with the liquid filled to the
edge of the cone but not overflowing. When aqueous samples were tested the small
sample volume meant that any amount of evaporation could potentially affect the
results, so to prevent evaporation a layer of light olive oil was placed around the
sample as shown in Figure 6.4-1. The viscosity of the oil was significantly less than
that of the sample so that there was only a minimal additional increase in the

measured torque due to the presence of the oil.

—

Truncated Cone

Oil Layer Test Solution

e

Figure 6.4-1 Correctly loaded - cone and plate geometry

For basic rheological measurements to determine the relationship between shear stress

and shear rate the CVO had several modes of operations that could be used. Other
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more complex tests to examine elasticity are also possible on the instrument but these
types of tests are beyond the scope of this investigation.

Controlled Stress Experiments

When operating in the controlled stress mode several different experimental tests
were possible. As the CVO is a controlled stress instrument, these tests in general
were more accurate and reliable than the simulated controlled rate tests, which are

also described below.

Stress Sweep

The stress sweep was the most basic test that could be performed on the CVO.
However, Krieger (1990) described the problems that instrument inertia in sweep tests
can have on the results. In a sweep test the response time of the fluid and the machine
can lead to the development of a hysteresis loop in the results, even when the fluid
does not exhibit thixotropic behaviour and for this reason the stress sweep test was not

usually performed

Constant Stress as a Function of Time

The constant stress test involved measuring the shear rate response in a fluid to a
particular applied stress as a function of time. This type of test was typically used
because it was more accurate and reliable than the controlled rate mode, described
below and did not suffer from the hysteresis effects associated with the stress sweep,
described above.

Controlled Rate Experiments

As with the controlled stress mode both sweep and constant speed as a function of
time tests were possible in controlled rate mode. However, this mode of operation was
found to be unreliable and was not regularly used. For the machine to operate in a
controlled rate mode a feed back loop control circuit was used to adjust the applied
torque to keep the rotational speed constant. However, the software used to control
this feedback loop appeared to be unsuitable for higher values of shear rate, as the
control loop would become unstable and the speed of the machine would continue to

increase until the fluid was expelled from the geometry.
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6.4.1.3 Analysis of the Results

The control software that was used for the CVO automatically determined the shear
stress and shear rate data from the measurements of torque and rotational speed
respectively. However, the calculation were only based on Newtonian fluid
mechanics, where the rotational speed and toque are multiplied by a constant which is
a function of the geometry to determine the shear rate and shear stress respectively.
This method of solution is not generally applicable when non-Newtonian fluids are
examined and the shear stress and shear rate values should not be used. However, it
was possible when more complex types of fluids were examined to determine the
actually values of torque and rotational speed by using the geometry constants in
reverse. An advantage of using the cone and plate geometry was that even for non-
Newtonian fluids the shear rate was essentially uniform across the measurement gap
and thus no corrections to the shear rate were needed and the simple calculations
performed by the software were acceptable. The calculations associated with the cone

and plate geometry are discussed in section 3.2.1.2.

6.4.1.4 Experiments with Standard Fluids

A standard rheological oil (s200 grade) was used to test the accuracy of the
measurements from the CVVO. These experiments involved measuring the shear rate
(rotational speed) for a series of approximately eight constant stress tests, see section
6.4.1.2, conducted in a random order to reduce the chance of systematic errors. A
summary of the tests performed and the results are presented in Table 6.4-1 and Figure
6.4-2.
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Table 6.4-1 Standard oil properties at various temperatures

Fluid Temp  Density A n  Error* Std Dev’
(’C)  (kg/m’)  (Pas") (%) (%)
Standard Oil s200 25.0 876.1 0.407 1 0.7 0.9
Standard Oil s200 50.0 860.9 0.092 1 1.5 1.1
Standard Oil s200 80.0 842.8 0.025 1 2.2 1.9

* The error is the difference between the CVO data and the value of the viscosity specified by the manufacturer

# The standard deviation (Std Dev) is the measured variation in the CVO results

From the data collected the CVO has an average error of 1.3% with an average
standard deviation in results of 1.4%. The error and spread of the data increases as the
fluid viscosity decreases, but even for the relatively low viscosity, seen in the standard
oil at 80°C, the error is still acceptably small. However, this viscosity value probably

represents the lower limit of the CVO’s measurement range.

140
o CVO-25C-1
120 - o CVO-25C-2
Std Oil 407mPas
10| A& CvO-50C-1
. CVO -50C - 2
g Std Oil 92mPas
§ 80 1 CVO -80C -1
& CVO - 80C - 2
§ 60 - _ __ _Std Oil 25mPas
e
(7]
40 -
_ - KA~
20 + o
X —— — X
O T T T T T T T
0 50 100 150 200 250 300 350

Shear Rate (1/s)

Figure 6.4-2 Rheological results for the Std Oil s200
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6.4.2 Haake VT 550 — Controlled Rate Viscometers

The VT 550 is a controlled rate viscometer, manufactured by ThermoHaake and
consists of a constant speed motor, torsion bar and position detector. The resistance to
rotation of a solution being examined causes a deflection in the torsion bar when an
attached bob or vane is rotated at a given speed. The degree of deflection is measured
and this in conjunction with the stiffness of the torsion bar enables the resistive torque
generated by the fluid and hence the shear stress to be determined. The VT 550 has an
operating speed range of 0.5 to 800 rpm.

6.4.2.1 Measurement Geometries

The Haake VT 550 essentially uses bob and cup type geometries though other types
of plate geometries can be used, with suitable attachments. For most experiments a
single cup of 42mm diameter was used complete with a water jacket for temperature
control. The water jacket is connected by silicon tubing to a Thermoline water bath
(manufactured by Thermoline, Australia) which can be used to control the
temperature from -10°C to 105°C. Three different, smooth surface, automatic
immersion depth bobs, see Figure 6.4-3a, were available, MV |: 40.08mm diameter,
MV I1: 36.8mm diameter and MV I1I: 30.4mm diameter. Several different vanes,
Figure 6.4-3b, were also available, a 20/40, a 10/20 and a 40/50, where the first
number denotes the vane width in mm and the second number the vanes length in

mm.
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Air Bubble

Figure 6.4-3 a: Automatic immersion depth bob; b: Vane in cup

6.4.2.2 Zeroing the Rheometer

To ensure that the Haake VT550 provided accurate measurements at low values of
measured torque, where the sensitivity was likely to be reduced, an appropriate
zeroing procedure was required. The selected geometry whether it was a bob or a
vane was first screwed into place and then set rotating in air at an appropriate speed
given the forth-coming test conditions and the torque measured. The measured value
was adjusted until a value of zero was attained. The instrument was then stopped. At
this point the instrument sometimes showed a torque value which was no longer zero.
However, as it was the dynamic torque and not the stationary torque that was required

to be zero, no further adjustments were made to the zero position.

6.4.2.3 Loading a Sample

Bob and Cup

The bob and cup geometry was loaded as shown in Figure 6.4-3a. Approximately the
correct amount of sample was placed in the cup and the cup was then pushed up
through the water jacket into position. The more viscous the liquid the slower the

procedure was performed so as to ensure the integrity of the air bubble at the base of
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the cup. Once secured in position the top of the bob was examined. A small amount of
excess liquid could flow into the top recess of the cup. However, a large amount of
excess liquid would fill this recess entirely leading to inaccurate results. This excess
liquid if present was removed from the top of the bob with either a spatula or a

syringe.

Vane

A suitable amount of test solution was loaded into the cup, such that when it was
placed into position it matched that shown in Figure 6.4-3b. The cup was placed in
position so as to minimise any lateral movement (also know as the stress of loading)
so that the yield stress could be accurately determined. A bench top scissor-lift was

often used to aid the loading process.

6.4.2.4 Modes of Operation/ Data Acquisition

Essentially two different types of tests can be performed with the Haake VT 550
rheometer, a sweep or ramp test and a constant rate test.

Sweep Test

The sweep test involved a continuous acceleration of the instrument from a set
rotational speed to another set speed in a given period of time, followed usually by a
return to the original speed in usually the same period of time. This test procedure can
produce a hysteresis loop if the acceleration rate is set too high, especially if the fluid
and instrument response times are slow. A hysteresis loop should normally only be
observed when time dependent fluids are examined, so to avoid incorrectly

identifying the fluids rheological properties this test procedure was not regularly used.

Constant rate

To determine the rheological properties from a constant rate experiment a series of
tests were performed and the average steady state values of torque and rotational
speed from each test were used. This procedure was less susceptible to errors from
slow machine and fluid response times, though generally more experimental time was

needed to develop the rheological profile of the fluid, so problems such as evaporation
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and particle settling were also considered. This test procedure because of its greater

accuracy and reliability was used almost exclusively.

Data Acquisition

A desktop computer with a specially developed Visual Basic program was used to
control the VT 550 and perform the data acquisition. This data acquisition software
was specifically developed for the flow rheometer, see section 5.5. This software
proved to be quicker and more reliable than the Rheowin software that was supplied

with the VT 550 and so was used in preference.

6.4.2.5 Analysis of results

The analysis procedures for measurements from the VT 550 with different geometries
are outlined below, but in general the aim is to determine the shear stress and shear

rate from the measurements of torque and rotational speed respectively.

Bob and Cup

The shear rate in a concentric cylinder, particularly a wide gap geometry, is not
constant across the measurement gap width, which is particularly relevant if non-
Newtonian fluids are examined. The Krieger and Maron method described in section
3.2.2.2 may be used to determine the shear rate in a wide gap concentric cylinder
geometry for an unknown non-Newtonian fluid. On the other hand, if the behaviour of
the fluid is known and can be well described by a simple rheological model, eg.
Newtonian or power-law, then the shear rate may be directly determined, see the
discussion in section 3.2.2.2. The shear stress calculation is independent of the
rheological properties of the fluid examined and is described in section 3.2.2.1.

Vane

When the vane geometry is used to determine the yield stress property of a fluid, then
only the torque is measured as the shear rate is assumed to be approximately zero. The
peak in a graph of torque versus time is used to determine the yield stress. The
calculations to determine the yield stress or shear stress from a vane geometry are

described in section 3.2.2.5.
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6.4.2.6 Experiments Involving Standard Liquids

To determine the accuracy of measurements from the Haake VT 550 and also the data
analysis procedure a variety of basic fluids were tested with the instrument. The
particular emphasis in this series of experiments was to examine the accuracy of
measurements of non-Newtonian fluids in wide gap Couette geometries, where
corrections to the calculations are required to determine the correct shear rate in the
geometry. The fluids examined are presented in Table 6.4-11, as are results from the
Haake VT550, which are compared to measurements from the Bohlin rheometer
(CVO). Measurements from the Bohlin rheometer were performed using the cone and
plate geometry as it provided the most accurate results for Newtonian and non-
Newtonian liquids that contained no solid particles. The reason for this is that the
shear rate calculations for a cone and plate geometry require no corrections when non-
Newtonian fluids are examined. The experiments performed on the VT550 were a
series of constant rate tests performed in a random order to reduce the chance of

systematic errors.

Table 6.4-11 Experimental Fluids

Temp Ty A n Error Std Dev
Fluid (°C) (Pa) (Pa.s") (%) (%)
Std Qil s200 20 - 0.587 1 0.2 2.4
CMC 0.5 wt% (c600) 20 - 0.449 0.65 1.0 3.2
Polyox 1.2 wt% 20 - 0.047 0.92 0.4 7.3
Xanthan gum 0.25 wt% 20 1.8 0.065 0.73 0.8 2.0

The results of the experimental measurements of the various fluids are presented in
Figure 6.4-4 to Figure 6.4-7 with the comparative errors between the VT550 and
CVO presented in Table 6.4-1l. In general good agreement is noted between the
measurements from the VT550 and the CVO with no more than a 1% error in the
results from the VT550 and a standard deviation in results of generally between 2-3%.

The results of the measurements with the polyox solution show a larger degree of
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deviation of 7.3%, which is not unexpected given the very low viscosity of the polyox
solution, which makes measurements in a wide gap geometry like the MV 1l more
difficult. Therefore this probably represents the lower limit of the VT550's

measurement range with the MV |11 geometry.
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Figure 6.4-4 Rheological results for the Std. Oil s200
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Figure 6.4-5 Rheological results for the CMC 0.5wt% (c600)
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Figure 6.4-6 Rheological results for the polyox 1.2 wt%

6
<
5 o ©
< AR oo
a 44 +£|é‘:|
7] m 5
7]
1) 1%
5 3 I
§ 5 | Df oMV I
& : ) oMV i
1 F AMV I
T +CVO
0 T T T T T
0 50 100 150 200 250 300

Shear Rate (1/s)

Figure 6.4-7 Rheological results for the xanthan gum 0.25wt%
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6.5 Tube Rheometer

The two instruments previously discussed, the Bohlin CVO and the Haake VT 550 are
generally not suitable for the measurement of particulate systems where the particles
settle under the influence of gravity. To enable a comparison of measurements of
settling slurries performed with the flow rheometer, described in Section B, another
instrument that could reliably measure particulate suspensions was required. A
modified tube rheometer was designed and constructed as part of this study and is

described below.

6.5.1 Experimental Apparatus

Typically a tube rheometer consists of three major components: a pressurised holding
tank or reservoir, tubes of varying length and diameter and a flow rate measurement
device. To enable the tube rheometer to measure slow settling slurries an impeller was
placed within the reservoir. A schematic of the tube rheometer is presented in Figure
6.5-1 and photograph is presented in Figure 6.5-2. The pressurised reservoir was
made of 3mm 316 stainless steel and had an internal diameter of 161mm and a length
of 343mm giving a total volume of approximately 7L. The top and bottom end plates
were attached via 30mm flanges and eight bolts. With 2mm thick rubber gaskets used
to seal the top and bottom flanges of the vessel. A boss was attached to the centre of
the top plate to hold two sealed roller bearings, which were used to locate and seal the
drive shaft for the impeller. The top plate also contained a 1” BSP threaded hole with
plug, so that a sample of test fluid could be placed within the vessel without removing
the top plate. Finally two % fittings were placed in the top plate for the supply of
compressed air and for a safety relief valve. The base plate contains a single %” olive
type fitting through which the various tubes could be attached.

Several different tubes were available, all were 1000mm in length, but had varying
internal diameters of 4.6mm, 4.98mm, 6.78mm and 7.95mm. By careful selection of
the tube length to diameter ratio end effects could be avoided or significantly
minimised (Bagley 1957, Van Wazer et al. 1963).
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Several different impellers were tried; a combined helical screw and anchor impeller
and a combined Rushton turbine and anchor impeller. When operated at even
relatively slow rotational speeds, the helical screw and anchor impeller provided so
much lift that liquid flow down the tube was significantly reduced when this impeller
was in operation and thus the combined Rushton turbine and anchor impeller was

used instead.

The impeller was driven by a 0.18kW single-phase DC electric motor (manufactured
by Balder Electric Co. USA) with an analogue variable speed controller
(manufactured by KB Electronics Inc. USA).

Compressed air was supplied to the laboratory by the main building compressor. A
high flow rate, high precision pressure regulator (manufactured by Norgren UK) in
conjunction with a Norgren 1” pressure gauge was used to control the pressure within

the reservoir.

The flow rate of the test liquid exiting the apparatus was measured using a mass
balance (manufactured by Ohaus Corporation USA) and a suitable collection bowl,
both of which were placed approximately 10cm directly below the tube outlet. The
balance was connected to a computer using an RS232 interface. A computer program
written in Visual Basic was used to record the mass measured on the balance every
three to five seconds. This mass flow when combined with the known density of the

fluid was used to determine the flow rate of fluid exiting the tube.
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Figure 6.5-1 Schematic of the tube rheometer
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Figure 6.5-2 Photograph of the tube rheometer
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6.5.2 Experimental Techniques

Experiments with the tube rheometer generally required the preparation of approx 7-
8L of test solution. A variety of liquids were used to test the accuracy of the
instrument, see section 6.5.4. The density of the experimental fluid was needed to
complete the calculations and thus before a fluid was tested in the tube rheometer the

density of the fluid was measured using a 50mL-density bottle, see section 6.2.3.

For an experiment with the tube rheometer, the test fluid was transferred to the
reservoir and the impeller switched on if required. A small Teflon plug was used to
prevent fluid escaping from the end of the tube. The temperature of the sample was
measured, as was the depth of fluid within the reservoir. The Visual Basic computer
program was started and once connection with the balance was established the Teflon
plug was removed and the desired pressure set using the regulator. The fluid flow rate
out of the tube was then measured until a constant flow rate was established. To
ensure the flow rate had reached a constant value the measurement period was
typically two minutes though this value sometimes varied depending on the fluid flow
rate. At the completion of the test, the pressure was returned to zero gauge, the Teflon
plug was replaced and the total mass of fluid that had flowed from the reservoir was
recorded. A series of six to ten tests were then performed at various different values of

gauge pressure.

6.5.3  Analysis of Results

Raw data from the tube rheometer tests were saved in specially formatted text files by
the Visual Basic program and these files were then imported into Excel using a
macro-based program. A series of calculations were performed to determine the

rheological properties of the fluid, these calculations are discussed in section 3.3
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6.5.4 Experiments Involving Standard Fluids

To determine the accuracy of the data acquisition and analysis procedure for the tube
rheometer a variety of simple fluids were examined within the instrument, Table 6.5-I
and the results compared to those obtained on the Bohlin rheometer (CVO) using the

4°/40mm cone and plate geometry.

Table 6.5-1 Experimental Fluids

Fluid Temp Density r, A n  Error Std Dev
(°C)  (kg/m’) (Pa) (Pas") (%) (%)

Glycerol 16 1258 - 1.05 1 1.9 2.7

CMC 1.5wt % (c600) 16,5 1012 - 159 036 15 34

Carbopol 1.5wt% pH 2.7 16,5 1005 14 059 0.67 1.2 4.0

The results are presented in Figure 6.5-3 to Figure 6.5-5, and results from the tube
rheometer are distinguished by the tube diameter used. When compared to the CVO
results, the tube rheometer results show an average error of 1-2% with a standard
deviation of 3-4%. While these values are somewhat less accurate than the Haake VT
550, section 6.4.2.6, the results show that the tube rheometer was still acceptably
accurate for rheological measurements. There is some variation (~10%) visible at high
values of shear rate (+1000 1/s) in the CMC data, Figure 6.5-4. The actual flow rates
necessary to obtain these shear rates in the 7.95mm tube were approximately 50 mL/s
and these high values of flow rate probably represent the measurement limit of the
apparatus. Wall and end effects appear to be minimal as tests with different tubes with
different length to diameter ratios give the same results for the different types of fluids

examined.

Page 112



The University of Adelaide Continuous Flow Rheometry for Settling Slurries

300
250 - ©
&
~ &F
& 200 - &
~ of
%3 =
g 25
= 150 - Dp
2 o 4.98 mm
2 100 g 6.78 mm
)
A 7.95mm
50 4 + 4.6 mm
——CVO
O T T T T
0 50 100 150 200 250

Shear Rate (1/s)

Figure 6.5-3 Rheological results for the glycerol solution
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Figure 6.5-4 Rheological results for the CMC 1.5 wt% solution
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Figure 6.5-5 Rheological results for the 1.5wt% carbopol solution, pH 2.7

Page 114



The University of Adelaide Continuous Flow Rheometry for Settling Slurries

6.6 Summary

A wide variety of experimental fluids (including Newtonian, pseudoplastic and yield
stress) were used to study the accuracy of rheological measurements from a variety of
different laboratory instruments, including a controlled stress rheometer (CVO), a
controlled rate rheometer (Haake VT 550) and a purpose built modified tube
rheometer. Experimental results indicate the accuracy of the measurement techniques
for a variety of different fluids with varying rheological properties. Other
measurement techniques and apparatus used to determine density and particle size

distributions were also successfully validated.
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CHAPTER 7 EXPERIMENTAL VALIDATION

OF THE FLOW RHEOMETER

7.1 Introduction

To demonstrate the accuracy and reproducibility of the experimental techniques and
the data analysis procedure for the flow rheometer a wide variety of liquids and
slurries with different rheological properties including Newtonian, pseudoplastic and
yield pseudoplastic behaviours were tested. The results of these measurements were
compared with results generated on other laboratory instruments and are presented
and discussed in this chapter. A difficulty in the measurement of yield stress materials
at low values of shear rate was encountered; this problem and its solution is also

presented and discussed.
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7.2 Experimental Procedures

For an experiment with the flow rheometer the differential pressure across the bob
was first selected by adjusting the rotational speed of the pump. If settling particles
were present it was necessary to ensure that the axial flow rate was sufficient to
maintain the particles in a homogeneous suspension, particularly if very slow flow
rates were required. The following Equation (5.3-1), can be used to determine the
minimum velocity to prevent particles settling in a horizontal section of pipe (Spells
1955).

0.775
2R -
vm1'225=(0.0251)d859[ npsj ppp P (5.3-1)
I

The bob was then set rotating at a constant speed and the torque measured as a
function of time. Once a stable torque reading was established another rotational
speed was selected and the torque again measured. The change in rotational speed
could alter the value of differential pressure across the bob and so the speed of the
pump and thus the fluid flow rate was adjusted to maintain a constant value of
differential pressure. For a single value of differential pressure a series of eight to ten
different values of rotational speed were selected and the torque and flow rate
measured. The differential pressure was then adjusted to a new value and the
procedure repeated. A graphically summary of the experimental procedure is

presented in Figure 7.2-1.

Given that sufficient time must elapse for the flow rate, differential pressure and
rotational speed to stabilise, a ramp test (where the rotational speed is continuously
increasing and/or decreasing with time) cannot be reliably performed, as the axial
flow significantly dampens the measurement response time. Also if the speed of
rotation of the bob affects the differential pressure the feedback time required to
adjust the flow rate through the pump to compensate for this change would be too

slow and the accuracy and reliability of the readings would be affected.
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The density of the experimental liquid was also required and this measurement was
performed using either a density bottle or a pair of small measuring cylinders, see

section 6.2.3.

Set independent variable
(AP)

:

Set independent variable
(9))

l

Determine measured variables
(Q and M)

Yes

No

Record experimental data
(Q, Ap, Q, M)

Figure 7.2-1: Experimental procedure for the flow rheometer
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7.3 Results from the Flow Rheometer

During the validation of the flow rheometer a complication was encountered when
measuring the properties of yield stress fluids at low values of shear rate. The analysis
procedure, CHAPTER 4, assumes that the power-law model can predict the
rheological properties of the experimental fluid, but at very low values of shear rate
the power-law model cannot accurately predict the properties of a yield stress fluid.
This chapter has therefore been separated in to two sections; firstly those fluids, which
are not characterised by a yield stress are examined and then those fluids that are

characterised by a yield stress are separately discussed in detail.

7.3.1  Non -Yield Stress Materials

The non - yield stress fluids examined are shown in Table 7.3-1 and include a
Newtonian liquid; a glycerol solution, a non-Newtonian polymeric solution; a 1.5%
wt. CMC solution (C600 Grade), a settling mineral slurry; a 68wt% fly ash slurry
(provided by CSIRO Minerals) and a rapid settling mineral slurry; a 36wt% gold mine
tailings (provided by Rio Tinto Technical Services). The particle size distribution of
the fly ash slurry and the gold mine tailings may be found in section 6.3. The
rheological properties of the two pure liquids were measured using the Bohlin CVO
rheometer, see section 6.4.1, using the 4°/40mm cone and plate geometry. The
rheological properties of the fly ash slurry were measured using the tube rheometer,

see section 6.5.
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Table 7.3-1 Experimental Fluids

Fluid Temp Density A n  Error Std Dev
(C)  (kg/m’)  (Pas") (%) (%)
Glycerol solution 20 1248 0773 10 07 2.2
CMC 1.5wt % (c600) 24 1003 868 045 0.3 1.6
Fly ash slurry 68wt% 155 1544 0.39 1.0 12 35
Gold mine tailings 36wt% 17.8 1854 0.73 081 0.9

The results of the experimental work are presented below in Figure 7.3-1 to Figure
7.3-4. Results from the flow rheometer are presented as shear stress versus shear rate
for a variety of different values of differential pressure, where this value refers to the
value of differential pressure across the geometry during the measurement period. To
distinguish between results from the two different bobs of the flow rheometer; results
obtained using the 32mm bob (a wide gap width) are represented by a . The results
from the tube rheometer are distinguished on the graphs below by reference to the

diameter of the tube in which the measurements were performed.

A set of sample calculations relating to the measurements and analysis of the CMC
solution is presented in APPENDIX C.

The results from the pure liquids and the fly ash slurry demonstrate good agreement
between the flow rheometer and either the CVO (using the 4°/40mm cone and plate
geometry) or the tube rheometer. As seen in Table 7.3-1 there is a maximum error of
only 1.2% with a maximum standard deviation of 3.5%. These results cover a wide
range of values of differential pressure and different gap widths, thus validating the
experimental and calculation procedures for non-Newtonian fluids in wide gap

geometries.

The gold mine tailings, because of the settling rate, could not be measured in any
other laboratory rheometer including the modified tube rheometer, so the standard

deviation in the results presented is only a comparison between the results obtained on
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the flow rheometer at different values of differential pressure. The gold mine tailings
did not appear to have yield stress, which is probable due to the relatively low solids

concentration, compared to the other mineral slurries examined in section 7.3.2.

The results for the non-Newtonian fluids are particularly important as they
demonstrate that the data analysis procedure used to analyse the helical flow is
correct. The addition of axial flow in a Couette flow system will increase the total
shear rate in the system, which will change the rheological properties of a non-
Newtonian fluid. Thus if the data analysis procedure did not properly account for the
changes in the shear rate due to the additional axial flow, then different value of
differential pressure (different axial flow rates) would be expected to produce
different relationships between shear stress and shear rate for the one type of fluid.
However, for the results presented in this study, for any given fluid, data obtained at
different values of differential pressure (which is directly related to the axial flow
rate) collapse on to a single curve, which validates the data analysis procedure for

non-Newtonian fluids.

An important criteria in the design of the bob for the flow rheometer is that it should
significantly reduce the errors associated with end effects. Examination of the bob at
the end of experiments with slurries and other materials revealed only minimal
penetration (2-3mm) of the fluid into the hollow base of the bob. There was also a
distinctly clean section at the top of the bob confirming that the fluid was flowing out

of the geometry at the correct point and not overflowing around the top of the bob.

Particle settling was an issue that could have affected the results from the flow
rheometer. Examination of the interior of the flow rheometer at the conclusion of
experiments with settling slurries showed some build up of solids on top of the lower
insert. This build up however, did not appear to interfere with the rotation of the bob.
For further conformation that there was minimal particle settling occurring within the
flow rheometer, on several occasions the instrument was run for a period of several
hours during which time no blockages occurred, thus validating the design of the

instrument.
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Figure 7.3-1 Rheological results for the glycerol solution
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Figure 7.3-2 Rheological results for the 1.5wt% CMC solution
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Figure 7.3-3: Rheological results for the 68wt%o fly ash - water slurry
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Figure 7.3-4 Rheological results for the 36wt% gold mine tailings
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7.3.2 Yield Stress Fluids

In the analysis procedure it was assumed that the power-law model will fit the
rheological properties of the experimental fluid over the range of shear rates
examined. Under low shear rate conditions when a yield stress fluid is examined a
significant difference could develop between the predicted rheological properties and

the actual properties, see Figure 7.3-5.

14

Shear Stress (Pa)

¢ Rheological Data

——Single Power-law

ARA~AdAl

0 T T T T T
0 20 40 60 80 100 120

Shear Rate (1/s)

Figure 7.3-5 Representation of the error in predicting properties of a yield-stress

fluid using the power-law model

7.3.2.1 Modifications to the Calculations

To improve the accuracy of the fit of the rheological data of a yield stress fluid by the
power-law model, a multi-power-law model is used. For the multi-power-law model
several different power-law models, each covering a smaller range of shear rates, are
used to improve the description of the rheological properties of the yield stress fluid
over a given range of shear rates. The improved fit can be seen in Figure 7.3-6 and
also in Table 7.3-1I, where there is a significant improvement in the R? fitting
parameter of both segments of a two-part power-law model compared to the single

power-law model.
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Figure 7.3-6 Error in predicting yield-stress fluid properties using two power-

law models

Table 7.3-11 Comparison between a single power-law model and a two-part

power-law model

Model 1 A n R
Herschel-Bulkley (rheological data) 5 0.7 0.5 -
Predictive models

Single power-law - 3.7 0.26 0.895
Two-part power-law (lower-half) - 5.2 0.15 0.978
Two-part power-law (upper-half) - 3.8 0.25 0.997

For experimental measurements of a non-yield stress fluid with the flow rheometer,

between eight and ten different values of rotational speed are selected for a particular

value of differential pressure. For yield stress materials the test procedure was

modified to minimise the errors at low shear rate values due to the poor fitting of the
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single two-parameter power-law model, see Figure 7.3-5. The standard test of eight to
ten measurements was broken down into a series of smaller sub-tests so that a smaller
range of rotational speeds (or shear rate values) were covered by each test, but overall
the same range of shear rates would be covered as the single larger test. For example
three groups of five measurements at a particular value of differential pressure were
performed instead of the standard single group of eight to ten measurements. The
procedure was then repeated for several different values of differential pressure. This

procedure is summarised in Figure 7.3-7.

Typically the raw data from the measurements of a non-yield stress fluid are analysed
in an Excel spreadsheet, as one group of measurements for each value of differential
pressure. For each value of differential pressure a single value for each of the two
model parameters A and n is then determined. For yield stress fluids the procedure is
a little different, each of the smaller sub-tests is individually analysed and thus for one
value of differential pressure a series of A and n values are determined for each of the
sub-test that comprise the total test. Once the shear stress and shear rate values from
each sub-test are determined they are recombined and presented as one complete data
set for each value of differential pressure. In this way by allowing multiple sets of A
and n to describe the fluid’s rheological behaviour the two-parameter power-law
model, Equation (2.2-3) can be used to describe the rheological properties of a yield
pseudoplastic fluid, which would normally require a three-parameter model such as
the Hershel-Bulkley model. This modification to the analysis procedure is also

outlined in Figure 7.3-7.

A possible future development of the data analysis procedure for the flow rheometer
would be to incorporate the Herschel-Bulkley three parameter model instead of the
two parameter power-law model, to eliminate the need for a modified measurement
procedure. This further development of the analysis procedure and other possible

directions for future work are discussed in section 18.3.
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Figure 7.3-7: Experimental and data analysis procedures for yield stress fluids
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7.3.2.2 Results

The yield stress fluids used in this investigation are shown in Table 7.3-111 and
include a yield pseudoplastic polymeric solution; 1.5wt% carbopol (940 Grade), pH
2.7, a slow settling mineral slurry; 71wt% clay slurry, provided by Rio Tinto
Technical Services and a rapid settling slurry, 49wt% diamond mine tailings, also
provided by Rio Tinto Technical Services. The particle size distribution of the slurries

may be found in section 6.3.

The carbopol solution was examined on the CVO rheometer using the 4°/40mm cone
and plate geometry, however because of the solid particles in the slurries it was
impossible to test them in the small gap cone and plate and parallel plate geometries
of the CVO rheometer. The clay slurry was examined using the tube rheometer,
section 6.5, however the settling rate of the diamond mine tailings was too rapid for
the tube rheometer and so it was only examined using the flow rheometer. The results
from the tube rheometer are distinguished on the shear stress, shear rate graphs below
by reference to the diameter of the tube in which the measurements were performed.
As with the previous section, results obtained using the 32mm bob in the flow
rheometer are distinguished by a . The results for the various fluids are presented in
Figure 7.3-8 to Figure 7.3-10.

Table 7.3-111 Experimental Fluids

Fluid Temp Density 1, A n  Error Std Dev
(°C)  (kg/m’) (Pa) (Pas") (%) (%)

Carbopol 1.5wt% pH 2.7  16.5 997 55 0865 06 038 2.5

Fly ash slurry 68wt% 155 1544 31 0.39 10 12 3.5
Clay slurry 71wt% 16 1788 6.8 3.02 049 22 4.3
Diamond MT 49wit% 16.5 1442 6.3 044 0.48 - 1.5

The results from the yield stress fluids demonstrate a good agreement between the
flow rheometer and the Bohlin CVVO rheometer (for the carbopol solution) or the tube
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rheometer (for the clay slurry). The large diameter of some of the particles in the
diamond mine tailings also meant that only the wide gap geometry (32mm bob) could
be used. The yield stress of the clay slurry was also determined using the vane method
(Nguyen and Boger 1985), due to the slow settling rate, while extrapolation
procedures were used to determine the yield stress of the diamond mine tailings
(Kearsey and Bakshi 1996, Murdoch and Kearsey 1960). As can be seen in Table
7.3-111 there is a maximum error of only 2.2% in the results between the flow
rheometer and other laboratory instruments with a maximum standard deviation of
4.3% in the flow rheometer results. These results cover a wide range of values of
differential pressure and different gap widths validating the modifications made to the
data analysis procedure for yield stress fluids.

40
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Figure 7.3-8: Rheological results for the 1.5wt% carbopol solution, pH 2.7
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7.4 Conclusions

To test and validate the accuracy of results from the flow rheometer a number of
different fluids with different rheological properties were examined. These fluids
included several Newtonian fluids a glycerol solution and a 68wt% fly ash slurry,
several pseudoplastic fluids including a 1.5wt% CMC solution and a 36wt% gold
mine tailing slurry and several yield stress fluids including a 1.5wt% carbopol
solution, at pH 2.7, a 71wt% clay slurry and a 49wt% diamond mine tailing slurry.
Each of these fluids were examined in the flow rheometer at different values of
differential pressure and where possible (depending on the particle size distribution)
the two different sized bobs were used.

For a comparison of the results from the flow rheometer, pure liquids were measured
with the CVO using the 4°40mm cone and plate geometry. For the slow settling
slurries, comparison results were generated with a modified tube rheometer, also
developed as part of this project. Good agreement was obtained between the results

from the flow rheometer and results from both the CVVO and tube rheometer.

The data analysis procedure for the helical flow of non-Newtonian fluids was
validated by results from the flow rheometer generated at different values of
differential pressure (or axial flow rate). The data obtained for different values of
differential pressure for a given fluid all collapsed on to a single curve indicating that
the changes in the total shear rate in the system due to changes in the axial flow rate

were correctly predicted.

Complications and errors were introduced when yield stress fluids were examined and
the power-law model was used to predict their rheological properties. However, a
multi-power-law model was successfully used to improve the prediction of the
rheological properties of yield stress fluids and reduce the errors associated with the

measurement of these types of fluids.
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CHAPTER 8 EXAMINATION OF THE AXIAL
FLow COMPONENT OF

HELICAL FLOW

8.1 Introduction

A variety of researches Bhattacharya et al. (1990), Blaszczyk and Petela (1986),
Ferrini et al. (1979), Reeves (1985) and Shi and Napier-Munn (1996) mentioned
previously in section 3.4.3.2, used rheometers based on helical flow but ignored the
contributions to the total shear rate made by the axial flow component in the data
analysis. In most cases it was recognised that the rheological measurements would be
affected by the addition of axial flow but in all cases the effect of the axial flow was
not quantified and a calibration procedure was used to determine the rheological
properties from the experimental measurements. In this chapter the errors in ignoring
the axial flow component are discussed. Also discussed is an interesting consequence
of the iterative analysis procedure used in this study, in which it has been shown that
the calculations to determine the rheological properties of a fluid can be performed

without measuring the axial flow rate.
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8.2 Errorsin Ignoring the Axial Flow Component

8.2.1 Newtonian Fluids

The errors associated with ignoring the axial flow component when a Newtonian fluid
is measured are substantially less than those observed when non-Newtonian fluids are
examined. A Newtonian fluid is unique compared to other types of fluids, as its
rheological properties do not vary with shear rate and therefore any errors in the shear
rate will not be apparent in any viscosity measurements, which should remain correct.
However, there will be an error in the overall calculated value of shear rate that can be
determined by comparing the axial flow portion of the shear rate, the ‘rz’ component,

with the total shear rate, as shown in Equation (8.2-1).

bR

Error=1-1 Yz __ KR_2\%2 (8.2-1)
Y 2 2
M . {b (xR )}
2n(kR )? kR 2

The actual error however, is highly dependent on the system dimensions and the
operating conditions and a general error value cannot realistically be presented. An
example of the wide variation in errors possible is shown in section 8.2.2 where non-

Newtonian fluids are examined.

8.2.2 Non-Newtonian Fluids

For the case of a non-Newtonian fluid the apparent viscosity of the fluid is dependent
on the shear rate and thus by ignoring the axial flow component in helical flow the
calculated shear rate will be different to the actual shear rate within the geometry. As
the rheological properties depend on the shear rate an incorrectly determined shear

rate will lead to errors in the calculated rheological properties of the fluid.
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The ratio of the two shear rate components (axial and rotational) to each other
determines the size of the error, which will increase as the size of the axial flow rate
component increases compared to the rotational component. To illustrate the effect
that ignoring the axial flow rate can have on the results of non-Newtonian fluids,
measurement data from the flow rheometer for a 1wt% CMC solution have been
analysed with the axial flow component ignored. Thus experimental data collected
from a helical flow test (torque and rotational speed) have been used to calculate shear
stress and shear rate values using only Couette flow theory. For comparison, results
are also provided which were calculated using full helical flow theory and are
presented in Figure 8.2-1. The results from the Couette flow analysis are presented in
Figure 8.2-2 and it can be seen that there is a significant disagreement between the
Bohlin CVO rheometer and the flow rheometer data when pure Couette theory is used

to analyse the helical flow data.

120
100 A A
A
