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The study looks at the rheology and pipeline flow properties of colloidal suspensions
dispersed in electrolytes of different concentration and type. Fuso silica spheres (0.8um)
form the dispersed phase of the suspension, and KNO3, KCI electrolytes the continuous
phase. The strength of the particle-particle interaction is significantly influenced by the
electrolyte concentration. An increase in the electrolyte concentration from 10°*M to IM
results in the formation of aggregates, thus influencing the sedimentation, sediment bed
structure and pipeline transportation properties.  Silica aggregates formed in IM
clectrolytes are on average 5.75 times bigger than the primary particle. Pipeline
transportation studies have shown the aggregated suspension to have a lower minimum
transport velocity than the dispersed suspension. Such behaviour is believed to be related

to interfloc flows within the aggregate, enhancing the level of fluid turbulence.

The centre-line and near wall turbulence intensities are enhanced in the presence of
aggregates, while dispersed suspensions have negligible effect on modulating the fluid
turbulence. Measurement of the streamwise RMS shows two critical Reynolds numbers
with increasing flow velocity. The first critical Reynolds number (Re = 5500) occurs when
the RMS profile of the aggregated suspension diverges (exceeds) from the RMS profiles of
the dispersed and single phase flows. This enhancement is thought to be related to interfloc
flows. A second critical Reynolds number (Re = 8000) is identified when the RMS profile
of the aggregated suspension begins to converge with the dispersed and single phase RMS
profiles. Convergence of the RMS profiles is related to the break-up of aggregates once a

critical fluid shear stress is exceeded. Aggregate break-up data is verified with results

collected using a Bohlin CVO-R rheometer.
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Chapter 1

INTRODUCTION

NOMENCLATURE

Particle drag coefficient
Diameter of pipe

Diameter of particle

Flow parameter

Gravitational acceleration
Hydraulic gradient

Mean flow velocity

Limit deposit velocity
Density ratio of solid to liquid

hsv""m :’ﬁa‘bé}

m constant
X constant

Ps Density of particle
p Density of fluid
u Viscosity of fluid

Multiphase flow is a term commonly used to describe the transportation of solid particles in
a carrier fluid. Multiphase flows occur in everyday life either in the natural environment
such as rivers and oceans or in artificial systems where particles are transported along
channels or pipelines. Process industries rely heavily upon pipeline transportation to
maintain process optimisation. For example, the mineral and mining sector which can
generate hundreds of millions of tonnes of solid material per day, achieves optimisation by
continually removing solids from the site via pipelines. The other alternatives to industry
are removal by rail road or road trucks. Both methods have huge economical and
environmental issues when compared to pipeline transportation. An example where the
Installation of a pipeline has improved the economical output and overcome many

environmental issues associated with mine operations is in Peru at the Antamina copper and
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zinc mine. Solid material from the mine is transported to the harbour, a distance in excess
of 300 km and down an elevation drop of 4155 metres. Up until 2001 solids from the mine
were transported to the harbour by road trucks. Huge running costs were incurred in
supporting the continuous removal of solids from the mine, along with environmental costs
linked to atmospheric pollution and noise pollution, with trucks “rumbling” through local
neighbourhoods 24 hours a day. In 2001, a slurry pipeline was installed from the mine
down to the harbour, a total length of 301 km. The new pipeline has significantly improved
the mine operation by increasing the mine output as well as reducing transportation costs by

reducing labour and energy costs; the pipeline is designed such that the majority of the

transportation energy is provided by gravity.

The transportation properties of slurries in horizontal pipelines have been studied in
academic and industrial communities for over a century. Blatch!'! 1906, published the first
study on the critical transport velocity of solids in horizontal pipelines. Blatch conducted a
critical transport velocity study using sand-water slurries for the Washington Sewers Corp.
The next significant step forward in understanding multiphase flows was made by
Howard" in 1939. Howard combining the results from Blatch’s earlier study with his own
data, and from other sources (sand 0.3mm and gravel 3mm in a 4 inch pipe at solids
concentrations up to 30% by volume), published a head loss equation that is related to the

solids concentration and the mean slurry velocity, such an equation allowing for the energy

requirements of the pipeline to be calculated (equation 1.0).

i =mV~* [1.0]

where m and x are constants that are related to the solids concentration, i is the hydraulic
gradient and ¥ the mean flow velocity. Since the publication of this equation there have

been several improved versions accounting for more parameters, with an aim to produce a

universal hydraulic gradient correlation.

One of the most significant contributions to the prediction of the minimum transport
velocity of a slurry in a pipeline was made by Durand ¥, and Durand and Condolios ¥ in
the 1950’s. Studying the flow properties of particles from 20 microns to 100mm (It should
be noted that these particle sizes are not mean values, but are the upper and lower limits of

the distribution. A typical distribution for one of the suspensions investigated is 0.2 —
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25mm), in pipes ranging from 40mm to 700mm, at concentrations in excess of 50 wt %,
they published the following correlation relating the minimum transport velocity (referred

to as the limit deposit velocity in text) to the particle size, the solids concentration, the solid

liquid densities and the pipe diameter:

14
F = ——— [1.1]
ZQD—pE

To this day, equation 1.1 is commonly used to determine the minimum transport velocity of
a slurry pipeline. Equation 1.1 is frequently used due to its simplicity. However, due to a
limited consideration for the physical parameters, a strong research programme has

continued with an aim of providing a more accurate universal correlation. In 1987, Turian

et al. ) summarised the vast range of critical transport velocity correlations that had been
published to date by recasting them in to a standard form. By considering over 800

experimental data sets and nearly 30 correlations, Turian’s standard correlation took the

form:

Ve  _ h [DolgD(s-1)1°51" [dp\™
Faneoope = F(C90" PP () (12

with constants f(C,s), h, I, m provided in the original publication. The correlations that
were considered by Turian showed developments on the earlier correlation published by
Durand'*!, Newly published transport correlations considered the particle Reynolds
numbers, particle size distribution, particle terminal settling velocity, drag coefficient,
slurry density etc. When reviewing the literature a reader begins to understand the
limitations of these correlations as a universal law. Many of the published correlations are
based on fitting experimental data sets, with an approach of raising one or more of the
experimental parameters to the power “n” so that the theoretical fit appears reasonable. In
doing so, the correlation is only applicable over a limited range of experimental conditions.
Wasp and Slatter ! published a paper comparing the results of several minimum transport
velocity correlations for 0.25mm sand in water at 1% volume as a function of the pipe

diameter. Figure 1.0 which is redrawn from reference ®), illustrates the differences in the

predicted minimum transport velocities when using different correlations.
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Figure 1.0 Comparison of six correlations to predict the minimum transport velocity of 0.25mm sand at 1%

volume as a function of pipe diameter. Symbols: square — Condolios and Chapus ] triangle — Spells Bl circle

— Sinclair P}, inverted triangle — Hughmark """}, diamond — Durand P}, 90° triangle — Wasp ],

The inaccuracies when predicting the minimum transport velocity of slurries using
published correlations are frequently discussed in literature and at multiphase flow
meetings. One of the main reasons for this inaccuracy is due to the lack of systematic and
“well controlled” studies completed. Controlling accurately, all of the physical and process
parameters in a flow loop that requires a hundred litres or more of slurry is difficult. In my

opinion the only true way to develop a universal correlation is to derive a correlation

theoretically from first principles.

The introduction so far has briefly considered what I frequently refer to as “classical”
hydrotransport studies. That is to say, research in which the dispersed phase is commonly
either, sand, coal, iron or nickel. These particles tend to be greater than a few hundred
microns in diameter with a high solid density. Therefore, they exhibit high sedimentation
velocities and are generally regarded as “settling” slurries. The term settling slurry can be
rather misleading, as under no-flow conditions, even the finest particles (< 1 micron) wil
settle and deposit on a surface over time. The transition between a settling and a non-
settling slurry is related to the flow regime at the normal pipeline operating velocity
(typically 1-2ms™). For example, at a desired pipeline operating velocity, if a fraction of

the sediment is transported on the pipe invert as a sliding bed, then slurry is considered as
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settling, while if all the particles remain in suspension the slurry is then considered as non-

settling.

Studies on the transportation properties of non-settling slurries have been rather limited in
comparison to studies on settling slurries. Non-settling slurries contain fine particles which
require significant time to sediment onto the pipe invert under gentle flow. However, the
sedimentation and suspension rheological properties of fine particulate suspensions can be
manipulated through changing the suspension chemistry and temperature; such changes
possibly leading to a transition in the slurry behaviour. Suspension rheology is frequently
studied, with the effects of changing the suspension pH and/or electrolyte concentration on
suspension viscosity and sediment shear yield stress examined. Very fine particles used in
suspension rheology studies are typically less than 1 micron and are described as being
“colloidal”. Theory developed during 20® century showed that the interaction potential
between two colloidal particles is given as the summation of the attractive van der Waals

force and the electrical double layer repulsive force. An in-depth review of this topic is

provided in chapter 2.

Over the last 20 years suspension rheology research has “boomed”, a direct result of
industrial needs. With advancing technologies and process operations, particles which are
transported in pipelines are becoming finer and finer, to the point where colloidal forces
can be manipulated to optimise pipeline transportation. To the authors knowledge, one of
the first studies in which colloidal forces and suspension pipe flow were linked was by
Horsley and Reizes "l in 1978. They used silica with an average particle size of 17
microns (greater than colloidal, but interaction forces still present) and investigated the
effect of suspension pH on the head loss gradient. By changing the pH of the suspension
between pH 6 and pH 11 using HNO; and NaOH, the author’s were able to change the
Interaction potential between neighbouring particles. For a constant flow velocity, Horsley
and Reizes observed a decrease in the head loss gradient with a decrease in the zeta
potential (-20mV to -70mV) for slurries containing 43wt. % solids. The author’s makes no
attempt to provide an explanation for this observation, with their only conclusion stressing
that hydraulic gradient manipulation is only valid under laminar flow conditions, with all

hydraulic curves “collapsing” onto one another in turbulent flow. Horsley and co-workers
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have also looked at the use of viscosity modifiers !'> "} and additives 4] to bring about

similar effects.

In addition to the work of Horsley, there have also a handful of industrial examples where
the use of additives can improve the pipeline performance of fine particulate suspensions
1S, 161 For example, the Samarco pipeline in Brazil is a 400 km pipeline used for the
transportation of iron ore slurry. Trials with PolyDADMAC, a bridging flocculent, have

been completed to identify improvements in operation by inducing floc formation. Trials

have shown that the formation of flocs reduces the likelihood of obstructing the pipeline,
prevents the formation of plugs in the pipeline on inclined sections, and prevents extreme

densification of the sediment bed, thus, lowering the energy requirements on pump restart.

It should be noted that much of the research in this particular field (colloidal particles) has
concentrated on the use of flocculants to modify the suspension rheology. To my

knowledge there is little work other than the foremost study of Horsley and Reizes ]

where the effect of solution chemistry (pH change) has been investigated. The current
study does not focus on the steric interactions between particles, but concentrates more

closely on electrical double layer effects by controlling the suspension conductivity and pH.

Many of the multiphase pipeline studies with fine particles (20 — 40pum) are completed at
concentrations where structuring in the suspension can occur, and the slurry exhibits non-
Newtonian behaviour. The desires of the mineral industry who want to pump the most
amount of material for the least amount of energy has driven this type of research.
However, there are some industries which try to avoid pumping concentrated fine
particulate slurries. For example, the nuclear industry avoids pumping concentrated
suspensions due to the heat generating nature of the particles. If a pipeline blocks, the

Intense heat can lead to the creation of a hot-spot and increased corrosion of the pipe, thus

cracks in the pipe can develop resulting in pipeline shutdown.

At present, the nuclear industry globally and within the UK is in a period of
decommissioning and clean-up. In order for the nuclear sites to be returned to “green
field”, the sites need to be decommissioned and the waste packaged prior to ultimate

disposal. Within the UK, a significant proportion of the clean up projects are associated

with the large volumes of historical sludge waste which has been stored in ponds for over
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50 years. The sludge contains particles with a broad size distribution from colloidal to
granular, all dispersed in a fluid which contains virtually every element known to man! In
order to treat the sludge, the sludge is to be pumped from existing storage facilities to
newly built storage ponds before transferral to treatment plants for packaging. During
transfer the slurry is to be pumped in stages with the pipeline flushed after every pumping

cycle. With limited data available to the nuclear industry with regards to determining a

suitable pipeline operating velocity for fine particulate suspensions in concentrated
electrolytic solutions, the current study has therefore been commissioned by the National

Nuclear Laboratory to investigate such systems.

At present the rheological and transportation properties of nuclear sludges are determined
from data collected on simulants. These simulants tend to be over complicated, in such that

there are too many variables. As a result, the experimental programmes tend to prove

inconclusive or provide information which cannot be relied upon. A new approach when
trying to understand the flow properties of such suspensions is required. The current
project is designed to provide this new approach. Here we are investigating the flow
properties of colloidal silica spheres in a fluid of known electrolyte type and concentration,
and pH. By controlling the particle shape and size, as well as the solution chemistry we
would expect to see clear differences in our results when adjusting one parameter. The

reader should be aware that we are not trying to recreate the conditions in a sludge pond.
The approach to this study is to work with a “model” simulant, a simulant where the

continuous and dispersed properties are controlled and understood.



8

OBJECTIVES OF THE THESIS

The objective of the thesis is to provide a better understanding of the flow properties of
colloidal suspensions in horizontal pipes. So far, colloidal suspensions have been
extensively researched using analytical laboratory equipment, but there have been very few
studies investigating such suspensions in pipelines. As previously mentioned in the
introduction, industry is transporting finer and finer particles, and in order to optimise the
pumping process, an understanding of the particle interaction and the strength of interaction
is required. Of particular interest in this study is the measurement of the minimum
transport velocity of a dispersed and aggregated colloidal suspension. These two
suspensions provide contrasting rheological properties, thus there is an interest in whether

or not these differences are significant enough to influence the transport velocity of a fine

particulate suspension.

The turbulent properties of colloidal suspensions are also to be investigated. Turbulence
provides the energy to keep particles in suspension and is therefore very important In
pipeline transport. Turbulence modulation studies both experimentally and theoretically
have not considered the effect of aggregates on the turbulence intensity, even though recent
studies have shown that the flow fields through an aggregate are very “tortuous” and

“complex” (see chapter 7). It is hoped that the study will show that these complex flow

fields are capable of modulating the fluid turbulence.

Another objective of the study is to provide a methodology for a systematic flow study.
For too many years researchers have used particles with a large polydispersity which are
not fully characterised and dispersed in tap water. For colloidal suspensions such an
approach can not be adopted and the whole system needs to be characterised and

understood, from the single particle-particle interaction to the many body interactions in the

suspension and sediment. By introducing a systematic and full characterisation study, the

data can then be used by modellers to begin to predict the suspension flow properties from
first principles.
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THESIS STRUCTURE

Chapter 2

Chapter 2 is written to provide the reader with an overview on the theory of colloid
stability. Silica particles which are used in the current study can be considered colloidal
with a particle diameter less than 1 micron. Colloid theory is the fundamental science
which underpins this project. This chapter reviews colloid theory, looking at how particles
may acquire a surface charge when dispersed in a fluid medium, through to the electrical
double layer models which were proposed throughout the last century, and finally the
DLVO theory which can be used to suitably describe colloid stability. The chapter then

concludes with a brief review on the different aggregation mechanisms for colloidal

systems.

Chapter 3

A considerable amount of time during this project has been devoted to designing and

constructing a horizontal flow loop for the transportation studies. Chapter 3 outlines the
design equations which are used to ensure that the rig is “fit for purpose”. The working

principles of the instrumentation installed on the flow loop are discussed, along with the

operating procedures for the minimum transport velocity and turbulence experiments.

Chapter 4

Prior to the flow loop experiments the silica suspensions and sediments are characterised

using a variety of analytical laboratory instrumentation. Atomic force microscopy is used

to measure the normal and lateral forces of interactions between two surfaces. A detailed
description of the calibration procedures is provided, before a description of the
methodology for both the normal and lateral force measurements. The techniques to
determine the sedimentation properties of the dispersed and aggregated suspensions are
also discussed, along with an overview of the working principles of a viscometer which is
used regularly throughout the project to measure the shear yield stress of consolidated

sediments. Finally, the instrumentation and the working principles of the two techniques

used on the pipe loop, ultrasonic Doppler velocity profiling and particle imaging
velocimetry are discussed.
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Chapter 5

Chapter 5 is the first results chapter providing data on the particle-particle interaction force
as a function of the electrolyte concentration and type. It should be brought to the reader’s
attention that in this chapter KBr is used as a background electrolyte in addition to KCl and
KNO;. KBr is only used to support the characteristic trends which are observed in the data
throughout this chapter. A brief discussion on the complicated surface chemistry of silica
is provided. Research with silica has produced many conflicting data sets, and the reader

should be aware of the different silica surface properties. Ion-solvent, ion-ion and ion-
surface interactions are also discussed with respect to altering the surface potential of the

solid. The chapter includes zeta potential, shear yield stress, sedimentation, gel point and

atomic force microscopy data.

Chapter 6

The minimum transport velocities of three colloidal suspensions are presented in this
chapter. A review of the published correlations to determine the minimum transport
velocity of fine particle suspensions is provided, along with a review on the physical and
chemical approaches frequently adopted to modify the flow properties of such systems. The

chapter includes further details on the novel approach which has been used in this study to

determine the minimum transport velocity of fine particulate suspensions.

Chapter 7

Chapter 7 compares the turbulence intensity profiles of a sediment-free flow to a dispersed

and an aggregated colloidal suspension. The effect of particles on the turbulent properties

of a fluid are frequently discussed, but to my knowledge the introduction of aggregates and

their effect on fluid turbulence has not been considered before. Pipe loop data comparing

the turbulence intensities of three flows are presented.

Chapter 8

The conclusion and future work discussion chapter. The data collected throughout the

project is related and summarised. Future work identifies the key gaps in the literature

which need to be addressed to advance the research topics that have been considered In this
study.
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Appendix A

Results from a detailed characterisation study on several solid samples are presented in the
appendix. From the characterisation study which included the measurement of the particle
size, zeta potential and suspension pH stability, Fuso silica was chosen as the “model”
simulant solid. Fuso silica is characterised by a narrow particle size distribution, particles

with high sphericity, no nano aggregates and stable suspension pH. Further discussion on

the characterisation tests and the reasons for selecting Fuso silica are provided in the

appendix.
Samples studied:

1. Monospher 1000 —silica
2. Angstromsphere — silica

3. Calcium carbonate

4, Spheriglass — glass

Appendix B

Additional Fuso silica characterisation. Data includes:

I. Scanning electron micrographs

2. Particle size (aggregate)

3. pH stability

4. Settling — KNO; and KCl electrolytes

5. Critical coagulation concentration

6. Gel point — KNOj; and KClI electrolytes
Appendix C

Atomic force microscopy — Lateral force raw data.

Appendix )

Slurry pipe loop design and dimensions.
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Chapter 2

THEORY OF COLLOID INTERACTIONS

NOMENCLATURE

NS X

L_:k:_‘ > 09 Q('b m_ﬁ&&p G 6

Hamaker constant
Particle radius
Stern layer capacitance

Diffuse layer capacitance

lonic concentration

(PO

Diffusion coefficient of particle i
Fractal dimension

Diameter of particle

Collision efficiency

Electronic charge

Shear rate

Gravitational acceleration

Minimum surface-surface separation distance

Collision frequency for particles of type i and j
Boltzmann constant

Collision rate constant for particles of type i and j
Mass of aggregate

Adsorption site density
lon concentration per unit volume

Number concentration of particles of type i
Absolute temperature °K

Counter-ion specific adsorption potential
Total potential energy of interaction per unit area
Potential energy of attraction per unit area

Potential energy of repulsion per unit area
Stability ratio

Distance

Counter-ion mole fraction

Valency

lonic charge

Potential
Permittivity of the medium
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Debye-Huckel parameter
Osmotic pressure difference
Dynamic viscosity

Ps Density of particle

pr Density of fluid

Pa Density of aggregate

p Charge density

i~ w IR

0 Distance x = 0 (surface)

5 Distance of closest approach, ion-surface interaction
; loni

°° Distance x = o (bulk)

ABREVIATIONS

PZC Point of zero charge

DLVO Derjaguin, Landau, Verwey and Overbeek Theory
c.c.c. Critical coagulation concentration

DLCA Diffusion-limited cluster-cluster aggregation
RLCA Reaction-limited cluster-cluster aggregation

Synopsis

A characteristic feature of a colloidal dispersion is the large interfacial area between the
dispersed phase and the continuous medium. The dispersed phase, which is distributed
more or less uniformly throughout the continuous medium, is in a higher energy state than
that of the bulk material as a consequence of the proportionally large number of surface
atoms. As a result, lyophobic colloids are thermodynamically unstable and have a tendency
to aggregate. However, many colloidal systems appear stable over extended timescales.
This apparent stability must be governed by some repulsive energy barrier. Destabilisation
of the system can only be achieved in these cases when the kinetic energy of two

approaching particles is sufficient to overcome this energy barrier. With an attractive van

der Waals force always present between the particles, the collision efficiency (fraction of

successful collisions resulting in aggregate formation) is controlled through altering the

strength of the dispersive force which is a function of the surface properties and suspension
chemistry.

The strength of the interparticle interaction energy can significantly influence the bulk

behaviour of the dispersion. This chapter introduces several fundamental areas associated
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with colloid science. First, the methods through which a surface can acquire a charge in
solution are considered, before a brief discussion on the theories developed to represent
charge and potential distribution.- The theoretical approach to attractive and repulsive force
determination is then discussed, and finally the overall influences of such forces on colloid

stability and aggregation kinetics are considered.

2.1 Surface Charge

When a particle is dispersed within an aqueous electrolyte solution its surface will usually
acquire a charge through one of several possible mechanisms: " jonisation and "Jion
dissolution — when there is a greater tendency for one of the constituent surface chemical

2 specific ion

species to either dissociate' or dissolve'® into the aqueous medium;
adsorption — preferential adsorption of ions onto the solid surface which results in a net
charge; and ) isomorphous ion — substitution by a lower valency ion. For the relevant case

in this study of an oxide mineral particle dispersed within an aqueous electrolyte solution,
the ionisation of the hydroxylated oxide surface can yield either a net positive or negative

surface charge through proton release or adsorption.

Ky K
M—-0H} SM—0H 5 M—0"+ Hy0

With the addition of a base (OH), the pH of the system is increased resulting in a greater
tendency for the surface sites to lose protons. Hence the oxide surface becomes more
negative.  With the addition of an acid ("), the equilibrium is shifted in the opposite
direction resulting in the protonation of the surface groups. The oxide surface becomes
more positive. The equilibrium equation suggests that there is a characteristic pH where the

surface exhibits a net zero charge. This value is called the point of zero charge (PZC), and

can be determined through averaging pK; and pK..

2.2 Electrical Double Layer Models

The presence of a charged surface in solution promotes the redistribution of ions within the

surrounding medium. The surface charge is balanced over a short distance into the
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neighbouring aqueous environment by an excess of counter-ions and a deficit of co-ions.
The uneven distribution of ions within the neutralisation region is commonly referred to as

the ‘electrical double layer’.  Several simplifying assumptions have been applied to

describe the redistribution of ions neighbouring a charged surface, with the assumptions

modified in later revisions of the theory.

The earliest model to describe the ion distribution in the bulk was developed by Helmholtz
in the 19" century. Helmholtz modelled the double layer as a simple capacitor, with the
electric charge on the surface neutralised by an equal and opposite charge immediately
adjacent to the solid surface. The simplicity of the model; a result of the single charged

layer, falls someway short of describing many experimental observations.
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Figure 2.0 The Helmholtz model (L.H.S.), and the Gouy-Chapman model (R.H.S.) of the electrical double
layer. Solid line represents the potential distribution.

The Gouy-Chapman model provided a significant refinement to the Helmholtz theory.
Instead of treating the surface charge neutralisation with a single layer of counter-ions, the

present model considered a charge distribution from the surface into the bulk solution;

more consistent with entropy and thermal energy considerations. The potential (¢)

distribution is related to the charge density (p), and is suitably described by the Poisson
equation:

dx? £ [2.0]
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where € is the permittivity of the medium. The overall charge density in an electrolyte
solution is determined by the anion and cation concentrations. lons of the same sign as the
surface charge will be repelled from the surface, while ions of the opposite sign will be

attracted towards the surface. The distribution of ions can be described by the Boltzmann

equation:

Ziep

n; = n; exp —-’-(-7-;-) [2.1]

where n; is the concentration of ion i per unit volume at a point where the potential is @, n;”
is the concentration of ion i per unit volume in the bulk at a distance x = o, z,¢ is the ionic

charge, k is the Boltzmann constant and T is the temperature given in unit Kelvin.

The charge volume density at a point from the interface is obtained through the summation

of the anionic and cationic concentrations in a unit volume of the electrolyte solution.

p= Y;nPzeexp (— ZL‘;“’) 2.2]

Combining both equations 2.1 and 2.2 with 2.0 yields the Poisson — Boltzmann equation.
For a system where the electrical charge is small compared to the thermal energy, the

Poisson — Boltzmann equation can be simplified by the Debye-Hiickel approximation.

Defining the boundary conditions as ¢ = @¢ at x = 0 and ¢ = 0, dp/dx = 0 at x = o, the

Poisson — Boltzmann equation becomes:

d’e _ (sze"*n‘f) .

dx? eKT

2.3]

with the second order differential solved to produce the Debye-Hiickel approximation:
@ = ¢ Xexp(—kx) [2.4]

For a symmetrical, z:z electrolyte, ¢’ is given as ¢o. Equation 2.4 shows that the potential

. . p 2,,00
decays exponentially as a function of length (x). k= (ei—:,anL) with units m™' is known

as the ‘Debye-Hiickel parameter’ with the reciprocal of k often referred to as the ‘diffuse
layer’. The diffuse layer describes the region of varying potential from the interface; an

important parameter in colloid stability, see Section 2.3 — Colloid Stability. At 25° C in
water K is simplified to:
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k = 0.329 x 1010 \/ci.ziz [2.5]
where c; 1s the ionic concentration and z; is the valency.

The Gouy-Chapman theory also enables the surface charge density 0, to be related to the

surface potential. The surface charge density is opposed by the volume charge density

through the diffuse layer and is given by:

00 d?
Po = — fo — & (ﬁ') dx [2.6)
Applying the following boundary condition (%‘S) =0, and for a small potential
X = 00
zii“ < 1 this integral can be solved as a linear relationship:

Po = EKPg [2.7]

A fundamental assumption of the Gouy-Chapman model is the treatment of ions in solution
as point charges, which can lead to an unreasonable counter-ion charge density at the
interface for low surface potentials. The approach distance to the surface and the density of
lons at the interface can be limited through treating the ions not as point charges, but as

finite sized spheres with the charge located at the centre. Such behaviour was proposed by
Stern in 1924,

The Stern model separates the diffuse layer of the Gouy-Chapman model into two regions.
The inner region next to the surface known as the ‘Stern layer’ is defined separately from
the diffuse layer which is suitably described by the Gouy-Chapman model. The two layers
are separated by a Stern plane located at a distance &; one hydrated counter-ion radius from

the surface. o identifies the closest distance an ion can approach without becoming
specifically adsorbed.  For the simplest case where there is no adsorption of the counter-

lon, the surface charge is neutralised solely by the diffuse layer charge. In order to satisfy

. .. (d
the limit (ﬁ)x = 0, the surface potential drops over both the Stern and diffuse layers

according to their capacitances. The capacitance over the Stern layer (C;) and the
capacitance over the diffuse layer (Cy) are given by:

C — Po
1 Po—Ps | [2.8]
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C, =2 [2.9]
05

The largest potential drop is over the region with the smallest capacitance. For example, in
a high ionic solution where C; < C; the largest potential drop is over the Stern layer. While

in a low ionic solution; C; < Cy, and the largest potential drop is over the diffuse layer.

The second case considers the affect of counter-ion adsorption on the charge distribution.
The relationship between the charge densities at the surface and the Stern plane, for a non-
adsorbing system, is no longer applicable. To achieve charge neutrality the summation of

the Stern and diffuse charge densities must be equal and opposite to the surface charge

density. The charge density of the Stern plane is defined as:

(zieps+ up)

[2.10]

where N; gives the adsorption site density; y; the counter-ion mole fraction and u; the

counter-ion specific adsorption potential. In some cases, such as polyvalent counter-ions,

when the specific adsorption potential is large, charge reversal in the Stern plane may be

observed as the charge density exceeds the charge density of the surface.

Grahame '1(1947) provided a further refinement to the electrical double layer model by
modifying the Stern model through subdivision of the Stern layer into an inner layer and an
outer layer. The Stern-Grahame model which remains the accepted model for describing
the electrical double layer differentiates between the unhydrated ions that specifically

adsorb to the surface, and the hydrated counter-ions in the Stern plane. The boundaries are

defined as the Inner Helmholtz plane; one unhydrated ion radius from the surface, and the

Outer Helmholtz plane located at a distance 8 from the surface.
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Figure 2.1 The Stern-Grahame model of the electrical double layer. Within the inner Helmholtz plane

partially un-hydrated ions are adsorbed, with the hydrated ions at the outer Helmholtz plane. The surface of

shear at which the electrokinetic potential is determined is at a distance just outside the outer Helmholtz
plane.

2.3 Colloid Stability

The effective diameter of a charged sphere in solution is commonly considered to be equal
to the solid sphere diameter (d,) plus 2. When two equal spheres approach, the centre-
centre separation distance may be less than the effective diameter of the sphere, resulting in

electrical double layer overlap. The ionic concentration within this region is higher than
the equilibrium concentration for that surface potential, and this drives an osmotic pressure
gradient between the two surfaces. For a plate-plate interaction, the potential energy of

repulsion per unit area Vg can be determined through calculating the work done in forcing
the two plates together:
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Va= — [ pdh 2.11]

where p is the osmotic pressure difference between the bulk and the overlapping double

layer region, and 4 is the minimum surface-surface separation distance.

As two charged surfaces approach, the surface-chemical equilibrium is maintained by the
interaction mechanics of the two double layers which can either be described by a constant

charge or a constant potential approach. Assuming that the surface potential remains

constant on approach, the equilibrium is maintained through both surfaces gradually
discharging the potential-determining ion, reducing the magnitude of the surface charge. A
constant potential approach is reasonable when the rate of double layer overlap between the
two surfaces is extremely slow. However, the encounter time for a Brownian collision is
typically in the order of 10° s '), which is significantly greater than the discharge time of
the potential determining ion from the surface. Here, a constant charge approach is
postulated where the surface potential adjusts accordingly as a function of separation
distance to maintain the surface-chemical equilibrium. The two approaches are rarely

justified on their own in practice, with the real situation generally a combination of the two

effects.

When describing the interaction potential between two charged surfaces, several
expressions have been derived to account for both plate-plate and sphere-sphere interaction
potentials. With the double layer interaction kinetics difficult to interpret due to the
dynamic aspect of the system, the derived expressions for sphere-sphere interactions are
usually based on plate-plate expressions using the Derjaguin’s approximation, or the lincar
superposition approximation. Detailed analysis of these approximations employed when
determining the interaction potential is outside the focus of this study. Readers are referred

to the following references for a more in-depth interpretation of the approximations >

For two identical spheres with radius a; = a, = a; Stern potentials @51 = @52 = s, separated

by a minimum distance A, in a symmetrical z-z electrolyte; the double layer interaction
potential is given by:

Ve = 32nea(kT/ze)*y2exp (—kh) 12.12]

where e is the electronic charge
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ze®
exp| 517 ]'1

2.13
exp _dz:” +1 [2:13]

and y =

which can then be simplified further when the Stern potential is small to become:
Ve = 2mea@sexp (—kh) [2.14]

Equation 2.14 summarises the influence of 4 and the inert ion concentration ¢; (see equation
2.5) on V. As the separation distance increases the interaction potential decreases in an

approximately exponential manner. While an increase in ¢; results in an increase in K, and a

decrease in @s; consequently reducing Vp.

The total potential energy of interaction is composed of a repulsive component and an
attractive component. Hamaker °! has shown that as two colloidal particles approach one

another, the atoms in one particle interact with all the atoms in the neighbouring particle,

and the resultant interaction potential ¥4 at close approach (h << a) is given by:
Vi = —A(ay.ay)/6(ay + a,)h [2.15]

with 4 defined as the Hamaker constant and subscripts | and , refer to particle 1 and

particle 2.

The attraction potential is suitably described by London-van der Waals forces.  Such
forces result from the oscillation behaviour of the electron clouds around two non-polar
molecules. These molecules are associated with fluctuating dipoles which align themselves
with neighbouring dipoles when in close proximity; leading to a net intermolecular
attraction. The Hamaker approach to evaluating the London-van der Waals attraction is
based on the pair-wise summation of all intermolecular interactions between each body.
The Hamaker constant in equation 2.16 is termed ‘the effective Hamaker constant’, which
considers both the solid and dispersion medium properties. A modified constant accounts
for a reduction in the attraction potential, compared to a system under vacuum. For a

solid-liquid system where the two particles are of the same material, the effective Hamaker
constant becomes:

1

1
A1z = (AL — A§3)2 [2.16]



24

where subscripts 1; and 33 represent the interaction between the particle-particle and the
dispersion medium-dispersion medium respectively. Equation 2.16 concludes that the van
der Waals interaction is always positive in a system when the two interacting bodies are

composed of the same material. For the system under consideration in the present study,

the Hamaker constants for water (33) and silica (1) are 5 and 50 x 10°2°J respectively .

One of the main disadvantages when applying the Hamaker approach is that it tends to over
predict the inverse square force decay as the separation distance increases. The large
separation distance between particles in a colloidal system introduces a time effect
associated with the propagation of the electromagnetic radiation between the particles.
Several studies ! ® have highlighted this error, which is considered negligible at short

separation distances (4 ~ 10-20nm) when the interaction is strongest. The retardation eftfect

can either be accounted for through applying an alternative approach to evaluating the

London-van der Waals forces; the Liftshitz method, or through a simple modification of the
Hamaker approach. Such approaches have been considered in detail in various textbooks ™

%91 with further discussion considered outside the scope of this study.

An explanation for the stability of colloids in aqueous media determined from the total
potential energy of interaction between two approaching particles was first proposed in the

1940’s by two independent research groups. The approach is commonly termed the

‘DLVO theory’ (Derjaguin and Landau "%, and Verwey and Overbeek [”]), and treats the

total potential energy of interaction as linear superposition of the repulsive and attractive
interaction potentials:

Ve = Vp+ V, 12.17]

The two interaction potentials can be determined theoretically from equations 2.14 and
2.15. Figure 2.2 below illustrates how both the repulsive potential and the attractive
potential decays with separation distance. The summation of the two potentials results in

the total interaction potential Vr which is plotted in the bottom figure of fig.2.2. The total

interaction potential is determined theoretically for a 1:1 electrolyte at 298°K with a
constant surface potential of -25mV.
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Figure 2.2 Top - The attractive and repulsive components as a function of separation distance. Bottom -

Summation of the two potential energies resulting in the total potential energy of interaction. A lowering of

the ionic concentration is observed to increase the repulsive barrier.

When considering the attractive potential (equation 2.15) it is clear that as the separation
distance decreases the magnitude of the potential increases without limit, resulting in this
potential always dominating at small separation distances. The inverse square decay
behaviour also means that at large separation distances the attractive potential will
dominate over the repulsive potential which decays exponentially — see figure 2.2 (top).
This characteristic behaviour is clearly observed in figure 2.2 (bottom) for the 4x10™*M
electrolyte, which shows a shallow secondary minimum at 6nm and a deep primary
minimum at a separation distance < Inm. The secondary minimum may result in the
formation of weak aggregates forming small clusters which can easily be re-dispersed. As
the repulsive force is exceeded the particles are held by strong van der Waals attraction

forces in the primary minimum, forming larger clusters that require a significant amount of

energy to initiate aggregate break-up.
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Depending upon the various physiochemical parameters of the system there may be a
region over which the repulsion potential dominates. A repulsive energy barrier (kKT) can
be established which typically ranges 1/k, limiting the collision efficiency (E) of the
colloidal particles. The energy barrier which is generally several AT, spanning several
hanometres, ensures that the potential energy of a particle alone is insufficient to surmount
the barrier and initiate doublet formation. Collision behaviours are explained by three
mechanisms i) Perikinetic aggregation, ii) Othokinetic aggregation and iii) Differential
sedimentation which incorporates a kinetic energy term to aid aggregation — see section 2.4.
As the repulsive potential barrier is lowered (increase in c¢;), the collision efficiency

increases, until eventually a point is reached where the repulsive barrier diminishes and the

total potential remains negative at all times; the collision efficiency in principle is then

equal to 1.

The transition from a stable to an un-stable colloid suspension where rapid aggregation is
observed typically occurs over a small range of electrolyte concentrations (see figure 2.3 —
the clearing rates of Fuso silica used in this study are determined from the settling profiles
collected using a LUMiFuge®). The clearing rate is measured as a function of the KNO;
electrolyte concentration. The data shows a sharp transition in the clearing rate at the

critical coagulation concentration). The concentration at which slow aggregation gives way
to rapid aggregation is termed the ‘critical coagulation concentration’ (c.c.c.) and is
theoretically described when V7 = 0 and dV/dh = 0. When the surface potential is large
(zeps/AkT >>1) the c.c.c. as defined by equation 2.18 identifies an inverse sixth

proportionality with the counter ion valency Pl.

88 x 1040

c.c.c.(moldm™3) = — [2.18]

However, 1f the surface potential is small (zeps/4kT < 1) the c.c.c. has a much weaker

dependency on the counter-ion valency and is proportional to z*

c.c.c.(moldm™3) = (M) _ (23,)

A2 22

12.19]
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Figure 2.3 Critical coagulation concentration of Fuso silica determined experimentally by monitoring the

clearing rate of the colloidal suspension; background electrolyte KNO;. Rate of clearing determined through
centrifugal sedimentation (LUMiFuge®).

Simple interpretation of the DLVO theory would suggest that at a small separation distance
the two approaching surfaces would spring into contact. With the development of surface
force apparatus in the 1970’s, theory developed from studying the kinetics of coagulation
could now be verified by directly measuring the interaction force as a function of separation
distance. At large separation distances the double layer repulsive force was verified. While
at small separation distances ‘additional forces’ not accounted for in the original theoretical
interpretation provided some disparity. Large repulsion forces due to either hydration
and/or osmotic pressure effects '} are generally observed at high salt concentrations (> 10
M), preventing the direct contact between two approaching surfaces. The modified total
potential energy curve exhibits a primary minimum, where the surface — surface separation

distance typically approaches 0.3nm 1. Surface hydration through the adsorption of
hydrated cations prevents direct surface — surface contact. Dehydration of the surface sites

and the expulsion of the hydrated ions from the gap involves work and hence an increase in
the free energy of the system. lon exclusion generally results from osmotic pressure which
‘balances’ the solution pressure between two approaching surfaces, preventing the influx of
pure solvent from the bulk. With the overlapping of two double layers, the ionic

concentration in the region increases generating an entropically unfavourable system. Pure

solvent is then drawn into the gap to stabilise the system, with the increasing pressure

providing a barrier of limiting approach.



28

2.4 Aggregation Kinetics

Brownian motion, gravitational forces and the kinetics of flow ensure that particles in a
colloidal dispersion remain in constant motion. The random trajectory of a particle due to
Brownian motion or displacement by a fluid eddy provides a source of energy for particle
collisions. The physiochemical nature of the dispersion, the collision frequency, the
collision efficiency, and the aggregate break-up rate under fluid shear are all factors that

will influence the overall number and size distribution of aggregates formed in a

suspension.

Formation of aggregates in a colloidal suspension and the rate at which these aggregates
form can play a significant role in modifying suspension rheology, and therefore, process
performance. For example, the relationship between the residence time and the
characteristic time for aggregation is important in de-watering processes, where a short
characteristic time for aggregation is favoured to induce rapid suspension separation B3 In
pipe flow the formation of open porous aggregates lead to an increase in the ‘effective’

solids volume fraction of the dispersed phase in the carrier fluid, influencing the

transportation properties by modifying the slurry viscosity, the particle sedimentation rate

and to be discussed in chapter 7 the turbulence intensities !+,

Aggregation processes can simply be described by the total number of collisions Jj

occurring between primary particles of size i and j in a unit volume and a unit time. The

initial rate of aggregation (k;) is strongly dependent upon the particle diffusion coefficient

which is influenced by several parameters such as particle size, temperature and transport
mechanism.

Jij = ki j"i'"j' [2.20]

where n, is the number concentration of the different particles; k; the second order rate

constant.,

The rate constant for a colloidal dispersion in which the rate of aggregation is diffusion

limited (Brownian motion) was first described by Smoluchowski '), who calculated the
rate of diffusion of spherical particles of type i to a fixed sphere of type j. As i particles

attach themselves to the central sphere j and are removed from the suspension, a
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concentration gradient is established in the radial direction from the fixed sphere.

Eventually, a steady-state condition is reached where the number of i-j collisions in unit

time can be described as:
Ji = 41r(ai + aj)Dini' [2.21]

where D; describes the diffusion coefficient of a spherical particle given by the Stokes-

Einstein equation, and a; + a; is the centre to centre separation distance when the particles

are in contact.

If the central sphere is not held in a fixed position and experiences Brownian motion itself,
a mutual diffusion coefficient D,; which is equal to the summation of both diffusion
coefficients is to be substituted to replace D;. In addition, the number of collisions is no

longer solely dependent on the diffusion of i#, but is dependent on both i and j

consequently, J; is to be substituted with Jj;.

The initial rate constant for perikinetic collisions where both particles undergo Brownian

diffusion is determined through relating the modified form of equation 2.21 to equation

2.20, substituting 6:‘;; for the individual diffusion coefficients.
_ 2kT (ai+ay)
k” Y a;a; [2.22]

Equation 2.22 shows the significance of the particle radius on the perikinetic rate constant.
In a dispersion of equal spheres where the rate constant is a minimum, the diffusion

coefficient of the particles and the collision radius effectively offset each other making the

rate constant independent of particle size.

Smoluchowski ' also considered the rate constant for a suspension where the particle

collisions are significantly influenced by the fluid motion. The orthokinetic rate constant
for aggregation was developed by considering a uniform laminar shear profile, where
flowing particles a; collide with a fixed sphere a;. With particles a; following straight
streamlines and collisions justified when centre-to-centre separation distance satisfies a; +

a;, the collision frequency can be subsequently determined from the total number of

collisions Jj; in unit volume and unit time.



30

3
]ij — ':':'Gni'nj'(ai + aj) [2.23]
thus,
ky == G(a + )3 [2.24]

The diffusion coefficient in the perikinetic rate constant is now replaced by the dominant
shear rate parameter G which accounts for the rate of particle displacement in a flow field.
In a system of equal spheres, the orthokinetic rate constant shows a cube dependency of the
collision radius. As the collision radius increases, the rate of aggregation increases with

aggregate size, as the chance of capture increases. Unlike perikinetic aggregation, the rate

of aggregation is no longer limited by a reduction in the diffusion coefficient.

In ‘real’ processes particle collisions are more likely to occur under turbulent flow

conditions, with the aggregation rate equation under simple shear no longer valid. Saffman
and Turner ' for isotropic turbulence proposed the replacement of G with a mean shear

rate parameter G. The mean shear parameter is given as the power input per unit mass of

fluid to the kinematic viscosity of the fluid ratio !,

For a suspension within which the particles either have varying density or size, a third rate
constant can be derived to account for differential sedimentation. The Stokes’ equation
which i1s dependent upon both particle size and density indicates that larger denser particles

will sediment at a faster rate than smaller less dense particles. Assuming that the two

particles are falling within the collision radius (a; + a), it is expected that the velocity
differential will result in contact between the large and small particle. The total number of

collisions Jj; and the initial rate constant k; for particles of equal density are given by:

]U = (2_;':?) (ps T pl)(ai + aj)S(ai — aj)ni'nj' [2.25]
and
kij = (%;2') (os — Pl)(al + aj)a(ai = aj) [2.26]

The three rate constants are independent of viscous and colloidal interaction effects.

Viscous effects result from the work required to displace fluid from an ever decreasing gap
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as two particles approach one another. The overall effect is a modification in the rate of
aggregation. For perikinetic aggregation the viscous effect can be accounted for by a
reduced diffusion coefficient, while a limiting collision efficiency parameter can be
considered for orthokinetic aggregation. The effect of a stabilising force in a colloidal
dispersion will also act to reduce the aggregation rate. This reduction can be accounted for
by a stability ratio ¥; given as the ratio of the aggregation rate in the absence of colloidal
interactions (theoretical) to the rate of aggregation influenced by colloidal interactions
(experimental). A simple theoretical expression relating the interaction energy (V1) to the

stability ratio W was provided by Fuchs “°); u = d/a for equal particles, where d is the

collision radius and a the particle radius

B co €Xp (%)
W=2 | ooy du [2.27]

An approximate solution to the integral was provided by Reerink and Overbeek 211 who
derived an expression through approximating Vrto a Gaussian curve, resulting in a linear
relationship between logl” and loge. The linear relationship for slow aggregation is valid
until a critical electrolyte concentration is met. For fast aggregation satisfying the

theoretical approach of Smoluchowski, W equals 1 and is independent of electrolyte

concentration #1331

log WI

CCC log ¢

Figure 2.4 The influence of increased salt concentration on the stability ratio W. Figure redrawn from .
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The structure of an aggregate (size and density) and the kinetics through which the
aggregate is formed can be described by two irreversible aggregation mechanisms: .
DLCA ! (diffusion-limited cluster-cluster aggregation) and ~’ RL.CA =01 (reaction-limited
cluster-cluster aggregation). DLCA occurs when the dispersive component for particle
stability is negligible (W = 1) leading to a situation where all collisions result in a sticking
event producing large open clusters, which are unlikely to undergo rearrangement 10
produce more compact clusters.  With a small potential barrier to aggregation the
probability of a sticking event when the particles come into close proximity is reduced. The
aggregation Kinetics is described by the RLCA model, where particles have an opportunity
to diffuse into the core of the aggregate before they become attached. The mechanism
which is limited by the reaction of the particle to the cluster produces smaller more

compact aggregate structures.

s oure 2 5271 Polve e T
Figure 2.5 " Polystyrene latex aggregate structures prepared by diffusion-limited (a) and reaction-limited

(b) colloid aggregation.

-

The spatial description of the random arrangement of particles in an aggregate can be
suitably described by fractal mathematics. The mass fractal dimension «, which is not
limited to integer values can vary between | and 3 in a 3-D space, with | corresponding to
a linear chain of particles and 3 a coalesced sphere. the densest possible configuration for a
series of connected particles. d; is frequently determined from static light scattering where
the scattered intensity from the aggregate is correlated to the scattering angle. Both the
mass and density of the aggregate are proportionally related to the fractal dimension.

satistying:

m(a) X adf (2.28]

p,(a) occa®s3 12.29]
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Theory and experiment ** % have shown that for DLCA, d;= 1.75 + 0.05, and for RLCA,
dr=2.1 £0.05.

The strength of an aggregate is related to the aggregate density (number of particle-particle
contacts) and the interparticle attraction component between neighbouring particles.
Experiments have shown that exposing large length scale aggregates (dy = 1.75) to mild
shear, 1t 1s possible to bring about conformational change in the aggregate structure 127,30,
An increasing aggregate fractal dimension correlates with an increasing shear, until a
critical shear is reached where it may no longer be possible to quantify the structure of an
aggregate by fractal dimensions. Breakage under orthokinetic conditions either by

fragmentation or surface erosion of small components ultimately influences the overall size

and density of the aggregate. In a perikinetic system the aggregate size and density is

limited by the aggregate mass. As the aggregate grows a situation is reached where the

mass force exceeds the buoyancy force, and the aggregate begins to settle. The

displacement of fluid through and around the aggregate structure will provide a simple

shear region to initiate surface erosion.

A unique behaviour of silica aggregates is associated with their ability to spontaneously
restructure over time. Aubert and Cannell *"! using ~ 22nm silica spheres dispersed in 1M
NaCl at different pHs and solids concentrations, observed the restructuring of unstable

silica aggregates prepared by DLCA. The aggregates restructured within a period of

minutes to hours, with the fractal dimensionality of the aggregate changing from 1.75 to

2.08. Schlomach 2 proposed a mechanism for this restructuring referring to a
densification process of the outer aggregate, with diffusion of the primary particles towards
the centre of mass of the aggregate. Further studies showing the restructuring phenomena of
silica aggregates °** have considered the affect of either a hydration layer °*! or a surface
gel layer 136,371 between nei ghbouring particles which prevents direct contact (see chapter 5
for further discussion). This ‘steric’ barrier provides an opportunity for one particle to roll

around another reconfiguring the structure to one which is thermodynamically more stable.

The spontancous restructuring of silica aggregates is however an area which has not

received much fundamental attention due to conflicting experimental observations.

Subsequent research into silica clusters prepared by DLCA has also shown that

spontaneous restructuring does not occur **), Martin et al.[*] studying the formation of
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silica aggregates from 1Inm primary particles observed no spontaneous rearrangement.
The experiments completed under similar conditions to those specified by Aubert et al. Bl
showed the fractal dimension of 1.84 to be independent of time. An increase in fractal
dimension over several hours was observed, but this was associated to shear applied to the
aggregates during re-suspension from the bottom of the scattering cell in order to obtain the
measurement. The behaviour of a cluster prepared by DLCA is most likely to be associated

with the surface properties of the silica which is determined from the manufacturing and

preparation methods. Further discussion on the behaviour of colloidal silica in solution is

covered in Chapter S.

2.5 Conclusion

The present discussion has provided a brief overview on the long history associated with
colloids and colloid stability. In the current environment of escalating fuel and energy
prices many multiphase process operations can be optimised through a greater
understanding of the particle-particle interactions. Such techniques have been applied in
the water industry for many years to optimise sedimentation rates and water recovery.
Only in recent years has the hydrotransport community begun to work with additives to

control the particle-particle interaction behaviour and optimise the pipeline and pumping

performance.

The discussion on colloids and colloid stability has been included in the thesis to provide a
basis for interpretation of the data in the later chapters. The DLVO theory is strictly

developed for pair interactions if only the double layer and Van der Waals forces are

operative. Non-DLVO interactions such as steric or solvent interactions, thin film
coalescence or multi particle contacts are beyond the theoretical confines ). However,
over the years many researchers have found the DLVO theory to be a useful tool when
interpreting non-colloidal particle-particle interactions and multi-particle suspension
properties. For the results chapters later in the thesis, where particle-particle interactions

and suspension rheological properties are investigated, the behaviour can be suitably

interpreted and discussed using the DLVO theory; the theory being used only to provide a

tool to supplement an understanding of the observed changes.



35

Chapter References

10.

11.

12.

13.

14.

Grahame, D.C., Chemical Reviews (Washington, DC, United States), 1947. 41.
Lyklema, J., H.P. van Leeuwen, and M. Minor, DLVO-theory, a dynamic re-
interpretation. Advances in Colloid and Interface Science, 1999. 83(1-3): p. 33-69.
Adamczyk, Z. and P. Weronski, Application of the DLVO theory for particle

deposition problems. Advances in Colloid and Interface Science, 1999. 83(1-3): p.
137-226.

Elimelech, M., et al.,, Particle Deposition and Aggregation: Measurement,
Modelling and Simulation. Colloid and Surface Engineering Series, ed. R.A.
Williams. 1995, Woburn, MA: Butterworth-Heinemann. 441.

Hamaker, H.C., Physica 1937. 4. p. 1058-1072.

Shaw, D.J., Introduction to Colloid & Surface Science. Butterworth Heinemann,
1992.

Bevan, M.A. and D.C. Prieve, Direct Measurement of Retarded van der Waals

Attraction. Langmuir, 1999. 15(23): p. 7925-7936.

Gregory, J., Approximate Expressions for Retarded van der Waals Interaction.

Journal of Colloid and Interface Science, 1981. 83(1): p. 138-1435.

Hunter, R.J., Introduction to Modern Colloid Science. Oxford University Press,
1993.
Derjaguin, B.V. and L. Landau, Theory of the stability of strongly charged

lyophobic sols and of the adhesion of strongly charged particles in solutions of
electrolytes. Acta Physicochim. URSS, 1941. 14: p. 633-662.

Verwey, EJ.W. and J.T.G. Overbeek, Theory of the stability of lyophobic colloids.
1948, Amsterdam: Elsevier.

[sraclachvili, J.N. and G.E. Adams, Measurement of forces between two mica
surfaces in aqueous electrolyte solutions in the range 0-100 nm. Journal of the
Chemical Society-Faraday Transactions I, 1978. 74: p. 975-1001.

Franks, G.V., C.V. Sepulveda, and G.J. Jameson, pH-sensitive flocculation: settling
rates and sediment densities. AIChE Journal, 2006. 52(8): p. 2774-2782.

Huynh, L., P. Jenkins, and J. Ralston, Modification of the rheological properties of

concentrated slurries by control of mineral-solution interfacial chemistry.

International Journal of Mineral Processing, 2000. 59(4): p. 305-325.



13.

16.

17.
18.

19.

20.

21,

22.

23.

24.

23.

26.

217.

28.

29.

36

Heywood, N.I, Slurry Mixing, Rheology and Handling Short Course. Slurry
Retrieval, Pipeline Transport & Plugging and Mixing Workshop, 2008.

Chhabra, R.P. and J.F. Richardson, Non-Newtonian Flow in the process industries:
Fundamentals and Engineering Applications. Butterworth Heinemann, 1999(1).
Smoluchowski, M., Zeitschrift fuer Physik, 1917. 92: p. 129.

Saffman, P.G. and J.S. Turner, On the collision of drops in turbulent clouds. Journal
of Fluid Mechanics, 1956. 1: p. 16-30.

Camp, T.R. and P.C. Stein, Velocity gradients and internal work in fluid motion.
Journal of Boston Society of Civil Engineering, 1943. 30: p. 219.

Fuchs, N., Uber die Stabilitat und Aufladung der Aersole. Zeitschrift fuer Physik,
1934. 89: p. 736-743.

Reerink, H. and J.T.G. Overbeek, The rate of coagulation as a measure of the

stability of silver iodide sols. Discussions of the Faraday Society, 1954. 18: p. 74-
84.

Holthoff, H., et al., Coagulation rate measurements of colloidal particles by
simultaneous static and dynamic light scattering. Langmuir, 1996. 12(23): p. 5541-
5549.

Uricanu, V., J.R. Eastman, and B. Vincent, Stability in colloidal mixtures

containing particles with a large disparity in size. Journal of Colloid and Interface
Science, 2001. 233(1): p. 1-11.

Elimelech, M., et al., Particle Deposition & Aggregation - Measurement, Modelling
and Simulation. Colloid and Surface Science Engineering Series, 1995.

Lin, M.Y., et al.,, Universal Diffusion-Limited Colloid Aggregation. Journal of
Physics-Condensed Matter, 1990. 2(13): p. 3093-3113.

Lin, MY, et al., Universal Reaction-Limited Colloid Aggregation. Physical Review
A, 1990. 41(4): p. 2005-2020.

Tang, S., et al., Fractal morphology and breakage of DLCA and RLCA aggregates.
Journal of Colloid and Interface Science, 2000. 221(1): p. 114-123.

Burns, J.L., et al., 4 Light Scattering Study of the Fractal Aggregation Behavior of
a Model Colloidal System. Langmuir, 1997, 13(24): p. 6413-6420.

Martin, J.E., et al,, Fast aggregation of colloidal silica. Physical Review A: Atomic,
Molecular, and Optical Physics, 1990. 41(8): p. 4379-91.



30.

31.

32.

33.

34.

33.

36.

37.

37

Hermawan, M., et al., Characterisation of short-range structure of silica aggregales
- implication to sediment compaction. International Journal of Mineral Processing,
2004. 73(2-4): p. 65-81.

Aubert, C. and D.S. Cannell, Restructuring of colloidal silica aggregates. Physical
Review Letters, 1986. 56(7): p. 738-41.

Schlomach, J. and M. Kind, Theoretical Study of the Reorganization of Fractal

Aggregates by Diffusion. Particulate Science and Technology, 2007. 25(6): p. 519-
533.

Zhou, Z.K., P.Q. Wu, and B.J. Chu, Cationic Surfactant Induced Fractal Silica
Aggregates - a Light-Scattering Study. Journal of Colloid and Interface Science,
1991. 146(2): p. 541-535.

Zhou, Z.K. and B. Chu, Fractal Study of Polystyrene Latex and Silica Particle
Aggregates. Physica A, 1991. 177(1-3): p. 93-100.

Chapel, J.P., History-Dependent Hydration Forces Measured between Silica
Surfaces. Journal of Colloid and Interface Science, 1994. 162(2): p. 517-519.

Biggs, S. and A.D. Proud, Forces between silica surfaces in aqueous solutions of a
weak polyelectrolyte. Langmuir, 1997. 13(26): p. 7202-7210.

Taran, E., et al., Nonlinear friction characteristics between silica surfaces in high

pH solution. Journal of Colloid and Interface Science, 2007. 307(2): p. 425-432.



38

Chapter 3

SLURRY FLOW LOOP DESIGN AND ITS
ASSOCIATED INSTRUMENTATION

NOMENCLATURE

B Flux density

D Diameter of impeller
d Diameter of pipe

d, Diameter of particle

e Voltage

g Gravitational acceleration
[ Length of conductor

[’ Half loop length

M Bending moment
m Mass tlow rate
P

Ni;  Impeller speed required to just suspend the particles
Minimum power requirement

Dimensionless power number = 0.67
Radius of tube
6.8

Mean stream velocity

Depth-averaged streamwise velocity
Turbulence intensity

RMS streamwise component of the flow

Instantaneous velocity
100 X Solld Mass

Liquid Mass
Xent Entrance length

o

L
3

P
r
S
U
U
U
U
U
X

dp  Solid liquid density difference
pL Density of fluid

pm  Density of mixture

v Kinematic viscosity

V Relative velocities between the conductor and the field
0, Angular rotation velocity
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ABREVIATIONS

PIV  Particle imaging velocimetry

UDVP Ultrasonic Doppler velocity profiling
Re Reynolds number

EMF Electromagnetic flow meter

Svnopsis

The design criteria and design equations used to construct a horizontal slurry flow loop are
outlined. Evaluation of the pipe loop and its individual components are initially made,
before scrutinising the ancillary equipment and instrumentation required for the

measurements. The slurry flow rig cleaning and operating procedures for the re-suspension

and turbulence experiments are also outlined.

3.1 Pipe Loop Design

A century of multiphase flow research has highlighted the ‘fit for purpose’ philosophy that

should be employed when designing a slurry flow loop. An extensive literature review by
Gillies (1991) " illustrated the wide range of studies that can be completed using a slurry
flow loop, thus stressing the importance of critical analysis design to deliver a system that

allows for accurate and reliable data collection. Some of the slurry flow loop applications

considered by Gillies'!! are:

e Solid loading limits of the system
e Minimum transport velocity
e Velocity and concentration profiling

e (Calibration of meters and sensors

e Pumping characteristics and performance

e Particle degradation

e Erosion/corrosion

e Start up and shut down protocols



40

Figure 3.0 summarises the key steps that should be undertaken to ensure that a horizontal
flow loop is “fit for purpose’. The first step is to identify the application for the slurry flow
loop which is generally governed by the project objectives, in our case, to investigate the
re-suspension and turbulence properties of colloidal suspensions. The second step focuses
on the material to be transported in the pipe loop. The research here was directed towards
studying ‘model’ slurries; that is to say, slurries where the particle size, shape and density;
and the solution chemistry can be sensitively controlled. An in-depth ‘bench-top’

experimental programme provided a comprehensive data set from which several slurries
were chosen for further investigation in the pipe loop. Readers are referred to chapters 4
and 5 which report the experimental programme and the results in detail. The third step
reports an early assessment of the possible technologies that can be installed on the pipe
loop to collect the relevant experimental data, along with instrumentation that can be
installed to continuously monitor the operating performance of the pipe loop. Imaging
using PIV was chosen to study the re-suspension characteristics of the sediment beds, and
UDVP was chosen to study the turbulence properties. The design of the pipe loop should
then incorporate the key outcomes from steps 1-3. Our pipe loop design was greatly
influenced by the cost of the raw materials for the slurry. Both the test loop length and the
pipe diameter were suitably chosen in consideration of these raw material costs. The pipe
material was influenced by cost, safety (pressure rating, chemical resistance) and its optical
property (maintaining image clarity). Consideration was also given to access ports on the
pipe loop, which allows for fluid/air drainage, as well as equally spaced fittings that enable
the loop to be disassembled with ease to remove any sediment blockages. Finally, the

subsidiary equipment such as pumps, mixers and flow meters were chosen based on design

calculations which are a function of the slurry and the operating parameters.
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Investigate the influence of colloid interactions on:

1) Re-suspension behaviour of consolidated sediments
2) Minimumtransportvelocity of colloidal suspensions
3) Turbulence intensity of colloidalsuspensions

Application

Discrete phase:

1) Size

2) Shape

3) Density

4) Concentration
Continuous phase:

1) pH

2) lonicconcentration

Slurry properties

Selection criteria:
1) Suitability
2) Sensitivity
3) Safety

4) Cost

Instrumentation

Selection criteria:

1) Pressure rating
2) Optical properties
3) Accessports

Piping

1) Feedvessel
2) Pump
3) Dataacquisition

Ancillaries

Figure 3.0 Pipe loop design criteria

3.1.1 Experimental Pipe Loop

The pipe loop can be described as an open-loop, re-circulating system. Once-through and
closed loop re-circulating systems were rejected on the basis of cost and ease of operation.
Figure 3.1 shows a schematic layout of the experimental loop. The system consists of a 55
litre mixing tank supported 1.5m above the pump inlet. The fluid pulsations from the pump
discharge are sufficiently dampened by a 2m coil of unreinforced PVC hose, pressure rating
5 bar (RS components, UK). A 5.5m long test section is constructed from clear PVC-U
pipe, 26mm i.d., pressure rating 15 bar (International Plastic Systems, UK), and 26mm 1.d.
DURAN® glass tubing, pressure rating 8 bar (SCHOTT, UK). The test section is secured

to a horizontally levelled bench, with an outbound and inbound length of 2.3m and 2.5m

respectively.

Both test sections, UDVP on the outbound and PIV on the inbound are preceded by a
disturbance free approach length. An air bleed valve is located on the outbound section and

4 pressure gauges are spaced at 0.75m intervals on the inbound section. An electro-

magnetic flow meter is vertically positioned 0.75m along the feed line to the mixing tank.



42

Recirculation line

Feed tank
UDVP

Flow meter . /\

Isolation
valve

Drain line

Pressure
sensor

Figure 3.1 Schematic representation of the 26mm 1.d. pipe loop

3.1.2 Pipe Selection

Three types of piping all with an internal diameter of 26mm were installed on the tlow
loop. The flexibility of PVC hosing enabled the flow lines to and from the pump to be
connected with relative ease, and provided a suitable degree of pulsation dampening from
the pump discharge. 80% of the rig is constructed using clear PVC-U tubing, chosen due to
its rigidity, resistance to chemical attack and transparency. A 0.75m long DURAN® glass
section installed beneath the illuminated laser sheet provides excellent optical properties,
therefore, minimising adsorption and/or distortion of the light sheet. Due to the curvature

of the pipe, a small water box (I: 250mm, w: 100mm, h: 120mm) was installed around the

glass test section to improve image clarity by minimising the distortion of the laser light.

Economic limitations, laboratory floor space and measurement optimisation were all factors
considered when selecting a suitable internal pipe diameter. The eventual pipe diameter
was a compromise between minimising the rig volume and maintaining a sufficiently large

pipe cross sectional area so that the two measurement techniques, PIV and UDVP could be

applied.
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The test length of the pipe loop included union sockets at Im intervals which provided ease
of access for pipeline cleaning and blockage removal. Ball valves were installed on the rig

to be operated only as i1solation valves.

Both PIV and UDVP instruments were positioned within the fully developed flow region.

The entry length for fully developed turbulent flow is defined as';

Xp
ent __ 14] % ReO.ZS l,“:n,()l

cl

where x,,, is the entry length, d is the pipe diameter and Re is the fluid Reynolds number.

Over a Reynolds number range of 2500 to 11000 (on-set of fluid turbulence to maximum

pump flow velocity), the entry lengths are given as 0.26m (10d) and 0.37m (14d).

3.1.3 Pump Selection

The choice of pump is crucial to the operating performance of a test loop or slurry pipeline.
As can be seen in figure 3.2 there are several different types of slurry pump which reside
under the headings of direct and fluid (in-direct) displacement. Indirect displacement
defines the movement of a slurry using either air, water or oil as a motive fluid. Typical
examples of indirect slurry pumps are: Jet, TORE, XAGO AtmosTras and Air Lift. Due to
their limited applications, a brief description of the pumps operation will not be provided.

| , v e . ‘ . . i . 3 4
However, readers are referred to the following references for further information !

Siurry Pumps
Direct Displacement Fluid Displacement

Rotodynamic Positive Displacement
Centrifugal || Special Types | | Reciprocating
Diaphragm

Figure 3.2 Types of slurry pump
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Direct displacement pumps which are more commonly used in slurry applications describe
a ‘family’ of pumps which convert mechanical energy into kinetic energy of the slurry.
This group can be further sub-divided into two more categories; rotodynamic and positive

displacement. A rotodynamic pump which generally describes the action of a centrifugal

pump accelerates the slurry by means of a rotating element enclosed in a housing,
generating a pulsation free slurry flow. Such pumps are portrayed as being the most

durable, producing flow rates up to 17,000 m’hr”', discharge pressures in excess of 200m

water, operating temperatures ranging from -40 to 300°C and solids handling capabilities
up to 200mm, with a solids loading approaching 80% by mass; dependent upon the
rheological properties of the slurry. However, there are several disadvantages associated
with running such a pump. Particles passing through the pump housing can be shattered on
impact with the rotating disc, and conversely, the ribs on the rotating disc can be eroded
away due to the abrasive nature of the particles in the suspension. Also, operating a
centrifugal pump in extremely low flow rate conditions (tens of litres per hour) can cause

the pump to continually stall, as it fails to generate a high enough suction or outlet pressure.

Positive displacement pumps can be categorised into reciprocating, further sub-divided into
diaphragm or piston, and rotary pumps. Reciprocating pumps are characterised by high
head, as well as low flow, low shear, low wear and low particle degradation rates, with a
capability of pumping very viscous, abrasive slurries. The pump works on the principle of
drawing a volume of slurry through a non-return valve into the pump housing on a suction

stroke, before pressuring the slurry and expelling the slurry from the pump housing through

a second non-return valve on the delivery stroke. Such systems can be single acting (one

piston and one chamber) or double acting (one position and two chambers). Diaphragm

pumps work on the same principle except that the slurry is not in direct contact with the

piston.

There are a wide range of commercial pumps that can be categorised as ‘rotary’. Only the
two most common pumps, progressive cavity and peristaltic will be considered. A
progressive cavity pump consists of a single start helical screw rotor which turns within a
double interval helix stator, in a slightly eccentric motion. The pitch of the stator is twice
that of the rotor and the movement of the two parts open and close a cavity which is passed

from the suction to the delivery side of the pump. The rotor maintains a positive seal along
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the length of the stator, and the seal progresses continuously through the pump, giving
uniform positive displacement (little pulsation) ©l Such pumps are typically used to pump
highly viscous, shear sensitive materials, whilst achieving high flow rates and discharge
pressures. However, one of the main disadvantages to running a progressive cavity pump is
that it cannot be operated at extremely low flow rates, due to the high torques required to

maintain the motion of the rotor and stator.

Figure 3.3 Operational diagram: Progressive cavity pump. Arrow indicates flow direction.

A peristaltic pump typically includes two, three or four bearing mounted rollers which
rotate squeezing a flexible tube, inducing flow as it slides along the tube. As the roller
compresses the tube driving the fluid before it, the tubing behind the roller returns to its
original shape thus creating a vacuum, drawing in more fluid which in turn i1s driven
forward by the next roller. Such action always results in pulsatile flow. Peristaltic pumps

can provide sensitive flow control at extremely low flow rates, and are typically used to

pump high viscosity, high solids content slurries.

Figure 3.4 Operational diagram: Peristaltic pump. Arrows indicate flow direction.
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An assessment of the available pumping technologies considering suitability, cost and
reliability, concluded that a peristaltic pump should be installed on the slurry flow loop. A
peristaltic pump is especially suited for this particular application due to its non-aggressive
treatment of the suspension. With the study investigating the influence of aggregates on the
minimum transport velocities and turbulence properties of colloidal suspensions, a view
was taken that a centrifugal pump which could have been installed to operate at low tlow

rates, would most likely result in aggregate break-up through the pump housing, leading to
a misrepresentation of the degree of aggregation. A 620 SN/RE (Watson-Marlow, UK),

with a 17mm Marprene TM tubing element provided flow velocities up to 0.42ms” (Re =

11000) in full bore applications.

3.1.4 Feed Tank Design

Tank volume; impeller size, type and quantity; baffle size and quantity, and motor size are

all to be considered in the design of the feed tank. In an open re-circulating slurry loop the

feed tank provides sufficient time for dispersion of the solids, ensuring a homogenous feed

to the test loop.

The volume of the tank is determined by the volume of the slurry loop (absolute minimum

volume) plus a mixing volume and a safety factor. The mixing volume is based upon the
required residency time in the tank, which for this particular application was chosen to be

90 seconds under maximum operating conditions, and a safety factor of 150-200mm above

the fluid level. A 55 litre feed tank, with a height to diameter ratio of 1.25 was suitably
designed for the application.

An axial flow JP3 impeller with a 0.28 ratio (impeller: tank diameter) was chosen for this
particular application. The axial flow impeller draws fluid into the impeller from above,

before discharging the fluid towards the base of the tank and the liquid surface.

Using Zweiterings’ theory °}, the impeller speed required to just suspend the particles (no

particle stationary on the vessel base for longer than 1 — 2 seconds) can be calculated. The
theory 1s described by:

N]S = 5. v°‘1 . dg'z. [g(Ap/pL)]0'45.X°'13/D0'35 [3.1]
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where S = 6.8, a dimensionless parameter based on the system geometry, X is equal to

Solid M
100 X olid Mass

' ' ' itational constant,
Liquid Mass’ D corresponds to the impeller diameter, g is the gravitational ¢

Ap is the density difference between the solid and liquid mediums, py. is the fluid density
and v is the kinematic viscosity. Based on a three blade axial impeller with a solid mass to
liquid loading ratio of 0.25, the minimum rotational speed is calculated to be 6 revolutions
per second. The dimensionless power number can then be applied to calculate the power

requirement of the agitator motor. The dimensionless power number (Po) is defined as:

P
Po = o N3 D" [3.2]

with p,, taken as 1000 kg/m3, Nys =6, D = 0.112 m, the minimum power requirement of the
agitator motor is then calculated to be SW, when Po = 0.67 "\, However, to induce
turbulent flow conditions throughout the mixing vessel and to account for mechanical
inefficiencies, a 0.25 kW DT agitator (Chemineer, UK) was installed. To prevent the build
of a vortex in the mixing tank, a standard baffled configuration was used. Four equally

spaced vertical baffles with lengths equal to the straight side of the tank, widths equal to
one-twelfth of the tank diameter and offset to one-sixth of the baffle width from the tank

wall were installed.

0.4

003

055

Figure 3.5 Feed tank dimensions. Units (m)
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3.2 Instrumentation

The onset of particle re-suspension/deposition can be identified using a variety ol

. . x . | . . _ - . .
techniques such as; visual assessment ', measurement of the hydraulic gradient.

.o 9 : : area Eald O]
conductivity measurements ', voltage measurements in an applied transverse field 7 and
electrical resistance tomography. All these techniques can provide a qualitative

assessment of the flow regime. However, in order to quantitatively assess the flow. such

techniques need to be combined with a measured flow rate.

3.2.1 Flow Meter

There are a wide variety of flow meters, mass or volumetric, invasive or non-invasive.
which provide a range of operating specifications. However, many of the options available
for gas and liquid flows are not suitable for slurry applications.  With many invasive
measurement techniques, the flow is squeezed through a fine clearance ol known
dimensions to determine the flow rate. With suspension flow, blockage and erosion of the
flow channel geometry can result in significant measurement errors. Therefore, only non-

invasive techniques are considered suitable for the slurry flow loop.

Electromagnetic flow meter (EMFE): The working principle of the tlow meter uses
FFaraday’s law of electromagnetic induction. Faraday’s law states that when a conductor of
length / moves through a magnetic field of a given flux density B. a voltage ¢ is produced

in the conductor that is dependent on the relative velocities v’ between the conductor and

the field. such that:

e = BV 13.3]

Sensors

Flow

Figure 3.6 Sensors arrangement in an Electromagnetic flow meter
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Figure 3.6 illustrates the working principle of an EMF. A magnetic field is generated in a
plane that is perpendicular to the liquid (conductor) flow, and two sensors placed
diametrically opposite one another on the same pipe section. As the conductive fluid flows
down the longitudinal axis of the flow meter, the voltage induced in the liquid, is mutually
perpendicular to both ‘the velocity of the liquid and the magnetic field. Because the
magnetic flux and the length of the conductor have fixed values, the magnitude of the

induced voltage is directly proportional to the velocity of the liquid. With the sensors

connected to an external circuit, the induced voltage causes a current i to flow which can

then be converted into a flow rate.

Utilising a non-intrusive technique, with no moving parts and a choice of suitable liners
(ceramics, fibreglass, neoprene) that enable the use of such an instrument in both chemical
and physical testing environments, EMF’s are extremely suited to slurry flow applications.
Such instruments can typically operate from 0.04 to tens of thousands of litres per minute,

depending upon the orifice size. The conductivity of the fluid should typically be greater

than 0.05pS/cm to induce a measurable voltage.

Coriolis mass flow meter: A mass flowrate is determined through interpretation of a
phase shift in the oscillating frequency of a tube loop. When empty, the tube is oscillated at
its resonance frequency by a magnetic driver. As the slurry enters the tube, the harmonic
vibrations impart an angular motion to the fluid, thus exerting a Coriolis force on the tube
wall. The force causes the tube loop to twist with a bending moment M that is dependent

upon; the angular rotation velocity w, the tube loop radius r, the half loop length / and the

mass flow rate m where:

M = 4wrl'm (3.4]

Typical operating conditions enable measurements to be made up to 9000 kgmin™', with the
instrument accuracy independent of the slurry properties and flow regime. One of the main
disadvantages associated with mass flow meters is that the fluid velocity can only be

determined indirectly through combining the reading with an on-line density measurement.
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Flow

" .« e g .l . 3 | |
Figure 3.7 Coriolis mass flow meter sensor tube. Figure adapted trom reference ol

('ross correlation meter: At least two sensors are set at a known distance apart
along the length of the pipeline. The sensors may detect changes in electrical conductivity.
ve tance ansmitted/reflec o 2 : : - *individual
capacitance, or transmitted/reflected ultrasound "~'. The time of passage ol individua
eddies in turbulent flow between two sensors enables the average flow velocity to be
calculated. The use of these techniques in industrial or research applications has been

limited due to the high instrument costs, a direct result of the complexity of this approach.

Ultrasonic flow meter: Refer to chapter 4 Materials and Methods for measurement

principle.

Through assessment of the available technology, a KROHNE OPTIFLUX 5300¢ magnetic
inductive tlow meter (KROHNE Ltd., Germany) was installed on the pipe loop. A 6mm
measurement bore with a fused ceramic lining and platinum electrodes gives flow rate
. = 3.1 s Co . : ,
readings up to 7.5 X 107 'm’hr”". The flow meter is installed vertically to reduce the risk of
solids deposition on one of the electrodes and to avoid inaccuracies caused by asymmetric
velocity profiles. The instrument accuracy supplied by the manufacturer is within + 0.2%
s the rance 3.0 X 104 3| - | 6.1 =1 el L L Aaltkeas ac confirmed
over the range 3. mhr to 6.1 X 107" m’hr . The calibration was confirmec

through measuring the displaced volume as a function of time.

3.2.2 Pressure / T'emperature Sensors

Flush diaphragm pressure sensors were installed on the pipe loop to provide information on
the slurry flow regime. and to assist the early detection of pipe blocking. DMP 331-P

sensors (Impress Sensors & Systems, UK) use strain cauges integrated within the
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corrugated diaphragm to monitor the displacement of the element under loading. The

sensors were individually calibrated up to 6 BarG, with a full scale deflection error of £
0.35%. Two K-Type thermocouples (Cole-Parmer, USA) were installed on the pipe loop to

monitor the slurry and atmospheric temperatures. Data was recorded using a TC-03

thermocouple data logger (Pico Technology Ltd., USA).

The 4-20mA output signal from both the pressure sensors and the flow meter were
converted into the desired measured variables using scaling factors. An ADC-24 converter

(Pico Technology Ltd., USA) provided up to 16 single-ended input channels.

3.3 Experimental Procedure

Slurries were prepared in 40 litre batches. The experimental programme was separated into
a low and high solids concentration study. Three slurries, 1M KNOs3, 10*M KNO; and 10
*M KCI were initially prepared to a solids concentration of around 6% by volume for the
low concentration study, and 12% by volume for the high concentration study. The in-situ
solids concentration for each experiment was determined through oven drying a one litre
sample of slurry collected from the pipe loop discharge. All slurries were prepared 24
hours in advance of the pipe loop study, with the slurry pH monitored and adjusted to pH 6
using SM complementary analytical grade acids (HNO; and HCIl) and base (KOH). A
paddle mixer was used to periodically agitate and disperse the solids in suspension prior to

the slurry being transferred to the feed vessel. For all experiments, the impeller speed was

setat 10rev s,

3.3.1 Sediment Bed Re-suspension and Minimum Transport Velocity Determination

Initially, the slurry was continuously circulated in the pipe loop at a flow rate of
approximately 3.6 X 10~ m’hr’ for 15 minutes, with the bleed valve repeatedly opened to
remove air from the pipe loop. The flow rate was then increased to 7 X 10~ m*hr’ for 5

minutes to remove any sediment from the pipe invert, thus, developing a homogenous
concentration profile. The flow rate was then immediately reduced to 0 m’hr’’, and the two
isolation valves at either end of the inbound test section were closed to prevent any
disturbances such as back flow which may influence the compaction properties of the

sediment. The remaining slurry in the feed tank was then drained into a holding tank.
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A suitable sedimentation period that enabled a consolidated bed to form was determined
from laboratory settling tests. Between each re-suspension experiment the sedimentation
time for a 10" M and 1 M slurry was 24 hours and 3 hours respectively.  Prior to each
experiment, the associated slurry in the holding tank was re-mobilised. pH checked and

then transferred to the feed vessel.

Several volumetric flow rates were chosen to investigate the re-suspension behaviour of the
sediment, with the flow rates ranging from approximately 7 X 1072 m’hr' t0 7 x 10~
m’hr'. Multiple re-suspension experiments were completed to ensure that a “good” fit in
the erosion rate versus slurry velocity data could be generated from which the mimimum

transport velocity would then be determined.

The rotational speed of the peristaltic pump was programmed prior to each experimental
run to minimise the flow rate development time on start-up. The re-suspension behaviour of
the sediment bed was determined from analysis of the image sequences collected using the
PIV set-up. 450 frames from time t = 0 provided information on the sediment bed
behaviour over the first 30 seconds of flow, while a second and third image sequence
provided information on the level of sediment bed erosion after 4 minutes and 8 minutes of
continuous flow. A thirty minute period where the flow rate is maintained at
approximately 7 X 107 "m’hr" followed each experiment to re-suspend any remaining

sediment.

Bed height A Bedheight

Figure 3.8 PIV images collected during re-suspension experiments, showing a decrease in the sediment bed

height with time a) t = 10 seconds b) t = 240 seconds

Prior to initial slurry experiments in KNO; electrolytes. and then the transition to the KC|
slurry, the pipe loop was cleaned with a 2% Decon solution and then washed through S
times with de-ionised water. Each wash included 25 litres of de-ionised water that was

circulated in the pipe loop for 1 hour at a flow rate of 3.6 x 10" 'm’hr'. The wash was
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necessary to remove any dirt from the pipe loop before a colloidal suspension was

introduced, as well as eliminating any issues associated with cross contamination when the

electrolyte is changed from KNOj3; to KCl.

By monitoring the sediment bed erosion rate with time as a function of the slurry flow

velocity, it is possible to determine the minimum transport velocity of the colloidal
suspensions. As previously mentioned in the introduction, and again to be discussed later
in chapter 6 (see 6.4.2.), the current approaches and techniques used to determine the
minimum transport velocity of a slurry could not be applied in this study. The techniques
generally lack the resolution to identify particle deposition. As will be outlined in chapter

6, it 1s however possible to use the transition velocity (the flow velocity at the onset of

sediment bed erosion) to determine the minimum transport velocity

Colloidal forces are sensitive to temperature changes, with the electrical double layer force
dependent on the thermal energy (k7) of the particle (refer to chapter 2 — section 2.3). The
- slurry and atmospheric temperatures were recorded during all experiments. Typically, the
temperature varied between 0.1°C and 0.2°C over a 10 minute period. For the re-
suspension experiments, only the first 30 seconds of the bed erosion data was used in the
study, therefore, the temperature change is considered negligible. For the turbulence
intensity study, which is described below, each individual experiment at a given flowrate
lasted 1.5 minutes. Therefore, only 3 experimental runs were completed before the pump

was turned off for 10 minutes. This procedure prevented any significant temperature
changes between data sets.
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Figure 3.9 Atmospheric (0) and slurry (o) temperatures recorded during a typical re-suspension experiment.
Solid line represents the slurry volumetric flowrate.

3.3.2 Turbulence Experiments

The ionic and the solids concentration effect on the suspension turbulence intensity in fully
developed pipe flow was studied using UDVP. An ultrasonic probe positioned at 45° to the

flow axis and submerged Imm into the flow stream was used to collect 512 velocity
profiles over a 30 second period. Flow profiles were collected at different flow rates
between 7.5 X 10~ m’hr! and 5 X 10~2 m’hr!, with each measurement collected after 1
minute of steady-state flow. The suspension turbulence intensity was determined from the

root-mean square values (u’) of the streamwise component of the flow, where the RMS 1s

given as:

u' = [-:;2?=1(u - U)z]o'5 [3.5]

where u is the instantaneous velocity and U the mean stream velocity. Subsequently the

turbulence intensity is then determined by:

no__ u_'
u' =¥ [3.6]

where U is the depth-averaged streamwise velocity.



55

The inclusion of sections 3.3.1 and 3.3.2 in the current chapter is only to describe the
operating procedures for the minimum fransport velocity and turbulence intensity
experiments. The measurement principles of the two techniques used (PIV and UDVP) and

the measurement parameters for each experiment are described in detail in chapter 4.

3.4 Conclusion

This chapter has highlighted the design equations that were used to construct a flow loop
suitable for studying the flow properties of colloidal suspensions. One of the main drivers
in the design was the raw material cost. With a project budget, the rig had to be of
sufficient size to allow for the main measurement techniques, PIV and UDVP to be used on
the pipe loop, while also minimising the slurry volume to reduce raw material costs. Figure
3.10 shows images of the slurry flow rig used in the current project. The black box is the
laser shield for the PIV system which is used to illuminate the slurry during re-suspension

experiments. The laser is mounted on a platform with a 90° optic guiding the laser sheet

through the pipe. A camera is mounted on the traversing platform to collect the sediment

height images during re-suspension.



Figure 3.10 Images of the 26mm NB pipe loop constructed for the colloid suspension flow experiments.
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Chapter 4

MATERIALS AND EXPERIMENTAL
METHODS

NOMENCLATURE

C Speed of ultrasound in fluid
D Diameter of active element
D, Diameter of vane

d, Diameter of particle

d Distance from transducer

E Elastic modulus

F, Normal force

F, Friction force
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