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ABSTRACT

This thesis describes the design and development of a multiple vibrating reed analyser for

the routine on-line procurement of sedimentation kinetic data in two phase media.

Briefly, each reed system comprises a stainless steel rod pinned at an intermediate point
along its length. One end is exposed to the settling suspension whilst the other is driven

into transverse vibration at resonance using an alternating current electromagnet.

The principle of operation of the device relies on the fact that the resonance frequency of a
stiff reed performing simple harmonic motion in a fluid medium is directly related to the
fluid bulk density. In the case of a settling solid/liquid suspension, or a two-phase liquid
dispersion containing a heavier phase, the fluid bulk density and hence the hydrodynamic
head decreases with time as the heavier phase settles. Sedimentation kinetic data including
settling velocities and flux profiles are in turn obtained by continuous monitoring of the

resonance frequencies of a number of reeds positioned at set levels along a settling tank.

The feasibility of operation of the analyser has been successfully verified in conjunction
with a variety of model and industrially relevant systems. The former include mono and
polydisperse glass ballotini / water mixtures with solids particle size and concentration
ranges 55 - 200 pm and 1.75 - 2.81 % v/v respectively. Measured settling velocities are in
excellent accord (ca. + 0.1 %) with those obtained from direct visual observation of
suspension-clear liquid interfaces. The industrially relevant systems include kaolin/water
suspensions with solids concentrations as high as 20 % v/v and oil / water emulsions with

light phase concentrations in the range 30 - 50 % v/v.

The performance of a number of empirical models including those proposed by Richardson
and Zaki (1954), Garside and Al-Dibouni (1977), Barnea and Mizrahi (1973), Reed and
Anderson (1980), Batchelor (1972) and Happel (1958) has been evaluated by comparing
predicted settling velocities with those obtained using the analyser. We find that the model



proposed by Richardson and Zaki produces the best agreement (ca + 1.3 %) whilst
Happel’s model (1958) produces the worst results (ca + 24 %).

For polydisperse systems we observe that measured interface velocities correspond to
Stokes (1851) particle sizes which are in reasonable agreement (ca. + 6 %) with the
experimentally determined smallest significant particle size in the sample distribution. Also,
as the initial solids concentration increases, the Stokes diameter decreases indicating a
greater tendency for particles to segregate resulting in more diffuse interfaces. Therefore,

the behaviour of such systems is characterised by differential rather than hindered settling.

By measuring the time delay between the onset of sedimentation and that resulting in a
change in reed resonance frequencies at various locations along the settling tank we have
been able to obtain estimates of propagation wave velocities marking the transition
between steady and unsteady state behaviour. For the systems tested we find that the wave
propagation velocity is, in general, independent of solids concentration but increases with

the mean particle size.
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Chapter 1 ' Introduction

CHAPTER 1

INTRODUCTION

The separation of solid/liquid suspensions by gravity sedimentation is a common process in
several industries ranging from mineral processing to environmental pollution mitigation
operations such as waste water treatment where stringent effluent quality standards are in
effect. Of particular current interest is the on-line monitoring and characterisation of waste
water treatment plant. The estimated investment required in order to meet the recent EC
Urban Waste Water Directive is of the order £107 billion (Wright, 1992). This has focused
attention on issues of economics and the need for process design optimisation in waste
water treatment plants, the majority of which are based on the separation of the dispersed
solids phase from water via gravity sedimentation. Accordingly, understanding the kinetics
of sedimentation is of primary importance since this governs the handling characteristics of
such dispersions, and hence provides information on the optimal design specification of the

appropriate sedimentation equipment.

The ability to obtain direct measurements to characterise dispersions is an obvious
prerequisite to any quantitative description of their behaviour under different process
conditions. In addition, what is particularly desirable is to do this in a model-independent
manner (i.e. without recourse to a model based on prior knowledge of the system under
investigation), thereby allowing such a technique to be used on-line or in-situ without the

need for calibration to specific dispersions.

Another application in which an understanding of sedimentation kinetics is important are
Colloidal dispersions. These can be defined as two phase systems where the dispersion
medium is in most cases a liquid and the dispersed phase exists as particulates (either solid
particles, gas bubbles or liquid drops) in the colloidal size range. Although colloids
themselves are normally regarded as being in the size range 1nm to 1 pm, these limits are
rather arbitrary, since dispersions containing larger particles can exhibit colloidal behaviour.
Therefore, the dispersions which are typical in chemical processes, containing high
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Chapter 1 Introduction

particulate volume fractions (> 0.2) of size range (e.g. 1 to 100 microns) can also be
regarded as colloidal dispersions, although they have been defined (Williams and Simons,

1992) more accurately as mixed-colloidal-non-colloidal systems.

Colloidal dispersions occur in a wide range of chemical processes and products, such as
paints, pharmaceuticals and foodstuffs (particularly dairy products) and in the solid-liquid
dispersions encountered in crystallisation, minerals processing and waste water treatment.

Most industrially important colloidal dispersions are polydisperse in nature, in terms of both
size and density of the particulate species. The behaviour of such systems lies between the
surface-dominated interactions of conventional colloidal dispersions (d, < 1 micron) and the
hydrodynamic interactions of coarse particles (> 10 microns) and, as a consequence, it is
difficult to model their behaviour from first principles in a systematic way. Many judicious
assumptions are often made (e.g. rigid spheres, uniform size and shape, neglecting non-
hydrodynamic interactions), particularly when extending theories to high solids volume
fraction systems. For instance, one assumption often made is that all particles settle at the
same velocity. In practice, however, there is a good deal of experimental evidence (see, for
instance, Williams et al, 1991) that points to the segregation of particles, whether by size or
density (or a combination of both) during settling of even high solids concentration
dispersions. This is known as hindered settling and implies that the conventional approach
of determining solids flux (defined as the mass or volume of solids settling per unit area
unit time) by the velocity of the suspension-supernatant interface is inadequate for most
industrially relevant systems, leading to underestimates of the true value. In many cases, this
limitation is addressed by the use of design correction factors particularly when sizing
industrial scale thickeners and clarifiers. However, this practice adversely affects capital and
operating costs since settling tanks can be oversized by up to 40% for a given duty. Good
reviews of the development of sedimentation models can be found in (Williams et al, 1991)
and (Barnes and Holbrook, 1993) for systems of high solids concentration and in (Tadros,
1992) and (Russel et al., 1989) for low solids concentration.

An additional complication to the monitoring and modelling of sedimentation in industrial
applications is that very often particles will aggregate, whether intentional or otherwise to
the process, to form flocs. These flocs will have different structures

1
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depending on the process conditions and, therefore, will have different settling
behaviours. For instance, they may have either loose, open structures, containing a
high proportion of the liquid phase, or dense, closed structures consisting mostly of the
solid phase. In practice, at least five types of mixed-colloidal-non-colloidal and
colloidal dispersions can be identified. These involve stable, strongly flocculated,
strongly coagulated, weakly flocculated or weakly coagulated systems (where the use
of the term flocculation implies the use of polymeric species, and coagulation
represents aggregation via electrostatic and van der Waals mechanisms). In addition
there are other composite cases. Some quantitative investigationsl and simulations on
stable and strongly flocculated colloidal systems have been reported (for a review, see
Williams et al. 1992). In addition, sedimentation is a dynamic process in the sense that
it is quite likely that flocculated particles may form larger aggregates and on reaching a
critical size (for a given locality where a certain fluid velocity is experienced in the
separation vessel) may break up into smaller aggregates. Recent advances in
computational techniques have led to the development of stochastic models to simulate
such behaviour, but these are limited in the finite number of particles that can be
incorporated into the models (hundreds instead of the many millions encountered in
practice) and the lack of fundamental understanding of the effects of multi-particle
interactions, both hydrostatic and electrostatic. It is evident that there remains a need
to describe such complex phenomena by empirical modelling based on the acquisition

of comprehensive experimental data.

In recent years, several sedimentation measurement techniques which attempt to
address the above requirements have been developed. The majority rely on monitoring
the wvariation of some property (e.g. hydrostatic pressure, electrical
resistance/capacitance) over a defined sensing volume. Unfortuhately, this approach is
often associated with a need for calibration to specific dispersions. Most are not

suitable for continuous on-line operation.
The objective of this research is to design and develop a novel technique based on a
multiple vibrating reed system for the on-line monitoring of the behaviour of settling

suspensions, independent of the physico-chemical properties of the constituent phases.

12



Chapter 1 Introduction

Each reed system comprises a stainless steel rod pinned at an intermediate point along
its length. One end (the ‘remote side’) is exposed to the settling suspension whilst the
other (the ‘drive side’) is driven into transverse vibration at resonance by an alternating
current electromagnet. With length ratios of the drive to the remote spans of the reed
of less than 0.4, the resonance frequency of the reed becomes predominantly sensitive

to changes occurring on the remote side only (Mahgerefteh et al., 1990).

The principle of operation of the device is simple and relies on the fact that the
resonance of a stiff reed performing simple harmonic motion in a fluid medium is
directly related to the fluid hydrodynamic head. We make use of the fact that in the
case of a settling suspension, the fluid bulk density and hence the hydrodynamic head
decreases with time as solids settle out of suspension. Particle settling velocities and
solids flux profiles may in turn be easily obtained by continuous monitoring of the
resonance frequencies of a number of reeds positioned at set levels along a settling

tank.

The thesis is presented in nine chapters.

In Chapter 2, different types of gravity sedimentation equipment for the recovery of
solids from suspensions are reviewed. In particular, it is shown that the process of
sedimentation is often complicated by the interaction of several inherently complex
phenomena. The associated need for a better understanding of the theory of
sedimentation with respect to the influence of the various underlying physico-chemical
processes which govern the settling rate of suspended particles is examined. The latter
requirement emerges from a critical review of the limitations of traditional methods
(Kynch, 1952; Coe and Clevenger, 1916) of analysing suspensions the majority of
which rely on the assumption of a visible and sharp suspension-clear liquid interface as
well as several other often unrealistic assumptions. The chapter concludes by

addressing the need for a more accurate mathematical representation of sedimentation.

13



Chapter 1 Introduction

In chapter 3, the hydrodynamic effect of a viscous fluid on the settling rate of
suspended particles is discussed. In particular, the application of Stokes’ (1851) law
for the determination of the terminal settling velocity of a single spherical particle
falling through an unbounded fluid is reviewed. The use of subsequent empirical
correlations which take into account the influence of particle shape, the presence of
multiple particles in the fluid medium, wall effects and the particle concentration is also
considered. The chapter also describes the nature of particle-particle hydrodynamic
interactions for both monodisperse and polydisperse systems and concludes by
highlighting the need for more rigorous theoretical models which take into account the
influence of electrostatic and dispersion forces on the stability of suspensions.

Chapter 4 reviews various predictive hydrodynamic and semi-theoretical correlations
for the estimation of settling velocities in multi-particle systems such as glass
ballotini/water suspensions. It is shown that such correlations work on the basis of
incorporating a hindered settling function calculated from the suspended solids volume
fraction, ¢, and in some cases, the particle Reynolds number, Re,. The chapter also
reviews a number of hydrodynamic and stochastic simulation models which have been
developed over the years by extension of the aforementioned hydrodynamic
correlations in conjunction with appropriate experimental data. Such models attempt to
compute particle settling velocities in complex polydisperse systems whilst at the same
time simulating the effect of hydrodynamic and/or electrostatic forces. The chapter
concludes by emphasising the role of extensive experimental data in the development
and validation of existing correlations and simulation models. The associated need for

reliable experimental techniques of analysing suspensions is also briefly discussed.

In Chapter 5, the reliability of several sedimentation measurement techniques which
have been developed in recent years is critically evaluated. The extent to which such
techniques address the limitations of existing models by providing direct measurements
of particle settling velocities, the solids concentration and the solids flux is discussed in
detail. In particular, it is shown that in order to fully characterise the behaviour of the
dispersed phase the majority of existing analysers rely on monitoring the variation of
some property over a defined sensing volume. This is the important prerequisite for the

14
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quantitative assessment of the sedimentation process since all real effects must be taken
into account. The latter can be achieved via in-situ measurements obtained in a model-
independent manner that does not require prior knowledge of the suspension
characteristics. The chapter concludes by highlighting the considerable incentive to
develop such techniques since most of the analysers reviewed require calibration to

specific dispersions.

Chapter 6 describes the design and development of a resonating vibrating reed
sedimentation analyser which addresses most of the limitations of existing techniques.
The development of a bench-top unit utilising a single reed is described first. This
system is used in conjunction with theoretical modelling (Mahgerefteh and Al-Khoory,
1991(a)) to determine the optimal design and operational characteristics required for
the multiple reed system. The resulting performance data relating to the system
sensitivity, stability and mass resolution are also presented in chapter 6. This is
followed by a description of the disposition of the multiple reed system and the design
of the associated sedimentation rig. The chapter concludes by describing specially
developed ancillary electronics and a computerised data acquisition system with a

capability to provide frequency measurements at a rate of ca. 10” s per channel.

The results of a series of experiments elucidating the performance characteristics of the
multiple reed system are presented in chapter 7. In the main, these demonstrate the
effects of the reed amplitude of vibration, the suspension bulk viscosity as well as its
temperature on the system’s response. This work is then followed by a number of
further studies the results of which form the basis for establishing the feasibility and
reliability of the vibrating reed system in providing particle settling velocities and the
solids flux. The chapter also deals with the methods and equipment used to prepare
and characterise test samples as well as the manner in which test suspensions are
prepared and monitored. The accuracy of experimental settling velocity measurements
obtained in conjunction with nominally monodisperse 200 - 212 pum glass ballotini
(solid volume concentrations 1.75 - 2.81 %)/water suspensions is verified by
comparison with data obtained from direct visual observation of the rate of descent of

the suspension-clear liquid interface. The former are obtained directly from the
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Chapter 1 Introduction

breakthrough times of resonance frequency versus time profiles. In conclusion, the
calibration of the system's rate of change of resonance frequency to the solids flux is
presented. It is shown that the system calibration plots can be applied to other test
suspensions in order to obtain solids flux profiles from direct measurements of the rate

of change of resonance frequency.

The main body of experimental settling velocity and solids flux data is presented in
chapter 8. The chapter deals with the utilisation of the aforementioned calibration plots
to characterise the settling behaviour of various polydisperse glass ballotini (density
2550 kgm™)/water suspensions. This is achieved by taking the first derivative of
resonance frequency versus time profiles. The resulting rate of change of resonance
frequency data is then used in conjunction with the system calibration plots to produce
solids flux (kgm™s™) versus time profiles the accuracy of which is validated by direct
mass balance. Such data is then compared with the corresponding volume-based
estimate of the solids mass throughput calculated from the known initial solids

concentration (kgm™) and the suspension volume above each reed.

Chapter 8 also discusses the comparison of experimental settling velocity
measurements with theoretical data generated from some of the important predictive
models presented in chapter 4. This analysis is limited to the monodisperse 200 - 212
pm glass ballotini/water suspensions for which the correlations are appropriate. The
reliability of measurements obtained in conjunction with the various polydisperse
suspensions on the other hand, is deduced from the aforementioned direct mass
balance approach rather than by comparison with theoretical models. This is primarily
due to a lack of reliable models capable of simulating the behaviour of very dilute

(solids concentrations < 5 % v/v) polydisperse suspensions.
Preliminary data on the effects of solids concentration and mean particle size on the

propagation wave velocity following the transition from steady (prior to sedimentation)

to unsteady operation are also given.

16
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The chapter concludes by presenting preliminary data on the sedimentation of
flocculated kaolin/water slurries which demonstrates the capability of the current
multiple reed system in providing useful information on the settling behaviour of an
industrially relevant system. In addition, the feasibility of extending the application of
the current measurement technique to monitoring the stability of two-phase
liquid/liquid emulsions is briefly discussed by reference to preliminary data obtained in

conjunction with oil/water emulsions.

Chapter 9 is a general conclusion of the main findings of the thesis as well as

suggestions for future work.
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CHAPTER 2

LITERATURE SURVEY

SOLID-LIQUID SEPARATION BY SEDIMENTATION

2.0 Introduction

Although sedimentation is a superficially simple process which occurs in nature, for
instance in geological solid-liquid separation processes and the accumulation of mud
on river beds, the underlying physico-chemical activities that govern the rate of solids
removal are not trivial. Thus, sedimentation is not as simple as it might first appear and
careful design and operation of practical equipment which exploits this process is
essential. It is therefore important to understand the theory of sedimentation in order to

be able to relate the influence of various phenomena on practical systems.

The handling and separation of solid-liquid suspensions is a common process in several
industries ranging from mineral processing to environmental pollution mitigation
operations such as waste water treatment. In both of these cases operators are
concerned with recovering solids from slurries, often in the form of a thickened
product and the primary objective is, therefore, to maximise the rate of settling of the
solid phase. This in turn requires a detailed understanding of sedimentation kinetics, in
particular, the principle factors that influence the settling behaviour of suspended
particles. The important parameters with respect to process monitoring and control
include particle settling velocities, particle concentration and the solids flux (mass
settling per unit area per unit time) which is essential for the design of industrial unit

operations such as conventional thickeners and clarifiers.

This chapter is a literature review of the practical application of gravity sedimentation
to the recovery of solids from suspensions. The importance of achieving an accurate
understanding of the process kinetics is discussed and the influence of the various

phenomena which govern the handling characteristics of settling suspensions is

18



D’ st AR AT W AR TS AR EAE ST T Mg Rt e ety ¥ RARReif el eiareaes

presented. The traditional jar test method (Kynch, 1952) which relies on observing the
settling rate of the suspension-supernatant interface and the subsequent application of
momentum-balance theory to infer sedimentation kinetic data is also reviewed. This
approach incorporates several unrealistic assumptions which often lead to erroneous

predictions of the handling capacity of sedimentation equipment.

This chapter also presents a review of existing practical sedimentation equipment. In
particular, the various conventional thickener and clarifier configurations used in
process industries are described. In addition, a brief account of the use of more

sophisticated high-rate settlers is presented.

2.1 Applications in Process Industries

In recent years the investment required in order to meet the EC Urban Waste Water
Directive has been estimated to be of the order £107 billion per annum (Wright, 1992).
This has focused significant attention on issues of economics and the need for process
design optimisation in waste water treatment plants the majority of which rely on
gravity sedimentation as the primary means of removing suspended solids.
Accordingly, the acquisition of accurate process kinetic data is essential for the optimal
design and specification of the appropriate sedimentation equipment. Unfortunately,
very little kinetic data is available for waste water sedimentation because the main
attention and focus until recent times, has been on the final effluent quality. The little
data that exists has very often been derived from infrequent spot samples of influent
and effluent streams. This approach is retrospective and evidently non-representative
as the composition of both streams varies with time. Consequently, the optimal
hydraulic retention time of the treatment works can not be reliably predicted. This
limitation is often addressed by incorporating large design safety factors when sizing

clarifiers resulting in unnecessarily high capital and operating costs.
In contrast to processes which rely on separation by gravity sedimentation, there are
several systems which require the minimisation of the rate of separation of the

dispersed phase. These include food processing, the processing of clay (kaolin/water)
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suspensions and the handling of emulsions where phase separation must be avoided in
order to maintain uniform dispersions. In such systems it is important to have a good
understanding of the stability of the dispersion as a function of time. This can also be

achieved by monitoring factors such as particle concentration and settling velocities.
2.2 Industrial Design Procedures for Sedimentation Equipment

The conventional approach applied to the study of settling suspensions involves
carrying out laboratory jar tests in order to observe the rate of descent of the
suspension-supernatant interface as a function of time and where applicable, the rate of
growth of the sediment-suspension interface. One of the most notable attempts of the
application of this method is reported by Kynch (1952) who used momentum-balance
theory arguments to arrive at a simple mathematical representation of sedimentation.
Talmage and Fitch (1955) and Shannon et al.(1964) employed the Kynch approach to

derive more useful expressions for the characterisation of the sedimentation process.

This approach is based on the assumption that interfaces are readily discernible and
representative of the bulk settling behaviour of suspensions. However, very often
complications arise from the action of inherently complex processes and the rate of
descent of the interface may not represent the true behaviour of suspended particles.
Thus, if the product of the interface velocity and the initial solids concentration is used
to estimate the solids flux (kg m? s') the rate of settling may be seriously
underestimated. This is because the true settling velocity may be much higher than that
inferred from the interface. In addition, suspensions are assumed to be monodisperse
with respect to particle size and/or density. In contrast, there are many cases where
suspensions contain a wide range of particle sizes and densities. For such systems there
exists a range of settling velocities within the bulk of the suspension each
corresponding to a discrete particle size range. For instance Amarasinghe (1990)
reports that the suspension-supernatant interface velocity corresponds to the settling
velocity of the smallest particles present in a suspension. Accordingly, the rate of
descent of the interface does not represent the average settling rate of particles and the

design of a clarifier or thickener on the basis of such data would be inappropriate. It is
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noteworthy that even for nominally monodisperse systems effects such as aggregation
can induce a particle size distribution thereby inducing similar errors in the predicted

flux.

When handling concentrated suspensions hindered settling effects dominate the settling
behaviour of particles. The nature of particle-particle hydrodynamic interactions in
such systems is such that particles tend to settle at the same minimum rate irrespective
of the particle size distribution. This effect is often validated by the observation of
sharp suspension-supernatant interfaces and formulates the basis for the classic work of
Coe and Clevenger (1916). These workers used the assumption of a uniform settling
rate to relate the interface velocity to the average settling rate of a suspension and their
theoretical predictions are still widely applied to the design of conventional thickeners.
Coe and Clevenger concluded that a “critical sedimentation point” is reached at the end
of the settling process such that all particles are confined to a clearly defined sediment.
Beyond this point the level of the supernatant is assumed to be constant except for the
case where the sediment can be dewatered by compression. On this basis they define a

working solid flux, G,, for a thickener which is given by the expression:

G, = ——s @.1)

where, u; is the apparent (suspension-supernatant) settling velocity, Cr is the
concentration of solids in the settling vessel and C, is the concentration of solids in the
underflow product. The solids concentration is expressed as the ratio of the solids mass
to the fluid mass and the procedure involves determining corresponding values of us

and Cr between the feed composition, C¢ and the desired underflow composition, C,.

The required thickener settling area is then estimated by conducting a simple mass

balance.
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Coe and Clevenger (1916) studied suspensions of discrete fast settling particles for
which sediment compaction effects are almost negligible. In contrast, the suspensions
handled in many practical applications contain a range of particles which may settle as
aggregates. The interstices between particles in these aggregates may contain
significant amounts of fluid which is released during sediment compression. Thus, as
the aggregates collapse under the weight above them a sediment with a range of levels
of compaction is formed. For instance, Micheals and Bolger (1962) used the jar test
method to study the settling béhavioﬁr of flocculated (aggregation by electrostatic
forces) clay suspensions and observed that the compaction rate is strongly dependent
on the initial solids concentration. Therefore, for such systems the assumption of Coe
and Clevenger‘ can lead to a serious overestimation of the solid flux which may in turn
lead to underestimation of the predicted thickener area. Shannon and Tory (1966)
suggested the use of a raking arrangement which induces shear and breaks up

aggregates to produce a compact sediment.

Fitch (1979) gives a review of various models which can be applied to the design of
thickeners and suggests alternative design methods. Although prone to several
limitations, the traditional jar test method offers preliminary data which can be used for
design purposes albeit with the customary inclusion of “correction factors” which

attempt to account for some of the above mentioned effects (Merta and Ziolo, 1986).
2.2.1 Operational Characteristics

Whilst thickening and clarification are essentially similar operations fundamental
distinctions can be drawn between the two processes on the basis of their respective
primary objectives. Thickeners are designed to produce' concentfated solid products
and the bulk settling rate of solids tends to be dominated by hindered settling effects
(Dick, 1972). In contrast, clarifiers are usually designed to remove relatively small
amounts of suspended solids and produce a clear liquid as an overflow product.
Typically, the process of clarification is characterised by quiescent settling conditions
and minimal hydrodynamic interactions between settling particles. However, this is
strictly only true for dilute systems and the bulk settling rate of particles can be
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determined by direct sampling of the overflow effluent at different time intervals

followed by analysis to determine the suspended solids content.

The mechanical design of thickeners and clarifiers usually consists of; a settling tank, a
system of feeding pipes with an associated feedwell, an overflow withdrawal/
collection mechanism and an underflow withdrawal/collection mechanism. A raking
mechanism similar to the one described by Shannon and Tory (1966) is often used
when handling concentrated suspensions or high viscosity non-Newtonian suspensions.
These are usually large rotating structures with sophisticated drive and lifting
mechanisms.

2.2.2 Types of Sedimentation Tanks

One of the earliest types of sedimentation tanks is the rectangular fill and draw vessel
which is operated on a semi-continuous basis. Whilst this type of unit provides free-
settling conditions in the bulk suspension it is difficult to desludge and is costly to
construct and operate (Tebbutt, 1992). Consequently, rectangular flow units are now
rare except in small scale industrial applications where their relative simplicity
compensates for these disadvantages. In contrast, the majority of modern
sedimentation vessels are operated on a continuous basis and the sediment is removed

at regular intervals without recourse to stopping the inflowing feed.
2.2.2.1 Horizontal Flow Tanks

Rectangular horizontal flow settling tanks have the advantage of allowing for the
efficient use of area and are therefore suited to applications where the minimisation of
floor space is a primary objective (Tebbutt, 1992; Hall and‘Hyde, 1992). Figure 2.1(a)
shows a schematic representation of a horizontal flow tank. A reciprocating scraper
mechanism is required in order to deliver the sediment to a withdrawal hopper. This
particular type of raking mechanism can be costly and is prone to mechanical failure.

For this configuration a single-end weir is used to discharge the overflow product,
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Figure 2.1 Common types of gravity sedimentation tank; a) horizontal flow tank b) radial
flow tank and c) vertical flow tank (Tebbutt, 1992).
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however, this tends to generate high local velocities. The latter effect can be
detrimental to the separatidn efficiency of the unit since some suspended solids may be
convected upwards near the outlet. This effect can be minimised by the use of inset or

double-sided weirs.
2.2.2.2 Radial Flow Tanks

These units are circular and have the hydraulic advantage of even flow distribution
across the entire vessel. Figure 2.1(b) shows a schematic representation of a radial flow
tank. Compared to rectangular tanks, these units tend to have low indices of short
circuiting (i.e. there are few dead spaces). In addition, a circumferential overflow
collection arrangement allows for ample weir length in order to ensure low velocities in
the vicinity of the outlet. An appropriate circular scraper mechanism such as the one
shown in figure 2.1(b) is usually used to remove the sediment on a continuous basis.
This is more reliable than the reciprocating mechanism used in rectangular tanks.
However, circular tanks tend to require significantly more floor space for a given duty
and are more difficult to construct. Circular tanks are particularly suited for the
handling of suspensions with a high suspended solids content.

2.2.2.3 Vertical Flow Tanks

These units are commonly used in small scale wastewater treatment plants often as
potable devices. Figure 2.1(c) shows a schematic representation of a vertical flow tank.
These units are conceptually simple and can be very efficient provided they are not
overloaded (Montgomery, 1985). However, because of their depth and overall
configuration they can be costly to construct. The application of vertical flow settlers
to wastewater treatment is particularly attractive since flocculation and sedimentation
processes can be carried out simultaneously (Tebbutt, 1979). In such arrangements
flocculation occurs within a separate inner zone whilst sedimentation takes place in

outer zones. This effect can also be achieved in circular units.

25



hadbddn’ o AAPP T AR WS VA VRS ST TR AT R eVTE Y MARITI TR P

2.2.2.4 High-Rate Settlers

These are generally inclined units which provide large effective surface areas for
sedimentation (Davis and Acrivos, 1985). Compared to conventional settlers they are
characteristically small and occupy small floor spaces. Typical examples include lamella
and inclined-plate settlers which consist of several closely packed inclined plates.
Figure 2.2(a) shows a diagram of a typical lamella thickener. In such systems, the
plates are typically 1 to 3 m in length and 1.2 m wide and the spacing between them
usually varies between 25 mm and 100 mm. A suitable system configuration is selected
such that the flow distribution to each plate results in maximum efficiency (see figures
2.2(b) and 2.2(c)). The separation of solids from the fluid relies on solids settling onto
the inclined plates and then sliding downwards where they are collected in a hopper.
These units are therefore, not suitable for handling fouling slurries such as thixotropic
slimes or operation under turbulent conditions. In the latter case resuspension of
settled solids can occur (Schaflinger et al., 1990) thereby reducing the separation

efficiency as discussed later in chapter 3.

2.3 Conclusion

In this chapter, the practical application of gravity sedimentation to the recovery of
solids from suspensions has been discussed. In particular, it has been shown that the
process of sedimentation is not as trivial as it might first appear due to complications
which arise from the interaction of several inherently complex processes. Accordingly,
the need to understand the theoretical basis of sedimentation in relation to the influence
of various phenomena is important. For instance the limitations of the traditional jar
test method of Kynch (1952) which is commonly used to provide preliminary estimates
of suspension settling rates has been shown to incorporate several unrealistic
assumptions. These include the suspension-supernatant interface velocity being
equated to the average settling rate of particles which can lead to overestimation of the
solids flux and therefore, underestimation of settler area. The approach of Coe and
Clevenger (1916) is also flawed since it fails to take sediment compression effects into

account. Thus, the assumption that multiple critical zones of compaction do not occur
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Figure 2.2 Design of Delta Stak (lamella) thickener a) general view of equipment; b)
detail of the flow pattern across a single element; c) details of the downward co-current
flow patterns within the device and d) the floor space saving as compared with other
lamella and conventional thickener equipment (courtesy, BH Process Equipment, Europe).
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at the end to the sedimentation process can lead to erroneous predictions of the

handling capacity of settlers especially for systems where aggregation effects dominate.

The limitations of the jar test method are highlighted by the frequent use of large
design correction factors to compensate for the seemingly intractable phenomena
which occur in real systems. This represents a problem and calls for a better
understanding of settling phenomena and the development of more accurate
mathematical representations of the sedimentation process. Further more, the primary
method of determining the settling rate of suspended solids in conventional settlers is
direct sampling of influent and effluent samples. This approach is retrospective and

evidently non-representative of the dynamic performance of real systems.
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CHAPTER 3

FLUID-PARTICLE HYDRODYNAMIC INTERACTIONS
3.0 Introduction

The settling behaviour of suspensionsvof fine particles, typically in the size range 1 -
100 um is very often dominated by the effect of electrostatic forces. In particular,
sedimentation systems in the colloidal range can be greatly influenced by forces of
repulsion or attraction depending on the nature of the surface charge carried by the
particulate phase. For such systems hydrodynamic forces may have a negligible impact
on the settling rate of particles. In contrast, there are several practical applications
where coarse particles settle through viscous fluids. The settling rate of particles in
these systems tends to be governed by hydrodynamic forces such as viscous drag

rather than electrostatic interactions.

The hydrodynamic force acting on a single particle falling through a viscous fluid is
well understood and can be determined directly from experimental observations in
conjunction with established theory. In the case of a suspension, however, several
particles settle through a fluid simultaneously, and multi-body effects lead to a
complicated array of momentum balance equations and it becomes difficult to

determine the net hydrodynamic force.

This chapter describes the hydrodynamic effects of a viscous fluid on the settling rate
of single spherical and irregular particles taking into account wall effects. It also
represents a review of the important work carried out on monodisperse and
polydisperse dilute as well as concentrated suspensions. The appropriate theoretical

modelling for sedimentation kinetics of such systems is given in chapter 4.
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3.1 The Effect of Drag on a Single Settling Particle

A single particle settling through a fluid medium displaces and at the same time
redirects the flow of the fluid around it. This represents a disturbance of the fluid and
results in a local velocity gradient along the surface of the particle. If the fluid is
incompressible and non-viscous then there is no net force exerted on the particle by the
fluid due to the absence of skin friction (also known as viscous drag). Referring to
figure 3.1, the sum of kinetic energy and pressure energy is constant at all points on the
surface of the particle. This is because the pressure decreases from A to B and from A
to C whilst pressure increases from B to D and from C to D. The kinetic energy of the
fluid on the other hand attains a maximum value at B and C and is zero at points A and
D. This means that for this two-dimensional model an infinite velocity exists at the
surface of the particle.

In the case of a viscous fluid, a boundary layer forms on the surface of the particle
thereby retarding the flow of the displaced fluid. Since pressure energy decreases from
A to B and from A to C the boundary layer is thin and therefore, the retarding effect of
the particle on the surrounding fluid is insignificant as in the case for a non-viscous
fluid. However, since pressure rises from B to D and from C to D the thickness of the
boundary layer increases and may well separate from the surface of the particle
creating a wake of eddies. These eddies dissipate energy and are associated with an
additional force commonly referred to as form drag. Therefore, the net drag force
exerted on a particle falling through a viscous fluid is the sum of viscous and form drag
components the relative magnitudes of which depend on the settling rate of the
particle. If the settling velocity of the particle relative to the fluid is small the formation
of eddies is suppressed and the form drag component is negligible. However, if the
relative velocity of the particle is high large eddies are generated and the form drag

component dominates the drag force.

30



4 -7 riwia-rariicie riyagroaynamic Interactions

Buoyancy
T D
B
. r

Acceleration A

force ?
Form drag
+
Skin friction
Gravitational
force

Figure 3.1 Flow around a spherical particle in an unbounded fluid.
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3.1.1 Spherical Particles

The drag force exerted on a spherical particle falling through a viscous fluid is given
by:

Fp = Fhiction drag + Frormarag 3.1

The ratio of the total drag force, Fp to the inertial forces acting on a particle is known
as the drag coefficient, Cp (Lappel and Shepherd, 1940) and for a spherical particle is
given by:

c = Tb (3.2)

D T
gpf ui di

where, uy is the particle velocity relative to the fluid, pr is the fluid density and d, is the
particle diameter. The drag coefficient, Cp is a very useful dimensionless group since in
this form the drag force acting on a spherical particle can be presented in the form of a
standard curve showing the variation of Cp with the Reynolds number, Re. Figure 3.2
shows a typical drag curve. For Re < 0.2 viscous drag dominates the drag force whilst
for Re > 500 form drag dominates. For the intermediate range of Reynolds numbers

both components of the drag force become significant.

Referring to figure 3.2 the fitting equation for each part of the curve corresponds to a
drag coefficient correlation for that range of Reynolds numbers. There are several
correlations of this type in the open literature all of which apply to a limited range of
Reynolds number (Clift et al., 1978). For the laminar flow regime (Re < 0.1) the drag

coefficient can be estimated from the equation:

24

C. =22
D Re

(3.3)
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Figure 3.2 Standard drag curve showing a comparison of experimental and calculated

values of the drag coefficient, Cp (Arai, 1996).
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For the turbulent flow regime (750 < Re < 3.5 x 10°) Cp is approximately constant at a

value of ca. 0.44 whilst for transition flow Cp is given by:

185

Cp = Re0S

34

Several workers have attempted to develop correlations for the drag coefficient for as
wide a range of Reynolds numbers as possible. For instance the correlation of Concha
and Almendra (1979a):

(3.5)

9.06 |
cD=028[1+ : J

Re%

which is widely accepted is valid for Re >> 1. Dallavalle (1948) reports a similar

generalised correlation:

2
48
Cp = |06 3.6
D [ + Re%} ( )

which has been extensively tested and shown to be valid for a wide range of Reynolds

numbers.

Considering the force balance for the case of a spherical particle falling through a
viscous fluid, the effect of gravity is such that the velocity of the particle initially
increases as it accelerates. The particle continues to accelerate until the retarding drag
force causes it to settle at a constant rate known as the terminal velocity, u,. The
gravitational force acting on the particle is given by:

F, =

a3

d3 (ps - pr)g (3.7
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where, ©/6 is a rationalising factor for spherical geometry, g is the universal

gravitational constant and p; is the particle density.

For the laminar flow regime:

24 8F,
Re ~ —2—-2— (3.8)
e mppugd;
Hence, substituting for the Reynolds number gives:
Fp =3nped,u, 3.9)

where, i is the fluid viscosity.

Therefore, for the equilibrium condition where the magnitude of the drag force is equal

to the gravitational force and equating equations 3.7 and 3.9 gives:

T
3npedyu, = =dp(p, —pe)e (3.10)
and:

_ dpa(ps —ps)

3.11
T @3.11)

o

Equation 3.11 can be used to determine the terminal velocity of a single spherical
particle and is known as Stoke’s Law (1851) which is based on the assumption of a no-
slip condition at the interface between the surface of the particle and the fluid. Other
important underlying assumptions in this analysis include; free settling of the particle
through an unbounded fluid, negligible wall effects and fluid incompressibility.

For the turbulent flow regime:
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pruidl = 0.055nd3 p, ul (3.12)
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Therefore, for the equilibrium condition:
T
0.055md2 pe vl = gdf,(ps - Pe)8 (3.13)

and:

M ECE R
Pt

(3.14)

Equation 3.14 is known as Newton’s Law (Newton, 1687).

3.1.2 Non-Spherical Particles

The majority of particles found in real suspensions are irregular. Accordingly, their
settling behaviour can be quite different from that of spherical particles and in some
cases Stokes’ law may not apply even at low Reynolds numbers. This is due to the fact
that irregular particles tend to have a rotational component to their motion in addition
to their downward flow and consequently, may not fall vertically. This means that the
drag force acting on an irregular particle is not necessarily parallel to the direction of
flow. Furthermore, at higher particle Reynolds numbers the boundary layer between
the particle and the viscous fluid may separate prematurely compared to the case for a

spherical particle of equivalent characteristic dimensions.

It is, therefore, evident that in order to estimate the drag force acting on an irregular
particle it is necessary to first identify its orientation relative to the fluid. This problem
is very often resolved by determining the projected area, A, of the particle in the

vertical plane. This is then used to calculate the projected area diameter which is
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equivalent to the diameter of a circle of the same area. However, since the orientation
of the particle may vary with time as well as particle shape it is convenient to apply a
mean value based on the plane of greatest stability. Heywood (1948) used this

approach and reports the projected area diameter, d, to be given by:

4 =222 (3.15)

Heywood defines a shape factor based on the volume of an irregular particle as:

_ particle volume

k' — (3.16)
(@)
and the corresponding correlation for the terminal velocity is:
u, =K, u, (3.17)

where K, is an empirical correction factor which accounts for the particle shape and

volume:

K, = f(k") (3.18)

The shape factor, k can be expressed in terms of characteristic particle dimensions as

follows:

P (3.19)

where, 1, is particle length in the plane of greatest stability. b, and t, are, respectively,
the particle breadth and thickness normal the plane of greatest stability. Clift et al.
(1978) carried out extensive experiments with various particle shapes and report

different values for the empirical constant k. for different geometries.
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It is noteworthy that this treatment of the settling behaviour of irregular particles is
not valid at high Reynolds numbers since the rotational component of the particle
motion is large and it is not possible to make simplifying assumptions about particle

orientation.
3.1.3 Wall Effects

Since suspended particles settle in containers of finite dimensions wall effects may
contribute an additional retarding force which affects the motion of the particles as
well as the fluid. The extent to which the motion of particles is hindered by this effect
depends on the ratio of the particle size, d, to the diameter of the container, D.

3.1.3.1 Single Particle Case

For a single particle falling through a viscous fluid, the hindering effect of the container
wall can be theoretically determined and expressed as a function of the diameter ratio
dy/D. This case has been extensively studied by several workers over the years and
there are several correlations, both theoretical and empirical, which relate the terminal
velocity of a particle settling in a bounded fluid.

For a Newtonian fluid in laminar flow, Lali et al. (1989) report wall effects to be
significant for d,/D > 0.05 and suggest use of the correlation:

d da )y’ d\’
Y 122105 3" + 2.087(3"] ~ 095 (3") (3.20)

U,

where w; is the terminal settling velocity of the particle in the bounded fluid. Similarly,
Garside and Al-Dibouni (1977) suggest the expression:

d
Soo_ 14 2.35(-15”«) (3.21)
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which is valid for Reynolds numbers in the range 3 < Re < 1200. Another useful

correlation is the empirical equation developed by Francis (1933):
U _ D
= 3 (3.22)

According to Clift et al. (1978) and Iwaoka and Ishii (1979) equation 3.22 predicts
terminal velocities which are in very good accord with the more rigorous theoretical

model of Haberman and Sayre (1958).

The theoretical representation of settling at Reynolds numbers outside the laminar flow
regime is difficult since there is very little pertinent experimental data for this case.
However, it has been shown that wall effects become less important as the Reynolds
number increases (Fidleris and Whitmore, 1961) and the empirical correlation of

Munroe (1988) best represents experimental data:

15
b (fll] (3.23)

However, there still remains a great deal of uncertainty with regard to the influence of
wall effects on the settling behaviour of particles in the transition flow regime. In order
to address this difficulty, Di Felice (1996(a)) developed a fluid dynamic analogy model
based on geometric equivalence between a single sphere settling in a cylindrical vessel
and a multi-particle suspension and found that suspension voidage, € is related to the

diameter ratio d,/D by the expression:

g=|— D (3.24)
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The author defines a function f{d,/D) to take wall effects into account as well as a
voidage function g(e) which represents multi-particle effects. The two functions are
related by the equation:

d .
f(sp] Cp, = 8(€)Cp, €’ (3.25)

where, Cp is the drag coefficient for a single particle settling in a confined vessel
whilst Cp; is the drag coefficient for the multi-particle system. The relationship

between particle settling velocities for the two cases is given by:

*

U, = u.e (3.26)

The drag force acting on the single particle is given by:
d, 5
Fpe = f D kCp, Re, 3.27)

compared to the expression for the same particle settling in an unbounded fluid:
Fp, = k Cp, Re? (3.28)

Since the particle settles at its terminal settling velocity in both cases equations 3.27
and 3.28 are equal. Therefore, the terminal settling velocity of the particle can be
expressed in terms of the function {d,/D):

0.5

U _|_TDo (3.29)
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and the introduction of the fluid dynamic analogy gives an expression in terms of the

suspension voidage:

C 0.5
ut Do
A LN (3.30)
Yo [g(S)CDt 32J

Equation 3.3 is most convenient since all terms on the right hand side can be easily
determined for any flow regime. For instance the voidage function g(g) can be obtained
from experiments in which the behaviour of a fluidised bed is observed over a wide
range of Reynolds numbers (Di Felice, 1996(b))

For a non-Newtonian fluid shear thinning may cause a reduction in fluid viscosity
thereby reducing the influence of wall effects on the settling behaviour of particles. Lali
et al. (1989) report a correlation in which fluid viscosity is taken into account by

incorporating a term for the modified Reynolds number, Re, :

u dp 21 1\—0.02
St 1o 2 (Reo) (3.31)
u, D
and:
, dn u(n—Z)
Re, = "It*(—pf (3.32)

In the equation 3.32, K, is the fluid consistency factor which is related to the apparent

fluid viscosity, 1. by the expression:
n-1
u, =K, [_2) (3.33)
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where, n is a flow index whose value depends on the rheological behaviour of the fluid.
3.1.3.2 Multiple Particle Case

The extension of the treatment for a single particle to real suspensions is not trivial and
relies on experimental validation. This is due to the fact that particle-wall

hydrodynamic interactions are influenced by the volume concentration of particles.
3.1.3.2.1 Dilute Suspensions

For very dilute suspensions it may well be that particle-particle and particle-wall
hydrodynamic interactions are comparable. Unfortunately, there are very few accounts
in the open literature dedicated to the estimation of the influence of wall effects on the
settling velocity of very dilute suspensions. This is largely due to the practical
difficulties encountered during the measurement of particle setﬂing rates on the basis of
visual observations of the suspension-supernatant interface. Thus, diffuse interfaces
make it difficult to distinguish between the suspension and the clear liquid thereby
producing discrepancies in experimental data (Davis and Hassen, 1988; Famularo and
Happel, 1965).

Al-Naffa and Selim (1992) employed an experimental technique based on light
transmission to obtain more reliable measurements which are well represented by the

theoretical correlation of Batchelor (1972):

Y o 1_n(-¢ (3.34)
u

[+]
where, ¢ is the suspension voidage

For dilute monodisperse suspensions, the value of the coefficient » is approximately
6.55 compared to a value of 5.5 for slightly polydisperse systems (Batchelor and Wen
1982). More recently, Di Felice and Parodi (1995) carried out experiments in which
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the settling behaviour of dilute suspensions (¢ > 0.95) was observed for various
container diameters. In this work the authors measured the settling velocities of
individual particles as well as the interface velocity under controlled conditions and
conclude that the value of the coefficient 7 is a strong function of the diameter ratio,
dy/D. They report a marked decrease in » as d,/D increases thus contradicting the trend
predicted by Richardson and Zaki (1954) and suggest the following correlation for

dilute suspensions in the laminar flow regime:
— = (3.35)

The analogous form for the empirical correlation of Richardson and Zaki (1954) is
given by:

Ttoo k" (3.36)

where k is an empirical constant. Richardson and Zaki (1954) also report a correlation

for » as a function of d,/D for particles settling in the laminar flow regime:
d
n = 4.65+195 3" (3.37)

It is noteworthy that the study of the influence of wall effects was not of primary
importance in the experimental work of Richardson and Zaki. '

According to Di Felice and Parodi (1995) wall effects are negligible for dilute
suspensions provided the ratio d,/D is small.
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3.1.3.2.2 Concentrated Suspensions

In contrast to the case for a dilute suspension, the Richardson and Zaki (1954)
equation has been extensively validated by experimental data for concentrated systems.
This is probably because particle-particle interactions tend to be dominant in such
systems and, therefore, particle-wall interactions have little effect on the sedimentation
velocity. Thus, for concentrated suspensions values for the empirical parameters » and

k can be independent of the diameter ratio d,/D (Di Felice and Parodi, 1995).
3.2 Monodisperse Suspensions

A monodisperse suspension can be described as a system in which all particles present
are uniform with respect to size, density and shape. For this special case, particle-
~ particle hydrodynamic interactions are negligible and, therefore, particles settle at the
same rate provided the influence of electrostatic and dispersion forces is not important.
Accordingly, the settling behaviour of such systems is relatively easy to model since the
settling velocity of particles can be determined on the same basis as for the case of a
single particle. Thus, Stokes’ law can be applied to the mathematical representation of
nominally monodisperse suspensions albeit with the appropriate modifications to

account for the volume concentration of particles.

Unfortunately, the reliability of theoretical predictions tends to be hampered by the fact
that the concentration of particles can also affect the stability of the suspension. In the
case of a dilute suspension (solid volume fraction, ¢s < 0.05) hydrodynamic forces may
result in the formation of aggregates or clusters thereby inducing a settling velocity
distribution. This effect is characterised by aggregates settling at much higher velocities
than individual particles (Taweel et al., 1989). Taweel et al. postulated that the driving
force for the formation of hydrodynamic aggregates is the acquisition of an energy
state which minimises the dissipation of energy within the suspension. Typically, the
aggregates formed by this mechanism are weaker than those created by the action of

electrostatic forces and are easily disrupted when subjected to shear forces.

44



Chapter 3 Fluid-Particle Hydrodynamic Interactions

Kaye and Boardman (1962) showed that the formation of hydrodynamic aggregates in
concentrated suspensions (¢s > 0.4) is suppressed by hindered settling effects which
dominate the settling behaviour of particles. This is because the fluid displaced by
settling particles in a concentrated system is associated with hydrodynamic shear forces
sufficient to cause the break-up of the relatively weak aggregates. This effect is
responsible for the sharp suspension-supernatant interfaces observed in highly

concentrated suspensions since particles settle at a hindered but constant rate.
3.3 Polydisperse Suspensions

These are suspensions in which particles of different sizes or densities settle through a
fluid at different rates. Thus, large/high density particles settle fast whilst small/low
density particles settle slowly or, in some cases, are displaced upwards by the back-
flowing fluid. This behaviour is known as differential settling and is characterised by
the occurrence of diffuse interfaces. In the absence of a clear suspension-supernatant
interface it becomes difficult to determine suspension settling velocities solely on the
basis of visual observations. This is in contrast to hindered settling where particles
settle at the same rate and in theory, as many distinct zones of settling as there are
particle sizes/densities may occur within the suspension (Mizra and Richardson, 1979;
Selim et al., 1983). In practice the number of discernible zones of settling depends on
the particle size or density distribution of the suspended particles.

For dilute polydisperse suspensions, the formation of hydrodynamic aggregates in the
manner described for the monodisperse case is still possible. However, these tend to be

less stable and are much easier to disrupt (Kaye and Boardman, 1962).
3.4 Channelling Effects

This is the lateral segregation of suspended particles induced by differences in particle
density or size. This phenomenon can be observed in suspensions containing a mixture
of heavy and neutrally buoyant particles and is characterised by the formation of what
are commonly referred to as “fingers” (Whitmore, 1955). In effect the flow of the
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solid phase through the fluid is stratified and distinct regions containing neutrally
buoyant particles are formed and convected upwards whilst at the same time regions
containing heavy particles are created and settle under gravity. It has been reported
that the settling rate of heavy particles in such systems can be a great deal faster than
for the case where buoyant particles are absent. Weiland and McPherson (1979)
developed a technique which exploits channelling effects to enhance sedimentation.
They studied systems that did not contain neutrally buoyant particles and concluded
that provided there are at least twd species of distinct density or size channelling may

occur.

Although channelling effects are capable of improving the settling rate of heavy
particles the overall hydraulic retention time is not always reduced since convection
effects may cause rapid stratification and the zones of heavy particles formed may be
associated with particle concentrations much higher than for the case where
stratification does not occur. Thus, hindered settling effects may be far more significant
thereby retarding the flow of the suspension. It is noteworthy that in accordance with
Kolmogoroff’'s (1962) concept of spectral energy transfer there must be sufficient
particle-particle hydrodynamic interaction in order to destabilise the uniform
suspension and cause stratification. Therefore, in practical applications there exists a
minimum solids concentration (typically, ¢ < 0.1) below which stratification cannot

occur and particles of different densities settle together at their respective velocities.
3.5 Flow in Inclined Channels

So far the settling behaviour of suspended particles has been described on the
assumption of sedimentation in a vertical Vessel. For this case setﬂing rates are only
affected by the vessel if particle-wall interactions are significant. In contrast,
suspensions settling in inclined vessels settle much faster than in conventional systems
on account of increased surface area for sedimentation (Davis and Acrivos, 1985;
Boycott, 1920). This consideration is the basis for the design of commercial inclined

settling vessels such as Lamella and Deltasak settlers which are associated with
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considerably shorter hydraulic retention times compared to equivalent conventional

settlers.

For a typical system in which dynamic effects do not occur, three distinct settling zones
can be observed. A layer of sediment is formed along the bottom surface of the vessel,
the original suspension occupies a region immediately above the sediment and a
supernatant appears near the top of the channel (Miskin et al., 1996). The three layers
are maintained separate by kinematic shocks. However, convection and diffusion
effects very often result in the disappearance of the intermediate layer and instead, a
bottom layer of varying composition is formed. This is due to the fact that the
suspension experiences shear and particle migration (also known as shear-induced
diffusion) occurs in addition to sedimentation and convection phenomena (Leighton
and Acrivos, 1987; Phillips et al, 1992). This effect is caused by irreversible
hydrodynamic interactions between adjacent particles and is not to be confused with

Brownian diffusion which is induced by motion at a molecular level.

The improvement in settling rate that can be achieved in an inclined channel is critically
dependent on the ability to maintain laminar flow conditions. Otherwise the upward
shear-induced particle flux may exceed the downward particle flux due to
sedimentation resulting in the formation waves which travel upwards thereby reducing
the separation efficiency (Schaflinger et al., 1990). This unstable condition can even
bring about resuspension of the sediment especially for cases where polydisperse
suspensions settle in inclined channels at high Reynolds numbers (Schaflinger et al.,
1985). The extent to which the separation efficiency is reduced by this effect also
depends on the angle of inclination of the vessel. Although resuspensioh effects are
usually associated with furbulence and high Reynolds numbers they have also been
observed in the laminar flow regime (Gadala-Maria, 1979). This phenoménon is known
as “viscous resuspension” and can be predicted on the basis of force balance arguments
(Leighton and Acrivos, 1986).
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3.6 Conclusion

In this chapter the hydrodynamic effect of a viscous fluid on the settling behaviour of
particles has been presented. In particular, the application of Stokes’ law for the
theoretical determination of the terminal settling velocity of a single spherical particle
falling through an unbounded fluid has been discussed. The use of subsequent
derivations which attempt to take into account the effects of particle shape, the
presence of multiple particles in the fluid medium and the particle concentration has
also been described in detail. In addition, since sedimentation takes place in containers
of finite dimensions, the influence of wall effects which may contribute an additional
retarding force to settling particles has been reviewed.

The sedimentation of monodisperse suspensions for which particle-particle
hydrodynamic interactions are frequently assumed to be negligible in order to derive
settling velocity correlations on the basis of the single particle model has also been
reviewed. The limitations of this approach have been discussed. These include the
extent to which the influence of electrostatic and dispersion forces are important as
well as the effect of particle concentration on suspension stability. In addition, it was
noted that in practice hydrodynamic forces can result in the formation of aggregates
thereby inducing settling velocity distributions. In the case of polydisperse suspensions,
it is difficult to determine particle settling velocities by visual observation due to the
occurrence of diffuse interfaces and channelling effects.

In view of the above, it is evident that the accurate theoretical representation of the

settling behaviour of particles requires the application of more rigorous models which

take into account the effects of the above mentioned phenomena.
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CHAPTER 4

THEORETICAL MODELLING OF SEDIMENTATION

4.0 Introduction

The extent to which kinetic parameters such as particle settling velocities and
concentration can be used to reliably assess the behaviour of suspensions depends on
the ability to understand the interaction between the physical and chemical properties
of a given system. The physical properties of interest include characteristic particle
size, particle density and the viscosity of the fluid all of which must be clearly defined.
The evaluation of more complex properties such as particle shape and particle size
distribution may also be required. The important chemical properties of a suspension
include the surface charge and reactivity of particles both of which can greatly affect
the stability of suspensions. The stability of a suspension of fine (colloidal) particles (<
1 pm) usually depends on the nature of the electrostatic charge carried by the
particulate phase (Stern, 1924). The surface charge of such particles is often inferred
from experimental zeta potential measurements which exploit electrokinetic
phenomena. The technique most commonly used to determine particle surface charge
is known as electrophoresis and works on the basis of determining the distance moved
by a charged particle through a fluid as a result of applying an electric field
(Smoluchowski, 1903; Huckel, 1924). The migration velocity of the particle is then
used to calculate the zeta potential, £ . The collective charge of all particles in a given
system can result in either, a net repulsive force which prevents the aggregation of
particles thereby resulting in a stable suspension macrostructure or, conversely, a net
attractive force which encourages particles to adhere resulting in a less stable system.
In the context of sedimentation the latter effect can be beneficial provided the
aggregates formed have higher settling velocities than the original individual particles.
If the aggregates have a high voidage they may contain amounts of entrapped fluid

sufficient to cause a net reduction in the overall settling rate. In contrast, for coarse
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particles such as those handled in this study (typically > 60 pm) particle-particle
hydrodynamic interactions are likely to dominate the settling behaviour of particles

with a negligible contribution from electrostatic forces.

The prediction of the settling behaviour of coarse particles (>10 um) is relatively
simple for suspensions which are monodisperse with respect to size, density and shape.
For this ideal case, all particles settle at the same rate provided electrostatic
interactions between individual particles are negligible. Consequently, the settling
behaviour of suspensions of monodisperse spherical particles has been extensively
studied and several correlations have been developed for the prediction of particle
settling velocities as a function of suspended solids concentration. These correlations
can generally be categorised as empirical equations, semi-theoretical correlations or
hydrodynamic models although there is a fair amount of overlap in the theory. The
majority of established settling velocity correlations are hydrodynamic expressions
which have been validated by experimental data. More recently, improvements in
computation time have led to the development of hydrodynamic simulation and
stochastic simulation models capable of taking several physical and chemical
suspension properties into account. For instance some models are capable of taking the
effect of electrostatic forces on the settling behaviour of particles into account whilst
others can predict spatial variations in particle size distribution for initially well mixed
polydisperse suspensions. However, as mentioned in chapter 3, the settling behaviour
of polydisperse suspensions is inherently complex due to the nature of physical

interactions between particles of different sizes.

The purpose of this chapter is to review the various predictive settling velocity
correlations and simulation models cited in the open literature. We first describe the
application of Stokes' (1851) law for the determination of the terminal settling velocity
of a single particle falling through an infinite fluid medium. This is followed by a review
of several subsequent derivations which attempt to account for the presence of multiple
particles in the fluid medium by incorporating a hindered settling function. The latter is

calculated from the solids volume fraction and in some cases the particle Reynolds
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number. The majority of such correlations are hydrodynamic-based whilst others are

empirical or semi-theoretical.

This chapter also describes a number of hydrodynamic and stochastic simulation
models which take some of the above mentioned complex phenomena into account.
For example, some models attempt to compute particle settling velocities, particle size
distributions and concentrations in polydisperse systems. In addition, the influence of
particle-particle hydrodynamic and electrostatic forces on the settling behaviour of

such systems is incorporated into some of these models.
4.1 Stokes' Law and the Hindered Settling Function

Most of the settling velocity correlations reported in the open literature are modified
versions of Stokes' law (1851) which describes the settling behaviour of a single
spherical particle in an ‘infinite’ fluid medium. The modification of Stokes' law to
account for the presence of multiple particles in the fluid comes in the guise of a
hindered settling function. This is introduced to account for particle-particle and
particle-vessel interactions and in general, is an expression involving the volume
fraction of suspended solids. The average settling velocity of particles of a single size is
calculated as the product of the Stokes terminal settling velocity, u, for a single particle
falling through an infinite fluid medium and a hindered settling function, f¢s). Thus:

u, = u, f(9,) 4.1)
and:

0 = M (4.2)
° 18 '

where u, is the suspension settling velocity, p is the viscosity of the fluid, d, is the

particle diameter, g is acceleration due to gravity and ¢, is the suspended solids volume
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fraction. p, and py are the particle density and the fluid density respectively. For cases
where Stokes' law is not valid, for example when handling large or high density
particles, u, must be determined experimentally.

In order to account for the presence of multiple particles in suspension, some modified
versions of Stokes' law use suspension viscosity, i, instead of the fluid viscosity and
the suspension(mixture) density, pn instead of the fluid density to determine suspension

settling velocity, us.

4.2 Hydrodynamic, Empirical and Semi-Theoretical Models

Robinson (1926) developed the following hydrodynamic correlation:

u, = (4.3)

where K is a constant for a given suspension.
Suspension viscosity can either be experimentally determined or estimated from an

empirical correlation (Einstein, 1906). Einstein's viscosity correlation only applies to

dilute suspensions and is given by;

b, = p(l+ké,) @4

where the constant k has a value of approximately 2.5 for settling hard spheres.

Similarly, the expression:

2 -1.82 (1-€)
(P, - P d; &10 )
18p

Up —

(4.5)
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where € = (1-¢,) is the suspension voidage and u, is the velocity of particles relative to

the fluid was obtained by Steinour (1944) who investigated both theoretically and
experimentally, the effect of concentration on the settling rate of suspensions of well-

dispersed (non-flocculated) spherical particles.

Hawksley (1950) analysed Steinour's data and found it to be well represented by the

equation:

_(p-pPwd; 8

4.6
W 8, (4.6)

It is important to note that the correlations considered so far, are only valid in the
laminar flow regime. Furthermore, the interactions between suspended particles are not
taken into account and therefore, these correlations are only valid for dilute
suspensions of monodisperse particles where hindered settling effects and electrostatic

forces are ignored.

In a subsequent study, Hawksley (1950) developed another settling correlation for
spherical particles:

uy @.7)

(P, - Pr)gd2 (1-$,)? ko,
s 18 p‘[a—o¢o]

where, u, is the settling rate of a suspension of volume ratio ¢, k is Einstein's viscosity

constant (Einstein, 1906) and Q is Vand's interaction constant for spheres (Vand,
1948).

The above correlation is based on a combination of the theoretical work of Burgers

(1941, 1942) on the sedimentation of dilute suspensions and Vand's research on the
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viscosity of suspensions. This correlation attempts to take particle-particle interactions

into account.

In developing the above correlation, Hawksley (1950) discovered that some of the
particles used in Steinour's experiments had marked deviations from spherical

geometry and argued that this affected settling velocities in an unknown manner.

Richardson and Zaki (1954) developed an empirical correlation that has since been
shown to be valid for all flow regimes and particles between 5 pm and 6 mm in

diameter. The Richardson and Zaki equation given by;

u, = u, (1-¢,)" (4.8)

is perhaps the best known and most useful settling velocity correlation. The index ‘n’
is principally a function of the particle Reynolds number, Re, and the ratio of particle
diameter to settling vessel diameter, d,/D. Very often, for small values of d/D, n is
taken to be 4.65. However, for suspensions of large particles, n has to be calculated
directly from the particle Reynolds number, Re,. Thus:

n = f(Re,) (4.9)

Whitmore (1955) demonstrated that the Richardson and Zaki correlation could be

applied to irregular particles if n is multiplied by a shape factor, 1.1K%!%° where K is
the volume coefficient for the particles. The results of Whitmore’s work have been

validated for particle Reynolds numbers in the range (Re, > 500).

Garside and Al-Dibouni (1977) carried out velocity-voidage studies and used the
logistic curve approach to determine the value of the flow index, n. They determined
the velocity of particles relative to the fluid, u, as a function of the Reynolds number

and found that a value of n equal to 5.1 most accurately represented their settling
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velocity data at low Reynolds numbers. The empirical correlation of Garside and Al-
Dibouni is given by:

u, —A(e)

& "~ 0.06Re 02 4,
50 u, e (4.10)

where A(g) and B(g) are functions of the suspension voidage.

In both the Garside and Al-Dibouni and the Richardson and Zaki correlations, the term

(1-(1)5)n is the hindered settling function, f{¢,).

Also reported in the literature is the hydrodynamic correlation of Barnea and Mizrahi
(1973):

(1-9)

us = U, 56
1/3 s
asten| 3t

4.11)

In this correlation the term in ¢, is the hindered settling function whilst the group

173
(1+¢, ) is a correction factor for wall effects.

Batchelor (1972) presents a hydrodynamic model for the analysis of monodisperse
colloidal suspensions in which pair-wise hydrodynamic interactions between particles

are taken into account using :
u, = u,(1-655¢,) (4.12)

However, this correlation is limited by the occurrence of non-convergent integrals.

These arise from attempting to calculate global averages of particle interactions from
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several discrete particle pairings and the correlation is only valid for dilute systems in
which Re < 0.2. In a later publication, Batchelor (1976) resolved the problem of non-
convergent integrals to provide an improved model. Reed and Anderson (1980) used a
similar approach to develop a hydrodynamic model in which the influence of
electrostatic forces between particles is also considered. They note that electrostatic
forces can substantially reduce particle settling velocities by changing their trajectories.

The expression of Reed and Anderson is given by:

u, = u, (1_—1—8@—5—) (4.13)
1+4.0¢,

According to Batchelor (1976) hydrodynamic interactions between two spheres can be
calculated exactly. However, the accuracy of such numerical evaluations can be
difficult to assess and few exact numerical solutions exist all of which apply to specific

systems.

Concha and Almendra (1979b) developed a semi-theoretical correlation which is valid
for spherical particles for the full range of Reynolds numbers:

2
u, = 2gf2[(1+0.0921dl3,’2f2 (¢S)"2) - 1] £,(4,) 4.14)

This correlation is in good accord with the experimental data of Lappel and Shepherd
(1940) and utilises the drag coefficient-Reynolds number expression of Dallavalle
(1948) which is:

9.06 ]2

Cp = O28[l+ -

- (4.15)

where, Cp is the drag coefficient.
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Dallavalle’s expression is based on the analysis of Wadell's (1934) experimental data
and its solution involves determining values of the derived dimensionless terms CpRe?
and Cp/Re. Graphical, tabular or iterative methods can then be used to determine
particle terminal velocities provided the particle diameter is known. Dallavalle’s
equation is only suitable for predicting the drag coefficient of spherical particles.
However, several workers (see for example Ganser, 1993; Thompson and Clark, 1991;
Haider and Levenspiel, 1989; Leith, 1987; Pettyjohn and Christiansen, 1948) have
developed correlations that use shape descriptors (factors) for the analytical
determination of the drag coefficient. For instance Haider and Levenspiel (1989)
suggested a correlation that can be used to predict drag coefficients for both spherical
and non-spherical shapes in the laminar flow regime. Differences in particle shape are
quantified in terms of a parameter known as sphericity. This is defined as the ratio of
the surface area of a sphere of equivalent volume to the actual surface area of the
particle. Thus, the drag coefficient, Cp is a function of the Reynolds number, Re as
well as sphericity. Since in this case Cp is a function of two variables the resulting

correlation for Cp is more complicated:

C

where, the coefficientsA, B, C and D are functions of particle sphericity, ¢ and are

Cp = ﬁ[nA ReB] + (4.16)
Re

given by:

A = exp(2.3288 - 6.4581¢ + 2.4486¢%) 4.17)

B = 0.0964 + 0.5565¢ (4.18)
C = exp(4.9050 - 13.8944 ¢ +18.4222 ¢*- 10.2599 ¢°) 4.19)

D = exp (1.4681 - 12.2584 ¢ - 20.7322¢> + 15.8855 ¢°)  (4.20)
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In practice it is very difficult to determine ¢ for irregular(non-isometric) particle
shapes. This problem has been addressed by Thompson and Clark (1991) who
proposed a quantitative method of distinguishing particle shapes. The method is such
that it is applicable to all particles. This approach relies on the premise that all particles
experience a Newtonian flow regime when settling. Newton's shape factor, K, and Re
are used to calculate Cp (Thompson and Clark, 1991). Thus, Cp is a function of both
K, and Re:

Cp = f(Re,K,) (4.21)

K. is defined as the ratio of the drag coefficient of a particle, Cp to the drag coefficient
of an equivalent sphere, Cps settling in Newton's regime. Both coefficients are

determined at a Reynolds number of 10* and:

Cp
K, = (4.22)
Cps

Pettyjohn and Christiansen (1948) describe an empirically defined shape factor, K; that
can be used to determine the drag on a non-spherical particle settling in Stokes' regime.

K| is known as Stokes' shape factor (Stokes, 1851) and is given by:

d
K, = K., —m~—- 4.23
1 10— m D (4.23)

where, Kj is the limiting value of K, as dy — 0, m is a constant of proportionality, d,
is the diameter of a sphere with a volume equivalent to that of the particle and D is the

coefficient in the correlation of Haider and Levenspiel (1989).

From this analysis Cp is found to be:
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4dvg(p,-pPp) _ 24

C =
P 3 v2p, ReK,

(4.24)

where, v is the particle settling velocity. In determining K, a shape factor based on the
projected area of a given particle is included to account for orientation relative to the
direction of flow (Leith, 1987). Strictly, the projected area in the direction of motion is
an instantaneous quantity. Thus, the area presented to the flow by a particle varies with
time. However, in the mean, there is a "dominant" projected area corresponding to the

plane of greatest stability provided Stokes' regime prevails.

Ganser (1993) concluded that any further improvement in Cp estimation must involve
the Reynolds number and at least two shape factors such as K; and K, described
above.

Ganser’s work is based on dimensional analysis and similarity arguments. This
treatment leads to the conclusion that knowledge of K; and K; are sufficient for the
accurate determination of Cp over a wide range of Re values and a generalised

Reynolds number (Re KiK3) is used to give the following expression for the drag

coefficient:
C
b __ A [1+0.1118®ReK, K, "] + 0.4305 (4.25)
K, ReK K,

L4 3305
ReK, K,

According to Ganser this correlation is valid for Re K;K; values less than or equal to
10°.

The sedimentation models considered so far, are strictly only applicable to dilute

suspensions of monodisperse spherical particles in which the effect of particle-particle
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interactions on the settling rate of the dispersed phase can often be neglected. In
contrast, suspensions of polydisperse particles tend to be characterised by complex
multi-body interactions which make it difficult to determine the appropriate form of the
hindered settling function. These effects complicate the theoretical treatment of
polydisperse suspensions and include hindered settling which can be caused by a
combination of particle-particle electrostatic, steric and hydrodynamic forces all of
which may be present in a given system to varying degrees. In addition, differential
settling effects prevalent in dilute polydisperse systems induce spatial variations in
particle size distribution and, therefore, particle settling velocities, concentrations and
the solids flux. Thus, a range of settling rates may exist within the suspension as
illustrated by the occurrence of diffuse suspension-supernatant interfaces (Davis and
Hassen, 1988). This effect is often coupled with the upward convection of fine
particles due to the back flow of fluid displaced by coarse particles.

Despite the above mentioned complications there have been several attempts at the
theoretical representation of the settling behaviour of polydisperse suspensions.
Masliyah (1979) developed an empirical-hydrodynamic solution for the settling

velocity of a polydisperse suspension based on a one-dimensional momentum equation:

_ dpe(pp —Pm)EF(E)

4.26
u, T (426)

where F(g) is a suspension voidage function which can be determined from established
equations such as (4.8) and (4.11). At low Reynolds numbers F(g) derived from (4.8)
is given by the expression:

F(g) = €27 4.27)

Similarly, from equation (4.11):
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-1
F(e) = |:l+(1—e)”3 exp(s—(%-;-s—))] (4.28)

It is also possible to determine F(g) by carrying out velocity-voidage studies and

developing an appropriate model for a given system.

Smith (1967) presents the following “theoretical cell” model for the sedimentation of
polydisperse particles:

u; +F (¢i)zui¢i+F2 (¢i)+u¢iF3 (¢i) =0 (4.29)

where, u; is the settling velocity of the i size fraction and wy; is the relative velocity of
the i size fraction relative to the fluid. This hydrodynamic model is an extension of the
“theoretical cell” model originally proposed by Happel (1958) for polydisperse

suspensions:

uO
up = ——2e 430
P 1+159" @39

In a cell model, each particle in the suspension is considered as being surrounded by a
fluid envelope in such a way that the ratio of particle volume to fluid volume is equal
to the overall solids volume fraction in a vessel. Computations are then done on this
basis to determine settling velocities. Smith's model predicts, with reasonable success,
trends in particle settling velocities at different solids concentrations. However,
individual particle settling velocities are consistently underestimated. Subsequently,
Patwardhan and Tien (1985) developed a more useful empirical-hydrodynamic model
which is an extension of Masliyah’s (equation (4.26)) correlation:

u,. -
AP (——p"‘ p‘“) 431)
u, Py —Ps
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4.3 Hydrodynamic Simulation Models

Hydrodynamic simulation models are computational and can be used to simulate the
behaviour of particles in nominally polydisperse suspensions. Unlike the relatively
simple mathematical correlations considered so far these models involve a more
rigorous assessment of particle settling rates and take the influence of effects such as
electrostatic forces into account. In principle, these models are sets of diffusion-type
matrix equations which are programmed into computers to simulate the settling
behaviour of polydisperse suspensions. Continuity and momentum balance equations
are solved simultaneously by applying the appropriate boundary conditions and the
models attempt to account for particle-particle hydrodynamic interactions during
sedimentation. Typically, the results obtained from such simulations are predictions of
spatial variations of particle settling velocities, concentrations, size distributions and
the solid flux.

Mirza and Richardson (1979) extended a semi-empirical model originally developed
for binary particle mixtures by Lockett and Al-Habbooby (1974) to the sedimentation
of polydisperse suspensions. This empirical-hydrodynamic simulation model is reported
to consistently predict particle settling velocities that are greater than those found

experimentally. An empirical correction factor, (1-<1>S)°'4 is introduced to overcome this

inconsistency.

Selim et al. (1983) conducted experiments with polydisperse suspensions of equi-
density particles and concluded that the terminal settling velocity of particles of a given
size can be calculated. In their approach, the density of the fluid phase is replaced with
the average density of a suspension consisting of particles with a cut size equal the
particle size of interest. This method is ad hoc and neglects the hydrodynamic influence
of particles larger than the size range considered. Despite this obvious limitation, Selim
et al. report good agreement between their model and experimental results for particle

volume fractions in the range 0.12 < ¢, < 0.45. This observation has been validated by

Hin-Sum Law et al. (1987) who compared the performance of several models for

polydisperse systems with their own experimental data obtained in conjunction with
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bidisperse suspensions of mono-sized polymethyl methacrylate (PMMA) (density,
1186 kgm™; average particle diameter, 241 pm) and polystyrene (PS) (density, 1050
kgm; average particle diameter, 237 pm) particles settling in aqueous solutions of
sodium chloride (density, 1120 kgm™; viscosity, 0.0141 Pas). The authors found the
correlations of Masliyah (1979), Patwardhan and Tien (1985) and Selim et al. (1983)
to be among the most reliable. Table 4.1 shows a summary of the performance of

various predictive models as compared to the experimental results of Hin-Sum Law et
al. (1987).

Williams and Amarasinghe (1989) developed a hydrodynamic simulation model
capable of predicting the settling behaviour of concentrated polydisperse suspensions.
The first stage of this model involves calculating the local settling velocities of particles
for a discrete time interval from the onset of sedimentation (time, t = 0) for an initially .
well mixed suspension. In this computation a set of simultaneous linear equations is
solved to provide estimates of settling velocities for discrete size fractions over the
selected time interval. These velocities are then used in conjunction with a number of
simplifying assumptions to predict the new location of all particles. In the second stage
a dynamic simulation of the settling process is carried out in the space domain by
repeating the procedure for the entire height of the sedimentation vessel. Thus, the
calculation is repeated until all particles are assigned to the sediment. Williams and
Amarasinghe conducted parallel experiments to validate their model. In this separate
study they used a specially designed settling vessel with a facility to divide the settling
zone into a number of sections. Suspensions of known concentrations were then
allowed to settle for selected time intervals following which the settling process was
suddenly terminated by sealing off each section and determining the mass of particles
and the particle size distribution in each isolated volume. The procedure was then
repeated for different settling times. Figure 4.1 shows simulated concentration profiles
for different sedimentation processes as a function of time for two levels of initial
solids volume concentration (5 and 20 % v/v). The authors report that although
experimentally determined solids fluxes were found to be significantly higher than
those predicted by the model the predicted trends were correct. However, it is

noteworthy that the experimental study was carried out at constant zeta-potential so as
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Table 4. Experimental results of bidisperse suspensions (H = 28.3cm)

Bidisperse suspensions u,alcm/s) u, ra{cm/s) t(s) H ~z.(cm)
8% PS-8% PMMA -0075 0.075 188.8 14.1
4%, PS-8%, PMMA —0.086 0077 1716 15.¢
8% PS—4%, PMMA -0079 0.083 1764 139

Table S. Predictions from models using eq. (1) for u,; . and 4, , ... Shown in parentheses are the absolute per
cent deviations of predicted with experimental values

(a) Bidisperse suspension of 8%, PS-8%, PMMA
Experimental results ; u,,, = —0.075cm/s, u,,, = 0.075 cm/s.

« F(e)
Richardson and Zaki: Barnea and Mizrahi: Garside and Al-Dibouni:
Models uplem/s)  u,,(cmfs)  u,,(cm/s)  ulcm/s)  u u(cm/s)  u,,,(cm/s)
Lockett and ~0.0623 0.0582 —0.0644 0.0602 —0.0663 0.0618
Al-Habbooby (16.8%) (22.4%) (14.0%) (19.7%) (11.5%) (17.6%)
Mirza and -0.0581 0.0542 -0.0601 0.0561 -0.0618 0.0577
Richardson (224%) 212.7%) (198%) (25.2%) (17.5%) (23.1%)
Masliyah -00739 0.0695 —-0.0764 00719 -0.0786 00739
(1.3%) (13%) 20%) 4.1%) 4.9%) (1.5%)
Selim et al. ~-0.0674 0.0634 -0.0695 0.0655 -0.0716 0.0674
(10.0%) (15.5%) (12%) (127%) (4.4%) (10.1%)
Patwardhan and -0.0735 0.0699 -0.0762 0.0721 -0.0783 0.0742
Tien (1.9%) (6.8%) 1.7%) (39% (4.5%) (1L.1%)

(b) Bidisperse suspension of 4%, PS-8 % PMMA
Experimental results: u,,, = 0.086cm/s, u,, , = 0.077 cm/s.

F (¢)

Richardson and Zaki: Barneca and Mizrahi: Garside and Al-Dibouni:

Models Uplcm/s)  uaplcm/s)  u,,(cmfs)  u,,,(cm/s)  u,4(cm/s)  u,,(cm/s)
Lockett and ~0.0795 0.0683 -0.0757 0.0650 -0.0832 0.0714
Al-Habbooby (1.7%) (11.0%) (12.1%) (15.3%) (3.4%) 6.9%)
Mirza and ~0.0755 0.0649 -00719 0.0618 -0.0791 00678
Richardson (12.3%) (154%) (16.5%) (194%) (8.1%) (11.6%)
Masliyah -0.0930 0.0749 —-0.0886 00714 -0.0974 0.0783
8.0%) 2.3%) - (29%) 6.9%) (13.1%) 2.1%)
Selim et al. —0.0854 00714 -00812 0.0680 -0.0893 0.0747
0.8%) (6.9%) (5.7%) (11.3%) (3.7%) 26%)
Patwardhan and -0.0925 0.0751 -0.0884 0.0715 —0.0969 0.0785
Tien (14%) 2.1%) 2.7%) (6.8%) (125%) (2.3%)

{c) Bidisperse suspension of 8%, PS4 % PMMA
- Experimental results: u,,, = —0.079cm/s, u,,, = 0.083cm/s.

F (¢)

Richardson and Zaki: Barnea and Mizrahi: Garside and Al-Dibouni:

ualem/s)  uga,(cm/s)  uga(em/s)  uau(cm/s)  u,(cm/fs) ., ,(cm/s)
Lockett and -0.0736 0.0742 -0.0701 0.0707 -0.0770 0.0776
Al-Habbooby (64%) (10.1%) (108%) (14.3%) 20%) (59%)
Mirza and -0.0699 0.0705 -0.0666 0.0671 -0.0732 00737
Richardson (1L1%) (14.5%) (15.3%) (18.7%) 6.9%) (10.7%)
Masliyah -0.0803 0.0875 -0.0765 0.0833 —-0.0841 0.0915
2.2%) 6.1%) 27%) (1.0%) (10%)  (109%)

Selim et al. -0.0766 0.0803 -00730 0.0764 -00802 = 00840 .
25%) 27%) (71%) (747%) 207%) (1.8%)
Patwardhan and ~0.0801 0.0880 -0.0764 0.0835 ~0.0839 0.0919

Tien (1.9%) 6.7%) (28%) (1.2%) (6.7%) (11.4%) -

Table 4.1 Summary of the performance of various predictive models as compared to
experimental results (Hin-Sum Law et al., 1987).
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to eliminate the influence of electrostatic forces which are not taken into account in the

model.

Glendinning and Russel (1982) report a statistical-mechanical simulation model based
on the pair-wise additivity approach of Batchelor (1972). This model employs two-
body interaction theory to predict the settling velocities of particles. Thus, the
probability of finding the centres of pairs of particles at particular locations within the
suspension is computed. The resulting data is then used to evaluate settling velocities.
The results obtained on this basis apply to arbitrary solids concentrations and
interaction potentials, the latter being governed by particle centre-to-centre separations
within the suspension. Unfortunately, coefficients in the pair-wise additive model
become negative at high solids concentrations (Glendinning and Russel, 1982). This
represents a failure to model hindered settling effects which cause light particles to be
convected upwards along with the fluid by heavier particles. Furthermore, the model
assumes elastic hard sphere interactions for which particles immediately regain their
terminal velocities after they collide and, therefore, is not applicable to soft solid
dispersions. This is also one of the assumptions made in the model of Williams and
Amarasinghe (1989).

4.4 Stochastic Simulation Models

Stochastic models rely on the use of probability theory to predict the likelihood of
particles of a given size colliding and flowing collectively. Two types of particle
movement are considered; particles settling individually and particles settling
collectively as “clusters” formed by collision induced aggregation. These models use
the distribution functions of particles falling on their own and particles falling as
aggregates to compute the spatial distribution of particle settling velocities at different
times from the onset of the sedimentation process. Some models involve the solution
of particle population balances in which appropriate terms are included to account for
the formation and disruption of clusters. The terminology ‘aggregates’ and ‘clusters’
is used in the context ot; particles moving together momentarily as a consequence of

the system hydrodynamics. This is not to be confused with phenomena such as

66
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coagulation and flocculation where the aggregates formed by the action of
electrostatic and/or steric forces are permanent. Thus, the formation and destruction of

clusters in this sense is a highly dynamic process.

Tory and Pickard (1977) developed a three-parameter Markov simulation model to
estimate the movement of particles in a suspension as a function of particle
concentration. They report that the configuration of the system as a whole dictates
particle translational and rotational velocities and the model takes into account the
variance and mean values of probability density functions. This information allows for
the analysis of the seemingly random motion of particles. Thus, the Markov model
takes into account the fact that for any given suspension concentration, there is a
distribution of particle settling velocities. However, the mean of the steady-state
probability density function of this distribution is taken to be dependent on the solids

concentration only.

An important criterion in the Markov model is that the velocity of a particle in one
short interval of time is highly correlated with the velocity in the next interval. This
idea is exploited when computing particle settling velocities. The longer the duration of
incremental time steps in the model, the lower the probability of collective flow while
the probability of individual settling increases. Thus, in the mean, particles settle
individually in which case, Stokes' law and related correlations can be applied to
estimate settling velocities. The authors report a difficulty to reach a comprehensive
simulation model that takes into account all multi-particle interactions on account of
the large amount of data required for accurate parameter optimisation. In addition,
there is no direct experimental proof regarding the validity of some of the assumptions
made during the development of the Markov model. For instance, it is assumed that
when two particles interact they gain the same minimum velocity. This is a prodigious
assumption made on the basis of observations of macroscopic hindered settling effects
which cause particles to settle at the same rate during sedimentation. Consequently,
this assumption only holds true for concentrated suspensions for which hindered

settling dominates particle-particle interactions. Another disadvantage is that the
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motion of particles is related even at large separations through long range

hydrodynamic interactions. No account is made of this in the Markov model.

Furthermore, the model also includes a coefficient of variation which is used to
compute expected values of particle settling velocities. This coefficient is assumed to
be constant for a given system. However, the value of this coefficient itself alters
expected values of velocities during iteration and, therefore, predictions can become
increasingly less accurate. The Markov model is also only applicable to systems with
low particle Reynolds numbers and is therefore, only suitable for dispersions of small
particles, for example the colloidal sub-range, or suspensions with high fluid

viscosities.

Iordache and Corbu (1986) also describe a stochastic simulation model which uses
kinetic theory to predict particle velocity distribution functions from which the settling
behaviour of particles can be estimated for polydisperse suspensions. The authors also
define two distinct modes of flow; singular flow for individual particles and regular

flow for particles in contact.

As in the case for hydrodynamic simulation models, care must be taken when using
stochastic models to ensure that all underlying assumptions and constraints are
satisfied. Since the accuracy and validity of the models developed so far is not easy to
assess there is a need for more robust models which incorporate a parametric
dependency on probability density functions for individual systems (Tory and Kamel,
1992).

4.5 Conclusion

In this Chapter, it has been shown that despite the practical importance of polydisperse
suspensions very few systematic investigations have been carried out. This is probably
due to the fact that the behaviour of real systems lies between surface-dominated
interactions such as those prevalent in colloidal systems (d, < 1 pm) and hydrodynamic

interactions for suspensions of coarse particles (d, > 10 pm). Consequently, many of
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the correlations developed to describe sedimentation phenomena are restricted to
dilute monodisperse suspensions of rigid spherical particles. The majority of the
empirical, hydrodynamics and simulation based models considered incorporate a large
number of often unrealistic assumptions in their development. For instance there are
several references in the open literature where models originally developed for dilute
monodisperse suspensions of non-interacting spheres are extended to systems with
higher solids concentrations and/or polydisperse suspensions. In particular, several
models assume that interacting particles settle at the same rate whereas in practice
there is sufficient experimental evidence to show that segregation occurs during
sedimentation. The segregation of particles occurs due to differences in size and/or
density and may happen even in concentrated suspensions where it is usually assumed
that hindered settling effects give rise to uniform settling rates. Accordingly, the
application of theoretical models to the determination of the flux of solids (mass .
settling per unit area per unit time) can yield erroneous results. In many cases, such
limitations are addressed by the use of large design correction factors particularly when
sizing large scale industrial thickeners and clarifiers. However, this practice adversely
affects capital and operating costs since settling tanks can be oversized by up to 40%
for a given duty (Williams et al. 1992).

An additional complication encountered during the modelling of sedimentation is that
particles tend to aggregate to form flocs thereby altering the structure of the
suspension and, therefore, its settling behaviour. There are very few satisfactory
models capable of the quantitative analysis and simulation of such systems. For
instance some models assume flocs to be spherical contrary to the results of
microscopic studies (Micheals and Bolger, 1962). Furthermore, many simulation
models are limited to a finite number of particleé several orders of magnitude less than
encountered in real systems. It is also worth noting that there is a fundamental lack of
knowledge on the complex phenomenon of the combined effect of hydrodynamic and
electrostatic forces. It is evident that extensive experimental data is required for use in
conjunction with theoretical modelling in order to develop a more clear understanding
of such effects. This in turn calls for the development of more reliable experimental

techniques for the analysis of settling suspensions.
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CHAPTER 5

A REVIEW OF SEDIMENTATION MEASUREMENT TECHNIQUES

5.0 Introduction

In recent years, several experimental techniques have been developed that attempt to
address the limitations of existing theoretical sedimentation models by providing direct
kinetic data such as particle settling velocities and concentrations. These techniques
include light extinction methods (Davis and Birdsell, 1988), ultrasonic sensing (Howe
and Robins, 1990; Wedlock et al., 1990), radiation imaging (Williams et al., 1990),
pressure sensing (Raffle, 1976) and the use of a variety electrical transducers (Shi et
al., 1993). In each case, a specific measurement principle which exploits some physical
or chemical property of the suspension is used to provide information pertaining to the
solids flux (mass of solids settling per unit area per unit time) during sedimentation.
This is the data required for the design of practical separation equipment such as

thickeners and clarifiers.

Of particular interest in this study, is the capability to monitor settling suspensions
from direct measurements which can in turn be used to fully characterise the behaviour
of the dispersed phase. This is the important prerequisite for the quantitative
assessment of the sedimentation process since all real effects must be taken into
account. Accordingly, the acquisition of such data should be on a model-independent
basis since it is only for this case that a prior kx_lowledge of suspension characteristics is
not required. Therefore, for this special case calibration becomes unnecessary and

measurements can be carried out in-situ for any suspension.

The relative merits of various techniques which have been widely applied to the

interrogation of settling suspensions has been the subject of a previous survey
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(Williams et al., 1990). This chapter reviews and critically evaluates the reliability of

some of the important techniques.
5.1 Direct Sampling

One of the earliest methods of sedimentation analysis utilising direct sampling is that
based on the jar test method reported by Kynch (1952). In this case, pilot scale
laboratory tests are carried out in simple sedimentation columns (typically, 1.5 - 3 m
tall) in order to provide preliminary estimates of the settling rates of suspensions. The
analysis of the suspension is done on the basis of withdrawing samples from the
column via a series of ports for subsequent analysis. This procedure is repeated at
known time intervals and the suspended solids content is determined as a function of
time. In principle, a sample collected at time, t; at a depth, d; below the surface of the
suspension is assumed to contain suspended solids with a settling velocity less than or
equal to di/t;. Such data can then be expressed as a “cumulative percentage with a
velocity less than a stated value” in order to plot a settling characteristic curve
(Tebbutt, 1992). Figure 5.1 shows a typical characteristic curve which can be used to
predict, by integration, the rate of settling for discrete particle size fractions. Thus, the
proportion of particles of arbitrary settling velocity, v removed from the settling

column is given by:

Po (Vs)
(100-p,) + [ |—|dp 5.1)

]

where, v, is the critical settling velocity corresponding to particles leaving the
sedimentation column at a given flowrate, Q and p, is the percentage of particles with

settling velocities < v,.

Unfortunately, the extraction of samples during sedimentation is evidently invasive
since this process interferes with the hydrodynamics of the system. Nasr-el-din et al.
(1987) describe sampling efficiency studies in which the effect of various parameters
such as probe design, particle size and sample take-off rate are considered for flow in
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: Figui'e 5.1 A typical settling velocity characteristic curve (Tebbutt, 1992).
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pipelines. They report that in order for direct sampling to be representative the velocity
at the sampling point must be related to the upstream velocity where quiescent settling
conditions exist. This is because the velocity near sampling ports can be much higher
than the bulk flow thereby inducing changes in the local solids concentration. In
addition, since measurements are taken ex-situ errors can occur during subsequent
analytical stages in which the suspended solids content is determined. This approach is

clearly laborious and does not provide on-line measurements.

Williams and Amarasinghe (1990), also report a direct measurement technique in
which the sedimentation process is “frozen” instantaneously. In this approach a
specially designed settling vessel with a facility to divide the settling zone into a
number of sections is used to isolate discrete suspension volumes. These can then be
‘collected for subsequent analysis. This procedure has the obvious disadvantage of
terminating the entire settling process and therefore, a dynamic approximation of the
settling process can only be reached by repeating the procedure for a number of
distinct settling times. However, this procedure has been shown to provide

reproducible data since there is minimal interference of the suspension hydrodynamics.

5.2 Optical Methods

The use of optical methods to determine the rate of sedimentation is also possible,
however, these techniques tend to be restricted to suspensions of low solids volume
concentration (typically, ¢, < 0.4). At much higher solids concentrations, suspensions

effectively become optically opaque and, therefore, are no longer amenable to

examination by this method.

Davis and Birdsell (1988) describe the use of an optical technique based on the
principle of light-extinction to measure the rate of descent of suspension-supernatant
interfaces. They report an experimental arrangement in which two narrow horizontal
slits of light are produced by passing a laser beam through a set of cylindrical lenses.
The light transmitted through the suspension is then focused onto a photo-diode
detector which emits a pulse with a voltage signal proportional to the intensity of the
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light beam. This signal is then recorded as a function of time in order to follow the
sedimentation process. As sedimentation occurs, there is a continuous change in light
absorbance in the region immediately above the lateral plane separating the suspension
from the supernatant. This change is detected by each light slit and for dilute
suspensions light absorbance can be directly related to the solids volume concentration.
However, at high solids concentrations it becomes difficult to relate these two
quantities directly due to changes in the refractive indices of the suspension. This
method is apparently more reliable than simple visual observations of the interface,
however, the difficulties that arise from the occurrence of diffuse interfaces in dilute

suspensions still remain unresolved.
5.3 Ultrasonic Sensing

There are several ultrasonic sensing methods for the determination of the solids flux,
solids volume concentration and in some cases, the extent of sediment consolidation. |
Some of the techniques reported in the open literature include the works of
Blaachandran and Beck (1980), Bonnet and Tavlarides (1987), Howe et al. (1987),
Lenn (1987), Urick (1947) and Young et al. (1982). Wedlock et al. (1990) describe a
method based on monitoring the passage of an ultrasonic beam of known frequency
through a test suspension and measuring the time it takes for the beam to travel
between a pair of sensors. The velocity of the ultrasonic beam which is then calculated
is related to the solids volume concentration. Whilst this technique enjoys the
advantage of being completely non-intrusive and non-invasive, it has been reported that
calibration problems are encountered at high solids volume fractions, (¢, > 0.4). Thus,
suspensions become increasingly acoustically opaque thus making it difficult to directly
relate the ultrasonic beam velocity to the solids concentration due to internal scattering
effects which greatly reduce instrument sensitivity (Howe and Robins, 1990). Although
it is possible to improve the resolution of ultrasonic sensors so that they are capable of
monitoring suspensions for which ¢, > 0.4, the increase in complexity and extra costs

incurred are rarely justifiable.
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5.4 Penetrative Radiation Techniques

The use of penetrative radiation techniques such as neutron deflection, x-rays and -
rays for the characterisation of the behaviour of settling suspensions can be inherently
expensive. Some of this expense is usually associated with the implementation of
measures targeted at mitigating the harmful effects of radiation. Another factor that
makes radiation techniques unattractive for field applications is that they are difficult to
implement in practice often requiring skilled operation. Another disadvantage of some
existing radiation methods is that they sometimes provide partial information. Thus,
they may measure the solids volume concentration but not the particle settling velocity
and therefore, it becomes difficult to determine the solids flux (Williams et al., 1990).
Some of the these limitations apply to techniques such as nuclear magnetic resonance
(NMR) and the use of radiation tracers (Genthe, 1974; Hansen et al., 1985).

5.5 Transducers

Transducers are devices that convert one physical variable into another. These devices
are not restricted to electrical signal conversion although, in the main, this is the most
common application. In the wider context, any measurement device capable of
converting one variable into another can be defined as a transducer. In general,
transducers exploit convenient signals as a means to monitor processes and may be
capable of recording real time measurements. They are also usually capable of
amplifying the small changes detected in the test environment prior to using them and
amplification factors as high as 10® have been reported (see for example Peter, 1985).

Transducers based on the principle of sensing changes in electﬁcal properties are
popular primarily because electrical signals are relatively easy to convey whilst
avoiding the need for complicated mechanical linkage. However, in practice theré are
several limitations that undermine the ability of these devices to provide accurate and
reproducible results. Some of the factors that can be used to assess the performance of
transducers in relation to process monitoring include reliability, mechanical integrity

and the effects of environmental factors such as temperature, pressure, sensing volume,
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humidity, solubility and susceptibility to corrosion. In recent years, a variety of
transducers have been applied to the monitoring of settling suspensions for the purpose
of obtaining sedimentation kinetic data (Shi et al., 1993).

5.5.1 Electrical Transducers

Electrical sensing techniques involve measurement of signals derived from an electrical
excitation source. Typically, input signals are modulated as sensors are exposed to the
suspension and output signals are received by suitable detectors. Direct signal
processing as well as system automation is possible and several configurations of this
nature are reported in the open literature. The exact configuration of the electrical
circuits used is application dependent. Some electrical sensing methods have
characteristically fast response times and are therefore suitable for the analysis of
transient behaviour in test environments (Huang et al., 1988; Myers and Saville, 1989).
The fast response time feature is of great importance since this means that data can be

obtained in real time.

Unfortunately, most electrical transducers have the disadvantage of being inherently
susceptible to effects such as electric field distortion caused by external
electromagnetic interference as well as changes in the condition of the fluid medium.
Another limitation is that in most applications of electrical devices, electric currents
tend to follow the path of least resistance (Shi et al, 1993). In the context of
monitoring sedimenting suspensions this can translate to underestimation of the solids
concentration and settling velocity. This is in contrast to penetrative radiation
techniques where the working principle relies on the transmission of neutrons which

follow well-defined linear paths through suspensions.

In order to obtain measurements, electrodes of a suitable geometry are used and there
must be a sufficient contrast in the measured electrical property between the solid and
the fluid phase. There are three principal electrical properties which can be exploited to

interrogate sedimenting suspensions. These are resistance, capacitance and inductance

76



Chapter 5 A Review of Sedimentation Measurement Techniques

which are related through a collective electrical property known as the complex

impedance. This is given by the expression:

1
5.2
C) 6.2

X

Zx = Ry +j(0)Lx+

where, Z__ L, , C, and R, are the impedance, inductance, capacitance and resistance

respectively. o, is the angular frequency of the electrical excitation signal. The
impedance of a given electrical system is a complex function which represents the
division of the energy supplied into two components. These are dissipative heat and

magnetic/electric field energy.

The resistance, capacitance and inductance components can be resolved and
determined as separate quantities and the choice of the appropriate electrical sensing
property depends on the characteristics of the system under investigation. Judicious
choice of the appropriate sensing technique must also take practical considerations
such as vessel geometry and operating conditions into account. This is because the
electrical property chosen usually dictates the size, geometry and location of

electrodes.

When handling suspensions of fine particles, especially those in the colloidal sub-range,
it is especially desirable for electrodes to be non-intrusive and non-invasive to the test
environment. It has been shown to be possible to design electrical transducers that
observe this constraint (Xie et al., 1990). For instance in some applications electrodes
are mounted on the outer walls of sedimentation vessels. Unfortunately, while this
approach is non-invasive it is commonly accompanied with a reduction in instrument
sensitivity. This is because the sensing electrodes are not in intimate contact with the
test environment which renders the detection of small changes difficult. Intuitively, a
balance needs to be established between the intrusive/invasive nature and the sensitivity

of a sensor.

77



Chapter 5 A Review of Sedimentation Measurement Techniques

5.5.1.1 Capacitance Transducers

Transducers based on the measurement of electrical capacitance are commonly used
for a wide range of sensing applications. Some of these devices tend to be invasive in
the sense that they are in direct contact with the test environment. They can, however,
be considered non-intrusive since they occupy a small fraction of the sensing volume
(Simons, 1991). In essence the capacitance sensing technique relies on the existence of
a finite difference in dielectric constant (effective permittivity) between dispersed and
continuous phases. In the case of a settling suspension this contrast depends on the
fluid-particle pairing as well as the solids concentration. The technique is, therefore,
not suitable for analysing electrically neutral suspensions in which there is no dielectric

contrast between solid and fluid phases.

As sedimentation occurs the concentration of suspended particles changes. This in turn
causes a change in system dielectric constant and it is this change that capacitance
transducers measure and use to characterise the settling behaviour of the suspension.
These devices tend to be highly sensitive and their capability to provide reliable
measurements is often affected by the smallest of changes in electrode size, location
and configuration. With regard to electrode configuration, flat plates, rings or helical
structures can all be used with varying degrees of success. Furthermore, electrodes can
either be flush mounted onto the inner wall of the settling vessel or they can be allowed

to protrude into the vessel in direct contact with the suspension.

Due to the high sensitivity of capacitor electric fields, capacitance transducers can be
susceptible to external electromagnetic interference. This problem can, however, be
overcome by using earthed electromagnetic shields which surround the entire
sedimentation column in the manner described by Simons (1991). It is also important
to note that fluctuations in temperature and power supply are capable of destabilising
the system response. Another source of instability comes in the guise of finite changes
in the base-line capacitance over extended periods of usage. This phenomenon is
commonly referred to as transducer base-line drift. The base-line capacitance can be

defined as the background reading for a well mixed suspension of known composition.
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The drift effect is caused by changes in charging voltage and it is usually necessary to

perform regular re-calibrations which can be inconvenient in continuous applications.

There are a variety of working principles upon which capacitance transducers can be
based. These include charge/discharge, voltage excitation/current detection, current
excitation/voltage detection, resonance, capacitance balance and frequency response

mechanisms (Huang et al., 1988; Noltingk, 1987; Simons et al., 1989).

The most commonly used of these is the charge/discharge method in which an
excitation voltage is applied to a source electrode. A second electrode (the detector)
then receives the charged pulse which is transmitted from the source electrode through
the suspension medium. The detecting electrode therefore measures and monitors the
charge recovered which is a function of solids concentration. It is essential for the
applied excitation voltage to be of high frequency. This is because the use of low
excitation frequencies often results in high effective permittivity values induced by
polarisation of the electric double layers that surround particles (Williams, 1992).
Myers and Saville (1989) report the existence of high effective permittivities for
excitation frequencies below 20 kHz. In addition, it may also be necessary to minimise
the duration between electrode charging and discharging cycles. This precautionary
measure effectively reduces the influence of resistive components on the true value of

capacitance since the these two electrical properties are related by the expression:

C, = Cm- 051G, (5.3)

where, C, and C_ are the true and measured capacitance values respectively, T, is the
charge pulse duration and G, is the conductance (the reciprocal of resistance). It is
important to note that C, — C_ as 1, — 0 as well as G, — 0. Thus, even with a short
pulse duration, it is quite possible for an appreciable difference to exist between C, and
C,, if the fluid phase (electrolyte) has a high conductivity. Another problem associated

with the use of capacitance transducers based on the charge transfer principle is the

charging of ancillary electronic circuitry, switches for example, by the applied
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excitation voltage. It is essential that such ‘stray’ charges do not report to the detector
electrode. Huang et al. (1988) developed a high frequency stray-immune capacitance
transducer based on the charge transfer principle in which stray charges are discharged
to earth. In this configuration only the sensor capacitance Cx is detected. The

transformer-ratio-arm capacitance transducer is another commonly used stray-immune
configuration (Shi et al., 1993). It is, however, restricted to excitation frequencies
below 100 kHz.

The degree to which suspensions are homogeneous can also affect instrument
sensitivity. Very often, suspensions are concentrated and polydisperse and effects such
as channelling also known as cross-sectional stratification occur (see section 3.4,
chapter 3). Under these settling conditions capacitance transducers are unlikely to
provide an accurate measure of solids concentration due to significant lateral

variations.

Another disadvantage of capacitance sensing is that several calibrations are often
required. Simons (1991) describes experiments in which eight capacitance transducers
mounted at various positions along a sedimentation vessel are calibrated at several
values of initial solids concentration. This calibration must be done each time a
different suspension is considered for analysis which is inconvenient. In addition, when
using a multiplicity of sensors to obtain profiles of sedimentation kinetic data such as
settling velocities and concentrations, there is a need to ‘focus’ the electric field of
each device in order to minimise ‘cross-talk’ (interference). Simons (1991) describes a
method of simultaneous excitation of several transducers which keeps electric field

lines between adjacent sensors parallel thus minimising interference.

5.5.1.2 Resistance Transducers

Electrical resistance or its reciprocal conductance, is also often used to characterise the
behaviour of settling suspensions. In contrast to capacitance sensing where the
dielectric contrast between phases is exploited this technique relies on detecting

changes in the ionic strength of suspensions during sedimentation. The conductance of
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a given suspension can be attributed to either the presence of polar molecules or an
ionised fluid phase. These sensors therefore rely on measuring the resistance to the
flow of a current through the suspension when an electric field is applied. The current
transmitted through the suspension can either be direct (DC) or alternating (AC)
although the latter is uéually preferred since the problem of polarisation of particles on
the surfaces of electrodes is alleviated (Shi et al., 1993).

As in the case of capacitance sensing, two electrodes are used; one for excitation and
the other for detection. The main difference between resistance as compared to
capacitance sensing is that the attenuation of the input current signal is measured
instead of the corresponding change in capacitance. The frequency at which the
excitation current is supplied has to be above a certain threshold value in order to
reduce polarisation effects (Myers and Saville, 1989). When two-electrode
configurations are used polarisation may occur at the electrode-electrolyte interface
resulting in a voltage drop additional to that established between the two electrodes.
This effect can render the interpretation of results difficult and is an inherent source of
error especially when handling dilute suspensions in which the signal-to-noise ratio is
low (Myers and Saville, 1989).

Myers and Saville (1989) developed an alternative four-electrode device based on the
work of Hayakawa et al. (1975) and Nakamura et al. (1981). This four-electrode
configuration is reported to be free of polarisation effects due fo separation of
electrode functions. In this device no electrode is simultaneously required to pass
current and measure voltage. Myers and Saville (1989) also describe a further
improvement of the basic four-electrode configuration. The frequency difference
dielectric spectrometer utilises a resistance-capacitance parallel circuit which "mimics"
the behaviour of the fluid phase (pure electrolyte) to provide a constant reference level.
Although this feature pre-supposes that the behaviour of the pure electrolyte is known,

it represents an auto-calibrated system.

The applied current is converted to a proportional voltage using a current-to-voltage

converter. This is a convenient feature since it is relatively easier to measure voltage
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than it is to measure current directly. For this reason, dielectric spectrometers are more
sensitive and accurate than traditional Wheatstone bridge based devices as well as
conventional four-electrode systems. The experimental data of Myers and Saville

(1989) validates the superior performance of the dielectric spectrometer.

Unfortunately, four-electrode configurations are more invasive to the test environment
than conventional two-electrode arrangements. Therefore, there are two opposing
effects for such systems; small electrodes that result in reduced invasivity but high
polarisation and large electrodes are more invasive but less susceptible to polarisation.
Overall, resistance transducers are both invasive and intrusive since they have to be in
direct contact with the suspension (Shi et al, 1993). Compared to capacitance
transducers, however, resistance sensors are more reliable since their performance is
not significantly affected by external electromagnetic fields. In all, there are fewer
factors that affect the performance of these devices compared to their capacitive
counterparts. For this reason, resistance measurement techniques are currently more
popular. Particularly, the influence of ‘stray’ resistances is not significant. However,
calibration specific to the type of suspension handled is still required. The bulk
resistivity of a given suspension can also change with time if the solubility of the solid
phase in the fluid changes. For instance, fluctuations in temperature may induce
changes in the solubility of the solid phase. For this reason, temperature control may be

required to ensure stability.

Like capacitance, the measured resistance is a function of solids concentration
(Meredith and Tobias, 1962). Similarly there are several working principles on which
resistance transducers can be based. These include voltage excitation/current
measurement, current exéitation/voltage measurement and resistance balance
techniques. It is also possible to have a sensitive analogue of the transformer-ratio-arm
capacitance transducer. In this circuit capacitors are simply replaced by suitable
resistors. Wakeman and Holditch (1989) used several resistance transducers mounted
along a sedimentation vessel to infer information pertaining to solids concentration

profiles.
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5.5.1.3 Inductance Transducers

Inductance transducers are very uncommon. These devices work on the basis of
monitoring the inductance of metallic coils mounted around a sedimentation vessel
(Williams, 1990). The inductance of the coils changes accordingly with time as the
concentration of solids in the bulk suspension decreases. Several coils can be mounted
at different locations along the settling zone to obtain measurements that can be used

to infer solids concentrations and particle settling velocity profiles.

The coils used in inductance sensing applications are usually mounted on the external
surface of the sedimentation vessel. The technique can therefore be non-intrusive and
non-invasive. However, sensitivity to slight changes in inductance brought about by
correspondingly small changes in solids concentration is limited by the remoteness of

the transducers from the suspension.

5.5.1.4 Impedance Transducers

Hybrid systems that combine capacitance, Cy resistance, Ry and inductance, Ly sensing
components are also possible. This is because suspensions experience changes in
resistance and capacitance simultaneously as the concentration of solids varies. Devices
that measure both resistive and capacitive components of the complex impedance are
known as impedance transducers. These systems exploit the fact that a 90° phase lag
exists between the three electrical properties, Cy, Ry and Ly. Techniques such as phase
sensitive detection (PSD) developed by Xie et al. (1988) exploit the phase difference
between capacitance and conductance to give measurements in the form of resolved
components of these two electrical properties. Transformer-ratio-arm transducers that
simultaneously determine resistance and capacitance components have also been
developed. Shi et al. (1993) describe such hybrid systems that can be used to

interrogate settling suspensions.
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5.6 Pressure Sensors

During sedimentation, the hydrostatic pressure in the settling zone varies with time
since the solid phase is removed continuously. Therefore, at any given level within the
settling zone the total hydrostatic pressure is the sum of the fluid pressure head and the
weight of the remaining suspended particles. The hydrostatic pressure exerted by the
suspended particles is, in essence, an excess pressure. Thus, it is an additional pressure

to the hydrostatic pressure of the fluid on a solids free basis.

Pressure transducers work on the principle of measuring small changes in total
hydrostatic pressure resulting from changes in excess pressure. The first notable
application of pressure sensors was by Duncombe and Withrow (1932) who used a
sensitive manometric method to monitor the variation of hydrostatic pressure with time
for dilute suspensions. Unfortunately, as particles settle, the excess hydrostatic
pressure progressively decreases and manometers discharge fluid back into the bulk
suspension. This disrupts the fluid hydrodynamics of the suspension and therefore,
interferes with the sedimentation process. Another notable limitation of conventional
manometric methods is that short-term fluctuations in excess pressure are not easy to

detect and transducer response time can be very poor.

Raffle (1976) also describes the application of pressure transducers which exploit
changes in fluid hydrostatic pressure to obtain data from which particle settling
velocities can be inferred. This technique differs from that of Duncombe and Withrow
in the sense that the effect of decreasing excess pressure can be minimised by careful
design. In this improved technique filters are used at the connection points between

each manometer and the suspension in order to prevent fluid back-flow.

More recently, very sensitive solid-state pressure transducers have been invented.
These devices are pressure sensitive membranes (diaphragms) which are flush-mounted
to the walls of sedimentation vessels in direct contact with the suspension. The excess
pressure caused by the presence of particles in the fluid is exerted on the membranes

resulting in a proportional deflection. These devices have characteristically short
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response times which allows for fast and continuous measurement of excess pressure
from which particle settling velocities and concentrations can be inferred. For instance
measurements can be taken at different locations along the settling zone in order to
provide effective pressure-time profiles from which the solids flux can be inferred
(Simons, 1991). In this method the settling velocities of particles are deduced from the

initial slopes of effective pressure-time profiles.

Unfortunately, most existing solid-state pressure transducers are delicate since they are
fabricated from silicon. These devices are, therefore, not suitable for use in aggressive
environments. Whilst it is possible to fabricate more robust devices from materials such
as steel difficulties arise from a reduction in sensitivity (Blasquez et al., 1989; Xie et
al., 1990).

It is also noteworthy that since pressure transducers are usually flush mounted they are
unlikely to provide representative bulk settling measurements even in the absence of

wall effects.
5.7 Conclusion

Table 1 represents a summary of the relative merits/disadvantages of the most
commonly used methods for sedimentation analysis as described in the preceding
sections. All of these systems involve monitoring the variation of some property over a
defined sensing volume. The derived information is then used in conjunction with an

initial calibration in order to determine the settling behaviour of a given suspension.

Unfortunately, the majority of these techniques are unreliable since the type of
calibration they require is suspension-specific. Consequently, few devices are capable
of continuous on-line operation and, therefore, operators still have to rely on direct
sampling methods in which samples are extracted for analysis in order to approximate

the dynamic behaviour of the settling process. This approach is itself prone to errors
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Table 1. Advantages and disadvantages of common methods of obtaining

sedimentation kinetic data

Method Working Principle Limitations Cost | On line?
Light absorbed is changes in refractive
Light proportional to solids index, not applicable Low No
extinction | concentration to optically opaque
systems
Ultrasound beam velocity | occurrence of internal
Ultrasonic | is function of solids scattering effects, not High No
sensing concentration applicable to
acoustically opaque
systems
Radiation may provide partial
Radiation | absorbed/deflected is information, usually High No
imaging function of concentration | concentration only
Hydrostatic pressure prone to fouling, fragile,
Pressure | related to suspended poor response time and | Low Yes
sensing solids content sensitivity
Electrical susceptible to external
Electrical | resistance/capacitance is | electromagnetic High No
sensing function of concentration | interference

86




Cnapter O A Keview of dedimentation Measurement 1echniques

and evidently non-representative since suspension composition may change rapidly

with time.

Although flush mounted pressure transducers can be used to provide on-line
sedimentation kinetic data by exploiting changes in the fluid hydrostatic head,
complications associated with the influence of wall effects on the settling behaviour of
particles arise. This limitation has recently been addressed by the development of
devices which extend well into the core of the suspension. However, these sensors are
still prone to fouling and their sensitivity decreases with usage. The current practice is

to periodically replace sensors which is neither cost effective nor reliable.

On the basis of the above considerations, it is evident that there is still a strong
incentive to develop alternative techniques that are capable of providing direct
sedimentation data on an on-line basis. It is particularly desirable to obtain such
information in a model-independent manner for both monodisperse and polydisperse

suspensions.
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CHAPTER 6
EXPERIMENTAL

DESIGN AND DEVELOPMENT OF THE VIBRATING REED
SEDIMENTATION ANALYSER

6.0 Introduction

This chapter describes the design and development of a multiple vibrating reed analyser
for the routine on-line measurement of particle settling velocities and the solids flux
(mass settling per unit area per unit time) during sedimentation. The associated

electronic drive and detection systems are also given. -

The development of a bench-top unit utilising a single reed lS described first. This
coupled with theoretical modelling (Mahgerefteh and Al-Khoory, 1991(a)) are used for
determining the optimal design and operational characteristics required for the multiple

reed system.

The principle of operation of the device is simple and relies on the fact that the
resonance of a stiff reed performing simple harmonic motion in a fluid medium is
directly related to the fluid hydrodynamic head. In the case of a settling suspension, the
fluid bulk density and hence the hydrodynamic head decreases with time as solids settle
out of suspension. Particle settling velocities and solids flux profiles may in turn be
easily obtéined by continuous monitoring of the resonance frequencies of a number of

reeds positioned at set levels along a settling tank

An ancillary electronic data acquisition system has been developed for use in
conjunction with the multiple reeds. This system comprises a multiplexed array of
electronic counters with a capability to provide frequency measurements at a rate of
ca. 10° s per channel. The output from this system is linked to a computerised data

processing and collection interface.
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It is noteworthy that in recent years, there have also been several other applications of
the remote drive vibrating reed system. These for example include fluid density
measurement under aggressive process conditions and thermogravimetric analysis
(Mahgerefteh et al., 1994, 1990, 1988; Mahgerefteh and Al-Khoory, 1991a, 1991b;
Briscoe et al., 1987; Briscoe and Mahgerefieh, 1985, 1984). More recently, a vibrating
reed device has been used to study added mass effects in two-phase liquid/solid media
(Mahgerefteh and Khoderverdian, 1996; Khoderverdian, 1994).

6.1 The Remote Drive Arrangement

Figure 6.1 shows a schematic representation of the basic layout of the remote drive

system. A detailed design is given later.

The unit comprises a stainless steel rod (1) clamped at an intermediate point along its
length. One end (the ‘remote side’) is exposed to the settling suspension whilst the
other (the ‘drive side”) is driven into transverse vibration at resonance by an alternating
current electromagnet (5). The first harmonic resonance frequency is the preferred
mode of operation due to its characteristically linear variation (Roy and Ganesan,
1994). Second and higher order harmonics tend to be distinctly non-linear, not
pronounced and, therefore, more difficult to interpret. Vibrations are transmitted
through the clamp and optically detected using a suitable detector (6) placed on the
drive side. With length ratios of the drive to the remote spans of the reed of less than
0.4, the resonance frequency of the reed becomes predominantly sensitive to changes
occurring on the remote side only (Mahgerefteh et al., 1990). A particularly novel
feature of the device is the fact that the drive and detection mechanisms are effectively

isolated from the test fluid.

6.1.1 The Electronic Drive and Detection System

Figure 6.2 shows the vibrating reed electronic drive and detection circuit. The system

automatically tunes to the first harmonic resonance frequency of the reed on the basis
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"Drive side"

Figure 6.1 A schematic representation of the remote drive vibrating reed analyser
showing the reed (1), clamp (2), container wall (3), attached mass (4), electromagnet

(5), optical detector assembly (6) and flux linkage plate (7)
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of a regenerative feed back loop (Seely, 1958). In this case, the vibration induced
voltage signal picked up by optical sensors is returned to drive the electromagnet via a
30 watt pulsating alternating current power amplifier thus forming a closed loop. The
electromagnet comprises a laminated rectangular soft iron core wound with 1200 turns
of 0.1 mm diameter copper wire. Also shown in figure 6.2, is the system power supply
(range 0 - 30 volts) which consists of a 50 watt transformer (RS type 223-8257). This

unit is used to drive the electromagnet and excite the optical detector (6).

The latter comprises a 5 mm infra-red emitter (Farnell, type TSUS 5400) and a pair of
photo-diode detectors (Farnell, type BPW 4IN). In essence, these operate by
illuminating the reed with an infra-red light source of known wavelength in order to
cast a shadow across the photo-diodes which in turn produce photo-currents
proportional to the light intensity (Cimmino and Davis, 1985). As the reed vibrates, the
shadow oscillates across the surfaces of the photo-diodes thereby modulating the
photo-currents. The difference between the photo-currents of the two detectors
provides a measure of the reed displacement. The system response in relation to the
reed displacement is linear provided the shadow overlaps the two photo-diodes. With

this arrangement it is possible to detect amplitudes of vibration as low as 1 x 10 mm.

The output from the power amplifier is modulated to produce a pulsed drive signal
which attracts the reed towards the electromagnet for only part of the full cycle. This
feature has been observed to improve the stability of the detected signal by minimising
the degree of interaction between the drive and the reed (Bak, 1986). A variable
bandpass filter (range 0 - 230 Hz) eliminates second and higher order harmonics (see
later). The amplifier circuit (see later) also incorporates special provisions for
controlling the drive pulse width as well as its phase lag (normally set at 90° relative to
the detected signal to ensure resonance (French, 1970)). The detected amplitude and
resonance frequency are, respectively, displayed at ca. 2 s intervals using a universal
frequency meter (Racal-Dana type 1990, range 0 - 100 MHz), and a digital multi-meter
(Keithley type 175, range 0 - 250 volts). A suitable oscilloscope (Telequipment type
DMB64) is used to monitor the phase lag and pulse width.
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6.1.2 Modelling of the Vibration Mechanics and Optimal Design Criteria

The mathematical representation of the vibration characteristics of a horizontal beam
oscillating in the transverse direction is described by Bickley and Talbot (1961) who
applied the elementary Euler - Bernoulli equation:

o'y (pa 2%
ax4 +(I__:IBTZ— =0 (6.1)

where, ‘p’ is the density of the beam, ‘a’ is the cross sectional area of the beam, ‘E’ is
Young’s modulus of elasticity and ‘I’ is the area moment of inertia of the beam cross
section about the neutral axis. ‘y’ represents the transverse deflection at any point ‘x’

along the beam and can be expressed as a function of time, ‘t’.

Thus:

y(x,t) = Y(x).F(t) (6.2)
where, Y(x) defines the normal mode of vibration and F(t) is a function describing the
motion of the vibrating beam experiencing simple harmonic motion at an angular
frequency, ‘o’. The function F(t) is in turn given by the equation:

F(t) = asin(o t)+pcos(wt) (6.3)

where ‘o’ and ‘B’ are arbitrary constants. By combining equations 6.1 to 6.3 it can be

shown that:

d*y
dx4

-AfY =0 (6.4)
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where:

_ pan?

A4 65

Equation 6.5 is known as the beam equation and the term ‘EI’ is commonly referred to
as the flexural rigidity (Beards, 1995). In this analysis, it is assumed that beam rotation
is negligible compared to transverse deflection. In addition, shear deformation is

considered to be negligible compared to bending deformation.
The general solution to equation 6.5 is given by:
Y = Acos(Ax)+Bsin(Ax)+Ccosh(Ax)+Dsinh(Ax) (66)

where A, B, C and D are constants whose values depend on the boundary conditions
of the system which in turn depend on the manner in which the beam is supported. The
solution of equation 6.6 yields an infinite number of possible resonance frequencies and
amplitudes of vibration. In the case of a beam clamped well away from its mid point,
the effect of the surrounding fluid becomes much more pronounced on the longer span
provided the system is vibrated at its short end at the first harmonic resonance

frequency (Mahgerefteh and Al-Khoory, 1991a).

Al-Khoory (1992) applied the appropriate boundary conditions to produce three sets
of solutions for the constants A, B, C and D for three spans (the drive, the remote and
the clamped section) of the reed. The resulting system of equations was then used in
conjunction with a computational model based on the finite element method of analysis

to predict the effect of various design parameters on the reed resonance frequency.
In summary, for a cylindrical shaped reed, the optimal design and operating criteria

resulting in a stable response as well as giving rise to a maximum change in the

resonance frequency in response to a change in mass at the remote end require:
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@) Maximising the ratio of Young’s modulus of elasticity to the density of the reed

material of construction.
(i)  Minimising the length ratio of the drive span to the overall length of the reed.

(i)  Minimising the ratio of the remote side attached mass to the overall mass of the

reed.
(iv)  Minimising the distance over which the reed is clamped.
(v)  Minimising the overall length of the reed.
(vi)  Maximising the diameter of the reed.
(vii)  Operating at the first harmonic resonance frequency of vibration.
6.2 Design of the Bench-Top Analyser

A bench top analyser has been especially developed so as to allow changes in the
reed’s characteristic dimensions (length and diameter) along those based on the
optimal design criteria discussed in section 6.1.2. This is carried out whilst at the same
time bearing in mind the practical implications on the overall system design. For
example, criterion (i) above dictates a reed material of construction with a high ratio of
Young’s modulus to density thus making a ceramic such as quartz an obvious choice.
Unfortunately this was not practical due to difficulties associated with its fabrication as
well as clamping. In this study, we have chosen stainless steel as the next best choice
particularly in view of its corrosion resistance properties. Criterion (ii) on the other
hand dictates a minimum clamping ratio (ratio of drive span length to the overall reed
length). In this study we choose a clamping ratio of 0.35. Smaller ratios although more
desirable, are impractical due to excessive power requirement by the electromagnet

which in turn results in its considerable Ohmic heating and eventual burn-out.
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Figure 6.3 and plate 6.1 show, respectively, a scaled drawing and a photograph of the
bench-top analyser. Figure 6.4 on the other hand, shows a scale drawing of the reed in
isolation. The reed is assembled from three interchangeable parts comprising a remote
section, joining piece and drive section. The joining piece is suitably threaded in order
to take on different length and diameter reeds. Returning to figure 6.3, the reed (1) is
horizontally held via a 36 mm diameter, 0.06 mm thick pinning disk (2) (see later). The
latter is in turn connected to a 102 mm long x 70 mm wide x 20 mm thick stainless
steel supporting block (3) via six 12 mm long M4 x 10 screws (4). The supporting
block (3) is securely mounted on a 274 mm long x 140 mm wide x 20 mm thick lead
slab (5) which in turn stands on four rubber legs (6). The latter minimise the transfer of

vibrations to the surroundings.

The drive side of the reed is suitably threaded to take on a 13 x 13 mm, 3 mm thick
mild steel plate (7) in order to provide magnetic flux linkage with the electromagnet
(8). The separation between the electromagnet (8) and the plate (7) may be adjusted at
will using two 20 mm long M4 x 10 screws (9). The remote side of the reed on the
other hand is mounted with a 20 mm diameter fine meshed (ca 40 pm) wire gauze
supported on a 2 mm thick brass ring (10). This member enhances the effect of the
fluid environment on the reed’s vibration characteristics. At the same time, close visual
observation of settling water/glass ballotini suspensions has revealed that the wire
gauze has the advantage of reducing the vibration induced perturbations in the
immediate vicinity of the reed. Also, the selection of a wire gauze as opposed to a flat
plate results in a reduction in the attached mass compared to the mass of the reed thus

complying with the optimal design criterion (iii) (see section 6.1.2).

The optical detector (11) is strategically positioned at ca. 12 mm from the supporting
block (3). It is found that although larger separations result in an increase in sensitivity,

this is however at a cost of reduction in stability of the detected signal.

Previous designs (see for example Mahgerefteh and Khodaverdian (1996)) of the
remote drive system involved the use of plastic compression fittings as a means of

clamping the reed to the supporting structure.
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Our experience has shown that although this arrangement acts as an effective seal for
isolating the fluid environment from the drive side, it has the disadvantage of damping
vibrations thus reducing the system’s quality factor. Also, the resonance frequency is
marginally, but significantly affected by the clamping pressure produced as a result of
the degree of tightness of the locking nut which is in turn difficult to control. This can
be a significant problem in the design of the multiple reed system (see later) as it may

give rise to inconsistent behaviour of the reeds.

In our new design we overcome this problem by replacing the compression fitting
clamp with a ‘pinned support’. Here the reed is effectively pinned at a point along its
length via a 36 mm diameter, 0.06 mm thick stainless steel disk which is welded around
its circumference. The disk is in turn securely attached around its circumference to the

supporting slab in the manner described above.

The very small clamping distance produced as a result of pinning the reed significantly
improves the efficiency of transfer of vibrations from the drive to the remote span,
thereby minimising the interference of the supporting structure with the reed’s
vibration characteristics. The result is a much more stable and sensitive response (see

later), consistent with the optimal design criteria (see section 6.1.2).

6.2.1 Design Optimisation Studies

In the proceeding section, the performance of the system is mainly quantified in terms
of the magnitude of the change of resonance frequency in response to a change in
attached mass (Hz/g) as well as the stability of the frequency response.

6.2.1.1 Optimisation of Reed Length

Different length remote and drive spans of the reed were machined ensuring a constant

pinning ratio (ratio of drive span length to the overall reed length) of ca. 0.35.
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Figure 6.5 shows the variation of resonance frequency with remote side attached mass
in air for 3 mm diameter stainless steel reeds of various overall lengths in the range 110
- 196 mm. Figure 6.6 on the other hand shows the corresponding variation in system
sensitivity, (Hz/g) obtained from the slope of the linear regression lines fitted to the
data in figure 6.5 plotted as a function of reed length. A typical amplitude of vibration

as measured at the remote end is 0.5 mm.

Returning to figure 6.6, it is evident that system sensitivity improves as the overall
length of the reed decreases. This result is consistent with the predictive design criteria
described previously (see section 6.1.2). It is interesting to observe that there is little

further improvement in the system’s sensitivity for reed lengths below 130 mm.

It is important to note that the optimal reed length is that which provides the best
combination of mass sensitivity (as measured from the slope of frequency versus
attached mass data) and stability in response. We determine the latter by monitoring
the system’s resonance frequency for a constant attached mass (in this case 1.6513 g)
over a period of ca. 20 minutes. As frequency readings are taken at 2 s intervals, this

corresponds to 600 measurements.

For each reed length, the maximum deviation from the mean resonance frequency over
the test interval is then determined and added to the maximum frequency deviation

from the resonance frequency versus attached mass calibration lines (see figure 6.6).

The resulting cumulative error (Hz) is then divided by the corresponding sensitivity
(Hz/g) to determine the system mass resolution (per g). The latter corresponds to the
minimum detectable mass and, therefore, can be considered as a reliable parameter

with respect to the evaluation of the system’s performance.
Figure 6.7 shows the variation of system mass resolution with overall reed length for 3

mm diameter uniform reeds with a constant pinning ratio of 0.35. Clearly, the

sensitivity of the system with respect to mass measurement decreases markedly for
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Figure 6.5

The variation of resonance frequency with remote side
attached mass for 3 mm diameter uniform reeds of various
overall lengths: curve A, 110 mm; curve B, 120 mm; curve C,
133 mm; curve D, 156 mm; curve E, 180 mm and curve F,
196 mm. The data is for a constant pinning ratio of 0.35
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Figure 6.6

The variation of system sensitivity with overall reed length
for 3 mm diameter uniform reeds with a constant pinning
ratio of 0.35
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System mass resolution, (per g)

T T T
140 160 180 200

Overall reed length, (mm)
Figure 6.7
The variation of system mass resolution with overall reed

length for 3 mm diameter uniform reeds with a constant
pinning ratio of 0.35
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reed lengths above 150 mm. Table 6.1 shows a summary of the main results obtained
from the reed length optimisation study.

The data shows that the optimal reed length is ca. 110 mm. This corresponds to + 4.85
x 10 g! mass resolution. The frequency/attached mass linear correlation coefficient is
0.9999. It is interesting to note that the above represents an order of magnitude
improvement in mass sensitivity as compared to previously designed remote drive

systems (Mahgerefteh and Khodaverdian (1996)) utilising a plastic compression fitting
as a clamp.

Further reductions in the overall reed length were not practical as these were found to
require unacceptably high magnetic flux linkages in order to induce vibration. In
addition, the optimal location of the optical sensor places a constraint on the minimum

practicable length of the drive span and, hence, the overall reed length.
6.2.1.2 Optimisation of Reed Diameter

Figure 6.8 shows a comparison of the variation of system sensitivity (Hz/g) with reed
length for 3 mm (curve A) and 4 mm (curve B) diameter reeds. The pinning ratio is
0.35. As in the previous study, the sensitivity of the reeds is obtained from a slope of
the linear regression of resonance frequency versus remote side attached mass plots.
The data are in good accord with predictive criterion (vi) (see section 6.1.2), in that
they clearly show the system sensitivity improves as the reed diameter increases.
However, the effect becomes much less pronounced as the reed length decreases. This
is probably because as the reed length decreases,, there is a corresponding reduction in
its mass and hence, an increase in its sensitivity consistent with criterion (vi) above. An
increase in diameter on the other hand results in an increase in reed mass. The two
factors effectively counteract one another when the reed length falls below ca. 130

mm. In such ranges there is no net effect on the system’s sensitivity.

Figure 6.9 shows the corresponding changes in the system’s stability. Curves A and B

respectively show, the data for the 3 mm and 4 mm diameter reeds. It is clear from

105



hedias/ At IS NP AT VR ELLIIITR Uy I T LT RIS AV MALRRNIIT T A LT LATRRYS O

Overall Reed | Sensitivity | Maximum deviation | Maximum fluctuation System Mass
Length (=A) from linear fit to data | in frequency recorded Resolution
(=B) over 20 minutes (=B+C)/A)
=C)
(mm) (Hz/g) (Hz) (Hz) (®
110 423 1.93 x 107 1.21 x 10* 4.85x 10"
120 4.14 3.25x 103 » 3.91 x 10* 8.79 x 10™
133 3.92 9.51 x 103 8.31 x 10* 2.64 x 107
156 2.83 2.33 x 1072 1.03 x 107 8.60 x 107
180 } 1.66 5.11 x 1072 1.59 x 102 4.04 x 107
196 1.18 1.21 x 10! 1.94 x 102 1.19 x 10
Table 6.1

A summary of the main results obtained from the reed length
optimisation study. The data relates to 3 mm diameter reeds

with a constant pinning ratio of 0.35
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Figure 6.8

A comparison of the variation of system sensitivity with
overall reed length for 3 mm (curve A) and 4 mm (curve B)
diameter uniform reeds with a constant pinning ratio of 0.35.
The data shows the effect of increasing reed diameter
on the system response.
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Figure 6.9

A comparison of the variation of system stability in response
with overall reed length for 3 mm (curve A) and 4 mm
(curve B) diameter uniform reeds with a constant pinning
ratio of 0.35. The data shows the effect on increasing reed
diameter on the system's stability.
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the data that the system’s stability decreases as the reed diameter increases. We believe
this is because larger diameter reeds require higher driving powers for maintaining the
same amplitude of vibration which in turn results in less efficient operation of the

electromagnet due to Ohmic heating. The latter was indeed observed in practice.

Figure 6.10 shows the corresponding combined effects of system stability and
sensitivity plotted in terms of mass resolution versus reed length for the two reed
diameters. Curve A shows the data for the 3 mm reeds whereas curve B refers to the 4
mm diameter reeds. It is clear from the data that the smaller diameter reed offers a

better degree of performance and hence, is selected in the proceeding studies.

In summary, on the basis of our analysis, the optimally designed reed is 110 mm long,
3 mm in diameter made from stainless steel. The corresponding pinning ratio is 0.35.
The variation in the resonance frequency in response to changes in mass occurring at
the remote side is, to a good degree of approximation linear (correlation coefficient
0.9999, maximum frequency deviation from a straight line is + 1.93 x 10 Hz). The
system sensitivity with respect to changes in mass at the remote side is ca. 4.23 Hz/g.
The stability of the frequency response is better than + 1.21 x 10* Hz. The

corresponding mass resolution of the system is therefore ca. + 4.85 x 10 g.

6.3 Design of the Optimised Unit for Sedimentation Analysis

Figure 6.11 shows, in perspective, a schematic representation of the optimised unit
ready for mounting onto the settling tank as viewed from the drive side. Figure 6.12 on
the other hand shows, in perspective, a schematic representation of the same unit as
viewed from the remote side. Figure 6.13 shows a perspective scaled drawing of the
various components of the sedimentation analyser in isolation. Figure 6.14(a) is a
scaled drawing of the sedimentation analyser, viewed in section, to show how it is
connected at its remote side to the settling tank. Figure 6.14(b) is a scaled drawing of
the sedimentation analyser, viewed from above. Finally, plates 6.2(a) and 6.2(b) are

photographs showing side and top views of the sedimentation analyser respectively.
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Figure 6.10

A comparison of the variation of system mass resolution
with overall reed length for 3 mm (curve A) and 4 mm
(curve B) diameter uniform reeds with a constant pinning
ratio of 0.35. The data shows the effect on increasing reed
diameter on the system response.
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In this system, the photo-diode detector (see section 6.1.1) is replaced with a photo-
transistor detector (RS type SF309FA). The resulting higher sensitivity enables the use
of relatively small currents (ca. 0.3 Amps) for driving the electromaghet thus resulting
in almost an order of magnitude improvement in the system stability (cf + 8.75 x 10
Hz with + 1.21 x 10® Hz). This affords us the possibility of positioning the reed
further away from the clamping point (ca. 30 mm as compared to the photo-diode

system) where vibrations are more pronounced.

Referring to figures 6.11 - 6.14, the electromagnet (6) is securely held in position by
two suitably shaped aluminium brackets (7). The latter are connected to a rectangular
stainless steel supporting block (8) by two 10 mm long, M4 x 10 screws (9). The
supporting block (8) is also suitably machined in order to allow the mounting of the
reed (1) to the settling tank (2) via the pinning disk (3) using six equi-spaced 10 mm
long, M4 x 10 screws (10). This unit is then connected to the settling tank (2) using
the same six screws (10). The pinning disk (3) forms a liquid tight seal with the settling
tank (2).

Vibrations are transmitted through the pinning disk (3) and detected on the drive side
by an infrared emitter (11a) and photo-transistor (11b). These are mounted at ca. 10
mm above the mild steel plate (12) at a separation of ca. 25 mm from one another. The
emitter (11a) and the photo-transistor (11b) are each housed in a hollow brass cylinder
(13) which is in turn connected to a 22 mm long, M5 x 10 brass thread (14) whose
free end screws into the supporting block (8). The emitter (11a) and photo-transistor
(11b) are suitably angled (ca. 90°relative to the mild steel plate (12)) in order to ensure
that the emitted signal reaches the photo-transistor (11b). When aligned, the emitter
(11a) and photo-transistor (11b) are then each élamped by tightening a restraining bolt
(15) situated at the free end of the supporting brass thread (14).

The free end of the remote span (4) of the reed is mounted with a 20 mm diameter fine
meshed (ca. 40 um) wire gauze supported on a 2 mm thick brass ring (16) which
magnifies the effect of the test suspension on the resonance frequency (see section

6.2). Finally, the distance between the mild steel plate (12) and the electromagnet (6) is
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set at ca. 5 mm and the entire drive section of the reed is covered with a 85 mm long x

50 mm wide x 68 mm deep aluminium casing in order to block out light interference

from surroundings.
6.4 On-Line Multiple Reed System and the Associated Sedimentation Rig

Figure 6.15 and plate 6.3 show, respectively, a schematic representation (not to scale)

and a photograph of the multiple reed system and the associated sedimentation rig.

The system comprises a 218 cm high by 15 cm diameter cylindrical perspex column (1)
with four vibrating reed sedimentation analysers (2) stratégically positioned along its
length (see later). A 114 litre base hold-up tank (3) contains the suspending liquid
which is in turn circulated through the perspex column (1) using a 3 kW (Stuart
Turner: type SO0CR125) centrifugal pump (4). Thé settling particles are confined within
the perspex column by two woven wire (ca. 35 pum mesh) stainless steel supporting
grids (5) placed at the base and at the top of the settling zone. The top grid rests on a
suitably machined ledge and is held in position by a brass O-ring whilst the grid at the
bottom is an integral part of an 8 cm deep copper catch-pot in which test samples are

placed. Plate 6.4 shows a photograph of the sample catch-pot.

The base of the perspex column (1) consists of a 36 cm long section which contains a
28 cm high 14 x 14 cm square multi-channel copper flow distributor (6). This unit
provides a uniform flow field of the suspending liquid to the bed of particles in the
catch-pot. Plate 6.5 shows a photograph of this member.

The disposition of the four reeds (2) along the length of the settling zone is such that

each device sees a fresh flow field thus minimising the possibility of cross-interference.
This is achieved by using the helical mounting arrangement shown in figure 6.15. The

separation distance between neighbouring reeds is ca. 20 cm. Figuré 6.16 shows the

position of each reed relative to the top of the settling zone.
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Figure 6.15 A schematic representation (not to scale) of the multiple vibrating reed
system and the associated sedimentation rig.
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Figure 6.16 A scaled drawing showing the disposition of each reed relative to the top of

the settling zone.
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The bulk flow of the liquid is sufficient to uniformly fluidise the particles within the
settling zone. On switching off the pump, the particles fall under gravity following
which resonance frequency measurements are automatically recorded using a specially
developed electronic data acquisition system. The latter consists of a multiplexed array
of electronic counters with a capability of providing resonance frequency
measurements at a rate of ca. 10> s per channel. A detailed explanation is given in
section 6.4.1. The output from this system is linked to a computerised data processing

and collection interface.

6.4.1 Ancillary Electronics and a Computerised Data Acquisition System
6.4.1.1 System Power Regulators

A power regulator is used to control and stabilise the voltage supplied to the
electromagnets. Figure I in appendix A shows the electronic circuit diagram. This unit
is based around a voltage regulator (RS: type LM 338, output range 0-30 volts) and is
duplicated for the four electronic channels corresponding to each of the four reeds. All
other system components (see below) are powered using a single 50 watt a.c power

supply (RS: type 805-142, output range 0-15 volts).
6.4.1.2 The Photo-Transistor Detectors

The optical detectors used to monitor the responses of the reeds each have a light
emitting diode source which is interrupted by the reed prior to reaching a photo-
transistor. The output voltage signal from the photo-transistor is then sent to the buffer
amplifier (RS: type TLO71, output range 0-15 volts). Figure II in appendix A shows
the appropriate circuit diagram. This unit buffers the output signal by lowering its
impedance. The modulated signal is then relayed to the front panel of a multi-channel

power amplifier unit.
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6.4.1.3 The Variable Bandpass Filter

Figure III in appendix A shows the electronic circuit diagram for the variable bandpass
filter. The system is based on a Master Frequency Clock (RS: type MF10C, output
range 0-5 volts) integrated circuit which comprises a switched capacitor filter (RS:
type 4047, output range 0-5 volts) with a variable clock input controlled from the front
panel of the multi-channel power amplifier. The clock input frequency of this device
allows for the selection of the resonance frequency of each reed. This effectively limits
the range of operational frequencies for each reed so as to avoid self-tuning to modes

other than the primary harmonics.
6.4.1.4 Pulsed Power Amplifier

Figure IV in appendix A shows the electronic circuit diagram for the pulsed power
amplifier used to drive the electromagnets. This unit is based on a triggered input
integrated circuit (RS: type 4049, output range 0-15 volts). The input to this device is
converted from analogue into a ‘switched signal’ before being relayed to an output
socket on the front panel of the multi-channe] system. This output is then used to drive
all subsequent circuitry including the electromagnets and optical detectors. In addition,
part of this output is relayed to a pair of test sockets on the front panel from which the
drive pulse width and phase lag of the system can be monitored. The amplitude of
vibration of all four reeds is maintained constant throughout measurements using a

comparitor circuit (RS: type LM 311, output range 0-15 volts).

Figure V in appendix A shows the appropriate circuit developed to maintain each reed
at its primary resonance frequency during measurements. In this arrangement, the
triggered signal from the comparitor is fed to a first delay circuit (RS: types 74HCT74,
output range 0-5 volts). This signal, also known as the ‘phase’ is controlled from the
front panel of the multi-channel system. The output from the first delay circuit is in
turn used to trigger a second delay circuit (RS: types 74HCT4017, output range 0-5
volts). This is also controlled from the front panel and is known as the ‘pulse’. The
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output signal from the second delay circuit is then used to drive the electromagnets via

a power transistor (RS: type BDX 53C) thus forming a self tuning closed circuit.
6.4.1.5 The Computer Data Logging Interface

Resonance frequencies are continuously logged by a 486 computer via a digital
input/output card with external circuitry. This card (Blue Chip: type ADC - 44d) has 3
x 8 bit digital input/output ports which are used as 20 bit input ports and 4 bit control
ports. The former are used to measure and record resonance frequencies whilst the
latter control the rate at which data is collected using a Visual Basic programme (see

appendix A).

Figures V and VI, in appendix A, show detailed circuits of the current data logging
system. The detected vibration signal from each reed is amplified by the power pulse
amplifier. The output from this unit is then used as the input signal to a Master Clock
generator (RS: type MCLK, 1 MHz or 1 ps resolution) which measures the period of
the input square signal by counting the time between two successive peaks. Figure VII
in appendix A shows a schematic illustration of the manner in which the counts are
taken. The circuitry is then commanded channel by channel to send the number of
pulses counted to the computer via the Visual Basic programme (see appendix A). The

programme then converts the measured period to a frequency value.

Returning to Figure VII in appendix A, the 1 MHz Master Clock is generated along
with a 4 MHz timing clock (RS: type CCLK) which is used internally by a crystal
oscillator module (RS: type IC7) to take counts. The Master Clock count is then fed to
a chain of three counter integrated circuits (RS: types 74HCT393(IC1),
74HCT374(IC2) and 74HCT393(IC3)) each capable of counting up to 2** bits of
which only 20 bits are used. The 4 MHz timing clock is used in conjunction with a
decoder (RS: type 74HCT138) (see figure VI in appendix A) whose additional timing
circuitry generates ‘latch-end’ clear pulses. These clear pulses are used at the start of
the each count to initialise the counter circuits. This procedure is then followed by the

first count from the Master Clock which continues until the start of the second count
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period and so on. Between counts, a pulse is generated to ‘latch’ onto the value
accumulated in the three counter stages. This pulse is stored in an output ‘latch’ where
it remains valid for reading by the computer via the Visual Basic programme until the
next signal cycle. The cycle is then repeated in sequence and all four channels are
counted independently. This is also achieved via the visual basic programme which
uses a decoder (RS: type 74HCT138) to select the active channel. This circuit outputs
a 4 bit value which is used to select the frequency channel to be read back. Various
integrated  circuits (RS: types 74HCT374(IC4), 74HCT393(IC5) and
74HCT374(1C6)) then convert the 4 bit value into individual channel select signals
which enable a set of latches onto the common 20 bit input ports. Figure VIII in
appendix A shows a layout of the computerised data logging system. Figure IX in
appendix A on the other hand shows a detailed layout of the multiple reed electronic

drive and detection system.

Logged resonance frequencies are read to an Excel (version 5.0) output file in real time
basis via the Visual Basic programme. This file is also commanded via the programme
to record the data for each reed to a separate address. Consequently, the data for the
four reeds is displayed as four distinct columns which can be analysed separately. Since
the output file is overwritten each time the programme is run, it is necessary transfer all
data to a second Excel file in which a series of macros are used to filter out stray
signals and reduce the volume of data by averaging measurements over ca. 5 s

intervals.
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CHAPTER 7

EXPERIMENTAL PROCEDURES

7.0 Introduction

This chapter describes the results of a series of experiments elucidating the
performance characteristics of the vibrating reed system. These in the main,
demonstrate the effects of the reed amplitude of vibration, the suspension bulk
viscosity as well as its temperature on the system’s response. Performance data relating

to system sensitivity were given in chapter 6.

This is then followed by a number of further studies the results of which form the basis
for establishing the feasibility and reliability of the vibrating reed system in providing
sedimentation kinetic data. The latter include the determination of settling velocities as
well as the solids flux. The reliability of the system is primarily verified by comparison
with data obtained from direct visual observation of the rate of descent of the
suspension-clear liquid interface for nominal monodisperse suspensions comprising

various concentrations of 200 - 212 um glass ballotini in water.

The methods and equipment used to prepare and characterise test samples as well as

the manner in which test suspensions are prepared and monitored are described first.
7.1 Particulate Specification and Preparation
The material chosen for use in model sedimentation experiments is soda glass ballotini

beads, supplied by Jencons Scientific Ltd. (Bedfordshire, UK). Appendix B gives a

typical chemical composition as well as important physical properties.
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These samples, varying in the range 55 - 212 um were separated to various size

fractions using sieving performed in accordance to British Standards recommendations
(BS 1796: part 1: 1989).

The calibration of the multiple vibrating reed sedimentation analyser requires the use of
a monodisperse sample. Ideally, such a sample should consist of identical (with respect
to both size and density) non-aggregating particles which settle through the fluid
medium at the same rate. This allows for the direct verification of the experimental
technique on the basis of visual observation of the rate of fall of the sharp suspension-
clear liquid interface and comparison with the resonance frequency response data as

well as validation of the appropriate theoretical models for monodisperse particles.

Unfortunately, single sized particles are difficult to prepare in practice and are
prohibitively expensive particularly when considering the quantities required in this
study (>1 kg). Here, we use glass ballotini in the range 200 - 212 um as representing a
nominal mono-size sample. This is the narrowest sieve cut available. In addition,
particles in this size range are sufficiently coarse so that their settling behaviour in
aqueous media is much more likely to be dominated by particle-particle hydrodynamic
interactions rather than surface charge related electrostatic effects. The latter tend to

be more prevalent in conjunction with smaller particles (< 50 pm).

Once a good understanding of the response of the multiple reeds in relation to the
settling behaviour of a monodisperse suspension has been attained, the settling
behaviour of more complex polydisperse suspensions can be studied. In this study, the
samples used for this purpose comprise glass ballotini in the ranges; 55 - 100 um, 80 - -
115 pm, 90 - 135 pm and 100 - 200 pm. |

The size distribution of each sieve cut was determined using a laser diffraction particle
size analyser (Malvern: type Mastersizer S). Each sample was prepared prior to
analysis in accordance with Allen’s (1990) recommendations. This involved washing

with 2.5 mol dm™ hydrochloric acid in order to remove any traces of iron which may
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be present as a result of the manufacturer’s handling process followed by rinsing with
distilled water and finally drying.

The particle size distribution analysis for each sample is repeated at least 10 times in
order to ensure that the results are reproducible. The water used in the above
procedure and all subsequent tests is free of all impurities which may otherwise affect
experimental results. This involves passing through a primary disinfection cartridge
where ionic and organic impurities are removed by ultraviolet radiation and finally
filtration in a reverse osmosis ultra-microfilter. After this stage the processed water has

a virtually neutral pH.

Figures 7.1 - 7.5 show the particle size distribution data for the various glass ballotini
samples used in this study. The data is presented in the form of the percentage number
frequency in the analysed population versus particle size. In the case of the
‘monodisperse’ 200 - 212 pm sample, the particle size distribution plot is symmetrical
and can be fitted by a normal distribution function with the general form (Rumpf,
1990):

S N (5D}
_f(xspsc)‘ﬁ;t‘c exp ' 9 2 ] (7'1)

where x is the particle size, p is the arithmetic mean of the particle size distribution and
o is the standard deviation of the distribution. The data shows that the sieving
operation is reasonably effective since the cumulative count for sizes in the range 200 -

212 pmis 95.2 %.

The particle size distribution data for the majority of the polydisperse samples is
slightly skewed towards the small particle size end of the distribution curve which
indicates the presence of a disproportionately high number of smaller particles. This is
probably due to errors incurred during sub-sampling. However, the particle size
distribution data for the various polydisperse samples are still best fitted by normal
distribution functions. Table 7.1 shows a summary of the main parameters of the
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Figure 7.1
Particle size distribution data for the monodisperse
200 - 212 um glass ballotini sample (density 2550 kgm‘3)
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Particle size distribution data for the polydisperse
55 - 100 um glass ballotini sample (density 2550 kgm™)
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Figure 7.3
Particle size distribution data for the polydisperse
80 - 115 um glass ballotini sample (density 2550 kgm'3)
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Figure 7.4
Particle size distribution data for the polydisperse
90 - 135 pm glass ballotini sample (density 2550 kgm‘s)
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Particle size distribution data for the polydisperse
100 - 200 um glass ballotini sample (density 2550 kgm‘a)
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Particle Description Mean Standard Percentage
Size Particle Deviation within
Range Size of fit Size Range
(nm) (nm) (@) (%)
200 - 212 | Monodisperse 206.0 0.21 95.22
55-100 | Polydisperse 77.5 0.69 96.48
80 -115 | Polydisperse 96.4 0.35 98.71
90 - 135 | Polydisperse 109.3 0.42 97.82
100 - 200 | Polydisperse 149.7 2.53 96.11

Table 7.1. A summary of the main parameters of the normal
distribution curves which best fit the particle size analysis
data for all samples at a 95 % confidence level.
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normal distribution curves which best fit the particle size analysis data for all samples at
a 95 % confidence level.

7.2 Preparation of Two-Phase Solid/Liquid Suspensions

The manner in which the two-phase solid/liquid suspensions are prepared for use in the

proceeding sedimentation studies is described with reference to figure 6.15, chapter 6.

The first stage involves filling the hold-up tank (3) with the suspending liquid (water)
followed by switching on of the centrifugal pump (4). The flow of water is then
adjusted via a flow control valve (8) so that the settling tank (1) is gently filled up to a
level a few centimetres below the particle inlet port situated ca. 135 mm from the top
of the settling zone (7). Once the desired water level has been reached, the pump is
switched off and a pre-determined volume of the test particles is slowly poured into the
setting tank via the inlet port using a funnel. The sample port is then closed following
which the pump is switched on again, this time in a re-circulating mode in which the
water leaving the top of the settling tank returns to the base hold-up tank and re-
pumped back into the base of the settling tank. The flow of water is gradually
increased in order to expand and uniformly mix the bed of particles in the catch-pot
over the entire settling zone. Once a uniform suspension has been observed the pump is
switched off. This marks the start of the sedimentation process which is monitored by

measuring the resonance frequencies of the reeds in the manner described in section
6.4.1, chapter 6.

The samples are weighed prior to being introduced to the settling zone so that the solid
mass concentration can be determined for subsequent mass balance calculations. The
operating temperature is measured using a digital thermometer placed in the base hold-
up tank.

137



Chapter 7 Experimental Procedures

7.3 Study of the Performance Characteristics of the Vibrating Reed System.
7.3.1 Effect of Amplitude of Vibration

Figure 7.6 shows the effect of an increase in the amplitude of vibration on the
resonance frequency of reed 1 vibrating in water at 17 °C. In this test, the amplitude of
vibration is increased by gradually increasing the power supplied to the electromagnet.
As it is clear, at certain ranges, the resonance frequency dramatically decreases with
increase in the amplitude of vibration. This is a commonly observed phenomenon, and
is mainly due to ‘softening spring behaviour’. Timoshenko(1937), attributes this effect
to the strain induced in the beam following its deflection which in turn reduces the
Young’s modulus. As a result, the reed’s resonance frequency is reduced. Figures 7.7 -
7.9 on the other hand show the corresponding data obtained at the same time as those
shown in figure 7.6 using reeds 2 - 4 repectively. The data show similar trends.

In the context of the present study, the above may give rise to complications during
sedimentation analysis as changes in the resonance frequency of vibration may not be

wholly attributed to variations in the fluid properties.

Here, we overcome this potential problem by operating each reed at a constant
amplitude of vibration of 0.65 V. As it is clear from the data in figures 7.6 - 7.9, even
slight fluctuations in this amplitude will have negligible effect on the resonance
frequency. For example, the maximum changes in the resonance frequencies in the
amplitude range 0.5 - 0.8 V for reeds 1, 2, 3, and 4 are + 2.44 x 10, £ 2.75 x 10*, +
2.36 x 10 and + 2.67 x 10 Hz respectively. The corresponding estimated errors in
mass resolution are sufficiently small so that they may be considered as negligible ( i.e

+5.02 % 10°, £5.66 x 10°, +4.86 x 10~ and + 5.49 x 10 g respectively).
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Figure 7.6
The effect of amplitude of vibration on resonance

frequency for reed 1 vibrating in water @ 17 °C.
The head of water above the reedis 699 mm.
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Figure 7.7
The effect of amplitude of vibration on resonance

frequency for reed 2 vibrating in water @ 17 °C.
The head of water above the reedis 900 mm.
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Figure 7.8
The effect of amplitude of vibration on resonance

frequency for reed 3 vibrating in water @ 17 °C.
The head of water above the reedis 1096 mm.
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The effect of amplitude of vibration on resonance
frequency for reed 4 vibrating in water @ 17 °C.
The head of water above the reedis 1296 mm.
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7.3.2 Effect of Fluid Viscosity and Temperature

The vibration characteristics of a reed are dictated by both the density and viscosity of
the fluid medium in which it vibrates (Retsina et al. 1986, 1987). Accordingly, since
the vibrating reed sedimentation analysers rely on detecting changes in the bulk density

and therefore, the hydrodynamic head of settling suspensions, it is essential to

determine the effect of viscosity on the system response.
The fluid bulk viscosity is a function of both temperature and solids concentration.

Dealing with the effect of the temperature first, figure 7.10 shows the variation of the
suspending fluid viscosity, in this case pure water with increase in temperature in the

range 10 and 60 °C (Perry’s Chemical Engineers’ Handbook, 1973).

Figure 7.11 on the other hand, shows the corresponding variation of frequency with
amplitude around resonance for reed 2 chosen as an example. As it may be observed,
the amplitude of vibration increases markedly with increase in the fluid temperature.
This is probably due to a reduction in the damping effect of the fluid medium since an
increase in temperature results in the reduction in the fluid viscosity (see figure 7.10).
However, since the maximum amplitude attained at resonance is still within the range
0.5 - 0.8 V (see figures 7.6 - 7.9), the resonance frequency (the frequency

corresponding to the maximum amplitude of vibration) remains unchanged.

Dealing with the effect of solids concentration next, in the case of a settling suspension
changes in the fluid viscosity are implicit within the solids volume concentration. For
dilute (solids volume concentrations < 5 % v/v) systems, suspension bulk viscosity can
be estimated from Einstein's empirical viscosity correlation (Einstein, 1906) presented
in section 4.2, chapter 4. Figure 7.12 shows the corresponding predicted variation of
suspension viscosity with solids volume fraction at various temperatures in the range
10 - 25 °C. The data covers the typical range of solids volume concentrations (1.75 -

2.81 % v/v) used in the proceeding sedimentation experiments with glass ballotini
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The variation of viscosity with temperature for water
(Perry's Chemical Engineer's Handbook, 1973).
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The effect of fluid (water) temperature on the amplitude-
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Theoretical variation of suspension viscosity with solids
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for settling hard spheres (Einstein, 1906) for various
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(density 2550 kgm™) particles. Clearly, within the ranges tested, provided temperature
remains constant, there is no net change in the suspension bulk viscosity as a result of

an increase in the solid concentration.

On the basis of the above observations, it may therefore be concluded that changes in
the reed’s resonance frequency may be predominantly attributable to variations in

suspension bulk density and hence the fluid hydrodynamic head.

Therefore, the principle of operation of the system with respect to monitoring the
behaviour of a settling suspension relies on detecting changes in the hydrodynamic
head above each reed which decreases with time as the solid phase settles to leave a

clear fluid.
7.3.3 Effect of Fluid Hydrodynamic Head

It is noteworthy that each reed detects global rather than local changes in the bulk
concentration of the suspension since the effective sensing volume of each device is the
entire volume above its reference position. This is confirmed by monitoring the system

response following changes in the fluid hydrodynamic head.

Figure 7.13 shows the variation of normalised resonance frequency with fluid (water @
17 °C) hydrodynamic head for the multiple reeds. The data is obtained by adjusting the
fluid level in the settling tank and recording the resonance frequency. Measurements
are then normalised by dividing by the corresponding resonance frequency of each reed
in air at 17 °C. The response of each reed is advantageously linear and as expected,
resonance frequency decreases as the hydrodynamic head increases. It is impdrtant to
note that during this experiment the local inertial forces acting on each reed remain
constant since the fluid density and viscosity do not change. Therefore, the data shown
in figure 7.13 simulates the system’s response to changes in the hydrodynamic head

exerted by a suspension during sedimentation.
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The variation of normalised resonance frequency
with hydrodynamic head (water @ 17 °C) for
various reed positions as measured from the top
of the setting zone: reed1, 699 mm; reed 2,
900 mm; reed 3, 1096 mm and reed 4, 1296 mm.
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Close inspection of the data indicates differences in sensitivity of each reed ( the fitted
lines have different gradients). This is probably due to the finite differences in the
material and characteristic dimensions of each reed during its fabrication. Accordingly,

it is necessary to calibrate the response of each reed independently.

7.4 Calibration of System Response

In order to calibrate the vibrating reed sedimentation analysers, dilute suspensions of
known initial solids volume concentrations (1.75, 2.01, 2.35, 2.56 and 2.81 % v/v) are
prepared in the manner described in section 7.3 using the nominally monodisperse 200
- 212 pm glass ballotini sample. The resonance frequency response of each reed is then
monitored as a function of time from which sedimentation kinetic data such as the

particle settling velocity and the solids flux may be inferred.

Figure 7.14 shows the variation of system resonance frequency with time for various
initial suspended solids volume concentrations of 200 - 212 um glass ballotini spheres
(density 2550 kgm™) settling in water at 17 °C. The data (recorded and displayed in
real time using the specially developed electronic data acquisition system described in
section 6.4.1, chapter 6) is obtained from reed 1 which is located at a distance of 699
mm from the top of the setting zone. Figures 7.15 - 7.17 on the other hand show the
corresponding data obtained at the same time as those shown in figure 7.14 using reeds
2 - 4 respectively. Reeds 2, 3 and 4 are situated 900, 1096 and 1296 mm respectively,
from the top of the settling zone (see figure 6.16, chapter 6).

The data indicate an initial flat region corresponding to steady state operation in which
all the particles are in a fluidised state (see later; section 8.1, chapter 8). As particles
settle past the reed, the resonance frequency continuously increases since the
hydrodynamic head above it decreases. A constant value is reached when all particles
have past the reed to leave a clear liquid (the supernatant). The corresponding time
lapsed measured relative to the onset of settling at which this occurs is here referred to

as the ‘breakthrough time’, At, (see for example figure 7.14). As expected, the
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The variation of resonance frequency with time at reed
position 1 (699 mm from top of settling zone) for monodisperse

200 -212 pm glass ballotini spheres (density 2550 kgm’a)
settling in water @ 17 °C at various initial suspended solids

volume concentrations, ¢. curve A, ¢=1.75 %,

curve B,

$=2.01%; curveC, ¢=235%; curveD, ¢=256% and

curve E, ¢=281%
Fitting equation  |Correlation coefficient
Curve Al y=0.02217x + 56.11 0.9991
Curve B| y = 0.03375x + 55.45 0.9986
Curve C| y = 0.04849x + 53.78 0.9973
Curve Dy y = 0.05749x + 52.77 0.9984
Curve E| y=0.06884x + 51.80 0.9973
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The variation of resonance frequency with time at reed
position 2 (900 mm from top of settling zone) for monodisperse
200-212 um glass ballotini spheres (density 2550 kgm'3)
settling in water @ 17 °C at various initial suspended solids
volume concentrations, ¢: curve A, ¢=175%; curve B,
$=2.01%; curveC, ¢=235%; curve D, ¢=256 % and
curveE, $¢=281%

Fitting equation Correlation coefficient
Curve A| y=0.00601x + 47.22 0.9962
Curve B| y=0.01073x + 46.94 0.9958
Curve C| y=0.01624x + 46.28 0.9977
Curve D| y=0.01950x + 45.85 0.9974
Curve E| y=0.02451x + 45.50 0.9954
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The variation of resonance frequency with time at reed
position 3 (1096 mm from top of settling zone) for monodisperse
200-212 um glass ballotini spheres (density 2550 kgm™)
settling in water @ 17 °C at various initial suspended solids
volume concentrations, ¢: curve A, $=1.75%; curve B,
$=2.01%; curveC, ¢=235%; curveD, ¢=256% and
curveE, ¢=2.81%

Fitting equation Correlation coefficient
Curve Al y = 0.01466x + 44.66 0.9987
Curve B| y=0.02137x + 44.24 0.9981
Curve C| y =0.03124x + 43.11 0.9977
Curve D} y =0.03632x + 42.27] 0.9989
Curve E| y =0.04277x + 41.27 0.9972
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