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ABSTRACT

This study focuses on sludge settleability and SVI-type measures. Quantification of
sludge settleability is crucial. This usually is done via empirical relationships.
Parameters used in these relationships require measurement of sludge zone settling
velocity in column settling tests over a wide range of concentrations. Due to the
extensive experimental effort involved, several alternative measures (e.g. SVI, DSVI,
SSVI) have gained favour for monitoring sludge settleability at full-scale treatment

facilities. There is considerable debate over which SVI-type measure is best.

The study also includes a section on one-dimensional settling tank models. These models
often are incorporated into wastewater treatment process simulators. Many of the one-
dimensional settling tank models proposed to date are plagued by numerical instability
and solution problems.

Background for this thesis is provided in Chapter 2. Included in this section is
background on settling tests used to quantify the effect of suspended solids concentration
on sludge settling velocity. Chapter 2 also provides background on the development of
secondary settling tank modelling.

The main body of this thesis is presented as a series of four papers. The first paper
(Chapter 3) addresses the considerable confusion which exists as to the best SVI-type
parameter and experimental technique to use. A simple mechanistic model was
developed and used to evaluate the effects of biosolids characteristics and test parameters
on SVI-type indices. The model explains many of the artifacts associated with SVI and

questions the validity of correlations for zone settling parameters based on SVI-type

measures.

The second paper (Chapter 4) examines the approach of correlating SVI-type measures

with zone settling velocity (ZSV) parameters for use in flux theory analysis (design or
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operating charts). Correlations were assessed using the model developed in Chapter 3.

The results show that use of the correlations may lead to erroneous results.

The third paper (Chapter 5) presents experimental data to demonstrate that differences in
column height and sludge concentration can lead to large differences in calculated SVI
for a given sludge. The model developed in Chapter 3 was used to further highlight these
potential problems and evaluate the effects of sludge characteristics and test parameters
on SVI-type indices. The paper raises considerable doubt regarding the validity of
correlations for zone settling parameters based on SVI-type measures. An alternative

SVI-based method was proposed for determining zone settling parameters.

The fourth paper (Chapter 6) outlines the approaches commonly used in one-dimensional
layered secondary settling tank models. Two cases were examined: steady-state for a
continuous flow secondary settling tank, and unsteady-state for a batch settling test.
These cases were used as a basis to provide a rational explanation of numerical solution
and stability problems that historically have plagued the one-dimensional layered
modelling approach. The results show that the approach of introducing flux constraints
into one-dimensional models should be avoided.
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND

Settling is very important in the performance of suspended growth activated sludge
systems. The secondary settler (shown in Figure 1.1) performs two critical functions in
the wastewater treatment process. The first is to provide a clarified effluent in which
suspended solids concentrations are kept to a minimum. Failure to perform this objective
can result in effluent quality standards violations. The second function of the settler is to
provide a thickened underflow for return to the biological reactor. Failure in this aspect
of operation will cause a rising sludge blanket that may overflow the effluent launders,
i.e. a gross settling failure. Under dynamic operating conditions a thickening failure
situation may not persist (e.g. if influent flow rate decreases). Irrespective, difficulties in

thickening may lead to a decreased solids mass in the biological process which will

adversely affect its performance.

Figure 1.1: Typical activated sludge configuration of biological reactor followed by
settling tank with underflow recycle.



Identifying sludge settleability is important for settler design, modelling of settler
performance, and as a basis for making operating decisions. Sludge settling tests

currently are conducted as batch tests, and fall into two categories:

e Zone settling velocity (ZSV) tests where the movement of the sludge-water interface
is tracked. Multiple tests usually are applied over a range of initial concentrations
(Xo) to provide data for establishing a two-parameter relationship (model) with ZSV
as a function of X.

¢ Sludge volume index (SVI) tests (or variations on SVI) where the volume occupied

by a known mass of solids is measured after a fixed period of settling (usually 30

LSVB%VO }

Xg

minutes).

SVI = -1000 ml/g (1.1a)
For a settling vessel of uniform cross-sectional area A, if the test starts with the vessel

filled to a height Ho and the interface drops to a height Hao after 30 minutes, then Eq.
1.1a can be written as:

SVI - (H30 .%o 'A)

X0

"%, )
- 0/.1000 mL/g
Xo

-1000 mL/g
(1.1b)

SVI-type tests are simpler to perform than ZSV tests. In fact, in current practice, instead

of measuring ZSV model parameters, these often are estimated using correlations based

on SVI-type measurements.



Variations on the original SVI test such as the DSVI have evolved to address perceived
deficiencies in the "standard" SVI test. Current consensus is that the greatest problem is
that SVI changes with concentration. Figure 1.2 shows an example of the relationship
between SVI and X, (after Dick and Vesilind, 1969).

178 v
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Figure 1.2: Typical SVI-solids concentration relationship (after Dick and Vesilind,
1969).

From Figure 1.2 it is evident that SVI apparently is "consistent” for lower concentrations
(Region I, i.e. the DSVI range), increases rapidly to a maximum (Region II), and
decreases for further increase in concentration (Region III). The last part (Region III) is
simple to interpret, and is merely a consequence of how SVI is calculated. At high
concentrations, if there is zero sludge settlement in the 30 minute time, the calculated SVI

must decrease for increasing concentration.

The rapid increase in SVI with increasing concentration (from Region I to II) has not
been explained. Rather, this concentration dependency of SVI merely has been used as
the basis for criticizing SVI. [As an aside, it is evident from Figure 1.2 that the SVI for
the same sludge can vary extensively over a small concentration range. That is, SVI is

not a "constant”, contrary to the understanding of many practitioners. The change in SVI



for a given sludge, depending on concentration, calls for caution in the application of
correlations for estimating ZSV parameters based on SVI. Obviously different SVI

values will lead to different ZSV parameter estimates.)

1.2 OBJECTIVES
The primary objective of this study was to investigate SVI-type sludge settleability
measures in an effort to provide a means for interpreting and understanding "artifacts” of

these measures cited and criticized by other researchers. Specific research goals
included:

e Identification of a rational basis for explaining:

o the sensitivity of SVI-type measures to test parameters such as solids

concentration and column height.
o the relationship between the SVI and the DSVI.

e Evaluation of the approach of correlating flux theory parameters with SVI-type

measures.

The approach used was to develop a simple model to approximate the behaviour in a
batch settling test. The model is based on the well-established Vesilind equation relating
suspended solids concentration to settling velocity and mass balances performed on a
batch settling test (other equations exist and could also be used). The model was then

used as a tool to illustrate some of the problems that have been identified with the SVI
and as a basis for explaining these observations.

A secondary objective of the study was to evaluate the approaches to one-dimensional

settler modelling. Research goals included:

¢ Evaluation of constraints incorporated in one-dimensional settling tank models. Is it

possible to achieve a stable model without these constraints?

e Assessment of the importance of practical constraints such as maximum sludge

compactability in the underflow recycle and their impacts on modelling.



The approach used was to examine two cases: a steady-state continuous flow settling

tank, and an unsteady state case batch settling test. The mass balance equations for these

cases were examined, and numerical solution and/or instability problems were
highlighted and discussed.

This thesis is structured in the following manner:

Background is provided in Chapter 2. Included in this section is background on
settling tests used to quantify the effect of suspended solids concentration on sludge
settling velocity. Chapter 2 also provides background on the development of
secondary settling tank modelling. The main body of this thesis is presented as a
series of four papers (Chapters 3 to 6).

Chapter 3 introduces the commonly used sludge settleability measures, and the

modelling approach used to evaluate their behaviour.

Chapter 4 details the correlations between sludge settleability measures and the
Vesilind settling velocity equation parameters Vo and K proposed by researchers.
Also included in this chapter is an evaluation of the approach of using these

correlations in clarifier design and operation.

Chapter 5 elaborates on issues raised in Chapter 3, particularly the effects of column
height and the behaviour of the DSVIL

Chapter 6 examines the one-dimensional layered model approach for both the steady

state, continuous flow case and the unsteady state, batch settling case.

Chapter 7 contains conclusions, summarizes this study's contribution to knowledge,

and outlines areas which require further research.



CHAPTER TWO

BACKGROUND ON SLUDGE SETTLEABILITY

2.1 INTRODUCTION

A secondary settler can be in one of three loading states:
1. Underloaded;
2. Critically loaded;
3. Overloaded.

In an underloaded situation, solids fed to the settler are transferred directly to the bottom
of the tank from where they are recycled to the biological process. In a critically loaded
situation, a region of hindered settling known as the sludge blanket forms at some point
in the settler depth, depending on loading conditions and settler characteristics. A
critically loaded settler is shown in Figure 2.1.

>

—»>

Height

Solids Concentration

Figure 2.1: Critically loaded settler and corresponding concentration profile.



If the loading rate is increased beyond the critical value, then the third state (overloaded)
exists and the sludge blanket will begin to rise towards the top of the tank. The rate at
which the sludge blanket rises depends upon two factors:

1. The amount by which the overload exceeds the critical loading rate, and/or;
2. Whether the underflow recycle rate is increased.

Increasing the recycle rate may stabilize or slow down the rise rate of the sludge blanket,
but for given loading conditions there will be a limiting maximum recycle rate. If the
recycle rate is increased beyond this maximum value, solids will be pumped out of the

bottom of the settler before they can thicken adequately and thickening failure will occur.

Because of the diurnal loading pattern on most wastewater treatment plants, it is possible
for a settler to exhibit all three loading conditions during one daily cycle. The design
variables of surface area, depth, underflow recycle, mass loading rate, and sludge
settleability all interact to determine settler behaviour.

2.2 SETTLING TESTS

A crucial aspect of settler design and operational control strategies is the quantification of
sludge settleability. A variety of sludge settleability measures exist and there is
considerable confusion as to the best parameter and experimental technique to use.
Essentially all settling tests subject a given mixed liquor sample to similar conditions.
That is, the sample is placed in a vessel (usually a cylinder), mixed well, and then
allowed to settle quiescently. The behaviour with time in a typical column settling test is
illustrated in Figure 2.2.
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Figure 2.2: Behaviour observed in a column settling test.

At the start there may be a short period where little settlement takes place; during this
phase the mixed suspended solids reflocculate and a sludge-water interface forms. The
next phase is a zone (or hindered) settling portion in which the sludge-water interface
settles at a constant velocity. This zone settling phase is followed by a transition stage
between zone settling and compression settling. Finally, there is minimal further settling
because the solids have been compacted to the highest degree possible under gravity
settling conditions. Factors which may vary between testing set-ups are: (1) column

height; (2) initial MLSS concentration; and (3) the inclusion or absence of slow stirring.

If a number (i.e. eight to ten) of these settling tests are performed over a range of
suspended solids concentrations (e.g. 1 to 12 g/L), it may be possible to quantify the
effect of solids concentration (X) on sludge zone settling velocity (Vs). A number of
empirical models have been proposed; of these, perhaps the semi-logarithmic Vesilind

(1968b) equation most commonly is used:

Ve =V, e ™ (m/h) Q.1
where Vj and K are empirical parameters.

Flux theory often is used in the design and operation of secondary settling tanks.

Application of flux theory involves setting up a flux curve, where the solids flux [product



of solids concentration and zone settling velocity (Vs)] is plotted versus the solids
concentration. A relationship for sludge settling velocity such as Eq. 1 is used in this

analysis.

Conducting these column settling tests requires extensive experimental effort. Therefore,
alternate measures of sludge settleability such as Sludge Volume Index (SVI) are more
popular in practice. Other more readily measured sludge settleability parameters include
Stirred Specific Volume Index (SSVI), Stirred Specific Volume Index @ 3.5 g/L
(SSV13s), and the Diluted Sludge Volume Index (DSVI). All of these measures
historically have proven useful in monitoring plant performance on a day to day basis and

evaluating trends in sludge settleability at a particular plant.

In recent literature there has been considerable debate over which settleability measure is
best. For example, Lee et al. (1983) were particularly harsh in their criticism of SVI:

“...it is appropriate now that the standard SVI, after over 45 years of use,

be supplanted by an index more directly applicable to activated sludge

process design and operation. Universal adoption of the diluted SVI as

this index would represent a significant and timely advancement in the

field of water pollution control."
This statement was amended by Ekama et al. (1997) to also include SSVI as an equally
valid alternative to the SVI. Arguments against the SVI largely are based on the fact that
SVI changes with concentration. As shown in Figure 1.2, SVI does change significantly
with concentration. However, nobody has clearly and explicitly explained why it
changes. Addressing this issue is fundamental to this thesis. At the start of this research
project, the approach was that if the concentration dependence of the SVI could be
explained, then perhaps it would be possible to provide a basis for suggesting the best
parameter. At the outset, this seemed like a major endeavour. However, it did not turn

out to be as large a problem as anticipated.

The SVI-solids concentration relationship aspect is developed in the papers forming the
main body of this thesis. The basis of the explanation is presented in the following

section. It is recognised that this essentially repeats material presented later. However,
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the fact that we should expect SVI to vary with concentration, and that SVI also may
depend on settling column height is fundamental to the thesis.

2.3 SVIDEPENDANCE ON SOLIDS CONCENTRATION

In a typical settling test the sample is placed in a vessel (usually a cylinder), mixed well,
and then allowed to settle quiescently. The behaviour with time in a typical column
settling test is illustrated in Figure 2.3. At the start there may be a short period where
little settlement takes place; during this phase the mixed solids reflocculate and a sludge-
water interface forms. The next phase is a linear zone (or hindered) settling portion in
which the sludge-water interface settles at a constant velocity. This zone settling phase is
followed by a curvilinear transition stage between zone settling and compression settling.
Finally, there is a level portion where minimal further settling takes place because the

sludge has been compacted to the highest degree possible under gravity settling
conditions.
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Figure 2.3: Typical column settling test solids/water interface versus time plot.

The SVI test starts with a column filled to a height Ho with a well-mixed sludge sample

of concentration X,. Equation 2.1 dictates that the solids-water interface that forms under
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these conditions moves down the column at a constant rate, Vs. Therefore, the interface

height at time ¢ is given by:
Ht) = Hy -V, €™ .t (22)

Figure 2.4 is an example of using Eq. 2.2 to generate an idealized representation of

Figure 2.3. Also shown are the points used in SVI calculation.

A

Figure 2.4: Points used in SVI calculation.

If Eq. 2.2 is substituted into Eq. 1.1, it is evident that SVI is given by (with t = 30

minutes) [Note: for the cases where tepow > 30 minutes]:

svi=Ho= Voo™ 1} | o 2.3)

XoHo
This equation for SVI only is valid for the linear zone settling region, that is, if the
"elbow" in Figure 2.4 occurs after the 30 minute mark. If the linear zone settling phase is
finished before the 30 minute mark, the height of the 30-minute solids-liquid interface
used in the calculation of SVI essentially is determined by the compactability of the
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sludge. If Xy represents the concentration of the compacted sludge, the height of the

sludge in the column after settling is complete, H’, is given by a simple mass balance:

X H = XgH,
2.4
o XoHa 2.4)
XM

Substituting in Eq. 1.1 yields [Note: for the cases where teibow < 30 minutes]:

1000
SVI =
X

(mU/g) .5

Equation 2.5 shows that, for any test where settling is complete bzfore the 30 minute cut-
off, SVI is only a function of the sludge compactability, Xy. That is, the SVI is

“constant”, irrespective of initial sludge concentration.

Equations 2.3 and 2.5 can be combined to generate a predicted SVI-solids concentration

profile; an example is shown in Figure 2.5.
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Figure 2.5: Model-generated SVI-concentration curve.

This analysis demonstrates that SVI is expected to change with solids concentration. In

fact, the "model"” curve in Figure 2.5 is very similar to the experimental one shown earlier
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in Figure 1.2. Later in this thesis, it also will be demonstrated that the measured SVI also
is a function of the settling column height (see Eq. 2.3).

2.4 CORRELATIONS

An approach which appears to merge the benefits of flux theory analysis with the
simplicity of SVI-type measures is to correlate the SVI-type measure with the ZSV={{(X)
function parameters (e.g. Vo and K in Eq. 2.1). In design, an SVI (or DSVI or SSV1s )
value is assumed, a correlation is used to estimate Vp and K, and these values are applied
in flux theory analysis to determine a minimum settler area to avoid thickening failure.
For operations, a correlation is applied using the measured SVI, and the estimated Vj and
K values are used to assess the operating condition (principally settler underflow recycle
rate) in an operating chart based on flux theory. Alternately, Vp and K generated via

correlations are used in a secondary settler model. The validity of this approach will be
assessed in this thesis.

2.5 SETTLER MODELLING

Secondary settler design and analysis traditionally has relied on empirical methods
employing peaking factors to take into account the impacts of dynamic loading patterns.
The analytical flux theory using Eq. 2.1 as a basis can provide insight into the steady state
behaviour of the settler, but is limited by its inability to predict dynamic behaviour. For
example, the flux theory will tell a designer if a settler with a given surface area is
overloaded for a specified loading rate, but it will not tell the designer how the depth of
the settler affects its ability to handle the overload. Because of these shortcomings, it is
desirable to develop a method of design and analysis that accurately represents the

dynamic behaviour of secondary settlers. One method that has shown promise in this

area is one-dimensional settler modelling.

The first approach to dynamic modelling of secondary settling tanks was the one-
dimensional approach. Tracy and Keinath (1973) produced one of the first dynamic one-
dimensional models based on a mass balance and finite difference solution methods.

However, this model had problems predicting the formation of sludge blankets under



14

certain loading conditions. This early work has formed the basis for work performed by
Stenstrom (1975), Vitasovic (1985), and Takacs er al. (1991).

More recently, other approaches to secondary settling tank modelling have been taken.
Statistical modelling approaches such as Chapman (1984) concentrate on predicting
effluent solids concentrations. Krebs (1991) and Zhou and McCorquodale (1992b) have
formulated two-dimensional hydrodynamic models. Although these two-dimensional
models have shown promise, they rely on complex finite difference schemes that are
computationally intense, which limits their applicability in commonly used process
simulators. Because of this, there is still interest in formulating a good one-dimensional

model.

The traditional approach to one-dimensional modelling has been to divide the depth of
the settling tank into a number of layers of equal thickness. Next, a ZSV model such as
Eq. 2.1 is applied so that mass balances can be performed around each layer. Solving the
mass balance equations essentially is obtaining a finite difference solution to the partial
differential equation known as the continuity equation:

oX oG

ERE) 26)

where X is solids concentration, ¢ is time, G is solids flux in the vertical direction, and 2
is distance in the vertical direction.

The objective of solving the mass balance equations is to obtain an approximation of the
solids concentration profile over the depth of the settling tank. If this can be done with
reasonable accuracy, then effluent suspended solids concentrations and sludge blanket
movement may be estimated. However, from the beginning this approach has been
plagued by mathematical solution problems. A popular method of dealing with these
solution problems has been the introduction of empirical constraints and parameters,

which may seem to help in obtaining a solution but are not always based on sound theory.
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Recently, researchers have begun to question the use of Eq. 2.1 in one-dimensional settler
modelling. Equation 2.1 relates solids concentration to settling velocity, but only for the
concentration range where hindered settling occurs. At low concentrations (< 1,000
mg/L, approximately), Eq. 2.1 does not describe the settling velocity accurately when
solids are flocculated poorly. Eq. 2.1 tends to predict unrealisticaily high settling
velocities at low concentrations. Recognising this, Takacs ef al. (1991) proposed a
double-exponential settling velocity model that divided suspended solids into four
concentration regions with different settling characteristics in each region. This has lead
to improvements in model predictions of behaviour in the zone above the sludge blanket.
Eq. 2.1 also does not apply at high concentrations where compressive thickening forces
come into effect. Vaccari (1984) recognised this and applied a settling velocity model

which attempts to account for compressive thickening behaviour.

The main criticism that has been directed at existing one-dimensional models is of the
constraints and assumptions that have been incorporated into them. Two examples of

constraints employed in one-dimensional models are:

e The mass flux into a differential volume cannot exceed the mass flux the volume
is capable of passing, nor can it exceed the mass flux which the volume

immediately below it is capable of passing

e An empirical threshold concentration X; is arbitrarily defined to describe
behaviour in the upper section of the settler. When the solids concentration is
greater than X, it is assumed that the settling flux in that layer will affect the rate
of settling within adjacent layers. It is presumed that the threshold concentration

corresponds to the onset of hindered settling and defines the location of the sludge
blanket.

Are these assumptions realistic? Or are they simply a matter of convenience used in
order to obtain a stable numerical solution? Researchers such as Jeppsson (1996) and
Diehl (1995a) have criticized these ad hoc assumptions. For example, Jeppsson (1996)
notes that the first assumption above should not be used. Numerical algorithms should
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instead deal with the possible mass flux into a specific layer. Jeppsson (1996) employed
a novel mathematical approach formulated by Diehl (1995a) in a robust model of the
settling tank that does not rely on any of these assumptions. However, this model is
highly theoretical in nature, and does not take into account such factors as maximum
sludge compactability in the underflow recycle. Also, Jeppsson concedes that although
the new model is superior in predicting theoretical resulits, it may not necessarily be better

at predicting full-scale settling tank results.



CHAPTER THREE

SVI-TYPE SETTLEABILITY MEASURES: IMPACT OF BIOSOLIDS

CHARACTERISTICS AND TEST PARAMETERS

This chapter contains the complete text of a paper published in Water Environment
Research. The full reference is:

Bye C. M. and Dold P. L. (1998) Sludge volume index settleability measures: effects of
solids characteristics and test parameters, Water Environment Research, 70, 87-93.

Copyright © Water Environment Federation, 601 Wythe Street, Alexandria, Virginia,
22314-1994, USA. Reprinted with permission.

The publishers also have granted an irrevocable, non-exclusive license to McMaster

University [and to the National Library of Canada] to reproduce this material as part of
this thesis.
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SVI-TYPE SETTLEABILITY MEASURES: IMPACT OF
BIOSOLIDS CHARACTERISTICS AND TEST PARAMETERS

Christopher M. Bye and Peter L. Dold

ABSTRACT

SVI-type activated sludge settleability measures are used in the design and control of
secondary settling tanks. Considerable confusion exists as to the best parameter and
experimental technique to use. The common settleability measures (SVI, DSVI, SSVI,
and SSVI @ 3.5 g/L) are outlined. This is used as the basis for commenting on the
validity of these measures and their relation to zone settling velocity (ZSV)
measurements. A simple mechanistic model is used to evaluate the effects of biosolids
characteristics and test parameters on SVI-type indices. Biosolids settleability and
compactability, settling column height, and biosolids concentration in the test have an
interactive effect on the measured SVI. The model explains many of the artifacts
associated with SVI and questions the validity of correlations for zone settling parameters
based on SVI-type measures.

Key words: activated sludge, settleability, flux theory, zone settling velocity, SVI,
DSVI, SSVL
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INTRODUCTION

Secondary settling tanks play an important role in the performance of suspended growth
activated sludge processes. Flux theory often is used in the design and operation of these
tanks. Application of flux theory involves setting up a flux curve, where the solids flux
[product of solids concentration and zone settling velocity (ZSV)] is plotted versus the
solids concentration as shown in Figure 3.1. A number of hindered settling tests must be
conducted to determine the ZSV over a range of suspended solids concentrations. Once
the experimental data have been gathered, two approaches can be used to set up the flux
diagram, as shown in Figure 3.1:

e Directly from the experimental data: Each column settling test provides one ZSV
value for one solids concentration (X). The product of each data pair yields one
data point in the flux versus solids concentration diagram. A flux curve is then

drawn through the data points.

e Via a function relating ZSV and solids concentration: A number of empirical
models have been proposed for quantifying the influence of solids concentration
(X) on ZSV (Vs). Of these, perhaps the semi-logarithmic Vesilind equation is

most commonly used:

Vs = Ve (m/h) (1)

where V and K are empirical parameters. To set up the flux curve, the equation first is
fit to the experimental ZSV versus X data by regression to yield the empirical parameters.

The flux curve then can be generated as a continuous function using Eq. 1.
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EXPERIMENTAL CURVEFIT Z3Vve X
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Figure 3.1: Setting up the flux curve.

Setting up the flux curve using either approach requires extensive experimental effort to
measure ZSV’s over a range of solids concentrations (at least eight column settling
tests). Because of the effort involved, this method is not used widely, and alternate
measures of biosolids settleability such as Sludge Volume Index (SVI) are more popular
in practice. Other more-readily measured sludge settleability parameters include Stirred
Specific Volume Index (SSVT), Stirred Specific Volume Index @ 3.5 g/ (SSVIss), and
the Diluted Sludge Volume Index (DSVI).

An approach which merges the benefits of flux theory analysis with the simplicity of
SVI-type measures is to correlate the SVI-type measure with the ZSV versus X function
parameters (e.g. Vo and K in Eq. 1). Koopman and Cadee (1983) attempted to relate
both Vp and K as functions of the DSVI. Pitman (1984) developed a relationship between
the quotient Vo/K and SSVIL;s, as well as a relationship between Vo/K and SVL
However, the latter was found to exhibit a poor fit to available data. Based on Pitman’s

data, Ekama and Marais (1986) proposed a relationship between K and the quotient Vo/K
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that could be used to separate the two parameters. Daigger and Roper (1985) proposed a
relationship between the parameter K and SVI, treating Vo as a constant. Wahlberg and
Keinath (1988) developed correlations to estimate Vo and K as separate functions of
“stirred” SVI. Daigger (1995) updated his earlier relationships using an expanded
database. Ozinsky and Ekama (1995) used a rigorous statistical approach to group
selected databases, and proposed a number of correlations for Vp and K based on SVI,
DSVI and SSVI. Sekine ef al. (1989) and Hirtel and Popel (1992) are further examples
of using correlations for Vo and K based on SVI-type measures. This approach seems to

have gained quite widespread acceptance.

OBJECTIVES & APPROACH

There has been extensive debate on the subject of quantifying biosolids settleability.
Issues include:

e Which of the SVI-type parameters provides the “best” measure of biosolids
settleability?

» There is considerable confusion regarding methodology in the various settleability
measures, especially concerning the inclusion or absence of stirring, and the size
of the apparatus used in the test.

e The SVI of a given mixed liquor sample depends on the solids concentration used
in the test.

¢ Regarding correlations for Vp and K, mathematically it would appear somewhat
dubious that two parameters in a model such as Eq. 1 which quantifies how solids

concentration (X) influences ZSV can be estimated based on a single SVI value

from a test conducted at a single Xg value.

This paper discusses the various biosolids settleability measures and addresses the
problems identified above. The approach is based on a simple mechanistic model for
predicting behaviour in a column settling test. The model can be used as a basis for

evaluating the impact of different variables (cylinder height, biosolids compactability,
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zone settling characteristics) on the different tests. This modeling approach provides an
elegant method for assessing the relevance of the different techniques as valid measures
of biosolids settleability and whether it is valid to correlate ZSV model parameters to

SVI-type measures.

BIOSOLIDS SETTLEABILITY MEASURES

Essentially all settling tests subject a given mixed liquor sample to similar conditions.
That is, the sample is placed in a vessel (usually a cylinder), mixed well, and then
allowed to settle quiescently. The behaviour with time in a typical column settling test is
illustrated in Figure 3.2. At the start there may be a short period where little settlement
takes place; during this phase the mixed biosolids reflocculate and a biosolids-water
interface forms. The next phase is a linear zone (or hindered) settling portion in which
the biosolids-water interface settles at a constant velocity. This zone settling phase is
followed by a curvilinear transition stage between zone settling and compression settling.
Finally, there is a level portion where minimal further settling takes place because the
biosolids have been compacted to the highest degree possible under gravity settling
conditions. Factors which may vary between testing set-ups are: (1) column height; (2)
initial MLSS concentration; and (3) the inclusion or absence of slow stirring. Dick and
Vesilind (1969) proposed that stirring in a column settling test aids in the agglomeration
of the biosolids and minimizes the effects of bridging within the biosolids mass. White

(1976) felt that stirring also helped to minimize wall effects which tend to result in poor
settling behaviour.
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Figure 3.2: Typical settling profile.
Sludge Volume Index (SVI)

The SVI is the most common parameter used to quantify the settling characteristics of
suspended growth activated sludge biosolids. This is due primarily to the simplicity with
which the test is performed. According to Standard Methods (1971), the SVI has “no
basis in solid-liquid separation theory but has been found empirically to be of
considerable value.”

The main criticism of the SVI is that there is no consistent relationship between
suspended solids concentration and the SVI, as first noted by Dick and Vesilind (1969).
For a given sample, the SVI tends to be constant with increasing concentration up to a
certain value. At this point, there is a rapid increase in SVI with a further increase in
concentration. The increase in SVI continues until a peak value is reached, after which
the SVI begins to decrease with increasing solids concentration. Typical SVI - Solids
Concentration curves illustrating this behaviour are shown in Figure 3.3 (Dick and
Vesilind, 1969). Also shown in Figure 3.3 are dashed isolines which represent two

different scenarios. The upper isoline represents the SVI when no settlement has taken
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place at a particular concentration. The lower isoline is for the case where the 30 minute
settled volume (SV30 ) is 250 mL in a 1000 mL test volume.

SV = 1000 mL

VI (mug)
g

SV =250 mL
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Figure 3.3: Typical SVI - solids concentration relationship (after Dick & Vesilind,
1969).

Confusion continues to exist with regard to the procedure of the SVI test. Prior to the

15™ edition of Standard Methods (i.e. pre - 1980) the methodology for the SVI test did
not specify stirring as a requirement. It was first noted by Dick and Vesilind (1969) that
the inclusion of slow stirring in the test had an impact on the SVI for a given sample as
shown in Figure 3.4. For the same sample, the SVI conducted with slow stirring yielded
consistently lower vaiues than those obtained by conducting the test without stirring.
Also, the stirred SVI was less dependent on concentration than the unstirred test;
however, the stirred SVI does not overcome the impact of solids concentration
completely as illustrated in Figure 3.4. The procedure for conducting the SVI test
outlined in Standard Methods was modified in 1980 to include slow stirring between 1
and 2 rpm. Nevertheless, in practice the SVI often is performed as an unstirred test.
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Diluted Sludge Volume Index (DSVI)

The DSVI apparently was first used in Germany in 1972, reportedly to alleviate the
effects of bridging (White, 1976). Ekama and Marais (1984) noted that the SVI does not
vary with solids concentration if the 30 minute settled volume is less than approximately
250 mL. This is evident in Figure 3.3. They proposed that the test sample should be
diluted serially until the observed 30 minute settled volume is less than 200 mL. This
SVI is then reported as the DSVI. In effect, the DSVI simply “moves backwards” along
the SVI - Solids Concentration curves shown in Figure 3.3 through successive sample
dilutions until the initial constant portion is attained. The 200 mL 30 minute settled
volume is chosen arbitrarily as a value that will ensure that this “constant” SVI condition

is reached for most samples.
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Figure 3.4: Effect of stirring on SVI (after Dick & Vesilind, 1969).

Stirred Specific Volume Index (SSVI and SSVI;4)

White (1976) confirmed many of the problems with the original (unstirred) SVI first
noted by Dick and Vesilind (1969). As a result, he proposed a new settleavility measure,
the SSVI. The procedure for this measure is identical to the SVI procedure which has
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been outlined in Standard Methods since 1980 (i.e. with stirring). However, the
equipment is somewhat different. White suggests the settling column used should have a
100 mm diameter and depth of 500 mm which gives a total volume of about 4 L, as

opposed to Standard Methods’ suggestion of a 1 L settling column (depth approximately
350 mm).

White (1976) measured the SSVI at different concentrations of biosolids from 30
activated sludge systems. For each system the SSVI data were plotted against solids
concentration and the SSVI at a solids concentration of 3.5 g/L was interpolated. The
value of 3.5 g/ was chosen as a reference for reporting SSVI (i.e. SSVIss) because:

e this is a concentration which appears commonly in activated sludge plants as

mixed liquor or return sludge.

e the correlation between SSVI and the rate of hindered settling tends to be poor at

concentrations below 3.5 g/L.

White (1976) also determined the zone settling parameters Vp and K. These parameters
were used to set up a solids flux curve and predict a maximum solids loading for an
underflow rate of 0.6 m/h. The maximum solids loading rates were then plotted against
the SSVI; s for all of the data. This exercise revealed a linear correlation between the

maximum solids loading rate and the SSV15 s.

The SSVI; s has been widely adopted as the principal settleability measure in England,
and is used extensively for the design and control of secondary clarifiers. There are

several reasons for this popularity (Ekama and Marais, 1984):

1. For a given sludge, reproducible results for the relationship between SSVI and
solids concentration are obtained for concentrations up to 10 g/L for good settling
sludges and 7 g/L for poor settling sludges. [However, it should be noted that this
conflicts with the observation of White (1976) that the correlation between SSVI

and settling rate is poor for concentrations below 3.5 g/L].
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2. The 30 minute settled volume fraction may be as high as 0.7 - 0.8 without
adversely affecting the test results.

3. The relationship between the 30 minute settled volume fraction and solids
concentration appears to be close to linear. There seem to be some
inconsistencies with regard to this point, since it was noted by Dick and Vesilind
(1969) that although stirring improves the behaviour of the SVI, the solids

concentration dependence is not eliminated; that is, the plot of SV3g versus Xo

would not be linear.

SIMULATION OF SETTLING TEST BEHAVIOR
A simple model was developed to assess the impact of variables in settling tests (column
height, initial MLSS concentration, biosolids compactability, etc.). The model is based

on three assumptions which identify three phases in the simulated settling test:

Phase 1: At the outset of the test there may be a period of reflocculation before
sedimentation begins. This is modeled by the inclusion of a short “dead” time, tr, during

which no settlement occurs. If there is no lag phase at the start then t= will be zero.

Phase 2: During sedimentation the downward velocity of the biosolids-water interface is

governed by the zone settling model (Eq. 1). Applying Eq. 1, the linear change in
interface height as a function of time is given by:

H(t) =Hg - Voe™ ™ t-t)  (m) ()

where Hj is the initial height of the sample in the settling column, Xg is the initial
biosolids concentration, and (¢ - tF) is the time from the start of the sedimentation phase.

The end of this linear phase of zone settling is determined by the biosolids compactability
(see below).

Phase 3: It is assumed that, for a given mixed liquor, the final settled solids volume is
directly proportional to the initial biosolids concentration. That is, a mixed liquor sample

exhibits a certain maximum biosolids compactability, Xy (units of g/L). This assumption
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has been verified with data sets from a number of treatment plants; Figure 3.5 presents an
example data set. The maximum biosolids compactability, Xy, is obtained by taking the
inverse of the slope of the line in Figure 3.5. This assumption implies that Phase 2
continues until the biosolids interface has reached a point where the concentration of
solids at the base of the column has attained the maximum compactability, X . From a

mass balance, the final settled height in the column, H', is given by:

H =

XdHy
X, (™) 3)

A graphical representation of the simulated interface height in a settling test is shown in
Figure 3.6.
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Figure 3.5: Relationship between solids concentration and final settled height.
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HEIGHT [ HIN) = Ho- (Vo 049 '

Figure 3.6: Model used to generate settling profile.

The model can be used to generate an SVI - Solids Concentration profile for a given
biosolids sample by the following procedure. First, the biosolids settling parameters (V,
and K), the biosolids compactability (Xy) and the settling column height (H,) are
specified. [If an initial lag phase is to be modeled {r also must be specified]. The model
then is applied to generate a series of solids interface height profiles for a range of solids
concentrations. An example is shown for four solids concentrations in Figure 3.7. Next,
the SVI for each concentration is calculated by computing the fractional settled height at
30 minutes, dividing this value by the initial solids concentration Xo, and multiplying by
1000 to normalize to a one litre cylinder. Whether the “elbows” in Figure 3.7 occur

before or after 30 minutes is crucial in determining the shape of the SVI - Solids

Concentration curve.
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Figure 3.7: Model application to biosolids sample at different concentrations.

If the biosolids interface has not reached the compacted height H’ by 30 minutes (i.e. the
“elbow” occurs after 30 minutes), the interface height is governed by Eq. 2. Therefore,

the SV1 is a function of the initial solids concentration and the zone settling parameters:

SvI - {Ho ~[Voe™ .5,

|
XH, l} 1000 (mL/g) (©))

Equation 4 illustrates that the SVI during Phase | is a non-linear function of solids

concentration for a given sample and test conditions.

If the biosolids interface has settled rapidly and reached the level portion with interface
height H’ by 30 minutes or less (i.e. the “elbow” occurs before 30 minutes), then Eq. 4
can be simplified using the relationship between H’ and Hp from Eq. 3, and the SVI is
given by:

Svi= 1?(00 (mL/g) (5)
M

Equation 5 reveals two important details about the SVI (and DSV1):
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The SVI is independent of solids concentration as long as the column settling test
has reached compression settling by 30 minutes or less. This explains the initial

flat portion of the SVI - concentration curves as first noted by Dick and Vesilind
(1969).

Equation S is a function only of the compactability of a given sample. Any SVI-
type measure that is taken when compression settling has been achieved within 30
minutes or less reveals nothing about the settling characteristics of the biosolids.

That is, DSVI only relates to biosolids compactability.

An example of an SVI - Solids Concentration profile generated by the model for a given

biosolids sample over a range of concentrations is shown in Figure 3.8. It is evident that

the model generates the same trend in SVI with increasing biosolids concentration as

shown for experimental data in Figure 3.3; namely:

At lower concentrations (Xo < 3 g/ in this case) the SVI is constant for

increasing concentration (approximately 45 mL/g).

As test concentration increases there is a rapid increase in SVI to a maximum

(approximately 100 mL/g at Xp = 6 g/L in this case).

For further increases in concentration the SVI decreases, following a curve which

represents little or no settlement in the test.
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Figure 3.8: Typical model-generated SVI versus Xj profile.

To assess the validity of the assumptions detailed previously, the model was fit to settling
data sets obtained from several full-scale treatment plants. An example of this is
illustrated in Figure 3.9, which illustrates the excellent fit to the data exhibited by the
model. The trend predicted by the model consists of three distinct sections. Initially the
SVI is constant with increasing concentration. This section is followed by a rapid
increase in SVI with further increase in concentration up to a peak value. Finally, the

SV1 begins to decrease with further increase in concentration.
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Figure 3.9: Validation of model with full-scale treatment plant settling data.

MODEL APPLICATION
The model can be used to investigate how column height (M), zone settling
characteristics (Vp and K) and biosolids compactability (Xy) impact the SVI - Solids

Concentration relationship.

Column Height

SV1 versus Xo curves for tests in columns with heights of 50, 100, 150 and 200 cm were
generated for a biosolids sample with fixed settling characteristics and compactability;
the modeling results appear in Figure 3.10. Each case shows the SVI trend with

increasing solids concentration evident in Figure 3.3. It is also evident that:

e The range of possible SVI values from the minimum attainable SVI (i.e. the
DSVI) to the peak SVI increases with increasing column height. For the 50 cm
column SVI essentially is independent of solids concentration because the
biosolids interface height in the short column has reached H’ at or before 30
minutes for all but the highest concentrations. For the 200 cm column the SVI
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values range from 83 to 160 mL/g. Also, the biosolids concentration at which the
maximum attainable SVI occurs decreases as Ho increases. The range of possible
SVI values from the minimum attainable SVI to the peak SVI (SViuax) is given
by the difference of Eqs. 4 and 5:

r e
SVI,,, — DSVI = [”0 - {voex'“ . ©5-t)}_ i] .1000 (mL/g) 6)
o''0 XH

Two points are illustrated by Eq.6:

1.

The reason for the increasing range of SVI values with increased column height is
evident from examination of Eq. 6. For a biosolids sample with fixed settling
characteristics and compactability, the numerator of the first term in Eq. 6
increases at a greater rate than the denominator with increasing Ho. The second
term depends only on the biosolids compactability and remains constant as Hy
varies. Therefore, the overall effect is for the range of possible SVI values to

increase with increasing Hop .

The explanation for the maximum range occurring at lower biosolids
concentrations as Hp increases is also obtained from examination of Eq. 6. As Hp
is increased, the maximum attainable SVI occurs at lower Xp values since the
denominator of the first term of Eq. 6 is given by the product of these two
variables. The second term again depends only on the biosolids compactability

and remains constant. The overall effect is that the maximum SVI occurs at lower

Xo values as Hp increases.

For a given test case, it is possible to estimate the maximum attainable SVI and the
corresponding biosolids concentration using Eq. 6. It is a differentiable function, but its
non-linearity makes it difficult to solve explicitly. A simpler approach is to use

numerical methods to find the maximum attainable SVI and the corresponding biosolids

concentration.
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¢ In each case, as concentration increases, at some point there is a transition from
the constant SVI (i.e. the DSVI) to an increasing SVI. The transition occurs at
lower concentrations as column height increases. This is a consequence of the
difference in (Hop - H'). With a shorter column, the distance that must be covered
to reach H' is decreased, making it easier for the biosolids interface to reach H' at
or before the 30 minute mark. Thus as column height decreases, a greater number
of biosolids concentrations are able to reach H’ at or before 30 minutes, making

the SVI less dependent on solids concentration.
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Figure 3.10: SVI - solids concentration curve for different settling column heights.

Zone Settling Characteristics

The results in Figure 3.10 were generated for a “poor” settling biosolids sample with a
low Vp of 7.2 m/h and a high K of 0.40 m’/kg, and an intermediate compactability Xy of
12 g/L. To illustrate the effect that the zone settling characteristics have on the SVI -
Solids Concentration relationship, the SVI-Xp curves in Figure 3.10 (“poor” settling
characteristics) were regenerated for the same set of parameters, but for changed Vp and
K (a higher V, of 9.6 m/h and a lower K of 0.30 m’/kg). The results for this sample with

“good” settling characteristics are shown in Figure 3.11. From a comparison of Figure
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3.10 and Figure 3.11 it is evident that the effect of column height is less pronounced
when the biosolids have “good” settling characteristics. In Figure 3.11 SVI is
independent of solids concentration for both the 50 and 100 cm columns. This is because
the biosolids interface height has reached H’ at or before 30 minutes for all
concentrations with the rapidly settling sample. Even for the 150 cm column, SVI
dependence on solids concentration is minimal. For the 200 cm column, the SVI values

range from 83 mL/g to 100 mL/g, which is a much smaller range than for the case of
“poor” settling solids.

160 -

w0 } Vo398 mvh
K=0.30 m’Mg
120 b X124

100 p

)

0 - P o~ N L N
] 2 4 e 8 10 12 14
INITIAL. SOLIDS CONCENTRATION (g MLSSA)

Figure 3.11: SVI - solids concentration curve for different settling column heights.

Biosolids Compactability

For both cases in Figure 3.10 and Figure 3.11 the biosolids compactability was held
constant at an intermediate value of 12 g/L. In each case the DSVI of the samples was 83
mL/g (from Eq. §5). Additional simulations were performed to illustrate the effect of
biosolids compactability (Xy). Figure 3.12 shows the results for the “poor” settling case
in a column of height 200 cm, but for biosolids compactabilities of 8, 12, 16 and 20 g/L.

It is evident from Figure 3.12 that the effect of biosolids compactability on the SVI

versus solids concentration relationship is quite significant. Again, for each case the SVI
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versus Xp curve is of the form in Figure 3.3, but the possible SVI range increases with
increasing compactability. The reason for this can be seen readily by examining Eq. 6.
For a given test case over a range of biosolids concentrations with fixed column height
Ho and settling characteristics Vo and K, the first term of Eq. 6 is unaffected by changes
in Xy . The second term is reduced by increasing Xy . Since the second term is
subtracted from the first, the effect of reducing the second term is to increase the range.
In each case the maximum SVI is fixed but the minimum achievable SVI (i.e. the DSVT)
decreases as compactability increases according to Eq. 5. When the biosolids have a low
compactability of 8 g/L, the SVI ranges from 125 mL/g to 160 mL/g. When the biosolids
compactability is increased to a high value of 20 g/L, the SVI ranges from 50 mL/g to
160 mL/g.

Vi (ml/g)

Q 2 4 [} 8 10 12 14 108 18 20
NITAL SOLIDS CONCENTRATION (g MLSSA)

Figure 3.12: SVlI-solids concentration curve for different biosolids compactabilities.

CONCLUSIONS
The model provides a simple, yet elegant, means for interpreting settling test behaviour.
The model serves as a tool to demonstrate the interactive impact of test column height,

biosolids concentration and compactability, and zone settling characteristics on SVI
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results. Many of the artifacts associated with the SVI cited by researchers over the years

are explained logically using the model; for example, the relationship of DSVI to SVI.

Three important conclusions are:

Depending on the test conditions (column height, biosolids settleability and
compactability), SVI may show a marked dependence on the biosolids
concentration. For example, from Figure 3.12 with a compactability of 20 g/L the
SVI changes threefold from 50 to 160 mL/g if the test is performed at a biosolids
concentration of 1.8 or 3.8 g/L.

The DSVI test “forces” the SVI test conditions into the region where SVI is
independent of solids concentration. Intuitively it may seem that this is a suitable
measuring state. However, in this region the observed SVI bears no relation to
the settleability of the test sample. Rather, the DSVI only provides a measure of
biosolids compactability.

The results presented in the paper question the validity of the correlations for zone
settling parameters based on DSVI or SVI. With regard to DSVI, comparing
Figure 3.10 and Figure 3.11, it is evident that two samples with very different
zone settling parameters (Vo and K) will have the same DSVI. However, a
correlation based on DSVI will predict the same V, and K. With regard to SVI,
the results have shown that a sample with given zone settling parameters (Vp and
K) can exhibit a wide range of SVI values even for small variations in

concentration in the test. However, a correlation based on SVI will predict widely

different pairs of Vj and K values.

The term “bulking” has not been used up to this point in the paper. This may seem
unusual in an analysis of SVI and biosolids settleability, given that SVI is widely
accepted as an indicator of bulking in practice. It has been demonstrated that DSVI is
directly linked (and inversely related to) the biosolids compactability parameter.

Intuitively it would seem reasonable to expect that a biosolids sample with extensive



39

filamentous bulking would be characterized by a poor compactability, and hence a high
DSVI. The same link is not true necessarily for SVI, depending on the measuring
regime. For example, in the case of Figure 3.12, if the test is conducted at concentrations
of 4 g/ on samples with different compactabilities (and likely different extents of
bulking), the SVI value is the same. This indicates that SVI per se is not necessarily a

good measure for monitoring bulking. Rather, DSVI possibly should provide a
preferable means for quantifying bulking.

A final comment on terminology and methodology in SVI-type measures perhaps is
appropriate. As noted earlier, if the SVI test is conducted according to the procedure
outlined in Standard Methods (since 1980) [i.e. with stirring] then SVI (Sludge Volume
Index) and SSVI (Stirred Specific Volume Index) are one and the same thing. However,
there appears to be a misconception that SVI and SSVI are different measures. This
probably has arisen because SVI tests often continue to be performed according to the
pre-1980 method without stirring. To avoid confusion it is suggested that the SVI test
with and without stirring should be designated as sSVI and uSVI, respectively. The term
sSVI1 itself may lead to confusion (with SSVI); however, this should not pose a problem
as these are the same (aside from possible differences in the apparatus). This leads to a
second point evident from the paper. Whenever SVI-type data are reported, the
dimensions of the settling vessel also should be reported.
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EVALUATION OF CORRELATIONS FOR ZONE SETTLING
VELOCITY PARAMETERS BASED ON SVI-TYPE MEASURES
AND CONSEQUENCES IN SETTLING TANK DESIGN

Christopher M. Bye and Peter L. Dold

ABSTRACT

Determining zone settling velocity (ZSV) parameters for use in flux theory analysis
(design or operating charts) is time consuming. Correlations have been proposed for
these parameters based on more readily obtained SVI-type measures. A number of these
correlations are reviewed, and their ability to predict ZSV parameters is evaluated. This
assessment uses a model to generate SVI values from specified ZSV parameters. The
SVI values are applied in correlations to generate predicted ZSV parameters which are
compared to the specified ZSV parameters. The specified and correlation-generated ZSV

parameters are used in the flux theory design procedure to assess the difference in

maximum allowable overflow rate.

Key words: settleability, flux theory, zone settling velocity, SVI, DSVI, SSVIL
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INTRODUCTION

Solids-flux theory often is used in the design and control of secondary settling tanks in
suspended growth activated sludge systems. Application of this theory requires a
relationship between biosolids zone settling velocity (ZSV) and concentration. This
relationship regularly is described using the Vesilind equation (Dick and Vesilind, 1969).
The semi-logarithmic equation relates the zone (hindered) settling velocity, Vs, of

activated sludge to its concentration, X, and takes the following form:
VS = Vo e'“ (l)

where Vp and K are empirical parameters. To determine these parameters for a given
biosolids sample, it is necessary to perform several column settling tests over a range of
suspended solids concentrations. This procedure seldom is carried out in practice
because it is time-consuming and requires specialized equipment. In practice, more
readily measurable parameters such as Sludge Volume Index (SVT) [or related parameters
such as diluted SVI (DSVTI)] are used to monitor biosolids settleability.

An approach which merges the benefits of flux theory analysis with the simplicity of
SVI-type measures is to correlate the SVI-type measure with the ZSV versus X function
parameters (i.e. Vp and K in Eq. 1). In design of settling tanks, an SVI (or DSVI or
SSVIss) value is assumed, a correlation is used to estimate Vjp and K, and these values are
applied in flux theory analysis to determine a maximum allowable overflow rate. For
operations, a correlation is applied using the measured SVI, and the estimated Vo and K
values are used to assess the operating condition (principally settler underflow recycle

rate) in an operating chart based on flux theory.

Bye and Dold (1998) identified a number of problems with SVI-type measures which in

turn question the approach of correlating Vp and K to SVI-type measures:

1. Depending on the test conditions (column height, biosolids settleability and
compactability), SVI may show a marked dependence on the biosolids

concentration. Cases were observed where the SVI changed by a factor of three
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over a solids concentration range of only 2 g/L.. That is, a sample with given zone
settling parameters (Vo and K) can exhibit a wide range of SVI values even for
small variations in concentration in the test. Depending on the concentration at
which SVI is measured, a correlation based on SVI may predict widely different

pairs of Vp and K values.

The DSVI test “forces” the SVI test conditions into the region where SVI is
independent of solids concentration. Intuitively it may seem that this is a suitable
measuring state. However, in this region the observed SVI bears no relation to
the settleability of the test sample. Rather, the DSVI provides a measure of
biosolids compactability. That is, two samples with very different zone settling
parameters (Vo and K) may have the same DSVI. However, a correlation based

on DSVI would predict the same Vp and K for each sample.

Mathematically, it seems dubious that two parameters from a model such as Eq. 1
which quantifies how solids concentration (X) influences ZSV can be estimated

based on a single SVI value from a test conducted at a single X value.

The objectives of this paper are to:

1.

Evaluate the various correlations by comparing predicted Vp and K values to
“true” Vo and K values. The model developed by Bye and Dold (1998) is used to
generate SVI versus biosolids concentration profiles over a range of biosolids
concentrations for selected "true” Vp and K pairs (see Appendix). A minimum
and a maximum SVI value for each Vp and K pair are identified from the profile.
These SVI values are then used in correlations to estimate Vp and K pairs, which

are then compared with the “true” Vp and K.

Assess the difference in maximum allowable settling tank overflow rate when
applying the flux theory design procedure based on the "true” or the correlation-
generated ZSV parameters.
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BACKGROUND

Bye and Dold (1998) developed a mechanistic model to simulate the behaviour observed
in a settling test; that is, the changing interface height with time (see Appendix). Three
parameters must be specified; these are: (1) test column height, Hp, (2) maximum
biosolids compactability, Xu, and (3) a pair of Vesilind parameters, Vo and K. In
practice, a short lag phase may be observed at the start of the test, while biosolids
flocculate and the defined interface forms. In this case, a short time delay term, fr, can be
included in the model. Simulating a settling test for a given initial biosolids
concentration allows the SVI to be calculated based on the interface height at 30 minutes.
A large number of settling tests can be simulated for a range of initial solids
concentrations to determine the 30-minute settled volume for each concentration (Figure
4.1 shows plots for four concentrations). The data in turn can be used to generate the SVI
versus Solids Concentration profile (see example in Figure 4.2). The trend in SVI
predicted by the model consists of three distinct sections. For low solids concentrations
the SVI is constant with increasing concentration; this corresponds to the DSVI. This
section is followed by a rapid increase in SVI with further increase in concentration up to
a maximum value. Finally, the SVI decreases with further increase in concentration, and

follows a boundary contour corresponding to the case where no settling has occurred in
the test.

An example of the predicted variation of SVI with solids concentration is shown in
Figure 4.2 together with measured SVI values. Figure 4.2 was generated from a series of
stirred column settling tests conducted simultaneously on one mixed liquor sample over a
range of biosolids concentrations. Interface height versus time data were collected for
each column test, and the initial solids concentrations in each column were measured.
Each SVI value shown in Figure 4.2 was calculated from the settled volume observed at
30 minutes in each column. The Vp and K values reported in Figure 4.2 are not
hypothetical. Rather, these were calculated from a semi-logarithmic plot of Eq. 1 using
the zone settling velocity measurements for each column test. This pair of Vp and K

values was then applied in the model of Bye and Dold (1998) to generate the SVI
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predictions shown as a solid line in Figure 4.2 [The reported SVI values measured in
various settling vessels for this sludge sample were: 103 mL/g (1.73 m tall stirred
settling column), 58.2 mL/g (1 L stirred graduated cylinder), 67.9 mL/g (2 L stirred

settleometer), 76.2 mL/g (1 L graduated cylinder without stirring), 70.7 (2 L settleometer
without stirring)].

250

TIAE (min)

Figure 4.1: Simulation of settling tests over a range of solids concentrations.
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Figure 4.2: Simulated SVI versus Solids Concentration profile (solid line) compared to
measured data.

The model is a useful tool to explain the observed variability of SVI-type measures with
solids concentration. Also, it provides a means to demonstrate how various test
conditions such as column height and biosolids compactability impact the measurement
of SVI. These aspects are discussed by Bye and Dold (1998).

In this paper the model is used as a means to generate SVI (and DSVT) values to use in
the evaluation of various correlations for Vp and K from SVI-type measures. To evaluate

the correlations, the following procedure was developed:

e For a given biosolids sample it was assumed that the Vesilind parameters Vj and
K were known (referred to as the “true” Vp and K). The model was used to
generate an SVI - Solids Concentration profile such as the one shown in Figure
4.2 for this “true” Vp and K pair. The plot of SVI versus Xp is a continuous
function. However, for the purposes of this evaluation, the values of interest from

the SVI - Solids Concentration profile were (1) the maximum SVI, and (2) the
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minimum SVI (at the low concentration range), which is also the DSVI (Bye and
Dold, 1998 and Appendix).

e The minimum SVI (i.e. DSVI) and maximum SVI values obtained from the
model using the “true” Vp and K pair were used in the correlations to predict
pair(s) of Vp and K values. It should be noted that certain correlations are based
on DSVI specifically; these yield one pair of predicted Vp and K values.
However, correlations based on SVI were used to generate two Vjp and K pairs;

one pair corresponding to the maximum SVI and the other corresponding to the

minimum SVI.

e The “true” and predicted Vo and K values were applied in the flux theory design
procedure outlined by the IAWQ (Ekama et al., 1997) to obtain estimates of

maximum allowable settling tank overflow rates for different feed concentrations.

SUMMARY OF CORRELATIONS

Table 4.1 summarizes a number of relationships proposed for relating various SVI-type
settleability measures to the Vesilind parameters Vp and K. Koopman and Cadee (1983)
related both Vo and K as functions of the DSVI, using data obtained from earlier studies.
Pitman (1984) developed a relationship between the quotient V /K and SSV1, s, as well
as a relationship between Vi /K and SVI, using data obtained over a period of six years at
four full-scale nutrient removal plants. The SVI relationship was found to exhibit a poor
fit to available data. Based on Pitman’s data, Ekama and Marais (1986) proposed a
relationship between K and the quotient Vo/K that could be used to separate the two
parameters. Daigger and Roper (1985) used data from six pilot-scale and two full-scale
conventional activated sludge plants to obtain a relationship between the parameter K and
SVI, treating V) as a constant. Wahlberg and Keinath (1988) used data from twenty-one
full-scale plants to evaluate four proposed correlations to estimate Vp and K as separate
functions of “stirred” SVI. Catunda and van Haandel (1992) proposed relationships for
Vo, K, SSVI35, and DSVI which depended upon the active biosolids fraction. Daigger
(1995) updated his earlier relationships using an expanded database. Ozinsky and Ekama
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(1995) used a rigorous statistical approach to separate a large database into subsets, and
proposed a number of correlations for Vp and K based on SVI, DSVI and SSVTI; s for each
subset. Sekine ef al. (1989) and Hirtel and Popel (1992) are further examples of using
correlations for Vp and K based on SVI-type measures. The correlation approach seems

to have gained quite wide acceptance.
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PREDICTION OF ZSV PARAMETERS

To evaluate the ability of the correlations to predict Vo and K values, the model proposed
by Bye and Dold (1998) was applied to two biosolids samples with different assumed
settling characteristics ("poor” and "good"). That is, two sets of “true” Vo and K pairs
were applied in the model to generate SVI values. The SVI values were then substituted
in the correlations to predict Vo and K values to compare to the “true” values. The
procedure for one "true” Vp and K pair, one column height (Hy), and one maximum

compactability (Xp) is shown in the diagram below:

DSVI and SV1
SV, CORREATIONS _,  predicted V,, K
" Tmeu Vo , K MODEL (X, Hg)
SV1
SVl CORREIATIONS _,  pregicted V,, K

The first sample was representative of a “poor” settling biosolids sample with ZSV
parameters Vj and K of 7.2 m/h and 0.40 m’/kg, respectively. These values were applied
in the model for two column heights (Ho = 50 and 200 c¢m) and two biosolids maximum
compactabilities (Xy = 10 and 20 g/L). This generated four SVI versus Solids
Concentration plots (e.g. Figure 4.2), each with a maximum SVI and a minimum SVI (i.e.
DSVI). In the case of this “poor” settling biosolids sample, the predicted SVI values
ranged from 50 to 160 mL/g (with a DSVI range of S0 to 100 mL/g). These results are
summarized in Table 4.2. Both the minimum and maximum SVIs were applied in the
correlations based on SVI proposed by Wahlberg and Keinath (1988), Daigger (1995),
and Ozinsky and Ekama (1995). The DSVI values were applied in the correlations based
on DSVI proposed by Daigger (1995) and Ozinsky and Ekama (1995). This resulted in
the pairs of predicted Vj and K values listed in Table 4.3.

The evaluations also were performed for a biosolids sample exhibiting “good” settling
characteristics, with ZSV parameters V and K of 9.6 m/h and 0.30 m'/kg, respectively.
Again, these were applied in the model of Bye and Dold (1998) for the same two column
heights (Hp = 50 and 200 cm) and two biosolids maximum compactabilities (Xy = 10 and
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20 g/L). This generated another set of four SVI versus Solids Concentration plots, each
with a maximum SVI and a minimum SVI (i.e. DSVI). In the case of the “good” settling
biosolids sample, the predicted SV1 values ranged from 50 to 101 mL/g (with a DSVI
range of 50 to 100 mL/g). These results are summarized in Table 2. It is evident that the
model demonstrates less SVI variability with concentration as a result of the improved
settling qualities of the biosolids sample in this simulation. Once again, the minimum
and maximum SVIs were applied in the correlations based on SVI proposed by Wahlberg
and Keinath (1988), Daigger (1995), and Ozinsky and Ekama (1995). The DSVI values
were applied in the correlations based on DSVI proposed by Daigger (1995) and Ozinsky

and Ekama (1995). This resulted in the pairs of predicted Vj and K values listed in Table
44.

Table 4.2: Ranges of SVI and DSVI values from analysis for two column heights and
two maximum solids compactabilities.

Svi 50 - 160 mL/g
DSvI S0-100mUg

- Svi  50-101 mL/g
Good Settling Sludge  o\/1 50— 100 mLjg

Poor Settling Siudge
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Inspection of Tables 4.3 and 4.4 shows that (1) there are significant differences between
the predicted Vjp and K values from the different correlations; and (2) the predicted values
generally are not in good agreement with the “true” values. However, differences in V)
and differences in K are difficult to interpret and are not of any particular relevance. Of
more importance is how accurately the ZSV is predicted over a range of biosolids
concentrations when the pairs of parameter values are applied in the Vesilind equation
and compared to the “true” ZSV. Sample graphical representations of this comparison are
shown in Figures 4.3 and 4.4. These compare the ZSV (logarithmic scale) using the
predicted Vo and K pairs in the Vesilind equation to the “true” ZSV. That is, the plots are
presented in the form of the linear transformation of the Vesilind equation that commonly
is used to obtain Vj and K pairs from measured data. Figure 4.3 shows a case where the
fit is relatively good, while Figure 4.4 shows a case where the fit is poor. The predicted
ZSYV values tend to either straddle the “true” values for a given case or are all above or
below the “true”. [Note that a difference of one unit on the logarithmic scale corresponds
to a 2.7 times difference in ZSV].

In an effort to provide a numerical comparison of the goodness of fit, r* values between
the predicted and “true” ZSV were calculated. These r* values were computed from the
linear plots such as Figures 4.3 and 4.4. This number represents how well (or poorly) the
predicted ZSV fits the “true” ZSV over the given range of solids concentrations. Tables
4.3 and 4.4 show r* values for each Vjp and K pair (in parentheses below the correlation
values). Examination of the r* values again confirms that the ZSV obtained via the
correlations generally is not in good agreement with the “true” ZSV. Inspection of r*
values in any row of the tables indicates that there is poor agreement between the
different correlations. Inspection of the r* values in columns of the tables shows a wide
variation in predictive capacity for each correlation depending on the conditions for
measuring SVI. A general observation from the results is that r* values closer to unity are
obtained when the predicted K is closer to the “true” K.
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Figure 4.3: Effect of using Vo and K pairs predicted from minimum SVI (i.e. DSVI) to
estimate settling velocity for a “good” settling sludge (—- “True”, O - Wahlberg &
Keinathsvi, A - Daiggersv;, 8 - Ozinsky & Ekamagvi, ® - Ozinsky & Ekamapsvi, A -

Daiggel'osvx).

(v, ) (mm)

Figure 4.4: Effect of using Vo and K pairs predicted from minimum SVI (i.e. DSVI) to
estimate settling velocity for a “poor” settling sludge (— - “True”, O - Wahlberg &
Keinathswvi, A - Daiggersvi, 8 - Ozinsky & Ekamasvi, ® - Ozinsky & Ekamapsvi, A -
Daiggerosw).
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IMPACT ON SETTLER DESIGN

In the previous section maximum SVI values and minimum SVI values (equivalent to
DSVI) were generated for (1) “true” Vo and K values (representing either good/poor
settleability); (2) two settling column heights (50 or 200 cm); and (3) two biosolids
compactabilities (10 or 20 g/L.). Table 2 summarizes the ranges of SVI and DSVI values.
These minimum and maximum SVI and DSVI values, in turn, were applied in various

correlations to generate predicted Vo and K values listed in Tables 4.3 and 4.4.

The objective in this section is to compare secondary settling tank design and operation
based on predicted Vp and K values to that based on "true” Vp and K values. The

approach for the comparison is as follows:

1. Apply each minimum and maximum SVI (or DSVI) value from Table 2 in each

correlation to provide predicted Vo and K values.

2. Apply each pair of predicted Vo and K values to determine the maximum
allowable overflow rate, Q/A (i.e. the minimum settling tank area for a given
influent flow) based on flux theory analysis (see below) for three different feed
concentrations, Xp (1200, 2400, 3600 mg/L) that are representative of the range of

typical activated sludge bioreactor concentrations.
3. Compare predictions to Qi/A for "true" Vp and K (for each Xp).

Figure 4.5a shows the IAWQ design and operation chart (Ekama et al., 1997) that was
used to calculate maximum allowable Qi/A values for different settling tank feed

concentrations.
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Figure 4.5a: Design and operating chart for high feed concentration.

The maximum allowable overflow rate Qi/4 for a given feed concentration and biosolids
settling characteristics is found at the critical recycle ratio, Rc, which satisfies the
thickening and clarification criteria shown in Figure 4.5a (Rc is the maximum possible
underflow recycle ratio within thickening criterion constraints). It should be noted that in
the case of lower feed concentrations, the thickening and clarification boundary lines do
not necessarily intersect on the hyperbola defining regions where design is either
thickening-and/or clarification-controlled. An example is shown in Figure 4.5b. At low
feed concentrations, selecting overflow rate Qi’/d corresponding to Rc will result in
violation of the clarification criterion. In this case, the maximum allowable overflow rate
that satisfies both the thickening and clarification criteria is found at a lower recycle ratio,
shown in Figure 4.5b as the "Design Point" [For a detailed explanation of the design and

operating chart, refer to Appendix 2].
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Figure 4.5b: Design and operating chart for low feed concentration.

The predicted minimum and maximum SVI (50 and 160 mL/g) of the “poor” settling
biosolids sample (see Table 2) were applied in three SVI correlations of Wahiberg and
Keinath (1988), Daigger (1995), and Ozinsky and Ekama (1995). This resulted in six
pairs of Vp and K values that were used in the settler design procedure to determine the
corresponding maximum allowable overflow rate for each. Figure 4.6 compares these
Qi/A values to the Qi/A for the "true” Vp and K. The Figure shows three groups of bars,
corresponding to the three different settler feed concentrations (1.2, 2.4, and 3.6 kg/m®).

The same procedure was followed to generate the data for Figure 4.7. However, this case
was based on the "good" settling biosolids.

This approach also was applied with the DSV1 data in Table 4.2, using the two DSVI
correlations of Daigger (1995) and Ozinsky and Ekama (1995). The resulits are presented
in Figures 4.8 and 4.9.

Inspection of Figures 4.6 to 4.9 identifies that:
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e There can be significant differences between "true" and predicted maximum

allowable overflow rates.

e There can be significant differences from correlation to correlation.

The data presented in this section were generated by selecting specific SVI values (from a
continuum of SVI-Concentration) and for two sets of ZSV parameters "poor" and "good”
settling). Therefore it would not be appropriate to draw general conclusions about the
merits or demerits of the different correlations. Rather, the objective has been to
demonstrate a practical (i.e. design-related) consequence of the underlying fact that

correlations for ZSV parameters (Vo and K) based on SVI-type measures may provide
poor estimates.

81 -Trve VO.X

s} s §2 - Wahiderg & Kemnath, Max SV
) a3 - Wahiberg & Keinsth, Min SVI
04 - Oaigger, Max SV

@S - Daigger, Min SV

@6 - Ozinaky & Exama, Max SV
@7 - Ozinsky & Ekama, Min SVI

~
v

("]

CRITICAL OVERFLOW RATE (m/h)
»

~
v

-

24 38
CLARIFIER FEED CONCENTRATION (kg/m’)

Figure 4.6: Comparison of predicted and “true” maximum overflow rates for SVI
correlations for “poor” settling biosolids.
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Figure 4.7: Comparison of predicted and “true” maximum overflow rates for SVI
correlations for “good” settling biosolids.
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Figure 4.8: Comparison of predicted and “true” maximum overflow rates for DSVI
correlations for “poor” settling biosolids.
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Figure 4.9: Comparison of predicted and “true” maximum overflow rates for DSVI
correlations for “good” settling biosolids.

CONCLUSIONS

The model of Bye and Dold (1998) for simulating the settling behaviour in a hindered
settling test has been used as a basis for evaluating proposed correlations for estimating
zone settling velocity parameters based on SVI-type measures. The overall conclusions
from the comparison is that (1) there are significant differences between the predicted Vo
and K values from the different correlations; and (2) the predicted values generally are
not in good agreement with the “true” values. The ZSV obtained via the correlations
generally is not in good agreement with the “true” ZSV, and there is a wide variation in
predictive capacity for each correlation depending on the conditions for measuring SVI.
A consequence of differences between predicted and “true” ZSV parameters when

applied in flux theory analysis is significant differences in maximum allowable overflow
rate.

The purpose of this analysis has not been to “damn” either the correlations or SVI as a

measure of sludge settleability. Undoubtedly SVI will continue to be a very useful
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indicator in plant operations. The objective has been to bring out the underlying

problems regarding SVI-type measures. For example, for a given biosolids sample:

e SVI can change significantly with concentration, even for relatively small

concentration differences;

e The settling column height impacts the SVI. This is not through impacting

settleability per se; rather, it is merely a calculation artifact.

e DSVI is not impacted by column height. However, DSVI is determined by
biosolids compactability and does not relate to settling rate directly. That is,

samples with different settling characteristics may have the same DSVI.

The result of these factors is that the database of information on SVI-type measures is not
consistent. For example, a set of SVI measures in a 1 L cylinder cannot be compared to
SVI results from tests conducted in 6 foot settling columns. This likely is a reason why

Ozinsky and Ekama (1995) found that certain sets of data from different researchers
could not be pooled on a statistical basis.

Given these problems, it is not surprising that there are such large differences between
different correlations and that correlations differ for different SVI measuring conditions
(column height, etc.). Nevertheless, it is still questionable whether correlations will ever
provide a reliable tool for predicting ZSV parameters. How can a measure at one
concentration tell us how concentration influences settleability? Irrespective of this, the
need has been identified to stress a consistent set of conditions for measuring SVI, as well

as reporting the concentration, if values are to be compared.
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APPENDIX

This Appendix provides a detailed explanation of the material referenced in the
Background section. Readers are directed to Bye & Dold (1998) for further explanation.
A model was developed to assess the impact of variables in settling tests (column height,
initial MLSS concentration, biosolids compactability, etc.). The model is based on three
assumptions which identify three phases in the simulated settling test:

Phase 1: At the outset of the test there may be a period of reflocculation before
sedimentation begins. This is modeled by the inclusion of a short “dead” time, #r, during

which no settlement occurs. If there is no lag phase at the start then £+ will be zero.

Phase 2: During sedimentation the downward velocity of the biosolids-water interface is
governed by the Vesilind settling model. Applying this model, the linear change in
interface height as a function of time is given by Eq. Al:

H(t) = Hy — Vg @' (t - t¢) (A1)

where H, is the initial height of the sample in the settling column, Xj is the initial

biosolids concentration, and (t - tf) is the time from the start of the sedimentation phase.
The end of this linear phase of zone settling is determined by the biosolids compactability

(see below).

Phase 3: It is assumed that, for a given mixed liquor, the final settled solids volume is

directly proportional to the initial biosolids concentration. That is, a mixed liquor sample
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exhibits a certain maximum biosolids compactability, Xu (units of g/L). This assumption
has been verified with data sets from a number of treatment plants; Figure 4.A1 presents
an example data set. The maximum biosolids compactability, X, is obtained by taking
the inverse of the slope of the line in Figure 4.A1. This assumption implies that Phase 1
continues until the biosolids interface has reached a point where the concentration of
solids at the base of the column has attained the maximum compactability, Xy. From a
mass balance, the final settled height in the column, H', is given by:

H = ﬂ(m) (A2)

Xy

A graphical representation of the simulated interface height in a settling test is shown in
Figure 4 A2.
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Figure 4.A1: Relationship between solids concentration and final settled height.
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H{t) = Ho(Vea ™)ty

Ha = onO
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Figure 4.A2: Model used to generate settling profile.

The model can be used to generate an SVI versus Solids Concentration profile (such as
the one shown in Figure 4.2) for a given biosolids sample by the following procedure.
First, the biosolids settling parameters (Vo and K), the biosolids compactability (Xu) and
the settling column height (H,) are specified. [If an initial lag phase is to be modeled ¢~
also must be specified]. The model then is applied to generate a series of solids interface
height profiles for a range of solids concentrations. An example is shown for four solids
concentrations in Figure 4.A3. Next, the SVI for each concentration is calculated by
computing the fractional settled height at 30 minutes, dividing this value by the initial
solids concentration Xp, and multiplying by 1000 to normalize to a one litre cylinder.

Whether the “elbows” in Figure 4.A3 occur before or after 30 minutes is crucial in

determining the shape of the SVI - Solids Concentration curve.
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Figure 4.A3: Model application to biosolids sample at different concentrations.

If the biosolids interface has not reached the compacted height H’ by 30 minutes (i.e. the
“elbow” occurs after 30 minutes), the interface height is governed by Eq. Al. Therefore,

the SV1 is a function of the initial solids concentration and the zone settling parameters:

SVI = ["° - e0.5 - ")'] 1000 (A3)

XoHo

Equation A3 illustrates that the SVI during Phase 1 is a non-linear function of solids
concentration for a given sample and test conditions.

If the biosolids interface has settled rapidly and reached the level portion with interface
height H’ by 30 minutes or less (i.e. the “elbow” occurs before 30 minutes), then Eq. A3
can be simplified using the relationship between H’ and H, from Eq. A2, and the SV1 is
given by:

SVI= 1000

(mL/g) (A4)
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ROLE OF MEASUREMENT PARAMETERS IN SVI-TYPE TESTS
AND A PROPOSAL FOR ESTIMATING ZONE SETTLING
PARAMETERS

Christopher M. Bye and Peter L. Dold

Dept. of Civil Engineering, McMaster University,
1280 Main Street West, Hamilton, Ontario L8S 4L7, Canada.

ABSTRACT

SVI-type activated sludge settleability measures are applied frequently in the design and
control of secondary settling tanks. Considerable confusion exists as to which of the
common settleability measures (SVI, DSVI, SSVI, SSVIis) should be used.
Experimental data are presented to demonstrate that differences in column height and
sludge concentration can lead to large differences in calculated SVI even when the zone
settling characteristics do not change. A model is used to further highlight these potential
problems and evaluate the effects of sludge characteristics and test parameters on SVI-
type indices. Sludge settleability and compactability, settling column height, and sludge
concentration in the test have an interactive effect on the measured SVI. The
experimental data and the model explain many of the artifacts historically associated with
the SVI and raise considerable doubt regarding the validity of correlations for zone
settling parameters based on SVI-type measures. An alternative SVI-based method is

proposed for determining zone settling parameters.

Key words: Activated sludge, settleability, flux theory, zone settling velocity, SVI,
DSVI, SSVL
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INTRODUCTION

Sludge settling characteristics are very important in suspended growth activated sludge
systems. Sludge Volume Index (SVI) measurements are applied widely to monitor
sludge settleability. Experience has shown the measure to be a very useful tool in routine
process control. A primary reason for the popularity of the SVI and other SVI-type
measures is that the tests are rapid and easy to perform.

A number of variants of the SVI have been developed [Stirred Specific Volume Index
(SSVI), Stirred Specific Volume Index @ 3.5 g/L (SSVIss), and Diluted Sludge Volume
Index (DSVI)] to address perceived deficiencies in the SVI measure. For example, the
DSVI was proposed to address the dependence of SVI on solids concentration. Another
example is the SSVI proposed by White (1976) which specifically requires stirring. At
that time the SVI test methodology as per Standard Methods (pre-1980) did not specify a
requirement for stirring. Standard Methods was modified in 1980 to include stirring in
the procedure for the SVI test. That is, the post-1980 Standard Methods SVI and the
White SSVI both require stirring. Nevertheless, in current practice the SVI often is
performed without stirring, and there appears to be a widespread misconception that an
unstirred SVI is the “Standard Method”. This misunderstanding continues to be
propagated by researchers; for example, the recent IAWQ (1997) authoritative report on
secondary settling states specifically that the SVI is “unstirred”.

In the methods for conducting the tests, information usually is given about the type of
apparatus to be used. However, there is not consistency regarding the dimensions of the
column. For example, White (1976) specified a minimum diameter of 100 mm, but was
not specific about the column height, suggesting 500 mm. Standard Methods specifies
that the SVI should be performed in a 1 litre cylinder (which typically has a diameter of
60 mm and height of 350 mm, approximately). [In contrast, Standard Methods specifies

a column “at least 1 m high and 10 cm in diameter” for the zone settling rate test].

This paper demonstrates that solids concentration and column height are critical in the

outcome of the SVI-type measures. The view of the authors is that these aspects have
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been overlooked in the interpretation of SVI results. Experimental data that highlight
these effects are presented. Understanding and interpreting how and why the calculated
SVI1 value depends on concentration and column height is facilitated by using a model for
predicting the change in interface height with time observed in a settling test. The model
and experimental data reveal interesting characteristics about the DSVI; namely, that
DSV is an indirect measure of sludge compactability rather than settling characteristics
per se. All of these features identify the need to develop a standardised SVI testing
protocol for monitoring sludge settleability.

Activated sludge used in the column settling tests was drawn from a municipal sewage
treatment plant in Dundas, Ontario. Settling tests were performed in both tall (100 cm
height) and short (50 cm height) columns with and without slow stirring. The 30 minute
interface height was noted for calculating the SVI for each test. Also, each test was
allowed to run until settlement essentially had ceased to obtain an estimate of the
compactability of the sludge.

BACKGROUND

Essentially all settling tests subject a given mixed liquor sample to similar conditions.
That is, the sample is placed in a vessel (usually a cylinder), mixed well, and then
allowed to settle. The behaviour with time in a typical column settling test is illustrated in
Figure 5.1. At the start there may be a short lag period where little settlement takes
place; during this phase the mixed biosolids reflocculate and a sludge-water interface
forms. The next phase is a linear zone (or hindered) settling portion in which the sludge-
water interface settles at a constant velocity. This zone settling phase is followed by a
curvilinear transition stage between zone settling and compression settling. Finally, there
is a level portion where minimal further settling takes place because the sludge has

compacted to the highest degree possible under gravity settling conditions.

The SVI was developed to yield a rapid assessment of sludge settleability. A sample is
placed in a cylinder, mixed well, and allowed to settle for an arbitrary time of 30 minutes.

The 30-minute settled height (H3o) is noted. Dividing this by the initial height (Hg) of the
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sludge in the column yields the settled volume fraction. Using this value and the initial
solids concentration (Xo, measured in g/L), the SV1 is calculated as follows:

H
i,
SVi= —~ 1000 (ml/g) 1)

Multiplying by 1,000 normalizes the result to a 1-litre cylinder basis.
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Figure 5.1: Typical settling profile.

A number of relationships which attempt to model the zone settling phase of a settling
test have been proposed. Of these, the empirical Vesilind equation that describes how

zone settling velocity (ZSV or Vs) changes with solids concentration (X) is most

commonly used:
Vg =V, 8™ @)

Quantifying the ZSV/X Vesilind function parameters (i.e. Vo and K in Eq.2) requires
considerable experimental effort. This has lead to the development of a number of

correlations [Koopman & Cadee (1983); Pitman (1984); Daigger & Roper (1985); Ekama
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& Marais (1986); Wahlberg & Keinath (1988); Daigger (1995);, Ozinsky & Ekama
(1995)] for the two ZSV model parameters based on SVI-type measures.

COLUMN HEIGHT

Much attention has been given to the fact that SVI varies with solids concentration.
Surprisingly, little attention has been given to the effect of column height on SVI. In this
section this effect is illustrated, and the underlying cause is explained and supported with

experimental results.

The SVI test starts with a column filled to a height Hp with a well-mixed sludge sample
of concentration Xp. Equation 2 dictates that the solids-water interface that forms under

these conditions moves down the column at a constant rate, Vs. Therefore, the interface

height at time ¢t is given by:

Ht) = Hy - V, ™ .t (3)

Figure 5.2 shows a representation of Eq. 3 as well as the points used in SVI calculation.

Figure 5.2: Points used in SVI calculation.

If Eq. 3 is substituted into Eq. 1, it is evident that SVI is given by (with t = 30 minutes):
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Ho - &oe- 't}
= 1 4
svi X,Ho 000 )

Equation 4 shows that SV1 is dependant on column height, Ho. As an example, consider
two parallel SVI tests conducted on a sludge sample in columns with heights of 100 and
200 centimetres, respectively. If the sludge has Vesilind settling characteristics Vp and K
of 7.2 m/h and 0.40 m’/kg, respectively, and the tests are conducted at an initial solids
concentration of 5 g/L, the SVI values given by Eq. 4 are:

SVIloo =102 mL/g
SVl = 151 mL/g

In this case tests conducted on the same sludge sample with the same settling
characteristics exhibit a 50% difference in SVI for the different column heights. Actually
there are three possible scenarios for comparing SVIs conducted on a sludge sample in

columns with different heights. These cases are shown in Figure 5.3.

CASE 1 CASE 2 CASE )
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Figure 5.3: Possible scenarios showing effect of column height on SVI.

In Case 1, the sludge has settled rapidly and the compaction phase has been reached in
both the tall and short column before 30 minutes have elapsed. In this case the SVI

values for the different column heights will be the same [this is explained later (also see
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Bye & Dold, 1998)]. For Case 2, the sludge has settled slowly and both samples are still
exhibiting zone settling behaviour at 30 minutes. The previous example calculation
which showed that the SVIs for the different column heights may be substantially
different was an illustration of this situation. Case 3 shows the intermediate situation
where the sludge has settled rapidly enough to reach the compaction phase in the short
column, but not rapidly enough to do so in the tall column. In this case, it will be shown
that the difference in SVI values may be even more substantial than that seen for Case 2

scenarios. Figure 5.4 illustrates the Case 3 scenario with experimental data.
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Figure 5.4: Experimental data illustrating Case 3 scenario.
SOLIDS CONCENTRATION

Much attention has been given to the dependence of SVI on solids concentration, as first
noted by Dick and Vesilind (1969). A typical SVI-solids concentration curve illustrating
this behaviour is shown in Figure 5.5. The experimental data show that the solids
concentration dependence of the SVI can be quite dramatic. The measured SVI varied
from about 90 mL/g to 150 mL/g over a concentration range of 4.5 to 6 g/L.. Three
characteristic regions in the SVI-solids concentration curve are evident. At low solids

concentrations the SVI tends to be constant with increasing concentration up to a certain
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value (Region I). At this point, there is a rapid increase in SVI with a further increase in
concentration (Region II). The increase in SVI continues until a peak value is reached,

after which the SVI begins to decrease with increasing solids concentration (Region III).
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Figure 5.5: Typical SVI-solids concentration relationship (after Dick and Vesilind,
1969).

Researchers have explained the observed variation of SVI with initial solids
concentration only in part. For example, Ekama and Marais (1984) explained the
apparent decrease in SVI with increasing concentration (Region III) by introducing the
isoline shown in Figure 5.5 corresponding to the case where no settling has taken place at
a particular concentration. That is, the decrease in SVI does not occur because of an

“improvement” in settleability; rather, the decrease is merely an artifact of the SVI
calculation method.

No definitive explanation has been provided for the other two regions in the SVI-solids
concentration curve. However, the middle region (Region II) where SVI undergoes a
rapid change for a relatively small increase in solids concentration also can be
anticipated. Again, this is an artifact of the SVI calculation method rather than a

“deterioration” in settleability. Inspection of Eq. 4 shows that SVI is a non-linear
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function of solids concentration due to the exponential manner in which settling velocity
decreases with increasing solids concentration. Figure 5.6 shows a plot of Eq. 4
illustrating the expected variation in SVI in Regions I and II for the case of a sludge with
Vesilind settling characteristics Vo and K of 7.2 m/h and 0.40 m’/kg, respectively. The

predicted variation in SVI is very similar to that shown for the experimental data in
Figure §.5.
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Figure 5.6: Plot of Equation 4 showing that a variation in SVI with solids concentration
is anticipated.
The extent of the variation of S°/1 with concentration in Regions II and III essentially
depends on both the settling column height and the sludge settleability (i.e. Vesilind
settling characteristics Vp and K). This will be illustrated later. The fact that SVI
changes with concentration in Regions II and III has been used as the principal basis for
criticizing SVI as a measure of sludge settleability, and has motivated the adoption of
DSVI as a preferred measure. That is, SVI measured at low initial solids concentration in

Region [ where SVI appears independent of concentration.
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DSVI and SOLIDS COMPACTABILITY

In the DS VI test, the procedure for the SVI test is applied to serial dilutions of the mixed
liquor sample until the 30-minute settled volume is less than 250 mL. In effect this
forces the SVI measurement regime “to the left” in Figure 5.5 (Region I). Figure 5.7
shows an isoline representing the case in which the 30-minute settled volume (SV3) is
250 mL in a 1000 mL test volume. This illustrates the basis for the DSVI; namely, that if
a sludge sample settles rapidly enough to reach a height less than approximately Y of the

initial height, SVI will be approximately constant for other samples of lower initial solids
concentration.
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Figure 5.7: SVI-solids concentration data showing 250 mL settled volume isoline.

The fact that SVI (actually DSVI) does not change appreciably with concentration at the
diluted initial concentrations in Region I can also be anticipated by considering what
happens under these measurement conditions. At the lower test concentrations the zone
settling velocity will be increased. The characteristic of the DSVI test is that the
transition from zone settling behaviour to compression and compaction has occurred

before the interface height is noted at 30 minutes. That is, the DSVI test conditions
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correspond to Case 1 in Figure 5.3, where zone settling essentially is complete. This is
shown in an idealized fashion in Figure 5.8. For this situation the height of the 30-minute
solids-liquid interface used in the calculation of SVI (i.e. DSVI) essentially is determined
by the compactability of the sludge. If Xu represents the concentration of the compacted
sludge, the height of the sludge in the column after settling is complete, H’, is given by a

simple mass balance:

X H = X H,
5
Xu
Substituting in Eq. 3 yields:
psvi=19% (g (©)
M

Equation 6 shows that, for any test where settling is complete before the 30 minute cut-
off, the SVI (i.e. DSVI) is only a function of the sludge compactability, Xu. That is, the
SVI is “constant”, irrespective of initial sludge concentration. This interpretation
provides an explanation for the behaviour in Region I of Figure 5.3.
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Figure 5.8: Idealized settling profile.

The explanation of DSVI above implicitly assumes that Xy is a “constant” characteristic
for a particular sludge (at least for the conditions of the SVI test). This can be supported
by experimental data. To illustrate this point, a series of settling tests were conducted in
a 500 mm column on samples of the same sludge spanning a range of concentrations
from 560 to 10,500 mg/L. Rather than noting the 30-minute interface height, each test
was allowed to continue for an extended period of several hours, and the height was
noted after settlement was complete (i.e. the final settled height). Figure 5.9 shows a plot
of the final settled height (as a fraction of the column height) versus the initial sludge
concentration in each test. The fact that the data essentially are linear confirms that the
final compacted sludge concentration in each test is near uniform (i.e. Xy given by the
reciprocal of the slope in Figure 5.9). That is, for tests at higher initial concentrations,
and thus higher final heights of compacted sludge, the mass of sludge in the upper layers

is not further compacting sludge in the lower layers.
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Figure 5.9: Relationship between solids concentration and final settled height.

In the DSVI regime (where settlement is complete), the DSVI value essentially is a
meazure of the sludge compactability, X, rather than settleability per se. For example,
sludges with very different settling properties, but with the same compactability Xy, will
have the same DSVI. This situation is depicted in Figure 5.10. Irrespective of whether
the settling rate is rapid or slow, as long as settlement essentially is complete before 30
minutes, the SVI value will be the same for each sludge. Nevertheless, there probably is
a link between DSVT and settleability. For example, it is likely that a poor settling sludge
(e.g. a filamentous bulking sludge) will not compact well (i.e. a small Xj) and therefore
will exhibit a high DSVI according to Eq. 6.
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Figure 5.10: Sludge with different zone settling characteristics may still have the same
DSVL

SUMMARIZING THE IMPACT OF COLUMN HEIGHT, CONCENTRATION
AND SLUDGE COMPACTABILITY

The foregoing discussion addressed and explained the impact of column height, initial
MLSS concentration, and sludge compactability on SVI-type tests. In this section the
interactive effect of the three parameters is demonstrated in a generalized form. The
basis for conducting this analysis is through simulating the idealized behaviour observed
in a settling test, as depicted in Figure 5.8 [see also Bye and Dold (1998)]. To
demonstrate the effect of, say, initial sludge concentration, the settling test can be
simulated for a range of initial concentrations [while holding Ho, Xu, Vo and K constant),
and the SVI values can be calculated from the 30-minute solid-liquid interface height.
This is equivalent to applying Eq. 6 (for Region I) and Eq. 4 (for Regions II and ITI). An
example of an SVI - Solids Concentration profile generated by this approach for a given
sludge sample over a range of concentrations is shown in Figure 5.11. This generates the

same trend in SVI with increasing sludge concentration as shown for experimental data in

Figure 5.5; namely:
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e At low concentrations (Xo < 3 g/L in this case) the SVI is constant for increasing

concentration (approximately 45 mL/g).

e As test concentration increases there is a rapid increase in SVI to a maximum
(approximately 100 mL/g at Xp = 6 g/L in this case).

e For further increases in concentration the SVI decreases, following a curve which

represents little or no settlement in the test.
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Figure 5.11: Model-generated SVI-concentration curve.

Effect of Column Height:

SVI-Xp curves for tests in columns with heights of 50, 100, 150 and 200 cm were
generated for a sludge sample with fixed settling characteristics; the results appear in
Figure 5.12. Each case shows the SVI trend with increasing solids concentration evident

in Figure 5.11. Itis also evident that:

e The range of possible SVI values from the minimum attainable SVI (i.e. the
DSVI) to the peak SVI increases with increasing column height. For the S0 cm

column SVI essentially is independent of solids concentration because the sludge
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interface height in the short column has reached H’ at or before 30 minutes for all
but the highest concentrations. For the 200 cm column the SVI values range from
83 to 160 mL/g.

e In each case, as concentration increases, at some point there is a transition from
the constant SVI (i.e. the DSVI) to an increasing SVI. The transition occurs at
lower concentrations as column height increases. This is a consequence of the
difference in (H, - H'). With a shorter column, the distance that must be covered
to reach H’ is decreased, making it easier for the sludge interface to reach H’ at or
before 30 minutes. Thus a greater number of sludge concentrations are able to

reach H’' at or before 30 minutes, making the SVI less dependent on solids
concentration.

160

140 p

120 p

100 p

$VI (mLig)
8

0 a A A "
0 2 4 6 8 10 12 14
INITIAL SOLIDS CONCENTRATION (g MLSSA.)

Figure 5.12: SVI - solids concentration curve for different settling column heights with
poor settling sludge.

Effect of Zone Settling Parameters:
The results in Figure 5.8 were generated for a “poor” settling sludge sample with a low

V, of 7.2 m/h and a high K of 0.40 m’/kg. To illustrate the effect that the zone settling
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parameters have on the SVI - Solids Concentration relationship, the SVI-Xp curves in
Figure 5.12 (“poor” settling characteristics) were regenerated for the same set of
parameters, but for changed V, and K (a higher V, of 9.6 m/h and a lower K of 0.30
m’/kg). The results for this sample with “good” settling characteristics are shown in
Figure 5.13. From a comparison of Figures 5.12 and 5.13 it is evident that the effect of
column height is less pronounced when the sludge have “good” settling characteristics.
In Figure 5.13 SVI is independent of solids concentration for both the 50 and 100 ¢cm
columns. This is because the sludge interface height has reached H’ at or before 30
minutes for all concentrations with the rapidly settling sample. Even for the 150 cm
column, SVI dependence on solids concentration is minimal. For the 200 cm column, the
SVI values range from 83 mL/g to just over 100 mL/g, which is a much smaller range
than for the case of “poor” settling solids.
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Figure 5.13: SVI - solids concentration curve for different settling column heights with
good settling sludge.
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CONCLUSIONS

SVI-type measures no doubt will, and should, continue to be used in plant operations as a
useful indicator of sludge settleability and/or changes in settleability. This paper does not
aim to question the utility of this approach. Rather, the objective has been to illustrate
that many of the artifacts associated with the SVI cited by researchers over the years can
be explained logically. As an example, if two sludges from different plants were reported
to have SVIs of 60 and 150 mL/g, respectively, it likely would be assumed that the
settleability of the former was significantly better than the latter, and that the latter in fact
was a bulking sludge. However, the settleabilities (in terms of zone settling rate) quite
possibly could be identical, and the difference could be due to conducting the tests in

columns with different column heights or at different test concentrations.

In assessing information on SVI-type measures, two important factors to recognize are
that:

e Depending on column height and sludge settleability, the SVI for a sample with
given settling characteristics may well change appreciably with initial
concentration, even for small changes in concentration. This becomes more

evident as the height of the settling column increase.

e The DSVI test “forces” the SVI test conditions into the region where SVI is
independent of solids concentration. Intuitively it may seem that this is a suitable
measuring state. However, in this region the observed SVI is not determined
directly by the settleability of the test sample. Rather, the DSVI provides a

measure of sludge compactability.

This paper on SVI and DSVI as sludge settleability measures would be incomplete
without a comment on correlations for zone settling parameters (Vo and K) based on SV1
or DSVI. As a general statement, mathematically it would appear somewhat dubious that
two parameters in a model such as Eq. 2 that quantifies how solids concentration (X)
influences ZSV can be estimated based on a single SVI value from a test conducted at a
single X value. Irrespective, the results presented in the paper question the validity of the
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correlations [see also Dold and Bye (1999)]. With regard to DSVI, from Figure 5.10 for
example, it is evident that three samples with very different zone settling parameters (Vo
and K) can have the same DSVI. However, a correlation based on DSVI will predict the
same Vo and K. With regard to SVI, the results show that a sample with given zone
settling parameters (Vo and K) can exhibit a wide range of SVI values even for small
variations in concentration in the test. However, a correlation based on SVI will predict
widely different pairs of Vo and K values. [At the risk of labouring the point, a further
complication regarding the correlations based on SVI is that the correlations were
developed using SVI values from settling columns of widely differing heights — and these
may differ substantially].

The attraction of applying the correlations is that it obviates the need to conduct time-
consuming settling tests. However, if the results are questionable as contended here,
perhaps the following approach would provide a compromise for determining the

Vesilind zone settling parameters (Vo and K):

1. Conduct a number of stirred SVI tests in a settling column over a range of sludge
concentrations (from approximately 1 to 10 or 12 g/L, depending on the settling
characteristics), including tests in the DSVI range. Six tests may be sufficient, but
the level of confidence in the estimates for Vo and K should improve if more tests

are conducted.

2. Calculate the SVI value for each test using Eq. 1 based on the 30-minute interface
height in the settling column, not in a separate 1-litre SVI test.

3. Plot the measured SVI values versus the initial sludge concentration in each test;
see Figure 5.14. The data must exhibit a “hump” in the intermediate
concentration range. This may necessitate using a tall column, depending on the
settling characteristics (see Figures 5.12 and 5.13). Typically a 2 metre high
column (with diameter of 150 mm) should be appropriate. However, the column

should be short enough to include SVIs in the DSVI range.
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4. Apply Eq. 6 in the low concentration range, adjusting the sludge compactability,
X, to fit the data. [This step is not essential for determining Vo and K].

5. Apply Eq. 4 in the higher concentration range, adjusting the Vesilind zone settling
parameters (Vo and K) to fit the data. [Note that Eq. 4 is only valid for sludge
concentrations that yield SVI values greater than 1000/Xy, the DSVI]. An
example is shown in Figure 5.14.
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Figure 5.14: Simulated SVI versus Solids Concentration profile (solid line) compared to
measured data.

The proposed method for estimating the Vesilind zone settling parameters (Vo and K) is
based on a number of SVI measurements over a range of concentrations (including the
DSVI region), thereby allowing the impact of sludge concentration to become evident.
For some time there has been strong support in favour of DSVI rather than SVI. For
example, Lee er al. (1983) stated that “it is appropriate now that the standard SVI, after
45 years of use, be supplanted by an index more directly applicable to activated sludge
process design and operation. Universal adoption of the diluted SVI as this index would

represent a significant and timely advancement in the field of water pollution control”.
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The IAWQ (1997) task group on secondary settling added to this suggestion by stating
that “the continued use of the SVI after a further 13 years of use cannot be cogently
argued”. These comments may be entirely appropriate in terms of (1) the issue of stirred
versus unstirred SVI [we support only the stirred test], and (2) DSVI being preferable to
SVI as a single parameter for monitoring plant performance in the field [because DSVI
reflects sludge compactability which, in turn, probably reflects sludge settleability].
However, the essence of the proposed method is that DSVI only provides information in
a very restricted concentration range (where in fact the data does not reflect the impact of
concentration on settling rate). To derive information on the effect of sludge
concentration on settleability, SVI measurements over a range of concentrations are
required. Therefore, in terms of providing information on zone settling characteristics,

SVI data are essential, and the stirred SV1 test (i.e. the Standard Method) should not be
rejected out of hand.

The views expressed in this paper may cause some controversy. Irrespective, it should be
very evident that there is a need in the wastewater treatment field for standardisation of
the apparatus used for conducting SVI-type tests in terms of diameter and height. In
addition, the confusion over stirred versus unstirred SVIs should be clarified. Even
though Standard Methods specifies stirring in the 1-litre SVI test, it is likely that many
practitioners will continue to conduct tests without stirring. It is suggested that the latter

should be identified as the uSVI test, and that the Standard Methods SV1 test should be
denoted as the sSVI.
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ABSTRACT

One-dimensional layered models appear to offer a compromise between the simplicity of
manual flux analysis and the complexity of two and three-dimensional hydrodynamic
models. A robust, stable one-dimensional layered model especially is useful when
incorporated into a process simulator which captures the behaviour of the bioreactor-
settler interaction. From the beginning, attempts to model the secondary setting tank
process have been fraught wnth numerical stability and solution problems. This paper
examines the approach used for two cases: (1) a steady-state continuous flow settler; and
(2) an unsteady-state batch settler. Solution and stability problems are highlighted, and

explanations for these are given.
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INTRODUCTION

Process simulators, which couple the bioreactor and secondary settling tank (and other
treatment plant units), are being applied widely as tools in the design and optimization of
activated sludge wastewater treatment plants. These simulators attempt to provide a
realistic representation of treatment plant behaviour; for example, the shift in sludge
inventory from the bioreactor to the settler during storm events, and the impact on
effluent quality. There can be significant interactions between the bioreactor and the
secondary settling tank (SST). The two units are interactive because of the feedback
from the SST underflow recycle to the bioreactor, and the change in solids loading to the

SST with changes in influent flow rate.

Modelling of the SST can be extremely complex to account for factors such as tank
geometry, flow patterns, baffle arrangements, surface wind shear, etc. Several two- and
three-dimensional (2-D and 3-D) hydrodynamic models have been developed to address
these issues, and have proven very useful in detailed SST analysis. However, such
models are highly computational-intensive, and for this reason do not lend themselves to
incorporation in PC-based treatment plant simulators. To avoid computation time
limitations, the simplest approach in simulators has been to model the SST as an
idealized two-cell unit. A compromise between this over-simplification and the compiex
2-D and 3-D approach is to apply a one-dimensional (1-D) model. In terms of overall
treatment plant simulation, 1-D models based on flux theory are adequate for many
purposes because they can account reasonably for effects such as shifting sludge
inventory. A further advantage of the 1-D models is that it is possible to include
modelling of biological reactions within the settler without incurring excessive

computational overhead.

In the one-dimensional approach, solids and liquid movement in the vertical direction are
assumed to be dominant and horizontal movement is ignored. The settling tank is
divided into a number of layers in the vertical direction and a numerical technique is used

to solve the mass balance equations in the vertical direction. The solution to the mass
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balance equations provides the solids concentration profile in the settling tank, and the

solids concentration in the effluent and underflow.

One problem encountered with these 1-D models is numerical instability and solution
problems, particularly for steady state loading situations. The purpose of this paper is to
investigate and demonstrate some of the instability problems associated with the
traditional mass balance-based layered 1-D approach. This will be accomplished by

examining the steady state case for a continuous flow SST situation and the unsteady

state case of a batch settling test.

OBJECTIVE AND METHODS

Two techniques were employed to demonstrate the numerical instability and solution
problems that may be observed in some cases when 1-D layered models are used to
simulate settler behaviour. For the case of a continuous flow settler under steady state
conditions, mass balance equations were written for the various settler regions (above the
feed layer, the feed layer, and below the feed layer). These equations were input into a
spreadsheet, and the solution behaviour of a layer was examined for varying overflow
rates, underflow rates, and sludge settling characteristics. The mass balance equation was
plotted to aid in the illustration of the solution problems that can be encountered for the
steady state case. For the unsteady state case of a batch settling test, the mass balance
equations were written and input into computer code so that the time-dependant
behaviour of the batch settling test could be simulated. This behaviour was evaluated for

various initial concentrations and sludge settling characteristics.

STEADY STATE CASE FOR A CONTINUOUS FLOW SETTLER
When considering a one-dimensional model of a secondary settling tank, one must

consider the behaviour in three separate zones:
1. The zone above the feed layer.
2. The feed layer.

3. The zone below the feed layer.
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This is necessary because the mass balance equations that describe a given layer change
from zone to zone. Above the feed layer, the bulk fluid movement (i.e. surface overflow
rate) is upwards, therefore any solids transport associated with the bulk fluid movement is
upwards as well. Below the feed layer, the bulk fluid movement (i.e. underflow rate) is
downwards, so solids transport associated with the bulk fluid movement also is
downwards. At the feed layer, the solids mass loading of the feed must be considered,
and there is both upwards and downwards bulk fluid movement. [It is assumed that the
feed flow is the sum of the overflow and the underflow, and the "flow split" occurs in this
layer]. Also, the top layer in the first zone (i.e. overflow) and the bottom layer in the
third zone (i.e. underflow) require speciai consideration. The top layer in the first zone is
unique as there is no solids flux into it. The bottom layer in the third zone is unique as
there only is bulk flux out of it. Another requirement of one-dimensional secondary
settling tank models is a quantitative relationship between solids concentration and

settling velocity. In this study, the semi-logarithmic Vesilind relationship was used to
quantify zone settling velocity, Vs:

Ve =V,e™  (mid) 1)

where X is solids concentration (gTSS/m’), and Vo (m/d) and K (m'/kg) are
experimentaily determined parameters.

From the discussion above, the following steady state equations may be developed for a

"single layer" in each zone:
Vo (Xiy = X;) + Vg™ . X, -V,e™ .X, =0 (abovefeedlayer) (2)
Von(Xs = X;) + Vyp(Xp = X))+ V@™ . X, - V,e™™ -X, =0 (feedlayer) (3)
Von(Xiy = X))+ Voe™™ 1 . X, -Ve™™ .X, =0 (below feedlayer) (4)

where Vyp is the surface overflow rate, Vpow is the underflow rate, X; is the feed TSS

concentration, Xzs is the TSS concentration in the layer above the solution layer, X1 is
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the TSS concentration in the layer below the solution layer, and X; is the TSS

concentration in the solution layer.

For a steady state solution we wish to determine the solids concentration in each model
layer. This is provided by the simultaneous solution of the mass balance equations for
each layer. Because the equations are non-linear, an iterative solution procedure must be

used, starting at an initial “guess” of the concentration profile.

To investigate the impact of operating parameters and sludge settleability parameters on
the solution of these equations, the following procedure was used. A spreadsheet for
each equation was set up in a manner that allowed any of the variables (e.g. overflow
rate, underflow rate, feed TSS concentration, sludge settleability) to be changed. Then,
for a specified Xis and Xi.1, the mass balance equation for the solution layer was plotted

versus X;. An example of such a plot is shown in Figure 6.1.

The solution to the steady state mass balance equation is given by the solids
concentration for the layer that sets the mass balance equal to zero (i.e. the x-axis
intercept in Figure 6.1). An advantage of this graphical approach is that it shows the form
of the mass balance equation that is being solved, and indicates any potential solution
difficulties. The behaviour of the mass balance equations for each zone will be
discussed. Sludge settleability as characterized by the Vesilind parameters Vp and K was
classified as either "good” (Vo = 240 m/d, K = 0.35 m*/kg) or "poor” (Vo = 168 m/d, K =
0.65 m*/kg) (WRC, 1984). Overflow and underflow rates were varied between typical
values of 16 - 32 m/d (Metcalf & Eddy, 1991). Feed concentration was varied between
3,000 - 6,000 gTSS/m® (Metcalf & Eddy, 1991). It should be noted here that results for
all of the various combinations are not shown; however, results that illustrate points of

interest are presented.
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Figure 6.1: Mass balance equation for layer "i" versus concentration of layer "i".
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Solution Behaviour Above Feed Layer
The first case investigated above the feed layer is where there are a small amount of
solids (e.g. 10 mg/L) above the layer of interest and there are solids below the solution
layer at a reasonably high concentration of Xj.s = 3,000 mg/L. This case simulates a
critically loaded situation with a sludge blanket above the feed layer. The solution plot
for "poor” settling sludge and an overflow rate of 20 m/d is shown in Figure 6.2. The
solution plot shows that for the Case 1 scenario, the solution where the mass balance is
satisfied (X; = 416 mg/L) is well defined and sensible; that is, a small amount of solids

are being carried upwards from the sludge blanket due to bulk liquid movement. Similar
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results were obtained for "good" settling sludge and other overflow rates in the specified

range.
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Figure 6.2: Solution plot for Case | above feed layer (Xi.s = 10 mg/L, Xjos = 3,000
mg/L).
Case 2 is the situation where a concentration gradient has formed above the feed layer,
with X1 = 2,000 mg/L and Xy = 3,000 mg/L. The solution plot for Case 2 with "good"
settling solids and an overflow rate of 24 m/d is presented in Figure 6.3. This shows that
the mass balance equation for a layer above the feed point can be very ill-conditioned for
numerical solution. In this case there are three possible solutions to the mass balance
equation for the conditions specified, only one of which is sensible (X; = 2,500 mg/L).
The mass balance equation for the conditions specified in Case 2 is sensitive to the initial
guess used by the iterative solution technique if the desired solution is to be obtained.
When the overflow rate is increased beyond 24 m/d, the problem of multiple solutions
does not occur. With "poor" settling sludge, muitiple solutions were not encountered,
however, the solutions obtained over the entire range of overflow rates were non-
sensible, i.e. the values of X; which satisfy the mass balance equation are not between X; 1

and Xj.4, and therefore violate the concentration gradient.
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Figure 6.3: Solution plot for Case 2 above feed layer (Xis = 2,000 mg/L, Xi 1 = 3,000
mg/L).
Case 3 is the situation where there are solids above the feed layer, but no concentration
gradient exists, i.e. Xiy = X1 = 2,000 mg/L. The solution plot for Case 3 with "good”

settling solids and an overflow rate of 16 m/d is shown in Figure 6.4.
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Figure 6.4: Solution plot for Case 3 above feed layer (Xi1 = Xiss = 2,000 mg/L with
"good" settling sludge).
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Figure 6.4 shows that for this case the problem of multiple solutions occurs once again.
Two solutions exist, only one of which is correct (G = 2,000 mg/L). Because of the
multiple solutions, this case would be sensitive to the initial value used in the solution
procedure. Similar results to Figure 6.4 were found until the overflow rate was increased
to approximately 22 m/d, beyond which only the correct solution existed. When "poor”
settling sludge was used, even less desirable results were obtained. Figure 6.5 shows the
solution plot for Case 3 with "poor" settling sludge and an overflow rate of 16 m/d.
Three solutions to the mass balance equation exist, only one of which is correct (X; =
2,000 mg/L). One of the incorrect solutions () =2, 248 mg/L) lies very close to the
correct solution, so in Case 3 if "poor” settling sludge is used the solution is extremely
sensitive to the initial guess. This behaviour with "poor” settling sludge was observed
until the overflow rate was increased beyond 21 m/d; above this overflow rate only the
correct solution exists.
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Figure 6.5: Solution plot for Case 3 above feed layer (Xi.s = X1 = 2,000 mg/L with
"poor” settling sludge).

Solution Behaviour Of Feed Layer

The solution behaviour of the feed layer equation also was investigated in a manner

similar to that used to investigate the region above the feed layer. For both "good" and
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“poor” settling sludges over a range of overflow and underflow rates (i.e. recycle ratios of
0.5, 1, and 2) and feed concentrations, the mass balance equation for the feed layer
showed stable solution behaviour. Multiple solution cases such as those seen for the

region above the feed layer were not encountered.

Solution Behaviour Below Feed Layer

The first case investigated a settling tank scenario where a concentration gradient has
formed below the feed layer with Xi.; = 5,000 mg/L and Xj.s = 6,000 mg/L. The solution
plot for Case 1 with "good” settling solids and an underflow rate of 32 m/d is shown in
Figure 6. 6. For these conditions the mass balance equation in the region below the feed
layer can also be prone to the types of multiple solution problems seen earlier in the
region above the feed layer. In this case, there are three solutions very close to one
another (X; = 5,000 mg/L, X; = 5,566 mg/L, X; = 6706 mg/L). At higher underflow rates,
multiple solutions continued to exist, but these were not as close together. When "poor”
settling biosolids were used for this case, multiple solutions also were encountered, with
only the one where X; =X.s making sense. In this case, two of the solutions possibly are
feasible.
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Figure 6.6: Solution plot for Case 2 below feed layer (Xi.s = 5,000 mg/L, X1 = 6,000
mg/L).
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The second case investigated below the feed layer was the situation where no
concentration gradient exists, e.g. Xis = Xjss = 8,000 mg/L. For both "good" and "poor"”
settling sludges, multiple solutions were found to exist at some underflow rates, but in
both situations, solutions that did not violate the concentration profile (i.e. X; = 8,000
mg/L) were obtainable.

DISCUSSION OF FINDINGS FOR STEADY STATE CASES

Based on the examination of the steady state solution behaviour of the one-dimensional
mass balance equations for the three regions in a secondary settling tank, several
conclusions may be drawn. In the layers above and below the feed point, cases were seen
where multiple solutions existed for both "good" and "poor” settling sludges. Cases were
also observed where only non-sensible solutions existed for "poor” settling sludges. The
feed layer seemed to be far more robust; multiple solutions were not observed under any
of the loading conditions. A further difficulty in certain cases is that the mass balance
function is particularly "flat" in the region of the solution, and an iterative numerical
solution procedure likely will encounter difficulties finding the root.

The results show that it may be very difficult to develop a one-dimensional secondary
settling tank model capable of giving true "steady state” solutions. Depending on the
loading conditions of the settling tank (i.e. under-loaded, critically loaded, or over-
loaded) and the sludge settling characteristics, attempting to solve the system of "steady
state” mass balance equations may result in a non-sensible solution, or problems may be
encountered because of multiple solutions.

UNSTEADY STATE CASE FOR A BATCH SETTLING TEST

The simplest application of one-dimensional settling tank modelling is in the simulation
of a batch settling test on a sample of mixed liquor which exhibits zone settling
characteristics, and where there is no restriction on the maximum sludge compactability
at the base of the settling column. If the settling column is divided into layers, mass
balance equations may be written for each layer. Taking into account the boundary

conditions for the top layer (i.e. no solids flux into the layer) and the bottom layer (i.e. no
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solids flux out of the layer), the following equations for the solids concentrations in the

various layers of the settling column may be developed:

X" = X0 - {X Ve -'0"} (top layer) (%)
X! = At n Ve Xy e }+ x? (middle layers) (6)
xmnvl = xn + A_t n 1 Voe ""‘} (bottom Iayer) (7)

where Vo and K are the Vesilind parameters, At is the time step, 4z is the layer thickness,
m is the total number of layers used, i is the space index, n is the time index, Xi1 is the
TSS concentration in the layer above the solution layer, Xj.s is the TSS concentration in

the layer below the solution layer, and X; is the TSS concentration in the solution layer.

A batch settling test is simulated by integrating forward from ¢ = 0, assuming a uniform
initial concentration distribution throughout the settling column. An example of model
output after a short period of time is shown in Figure 6.7. Figure 6.7 simulates a case
where the sludge settling properties are “good”, with an initial concentration of 3,000
mg/L in a 50 cm settling column. Intuitively, this type of model result indicates that this
approach is valid. For example, we see a falling sludge - water interface with the passage
of time, with thickening occurring in the bottom of the settling column. Notice that the
definition of the sludge-water interface is coarse since only 10 layers were used in this
simulation. A mass balance on the concentration profile shown in Figure 6.7 confirms
that the mass balance is conserved. It perhaps should be noted here that the goal of these
simulations is to investigate whether the expected settling behaviour can be simulated.
No attempts will be made to calibrate or validate the models with actual settling data

since this exercise is beyond the scope of this study.
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Figure 6.7: Sample output for-simple layered model.
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Figure 6.8: Instabilities in layered model output.

Solution problems also can be encountered in simulating the time-dependant behaviour in
a batch settling test. For example, depending on the initial concentration and the settling
properties of the sludge, the model may show instabilities. An example of this behaviour
is shown in Figure 6.8. After a short period into the batch settling test the predicted
behaviour is not as expected. Instead of a falling sludge-water interface with the passage
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of time, the model exhibits instabilities with solids becoming "trapped” in the upper

layers of the settling column. This problem may be rectified to a certain degree by

increasing the resolution of the column discretization by increasing the number of layers

used and using smaller time step values. However, even with these actions, it is still
possible to obtain highly unstable model predictions, as shown in Figure 6.9. The

reasons for this behaviour become apparert upon further examination of the approach

used in the simple layered mass balance approach.

£
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Figure 6.9: Instabilities in highly discretized (50 layers) model output.

Figure 6.10 below shows the development of instabilities under certain initial conditions

for the batch settling test:

1.

Initially, all layers in the settling column are at the same concentration.
Therefore, all layers are capable of passing the same solids flux, as shown on flux
curve (A). When the first time step is taken, all layers pass and receive this same
solids flux, except for the top and bottom layers. The top layer only passes flux, it
does not receive it. The bottom layer only receives flux, it does not pass it.
Essentially, the flux transferred out of the top layer is transmitted down through

the column to the bottom layer.
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2. Examining the top two layers after the first time step [shown on flux curve (B) in
Figure 6.10], it is evident that the top layer has lowered in concentration and now
is capable of passing more flux than the second layer, which remains at the initial

concentration.

3. When the second time step is taken, the second layer increases to a concentration
greater than the initial concentration because it receives more flux from the top
layer than it is able to pass. Solids from the top layer become "trapped” in the
second layer rather than being transmitted down through the column to the bottom

layer, as shown on flux curve (C) in Figure 6.10.

4. With further time steps, the problem is exacerbated because the top layer
continues to pass a greater amount of flux than the second layer as its
concentration decreases while the second layer concentration continues to

increase because it is receiving solids faster than it can transmit them.

5. After a few more time steps, model instabilities manifested as "trapped” solids are
seen in the upper layer. Another consequence of this behaviour is that because
solids become trapped in the uppermost layers, intermediate layers begin to lower
in concentration and we see the same process occur throughout the settling

column in "chain-reaction” fashion.

The unstable behaviour is not seen for lower initial concentrations (less than the
concentration corresponding to the maximum in the flux curve). This can be understood
by referring to Figure 6.11, and following the same step-wise logic. At each integration
step a lower layer receives less flux from the layer above than it is capable of passing, so
there is a net decrease in mass in the second layer. That is, solids from the upper layers
continue to be transmitted down through the column to the bottom layer, and there is no

"trapping" of solids in the upper layers as seen in the unstable case.
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Figure 6.10: Propagation of instabilities in batch settling simulation.

FLUX G(X)

Mass Balance For Layer 2:

AG, = GG, > 0
Net Gain In Flux So X, Increases

FLUX G(X)

Xocw

©
Mass Balance For Layer 2:
AG, = Gyp-G, > 0 Increased Further
Continued Net Gain In Flux
So X, Continues To increase

FLUX G(X)

X

Xvow X
®
Mass Balance For Layer 2:

AG, = GG, <0
Net Loss Of Flux So X, Decreases
And Model Remains Stable
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MODEL ADAPTATIONS TO ADDRESS STABILITY PROBLEMS
The examples in the preceding sections illustrate different problems associated with the
application of one-dimensional layered settling models. The section on steady state

solutions for continuous flow settlers demonstrated possible problems of:
e Multiple solutions to the mass balance equations; and

e Numerically difficult-to-solve mass balance equations because the equations can

be "flat” in the region of the solution.

The section on dynamic simulation of batch settling behaviour demonstrated possible
problems of numerical instability. Researchers have proposed a number of approaches to
overcome the numerical problems. These generally have been applied to the case of
dynamic response in continuous flow settlers rather than the steady state case, and the

simple case of batch settling has not been considered.

An approach that appears to have gained wide acceptance, and which is applied in a
number of commercial treatment plant simulation packages, is to limit the settling flux
into a layer such that it does not exceed the settling flux out of that layer (Vitasovic,
1989). For example, with this constraint Eq. 4 for a layer i below the feed layer becomes:

Von (4.5 - ) + min{Vee™ - X, V™™ - X) -minfue™™ - X, g™ . X)) =0 (8)

As shown here, the constraint is applied to the settling flux only. [Literature references
often state that the constraint applies to the total flux (bulk plus settling flux) but in fact
only apply the constraint to the settling flux term]. Hartel and Poppel (1992) and
Otterpohl and Freund (1992) multiply the settling flux "min"” terms by an empirical
correction factor, €2, which reduces from 1 slightly below the feed layer to zero at the
bottom layer. Takacs et al. (1991) applied the settling flux constraint, and added a further
constraint that limits the settling velocity to a fixed maximum value in the 200 to 2,000

mg/L concentration range.
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These settling flux constraint approaches do resolve numerical problems in many cases.
The effect is to force a solution where the concentration of a certain layer is lower than
that of the layer below. However, it should be recognised that this approach of
disregarding or overriding the settling model equations may resuit in solutions that are
misleading and not realistic. The fact that the approach reduces numerical problems

should not be seen as providing correct solutions.

Anderson (1981), Hamilton et al. (1992) and Ozinsky (1994) use an alternative approach,
adding a second order eddy diffusivity term to the layer mass balance equation. This
serves to reduce the gradient of the shock wave front, and the numerical problem
becomes more stable. In a sense it can be argued that introducing the diffusivity term
attempts to account for real hydrodynamic effects. Alternatively the diffusivity
coefficient can be regarded merely as an additional settling model calibration parameter.
Again there is the danger that the diffusivity term may force an incorrect solution (in
terms of the flux settling equation) merely by outweighing the mass flux terms.
However, this approach holds the distinct advantage that it does not disregard the basic
settling model. Also, the effect of the diffusivity term should be restricted mainly to the

region of the water-sludge interface (where the concentration gradient is greatest).

CONCLUSIONS

One-dimensional settling tank models are useful in the simulation of coupled activated
sludge reactor-settler systems. However, solution of the model equations can pose
problems. It is suggested that the diffusivity term approach is to be preferred to the flux
constraint approach. It is further suggested that, in evaluating model modifications to
overcome numerical stability problems, the modifications initially should be evaluated

for the case of a simple batch settling test.

Aside from the modeling difficulties discussed above, a further concern with the simple
1-D modeling approach is that no limitation is imposed on the maximum sludge
concentration in the compaction zone. For example, simulating a batch settling test case

with Xo = 3,000 mg/L with a 10 layer model, the final concentration in the bottom layer
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after settling is complete would be 30,000 mg/L. In practice, there will be some limit on
the maximum sludge compactability (probably in the range of 10,000-20,000 mg/L).
This aspect should be incorporated into any modeling approach (1, 2, or 3-D). This
constraint can be very important in determining the distribution of solids between the
reactors and settler in coupled systems as well as the concentration profile within the
settler. Overlooking this physical limitation in modeling system behaviour can result in

very misleading simulation results.

SOLIDS CONCENTRATION PROFILE

, . 1

° 2 . . [} L] ] 14 L]
CONCENTRATION (gA.)

Figure 6.12: Model output for approach incorporating maximum allowable
concentration of siudge.

Figure 6. 12 was generated by simulating a column settling test for a sludge with good
settling properties at an initial concentration of 3,000 mg/L.. The column was discretized
into 50 layers. Figure 6.12 shows that under these conditions the model behaves quite
well. Several key features of this approach should be noted from Figure 6.12. First,
because of the fine spatial and temporal discretization used, the resolution of the sludge-
water interface is fairly good. Also, Figure 6.12 shows that incorporating the maximum
allowable concentration has the desired effect. The bottom layers have been allowed to

increase to the user-specified value of 15,000 mg/L, and they have been stopped there.
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Figure 6.12 also shows how the layer above the region of maximum concentration is
increasing in concentration thus propagating the region upward simultaneously to the

falling sludge-water interface.
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CHAPTER SEVEN

CONCLUSIONS AND RECOMMENDATIONS

7.1 OVERVIEW

This research set out to investigate aspects of sludge settleability measurement and one-
dimensional settler models. Quantification of sludge settleability is crucial for settling
tank design and operation. This usually is done via an empirical relationship that is based
upon the assumption that the major factor influencing settling velocity in a zone settling
regime is solids concentration. Parameters used in these relationships require
measurement of sludge zone settling velocity in column settling tests over a wide range
of concentrations. Due to the extensive experimental effort involved, several alternative
measures (e.g. SVI, DSVI, SSVI) have gained favour for monitoring sludge settleability
at full-scale treatment facilities. These SVI-type measures were not created initially with
the intention of being used as a means for quantifying the relationship between solids
concentration and sludge settling velocity; rather, they were intenided as an empirical
means of monitoring sludge settleability on a day to day basis at a treatment facility. A
simple model was developed in order to investigate artifacts researchers have attributed
to SVI-type measures over the years. Problems with numerical stability of one-
dimensional layered settling tank models were investigated for the steady state

continuous flow and unsteady state batch settling cases.

7.2 CONCLUSIONS )
Conclusions from this research are grouped according to those related to SVI-type

measures and one-dimensional layered settling tank models.

116
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SVI-type Measures

The SVI model developed in this research provides a simple, yet elegant, means
for interpreting settling test behaviour. The model serves as a tool to demonstrate
the interactive impact of test column height, biosolids concentration and
compactability, and zone settling characteristics on SVI results. It is expected that

SV1 will vary with solids concentration.

Depending on the test conditions (column height, biosolids settleability and
compactability), SVI may show a marked dependence on the biosolids
concentration. Cases were observed where the SVI changed threefold from SO to

160 mL/g if the test was performed at a biosolids concentration of 1.8 or 3.8 g/L,
respectively.

The settling column height impacts the SVI. This is not through impacting

settleability per se; rather, it is mercly a calculation artifact.

The DSVI test “forces” the SVI test conditions into the region where SVI is
independent of solids concentration. Intuitively it may seem that this is a suitable
measuring state. However, in this region the observed SVI bears no relation to
the settleability of the test sample. Rather, the DSVI only provides a measure of
biosolids compactability.

It has been demonstrated that DSVI is directly linked (and inversely related to)
the biosolids compactability parameter. A biosolids sample with extensive
filamentous bulking would be characterized by a poor compactability, and hence a
high DSVI. The same link is not true necessarily for SVI, depending on the
measuring regime. Cases observed showed that for tests conducted on samples
with different compactabilities (and likely different extents of bulking), the SVI
value is the same. This indicates that SVI per se is not necessarily a good
measure for monitoring bulking. Rather, DSVI possibly should provide a
preferable means for quantifying bulking.
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The model was used as a basis for evaluating proposed correlations for estimating
zone settling velocity parameters based on SVI-type measures. The overall
conclusions from the comparison is that (1) there are significant differences
between the predicted Vi and K values from the different correlations; and (2) the
predicted values generally are not in good agreement with the “true” values. The
ZSV obtained via the correlations generally is not in good agreement with the
“true” ZSV, and there is a wide variation in predictive capacity for each
correlation depending on the conditions for measuring SVI. A consequence of
differences between predicted and “true” ZSV parameters when applied in flux
theory analysis is significant differences in maximum allowable overflow rate.
These results strongly question whether a measure at one concentration can tell us

how concentration influences settleability.

The research questions the validity of the correlations for zone settling parameters
based on DSV1 or SVI. With regard to DSVI, it is evident that two samples with
very different zone settling parameters (V, and K) very possibly could have the
same DSVI. However, a correlation based on DSVI will predict the same Vj and
K. With regard to SVI, the resuits show that a sample with given zone settling
parameters (Vo and K) can exhibit a wide range of SVI values even for small
variations in concentration in the test. However, a correlation based on SVI will

predict widely different pairs of Vj and K values.

If the SVI test is conducted according to the procedure outlined in Standard
Methods (since 1980) [i.e. with stirring] then SVI (Sludge Volume Index) and
SSVI (Stirred Specific Volume Index) procedures are equivalent. However, there
appears to be a misconception that SVI and SSVI are different measures. This
probably has arisen because SVI tests often continue to be performed according to
the pre-1980 method without stirring. To avoid confusion it is suggested that the
SVI test with and without stirring should be designated as sSVI and uSVI,
respectively. The term sSVI itself may lead to confusion (with SSVI); however,
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this should not pose a problem as these are the same (aside from possible
differences in the apparatus). Whenever SVI-type data are reported, the

dimensions of the settling vessel also should be reported.

The database of information on SVI-type measures is not consistent. For
example, a set of SVI measures in a 1 L cylinder cannot be compared to SVI
results from tests conducted in 6 foot settling columns. This likely is a reason
why Ozinsky and Ekama (1995) found that certain sets of data from different

researchers could not be pooled on a statistical basis.

One-Dimensional Layered Settling Tank Models
Examination of the steady-state case for a continuous flow settling tank revealed

that even when only three layers are considered, numerical solution problems may

occur.

For the steady-state continuous flow case, the numerical solution problems occur
in the form of (1) multiple solutions [in some cases these multiple solutions all
exist in a very narrow region]; and (2) the mass balance function being

particularly "flat” in the region of the solution.

The occurrence and severity of numerical solution problems for the steady-state
continuous flow case are influenced interactively by settler operating conditions

(e.g. upflow and downflow velocity, feed concentration) and sludge settleability.

For the unsteady-state batch settling case, initial conditions were found to have a
significant impact on whether a stable solution could be obtained without the
imposition of settling flux restrictions. This behaviour can be explained through

examination of the settling flux curve.

For the unsteady-state batch settling case, increasing the spatial discretization

does not aid in reducing numerical instability for certain initial conditions.
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When attempting to formulate dynamic models of continuous flow settling tanks,
many researchers impose restrictions on the settling flux into a layer. It is the
opinion of this researcher that these models should instead focus on the toral flux

into a layer, as this reflects what is actually happening in a settling tank.

RECOMMENDATIONS FOR FURTHER RESEARCH

The research in this thesis has investigated many aspects of sludge settleability. Further

possible avenues of research include:

7.4

The explanation of the effect of column height on SVI-type measures would be
strengthened by performing more experimental work where settling tests are
conducted simultaneously on the same sludge sample at the same concentration in

columns of varying heights.

The proposed method in Chapter 5 for obtaining Vp and K from a series of SVI
measures needs to be thoroughly tested and perhaps refined.

Seeding algorithms need to be developed and studied in an effort to eliminate the
numerical solution problems observed in the steady-state case for a continuous
flow settling tank.

For dynamic settling tank models, the research focus needs to move away from
approaches which place restrictions on the settling flux into a given layer. Rather,
research needs to focus more on approaches that do not require such restrictions

in order to obtain a numerically stable solution.

CONTRIBUTION TO KNOWLEDGE

The objective of this research was to investigate aspects of sludge settleability including

settleability measures and one-dimensional settling tank modelling. In addressing this

objective, the research contained in this thesis makes a contribution to the knowledge

through an increased understanding of issues related to sludge settleability. These

include:



121

The effect of solids characteristics and test parameters on SVI-type measures
were demonstrated. The dependence of SVI on solids concentration which had
previously been referred to only as an "artifact” was explained clearly. Other
effects such as column height and maximum sludge compactability (and their
interaction with solids concentration) which previously had not been documented

clearly and definitively were explained using a mechanistic model as a basis.

The relationship between the SVI and the DSVI was noted and explained
rationally. The use of the model showed that the DSV1 is not truly a measure of
sludge settleability; rather, it is more closely related to maximum sludge
compactability.

Caution is recommended with regard to the use of correlations between SVI-type
measures and parameters from empirical relationships (e.g. the Vesilind
relationship) which attempt to quantify the influence of solids concentration on
sludge settling velocity. Several cases are illustrated where the blind use of these
correlations could lead to incorrect results, and the approach of attempting to
explain the variability of sludge settling velocity over a range of concentration

with one measurement at one concentration is strongly questioned.

The issue of standardisation in settleability test procedures, apparatus, and
nomenclature is raised. For example, the fact that the SVI continues to be
performed in practice without stirring despite the fact that Standard Methods has
called for stirring in the test for nearly twenty years indicates that this is an area
which needs attention. Recommendations for new nomenclature and reporting

procedures have been given in the thesis.

Most of the literature in the area of settling tank modelling focuses on dynamic
models. This research has shed light on the less-researched steady-state case and

illustrated some of the numerical solution problems that can plague this approach.
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e For the dynamic case, the simplified approach of modelling a batch settling test
was used to provide a straightforward explanation of the numerical instabilities

observed (yet not practically explained) by many researchers.
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APPENDIX ONE

SAMPLES OF EXPERIMENTAL SETTLING DATA SETS

INTRODUCTION

The purpose of this Appendix is to illustrate examples of settling data required to

calculate Xy and generate model SVI curves. The first three data sets are taken from

Wahlberg (1987) (in 173 cm settling columns), while the fourth and fifth sets were

measured using mixed liquor drawn from a municipal sewage treatment plant in Dundas,

Ontario (in 50 cm settling columns).

For each data set, the following items are presented:

Table of raw interface height / time data.

Plot of interface height versus time.

Table of interface settling velocity / solids concentration.

Plot of In Vs versus initial solids concentration (for estimating Vjp and K).
Table of thirty minute and estimated final settled height data.

Plot of estimated final settled height versus initial solids concentration (for

estimating Xu).

Plot of calculated SVI (based on H3g for each initial concentration) and predicted

SV1 versus initial solids concentration.

The predicted SVI "curve” consists of two sections as discussed in Chapter 2; that is:
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1000

Svi= (mbL/g) (Al.1)

[for lower concentrations where settling is complete before 30 minutes]

Ho - o™ -0.5}

VI =
3 Xqs

-1000 (Al2)

[for higher concentrations where settling is not complete at 30 minutes]

Al.2 WAHLBERG RUN SC7

Table Al.1: Raw interface height versus time data for run SC7.

Height (cm) —

Time Xo=18 Xo=217 Xp=3.6 Xo=4.38 Xo=17.1 Xo=9.5

mnm @y gy @y @y @Y (@A)

0.0 173.0 173.0 173.0 173.0 173.0 173.0
ri: 1668.5 171.6 173.0

10.0 158.9 172.0

12.5 i . 171.8

50.0 : : 1T
Note: Shaded areas represent data used to determine interface settling velocity.
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Figure Al.1: Interface height versus time for run SC7.

Table A1.2: Interface settling velocity data for run SC7.

0
TIME (min)

%@L __Vs(mh) ___inVs
1.8 542 1.69
2.7 3.84 1.35
36 2.37 0.86
4.8 1.48 0.39
71 0.42 -0.86
9.5 0.18 -1.69
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Figure A1.2: Interface settling velocity versus initial solids concentration for run SC7.

Table A1.3: Thirty minute and estimated final settled height data for run SC7.

Xo H H' Final Settled Caiculated SVI
gL (cm) (cm)  Height Fraction (ml/g)

1.8 31.0 240 0.14 100

2.7 50.2 8.0 0.22 108

36 60.0 43.0 0.25 96

48 109.9 84.0 0.49 132

71 155.8 142.0 0.82 127

9.5 167.3 161.0 0.93 102
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Figure A1.3: Estimated final settled height versus initial solids concentration for run

SC7.
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Figure Al.4: Calculated and predicted SVI versus initial solids concentration for run

SC7.
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AlL3 WAHLBERG RUN GA2

Table A1.4: Raw interface height versus time data for run GA2.

Height (cm)

Time Xo=1.7 Xo=3.4 Xo=5.1 Xo=86.7

(min) QL) _(gL) QL)

0.0 173.0 173.0 173.0

7.5 171.4 171.7 170.0

10.0 168.6 1705 169.9
169.2

169.9
167.9
Sl 2

200 v v v
1 T e I . : s a a .
6 s ® . N 2 o
. * ™ 9 o a
E : . ¢
A LN
.
.i 120 p L 4 <
o .
g : R o 13gA
ug' ™ a s1.7gA
[RRL "N
[ 4
5 80 p o o . . . *34gA
; . s aigh
< i ® - ., al7gA
. e o .
. ]
0 pr * . ., 9
L] Y °
o . . " N A
0 10 2 30 40 S0 60
TIME (min)

Figure A1.5: Interface height versus time for run GA2.
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Table AL.5: Interface settling velocity data for run GA2.

Xo (/L) Vs (m/h) In Vs
1.3 5.10 1.63
1.7 4.14 1.42
1.7 2.38 0.87
3.4 0.82 -0.20
51 0.50 -0.69
8.7 0.09 -2.39
250 v v v
150 p R4 . e
o . ..
050 p S ..
‘: 0S50 p S . <
> Y
S R
NV, =237-068°X,
150 b hars 9
Ve = 10.7 mvh e
K =0.08 mxg ) '.- .
25 b 4
350 s N —
0 2 4 6 8

INITIAL SOLIDS CONCENTRATION (g.)

Figure A1.6: Interface settling velocity versus initial solids concentration for run GA2.

Table A1.6: Thirty minute and estimated final settled height data for run GA2.

Xo Hy H’ Final Settled Calculated SVI
QL) (cm) {(cm) Height Fraction (mU/9)

13 348 27.0 0.16 155

1.7 545 420 0.24 185

1.7 66.8 420 0.24 227

34 1426 100.0 0.58 242

51 156.6 130.0 0.75 178

6.7 167.9 160.0 0.92 145
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Figure A1.7: Estimated final settled height versus initial solids concentration for run
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Figure A1.8: Calculated and predicted SVI versus initial solids concentration for run

GA2.
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Al4 WAHLBERG RUN VT1

Table A1.7: Raw interface height versus time data for run VT1.

Height (cm)

Time Xs=19 Xo=30 Xo=3.7 Xo=4.2 Xp=6.3 Xo=8.4
(min) QU L) QL) @L) QU
0 173.0 173.0 173.0 173.0

171.6 173.0 173.0
172.4 172.5
1719 172.3
171.8 172.0
171.7

200
.2:........... e e L | [ ]
100 } S
o....
5 ‘e
> | ! ) {] 2o
e300
l. 43T
z . .“ e4.20A
Q e ‘s,
g ol :, ‘..‘ oCIgA
E ... ., alagnh
; .. .... . Iy
®e
®eo LI ]
.
40 p * S . : : 1
o N .
[} 10 P % “

TIME (min)

Figure AL.9: Interface height versus time for run VT1.
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Table A1.8: Interface settling velocity data for run VT1.

Xo (& Vs (ﬂVh) In Vs
1.9 6.45 1.88
30 523 1.65
3.7 3.62 1.29
4.2 1.33 0.29
8.3 0.11 -2.23
8.4 0.13 -2.08

*-~.
- . ®
- . . o
v.

NV, n349-073° X,

Vo= 327 nvh

X073 m'’kg

P

4

10

INITIAL SOUIDS CONCENTRATION (g.)

Figure A1.10: Interface settling velocity versus initial solids concentration for run VT1.

Table A1.9: Thirty minute and estimated final settled height data for run VT1.

Xo Hxg H' Final Settled Calculated SV!
QL) {cm) (cm) Height Fraction (mL/g)

1.9 353 320 0.18 107

3.0 428 40.0 0.23 83

37 64.2 61.0 0.35 100

4.2 123.0 100.0 0.58 169

6.3 168.7 150.0 0.87 155

8.4 168.1 166.0 0.96 116
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Figure Al.11: Estimated final settled height versus initial solids concentration for run

VTL.
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Figure A1.12: Calculated and predicted SVI versus initial solids concentration for run

VTL.
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Al.S BYE RUN 06/04/97

Table A1.10: Raw interface height versus time data for run 06/04/97.

Xo=149L Xp=249L Xp=3.9gL Xo=52gL Xo,=6.5¢gL
Time Height Time Height Time Height Time Height Time Height
(min) (cm) (min) (cm) (min) (cm) (mm) (cm) _(min) (cm)

.52 24.0 38.

383 230 40.00 210

425 220 44.00 20.0

470 21.0 60.00 17.0

0 525 20.0 67.67 16.0
. 6.08 19.0 7475 15.0

80 997 16.0

EG11.72 15.0

—14.13 14.0

=17.33 13.0

22133 120

67 13.0 27.00 11.0

4.50 12.0 30.00 10.5

550 11.0 43.00 9.0

725 100
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Note: Shaded areas represent data used to determine interface settling velocity.
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Figure A1.13: Interface height versus time for run 06/04/97.

Table Al.11: Interface settling velocity data for run 06/04/97.

60
TIME (min)

Xo (QL) Vs (mv/h) In Vs
1.4 6.78 1.91
2.4 4.90 1.59
3.9 0.73 -0.32
5.2 0.22 -1.49
6.5 0.13 -2.02

100 120
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Figure A1.14: Interface settling velocity versus initial solids concentration for run

06/04/97.

Table A1.12: Thirty minute and estimated final settled height data for run 06/04/97.

Xo Hao H’ Final Settled Calculated SV!
gL {(cm) {cm) Height Fraction (mL/g)

1.4 55 5.6 0.10 79

24 10.5 9.0 0.17 88

39 240 15.0 0.29 123

52 385 25.0 0.48 148

6.5 43.0 30.0 0.60 132

7.8 45.0 - - 115

8.9 48.5 - - 104
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Figure A1.15: Estimated final settled height versus initial solids concentration for run
06/04/97.
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Figure A1.16: Calculated and predicted SVI versus initial solids concentration for run

06/04/97.



Al.6 BYE RUN 06/11/97

Table A1.13: Raw interface height versus time data for run 06/11/97.

Xo=19gL Xo=33g/L Xo=48g/lL Xo=62gL X,=75g/L

Time Height Tme Height Tme Height Tme Height T‘me Height
cm

mm

1.67
9.75
12.08
20.25
28.00
42.00

Cl'ﬂ

475

$.35
6.00
6.85
7.85
9.08
10.58
1225
14.75
23.00
28.00
30.00
38.50
46.00
56.00

27.0
26.0
25.0
24.0
23.0
22.0
21.0
20.0
19.0
16.0
15.0
145
13.0
12.0
11.0

90.33 26.0
103.33 24.0
109.83 23.0

Note: Shaded areas represent data used to determine interface settling velocity.
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Figure A1.17: Interface height versus time for run 06/11/97.

Table Al1.14: Interface settling velocity data for run 06/11/97.

Xo (g/l.) Vs (I'I'I/h) In Vs
1.9 8.57 1.88
33 3.25 1.18
4.8 0.41 -0.90
6.2 0.18 -1.74
7.5 0.11 -2.24

o0
(K
% %ol o
L ]
Y o %o
[y ) .
a .
] [y ] °
[Y [ ] <
] [N ] °
] ] .
a - ]
3 . . .
a
- a
) a .
- . * Y
. a ]
hon Iy .
[] . .
o8 » L ]
] 'y
LY | a
[] .
o ® a ]
(]
o =
.
e . .
.
. a
°
[ [
. '-
O [ ]
(3 []
.
o L 4
.
.
.
0 20 40 60 80 100 120 140
TIME (min)

stlogn
*33gn
sdsgL
et2gA
IR

141



142

In Vg (mvh)

Vo = 30.62 m/h

X = 0.80 mkg

nVy2342-080° X,

4

INITIAL SOLIDS CONCENTRATION (g)

Figure A1.18: Interface settling velocity versus initial solids concentration for run
06/11/97.

Table A1.15: Thirty minute and estimated final settled height data for run 06/11/97.

Xo Hxo H Final Settled Calculated SVI
QL) (cm) (cm) Height Fraction (ml/g)

1.9 7.0 6.0 0.12 74

3.3 14.5 11.0 0.21 88

4.8 30.0 18.0 0.35 125

6.2 41.0 23.0 0.44 132

7.5 445 320 0.63 119

9.0 46.0 - - 102

10.0 47.0 - - 94

11.8 48.0 - - 81
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Figure A1.19: Estimated final settled height versus initial solids concentration for run

06/11/97.
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Figure A1.20: Calculated and predicted SVI versus initial solids concentration for run
06/11/97.



APPENDIX TWO

EXPLANATION OF FLUX THEORY DESIGN AND OPERATION CHART

A2.1 INTRODUCTION

The purpose of this Appendix is to provide a detailed explanation of the IAWQ design

and operation chart (Ekama ez al., 1997) used in Chapter 4 of this thesis. An example of

the diagram is shown in Figure A2.1 below.

25

MUST BE MET
20 p

15

BOUNDARY ABOVE
| _CLARIFICATION MUST BE MET.
t SELOW WHICH BOTH
CLARIFICATION AND THICKENING

CLARIFICATION
CRITERON

V.'S.%M
K = 0.43 m*Ag
%o = 3.5 kyym’

OVERFLOW RATE (QUA) (m/h)

00

00

10

RECYCLE RATIO s (Qr/Qi)

15

\ TN
| /L\

Figure A2.1: Flux theory design and operation chart.
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The design and operation chart consists of three lines (labelled I, II, and III in Figure
A2.1). Derivation of these lines is demonstrated later in this Appendix. Lines IT and III
represent safety envelopes for clarification and thickening criteria, respectively. Points
falling above these lines correspond to overloaded failure conditions with respect to the
settler thickening and/or clarification function. Line I defines the boundary between
operating conditions where both the clarification and thickening functions govern settling
tank operation (region below Line I), or the clarification criterion only governs (region
above Line I). Essentially the design and operation chart is an alternative representation

of the more familiar state point diagram shown in Figure A2.2 below.

L] - + - -
X, =35 gy Ve =593 mh
K = 0.43 m'&g
32065
5
4 OVERFLOW RATE = 0.55 mh )
"g
=3}
3
d
'S
2 UNDERFLOW RATE = 0.38 mh
1

] 2 4 ] 8 10 12
SOLIDS CONCENTRATION (kg/m>)

Figure A2.2: State point flux theory diagram.

The state point diagram consists of a settling flux curve with three lines representing the

solids loading rate condition superimposed on it:
1. The overflow rate operating line (with slope Qi/A);
2. The underflow rate operating line (with slope -QR/A); and

3. The operating solids concentration.
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These lines essentially represent a steady state solids mass balance around the settling

tank. The "state point” is defined as the intersection of the overflow rate and operating

solids concentration lines. The underflow rate line passes through the state point and

intersects the horizontal axis at the underflow concentration (i.e. the return activated
sludge concentration). An underloaded, critically loaded, or overloaded settling tank can

be identified in state point analysis by the position of the state point and the underflow

rate operating line relative to the descending limb of the settling flux curve:

1. If the state point is below the settling flux curve and

a.

if the underflow rate operating line falls below the descending limb of the
settling flux curve, the settling tank is underloaded. [The settling tank is
able to satisfy both the thickening and clarification functions};

if the underflow rate operating line is tangential to the descending limb of
the settling flux curve, the settling tank is critically loaded. [The settling
tank is able to satisfy the clarification function, but loading conditions are
critical regarding the thickening function];

if the underflow rate operating line passes above the descending limb of
the settling flux curve, the settling tank is overloaded. [The settling tank
is able to satisfy the clarification function, but is overloaded with respect
to the thickening function].

2. Ifthe state point lies on the settling flux curve and

a.

if the underflow rate operating line falls below the descending limb of the
settling flux curve, the settling tank is critically loaded. [The settling tank
is able to satisfy the thickening function, but loading conditions are critical

with respect to the clarification function];

if the underflow rate operating line passes above the descending limb of

the settling flux curve, the settling tank is overloaded. [The settling tank is
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critically loaded with respect to the clarification function, but is
overloaded with respect to the thickening function].

3. If the state point is above the settling flux curve the settling tank is overloaded.
[The settling tank is overloaded with respect to the clarification function and

solids entering the settling tank will be carried upwards and over the effluent

weirs].

Figure A2.2 is an example of a state point diagram for an underloaded settling tank
corresponding to condition (1a) above.

The state point diagram is useful for interpreting the IAWQ design and operation chart.
In Figure A2.3 shown below, state point diagrams for various settler loading conditions
are shown. The corresponding operating point for each loading condition also is shown
on the IAWQ design and operation chart.



148

Wik weilieh

. \ - . N L=
¢ /MC“- L TRRRDE

nux pom'ny
LUX '.'.“N

SRS
? 2
oo ah
' 1
Ao Mg Reasgw
[ ]
.
[ ] 2 e [ [ ] L ] ° 2 . . . . .
ORI
sans AADN COCHARERN g
25 -~
SOUNDARY AROVE WHICH ONLY
CLARIFICATION MUST 8E MET, Vo= 593 mMm
! SELOW WHICH BOTM s
CLARIFICATION AND THICKENING K =0.43 m/kg
MUKT AP MFT Xo = 3.5 kg/m®
20 p
g CLARIFICATION
< CRITERION
35t SOUNDARY
g [}
3
E 10 b
Qo
oS ¢
TMICKENING
CRITERION
SOUNDARY
0.0 A N
00 [\ X 10 15 20

RECYCLE RATIO s (Qr/Ql)

. ——r‘m————— — KNG MO 00 0
wollah WA

s Reaswg! :-..-‘ . Kol ::::*

z .
& MO R AR

i }
e ; /
2 3

2 ~,

' A

\mm
.
J ' [} 2 . [} ] ° L3
DS COCINIRICN gvh)

Figure A2.3: State point flux theory diagrams for points A, B, C, and D in the IAWQ
design and operation chart.
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A2.2 DERIVATION OF LINES I, I, AND III FOR DESIGN AND OPERATION
CHART

A.2.1 Linel

The design and operation chart results from a mathematical examination of the settling
flux curve used for state point analysis. Recall from condition (1b) above that the settling
tank is critically loaded when the underflow rate operating line is tangential to the
descending limb of the settling flux curve and the state point lies below the settling flux

curve. This condition is shown in Figure A2.4.

Ve =5.53 nvh
K =043 m'Mg

=050
/ UNDERFLOW RATE = 0.58 nvh

\ovenm RATE = 1.16 mh

(L]
\j

FLUX (kg/m'M)
»

w
Y

STATE PONT

X =35 igm’
0 re e e e e

o 2 4 ] 8 10 12
SOLIDS CONCENTRATION (kglm’)

Figure A2.4: State point diagram for critically loaded settling tank.

A mathematical analysis leads to an equation for the tangent to the settling flux curve.

The equation of the settling flux curve is given by the product of solids concentration and
sludge settling velocity:

G(X) = X-V,e™ (A2.1)

where G(X)

I

settling flux;

X = solids concentration,;
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Vo, K = Vesilind settling parameters

The first derivative of Eq. A2.1 yields the slope of tangents to the settling flux as a

function of solids concentration:

%Lvoe-'“ +X (K- vy e*)

=Voe™*-K-X-Vye™

=V°e"°( (l—K'X) (A22)

The maximum underflow rate where a tangent to the settling flux curve still is possible
(i.e. the maximum, or "steepest” tangent) occurs at the inflection point of the settling flux

curve. The corresponding solids concentration at the inflection point is obtained by
setting the second derivative to zero:

a’;(z)() =-K-Vge"™* (1-K-X)-K-V,e™
=-K-Voe™ [@-K-X)+1]
=-K-Voe™ (2-K-X)
So, azG(zx)=0whenx _2
ax K (A2.3)

The slope of the tangent at the inflection point is given by substituting the solution of Eq.
A23 (ie. X = 2/ K) into Eq, A22. This yields the critical underflow rate - for

underflow rates above this critical value, a tangent to the settling flux curve is not
possible.

crr € (A2.9)
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where Qr underflow rate;

A = settling tank area;

State point conditions 1 through 3 listed above stipulate that when the slope of the
underflow rate operating line is too steep to make a tangent to the settling flux curve [i.e.
Qr/A > (Qr/A)criT], the settling tank loading conditions must be such that the state point

falls below the settling flux curve (i.e. the clarification function governs).

If the underflow rate is less than the critical value [i.e. Qr/A < (Qr/A)crit], it is possible
for the underflow rate operating line to be tangential to the settling flux curve. For this
situation, the settling tank loading conditions must be such that the state point falls below
the settling flux curve and the underflow rate operating line falls below the descending

limb of the settling flux curve (i.e. both thickening and clarification may govern).

Line I on the design and operation chart is given by the equation for the critical

underflow rate written in terms of the overflow rate, with the recycle ratio s defined as
Qr/Q;:

Q A
QR _SQ_V
A A ¢l
e Y
A e’-s (A2.5)
where Q; = influent flow rate;
s = underflow recycle ratio;
A = settling tank area,

Figure A2.5 below shows the design and operating chart with only Line I which plots the

critical underflow rate in tenms of the overflow rate and recycle ratio.
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Figure A2.5: Design and operating chart with only Line I shown.

A.2.2 LinelI

State point condition 3 listed above requires that for a given settling tank feed solids
concentration (i.e. Xo), the settling tank overflow rate cannot be greater than the solids
settling velocity at that concentration. That is;

Q -KxXg
Jsve *426)

where Xo = settling tank feed concentration;

On the design and operating chart, this condition is represented by a constant line (Line
IT) that is independent of underflow recycle ratio. The design and operating chart with

only Lines I and II drawn is shown in Figure A2.6 below.
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Figure A2.6: Design and operating chart with only Lines 1& II shown.

A.2.3 LineIll

On the state point diagram, the intercept of the underflow rate operating line with the
vertical flux axis yields the settling tank applied flux. Recall from state point condition
1b listed above that when the underflow rate operating line is tangential to the settling
flux curve, the settling tank is critically loaded. Therefore, for a critically loaded settling
tank, the applied flux is equal to the limiting flux. This is shown graphically in Figure
A2.7 below.
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Figure A2.7: State point diagram for a critically loaded settling tank.
The settling tank applied flux is given by:

G,,:(Q";Q*)-xo

(A2.7)
where Ggp = settling tank applied flux;
Qi = influent flow rate;
Qr = underflow rate;
A = settling tank area;

So under critical loading conditions:
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Gy - (222 )% -G
R & + s . -9‘—. = .G_'.
A A X,
a._G
A XO -1+s ( A.28)
where G = settling tank limiting flux;
s = underflow recycle ratio;
The equation of the tangent line in Figure A2.7 is given by:
G(X) =G, -(1-—"—)
Xa (A2.9)
where X = solids concentration;
Xp = underflow recycle solids concentration,;

The equation of the settling flux curve is given by the product of solids concentration and

sludge settling velocity (Eq. A2.1). At the point of tangency (i.e. X = X in Figure A2.7)
Eqs. A2.1 and A2.9 are equal:
X, -G
Q‘ l-x_ =xL'VOe

R (A2.10)

Visual inspection of Figure A2.7 indicates that the slope of the tangent line is given by

the ratio of G to Xr. Recall that the slope of the tangent also is given by the first
derivative (i.e. Eq. A2.2) evaluated at the point of tangency (i.e.X = X):

Voe™™ .(1-K-X )= S

Xg

~ G =-Xg-Voe™ ™ . (1-K-X.) (A2.11)

Now, Eq. A2.11 for G_ may be substituted into Eq. A2.10:
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- Xg - Vg™ -(1—K-X,_)-(1--)—(x——)=x,_-voe"“‘

X K-X?2
so=Xp {1-=L-K-X L 1=X
R ( Xq Lt Xq J L

WK X 2 -K-X, - X +Xq =0 (A2.12)

Solving Eq. A2.12 for X, (using the quadratic formula and ignoring the negative root)

gives:

K- Xg + K- X2 —4-K-Xg

X, 2K
4
K’-x’-[1- )
=|<-x.l+\/ " K- Xg
2-K 2-K
“Xr X |y__4
2 2 K- Xgq

Xg 3
S Y Py
2 ( * K-x.]

The underflow recycle solids concentration is related to the settling tank feed solids

(A2.13)

concentration via a mass balance around the settler:

(Qa “’Qa)'xo =Qa - Xg
o XR =(1+§J-X°

- X :(1+5)'x°
TR s (A2.14)

Eq. A2.14 may be substituted into Eq. A2.13:
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2-s (A2.15)

Substituting Eqs. A2.14 and A2.15 into Eq. A2.11 yields:

G = (1+2)-Xo ,Vo.{K'(l*‘S X: ’(1+°‘)-1}ex0{—K.(1+$2):§ .(1“1)} (A2.16)

NV

Substituting Eq. A2.16 into Eq. A2.8 and simplifying yields:

&=v—°-(:—t§)exp{-|('(1+?::°'(1“1)}

(A2.17)

Eq. A2.17 yields Line III when plotted on the design and operation chart, shown in its
complete form below. Line III represents critical settling tank loading conditions for a
given feed concentration and sludge settleability (i.e. tangential underflow rate operating
line) for increasing overflow rate and recycle ratio. Moving upwards along Line III
shows that it is possible to increase the underflow recycle rate to accommodate increased
overflow rates until the critical underflow rate is reached. At that point, the maximum

allowable overflow rate is set solely by sludge settleability (i.e. Line II).
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Figure A2.8: Design and operating chart with all lines shown.
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