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ABSTRACT 
As freshwater resources continue to be stretched, recycling of polluted and waste waters to 

potable is an important consideration to improve water availability.  The high cost of potable water 

production has limited the widespread construction of advanced wastewater treatment plants.  A key 

issue is the fouling of the membranes used in technologies such as the membrane bioreactor (MBR). 

Biological fouling, or biofouling, is the accumulation of a gel layer of bacteria and the polymeric 

substances (EPS) that they produce.  The fouling layer exhibits low permeability and extreme 

compressibility.  This reduces the output rate of purified water and increases the capital and operating 

costs. 

There are several potential methods for reducing the impact of biofouling, such as denaturing 

the solid and molecular components causing the issues, and decreasing the operating flowrate. However, 

existing methods for measuring the dewaterability of extremely compressible materials such as 

bio-sludges are limited, making an assessment of their effect on membrane processes difficult.  This 

means subsequent evaluation of methods for reducing biofouling impact are completely qualitative. 

Likewise, models of membrane processes such as MBRs are not useful unless they account for the 

compressible nature of the fouling layer.   

A lab-scale dewaterability characterisation method that unifies filtration, centrifugation and 

sedimentation testing and analysis procedures was developed.  The characterisation method is based on 

the phenomenological solid-liquid separation theory of Buscall and White, 1987, often termed 

compressive rheology.  There are several approximations and assumptions required in analysing the 

laboratory tests.  To ensure that the analysis is valid, the permeability and compressibility results are 

used in full numerical models of filtration and sedimentation to make sure that they predict the original 

test results.  The issue of wall adhesion effects during centrifugation testing was investigated, and a 

correction method for equilibrium centrifugation tests was developed. 

Fifteen different sludges from a range of wastewater treatment plants and digestion 

scenarios in Australia and the United Kingdom were characterised using the unified dewatering 

characterisation method.  The dewatering properties were fully validated and predicted the original 

filtration tests results to a high level of accuracy.  The validated properties were used as inputs to 

a previously developed model of constant pressure plate-and-frame filtration.  This enables 

realistic comparison of the sludges at the same feed concentration (1 vol%) and the same operating 

conditions (pressure of 300 kPa, cavity width of 1 cm and handling time of 1000 seconds).  The results 

show a strong decreasing correlation between volatile suspended solids (VSS) and dewaterability.  

VSS is indicative of the extent of digestion and a surrogate for EPS, which is known to be the main 

cause of poor dewaterability in sludges.  The results show quantitatively that increasing the 

digestion time, i.e. extent, improves the filterability of sludges. 
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As many of the same components of the sludge also make up the biofouling layers, this 

understanding of sludge compressibility and permeability was applied to dewatering processes for water 

recycling.  A one-dimensional model was developed to predict the development of biofouling 

during MBR operation.  The inputs to the model are the material compressibility and 

permeability, the concentration within the MBR and the operating flux.  The model predicts the 

local solids concentration as a function of distance from the membrane and the transmembrane 

pressure.  An incompressible fouling layer, which is the usual assumption in such modelling, 

would give a linear TMP rise.  In contrast, for an extremely compressible fouling layer, the 

compressible model predicts slow increase in TMP followed by a ‘TMP jump’.  This type of 

filtration behaviour is commonly observed in pilot- and full-scale plants, indicating that the model is 

valid.  The results demonstrate that incorporating a compressible fouling layer is necessary to predict 

plant data and that there is generally no need to invoke additional mechanisms such as partial 

coverage or pore blocking. 

Overall, this work combines aspects of sludge dewatering research with membrane 

fouling research because they are fundamentally linked.  This study provides the capacity to 

quantify wastewater sludge dewaterability and to accurately model filtration during advanced 

wastewater treatment.  The improved understanding of the compressible nature of the fouling 

layer and the development of a mathematical model for a MBR provide a method for predicting MBR 

operation.  The results provide insights into the best optimisation protocols for membrane utilisation 

in water recycling, thus helping to reduce capital and operating costs. 
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HIGHLIGHTS 
• Unified methodology for the complete characterisation of sludge/biofouling dewaterability

• Quantification of the dewaterability of fifteen different sludges from around the world

• Increased filterability correlates strongly with lower volatile suspended solids

• Development of mathematical models that predict different modes of MBR operation

• ‘Transmembrane pressure jump’ is expected for extremely compressible biofouling layers

• Compressible filtration models explain fouling phenomena in variable rate/pressure MBRs
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INTRODUCTION:
Wastewater is an under-exploited resource. 

As freshwater resources continue to be stretched, recycling of polluted and waste
waters is an important consideration to improve water availability. The end products of
wastewater treatment (WWT), sewage sludge & biosolids, contain valuable nutrients.

The UN estimates that 80% of wastewater from homes, cities, industry and agriculture
flows straight back to nature untreated, starting a dangerous pollution cycle.

The pollution cycle is the accumulation of harmful chemicals and pollutants in water source through
discharge of wastewater with minimal or no treatment.

FROMDESTRUCTIVE POLLUTION CYCLE TO CONSTRUCTIVEWATER RE-CYCLE
Advanced treatment processes, such as the membrane bioreactor (MBR), use filtration as a physical
barrier to contaminants. The high cost of purified water production has limited the widespread construction of
MBRs and biological fouling,biofouling, of the filter membranes &biosolids disposal are key issues.

By the time that wastewater is flushed, pumped and treated, it is a nightmare to filter. The same components in
sludge are also in biofouling,making them highly impermeable. It is like squeezing the water out of jelly.

Poor dewaterability impacts the transmembrane pressure (TMP) rise in MBRs and the sludge volume for disposal.

CHAPTER 1

BREAKING THE POLLUTION CYCLE

RESEARCHQUESTIONS:

1. What are the effects of the sample container walls during analytical centrifugation tests? (CHAPTER 5)
2. Can the dewaterability of extremely compressible materials truly be quantified? (CHAPTER 6)
3. Can non-linear TMP rise during constant rate filtration be predicted for compressible biofouling? (CHAPTER 7)
4. What factors are required to model and optimise variable-rate, variable pressure MBRs? (CHAPTER 8)

THESIS PRIMARY OBJECTIVE: To advance our understanding of wastewater 
dewaterability to help reduce the cost of water recycling and sewage sludge handling.
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CHAPTER 1: BREAKING THE POLLUTION CYCLE 

  “Water is fundamental to life, but it is a limited resource.  Ensuring that people have 

access to clean water is a major global challenge” - The Institute of Chemical 

Engineers (Chemical Engineering Matters 3rd Ed., 2016) 

INTRODUCTION 
We often take it for granted that when we open the tap, clean and safe water will flow out.  One-

quarter of the world’s population do not have access to a safe source of drinking water [1].  Yet, even 

countries with high quality water infrastructure are not isolated from water resource issues either.  As 

we continue to deplete freshwater resources and the climate continues to change, water shortages are 

becoming increasingly prevalent [2].  In Australia, at the end of a major drought in 2009, Melbourne’s 

water storage level was down to 20 percent [3], most of which was unusable.  The rains came, and the 

danger passed, but this situation is being played out again and again, the world over [4-8].  One way of 

reducing our water footprint and bolstering our water resources is advance wastewater treatment for 

water recycling [9]. 

Wastewater treatment (WWT) is arguably the greatest achievement of the industrial revolution, 

and it means that 38 million people can live in Tokyo without major health and sanitation issues 

(December 2017).  The health benefits of the treatment and disposal of wastewater have been 

significant.  Nevertheless, wastewater is an often under-exploited resource [10, 11].  Over recent 

decades, there has been a shift in attitude from wastewater being viewed as a dangerous “waste” to a 

commodity of value [12].  The water can be recovered for use in agriculture and industry and is safe for 

many household uses [9, 12].  The concentrated solids stream, biosolids, is a valuable source of nutrients 

[13].  It offers a rich supply of nitrogen and phosphorous that can be used in fertilisers [14, 15], or to 

produce valuable chemicals [16]. 

The pollution cycle is the accumulation of harmful chemicals, viruses, bacteria, helminths and 

protozoa in a water source through discharge of wastewater with minimal or no treatment.  The UN 

estimates that 80 percent of the wastewater from homes, cities, industry and agriculture flows straight 

back to nature untreated [11].  As such, any form of WWT is beneficial, but the most effective way to 

completely break the pollution cycle is through advanced treatment processes that use, amongst a range 

of barriers, filtration as a physical barrier to contaminants [17].  The development of efficient and safe 

ways to recycle contaminated water is crucial.  Through these methods, the destructive pollution cycle 

can be broken and replaced with a constructive water re-cycle (see Figure 1.1).
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Figure 1.1: The water re-cycle showing potential methods for using the valuable components of wastewater 
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Why are water recycling and biosolids recovery not performed everywhere?  One of the main 

issues is cost.  A significant cause of this high cost is biofouling of the filter membranes in advanced 

wastewater treatment technologies, such as the membrane bioreactor (MBR) [18-20].  Biofouling is the 

accumulation of a layer of bacteria and organic material at the filter surface, which reduces the 

throughput of purified water and necessitates frequent cleaning cycles [19, 21, 22].  The concentrated 

solids stream, or sludge, is what is left once most of the water is removed.  The sludge undergoes further 

solid-liquid separation, or dewatering1, in filter presses, centrifuges and thickeners to reduce the volume 

for disposal.  There are three main routes for sludge disposal; landfill, land application or incineration 

[23, 24].   This sludge handling and disposal is another cause of high costs, because sludges are difficult 

to dewater, and the volumes are large [25-27].  As such, improvements to dewatering can also have a 

major impact on the overall cost of WWT. 

Research in the areas of sludge dewatering and biofouling is often very different.  These two 

topics may not immediately appear to be linked, but they are connected in fundamental ways.  The 

biofouling layer and the sludges contain many of the same components, which make them extremely 

difficult to dewater.  They are mainly composed of bacteria and the sticky polymeric substances that 

they produce, forming networked structures at low concentrations of solids, sometimes less than one 

percent [28].  It is like squeezing the water out of jelly. The permeability of this fouling layer is 

significantly lower than the membrane and controls the rate of flow through it [29].  Thus, as with 

sludge dewatering applications, it is important to understand the dewatering properties of the sludge 

fouling layer because they dominate the dewatering behaviour.  There are many factors influencing the 

characteristics of the fouling layer and sludge, including (but not limited to) [18, 30]; 

• Feed conditions: suspended solids fraction, volatile solids content and feed composition
• Operating conditions: hydraulic retention time and solids retention time

Inside the bioreactors of the MBR or any other WWT technologies, a range of biological and

chemical reactions occur to convert the organics in the feed into mainly carbon dioxide and nitrates 

[31].  The general objective of this process is to reduce the nitrogen and phosphorous content of the 

wastewater, so that it is safe for discharge into the environment. This is completed through the 

conversion of ammonia to nitrates (nitrification) then to nitrogen gas (denitrification) in staged [32] or 

simultaneous [33, 34] approaches, and phosphorous removal by phosphate accumulating bacteria [34, 

35]. The biomass releases large polymeric materials that are generally referred to as extracellular 

polymeric substances (EPS or ECP) during this process [25, 36]. The feed and operating conditions 

1 The term dewatering is often applied specifically to the final stage in the wastewater treatment where the volume 

of sludge is reduced ([23])  However, dewatering can also describe the process of separating out a clarified liquid stream from 

a more highly concentration solid-liquid mixture.  The term dewatering in this thesis is applied to all solid-liquid separation 

processes.  This includes settling in a primary clarifier, filtration in a MBR, and centrifugation of sludge. 
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influence the microbial populations, and thus determine the amount and the composition of the EPS. 

The EPS plays an important role in determining the size and structure of the biomass flocs [18, 36]. The 

biomass structure and composition has been shown to strongly influence the dewaterability of the 

fouling layer [37-39].  There are also non-biodegradable foulants that are present in the feed stream, 

which can affect fouling behaviour.  This complex relationship between the factors influencing fouling 

of membranes is thoroughly summarised in Chang et al. [18] and Meng et al. [20].  Similarly, not all 

sludges are created equal, and the WWT process has a significant impact on sludge dewaterability [25, 

39-41].  Hence, methods have been developed to assess dewaterability of biological suspensions, such 

as fouling layers and sludges. 

Lab-scale methods for measuring dewaterability are crucial, because they can indicate 

improvements in dewatering behaviour via simple and low cost tests [42].  Most of the common 

dewatering tests are empirical, and whilst useful for determining trends, do not provide fundamental 

insights into the causes of good or bad dewaterability.  Examples of such measurements include the 

Specific Resistance to Filtration (SRF) and Capillary Suction Time (CST).  Their validity is 

questionable for highly compressible materials [43], because biological sludge dewatering is complex, 

and cannot truly be quantified by a single number.  Nonetheless, can the dewaterability of extremely 

compressible materials be quantified using a more sophisticated approach? 

The sophistication of a dewatering measurement is based on equipment used, types of test, and 

data analysis methodology.  Currently, there are comprehensive procedures for gravity [44, 45] and 

centrifugal settling [46, 47], and filtration tests [28, 48].  A key issue with the settling tests is the impact 

of settling vessel walls on the settling behaviour [49, 50].  These wall effects have been shown to be 

significant for centrifugal settling tests [51] due to the small sample containers (see Figure 1.2).  An 

experimental investigation into the impact of these wall effects on centrifugal settling profiles is not 

present in the literature.  The experimental and data analysis procedures for gravity settling, 

centrifugation and filtration can characterise the permeability and compressibility of a sample. 

However, a unified approach combining these methods has not been formally developed and presented 

for common use.  The unified approach to dewaterability characterisation from lab-scale dewatering 

tests can be used to understand compressible behaviour during full-scale solid-liquid separation 

processes. 

Figure 1.2: Analytical centrifuge sample cuvettes (actual size), further examples provided in Sobisch and Lerche [52]. 
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The operation of microfiltration devices can be more accurately modelled with an improved 

understanding of the compressibility of biological materials.  The need for frequent cleaning cycles in 

these devices is often a result of rapid increases in the transmembrane pressure (TMP) required to 

maintain constant throughput [53]. This non-linear increase in TMP is generally attributed to an 

inhomogeneous fouling layer or blocking of the membrane pores [54-56].  The potential for extreme 

compressibility to cause rapid TMP rise has received less attention but may be able to predict this 

phenomenon. 

Microfiltration devices can be operated under constant rate, constant applied pressure, or 

variable-rate and variable-pressure conditions.  Significant efforts have been applied to the modelling 

and optimisation of constant pressure operation [57-59], and constant rate [60], but few models offer 

the flexibility to model variable-rate and variable-pressure operation.  This is the mode of operation for 

the Victor Harbour WWTP.  A novel approach based on biofouling compressibility and permeability is 

required to model and optimise this variable-rate and variable-pressure filtration scenario. 

The overall aim of this work is to used modelling and optimisation to reduce the cost of water 

recycling and sludge handling.  This thesis will explore the connections between sludge dewatering and 

biofouling by transferring the understanding of sludge compressibility to the modelling of filtration 

processes during water recycling.  With greater efficiency in the treatment and re-use of our wastewater, 

we can increase access to water and sanitation for those currently without it.  By bolstering our water 

resources with improved wastewater treatment, we can ensure that the taps never run dry. 

RESEARCH QUESTIONS 
This brief introduction into the technical issues surrounding sustainable wastewater treatment 

and the potential impact of solid-liquid separation modelling has highlighted the following research 

questions to be addressed in this thesis: 

1) What are the effects of the sample container walls during analytical centrifugation tests? (Chapter 5)

2) Can the dewaterability of extremely compressible materials truly be quantified? (Chapter 6)

3) Can non-linear TMP rise during constant rate filtration be predicted for an extremely compressible

biofouling layer in a dead end, high flux system? (Chapter 7)

4) What factors are required to model and optimise variable-rate, variable pressure MBRs? (Chapter 8)
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 RESEARCH OBJECTIVE 
The primary objective of the research is to advance our fundamental understanding of the 

wastewater dewatering processes, such that this knowledge of biofouling and sludge dewaterability can 

be used to reduce the cost of water recycling and sludge handling. 

 THESIS OVERVIEW 
This thesis is structured with four main sections.  Section A provides the motivation and 

purpose for the research and includes discussion on breaking the pollution cycle through advanced 

wastewater treatment and introduces dewatering theory concepts.  Section B presents the unified 

methodology (experimental and analytical) for characterising suspension dewaterability and novel 

centrifugal methods that consider wall effects are proposed.  The four main research questions are 

addressed in the four results chapters in Section C, where the broader perspective of the research 

implications is also discussed.  To conclude, Section D presents recommendations and considers future 

research developments. 

SECTION A: INTRODUCTION AND THEORY 

Chapter 1 defines the scope of the thesis and the research objectives whilst introducing the 

motivation for the work, which is to improve understanding of the dewatering behaviour of extremely 

compressible materials to help optimise membrane utilisation for water recycling and sludge disposal. 

Chapter 2 is a literature review of the theories of dewatering used to describe filtration, gravity 

and centrifugal settling.  The material properties that describe these dewatering fundamentals are 

introduced and the development of characterisation methods is presented.   

SECTION B: EXPERIMENTAL SYSTEMS AND METHODS 

Chapter 3 outlines the laboratory experiments and analysis methods that are used to characterise 

materials for dewatering properties (compressibility and permeability).  This includes lab-scale gravity 

settling, centrifugal settling and constant pressure filtration.  A discussion of the validity of the analysis 

methods for different types of materials is also detailed.   

Chapter 4 describes a novel centrifugal method for determining material compressibility.  This 

methodology accounts for the presence of wall adhesion effects, which can be significant in the small 

centrifuge cells. The method is validated using synthetic data created from known values of dewatering 

parameters and is also applied to real experimental data.  A novel centrifugal method for determining 

material permeability is also presented.  The method of characteristics is applied to the problem of 

sedimentation in a centrifugal field.  
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SECTION C: RESULTS 

Chapter 5 uses the methods developed in Chapters 4 to characterise the dewaterability of a 

model suspension and a sample from a municipal wastewater treatment plant using lab-scale analytical 

centrifugation tests.  This work aims to answer Research Question 1 by showing the evidence of wall 

effects during analytical centrifugation.  

Chapter 6 presents the results from over 10 years’ worth of experimental work to accurately 

characterise sewage sludge dewaterability.  The quantitative comparison relates the biological 

components of sewage sludge to their filtration behaviour and provides insights into how sludge 

dewatering operations can be optimised, thus addressing Research Question 2. 

Chapter 7 uses the improved understanding of the sludge filtration behaviour from Chapter 6 

to help predict TMP rise for constant rate operation of microfiltration devices, such as the membrane 

bioreactor.  This work demonstrates how an extremely compressible fouling layer can explain non-

linear TMP increase in a dead end, high flux application (Research Question 3). 

Chapter 8 further develops the constant rate filtration model from Chapter 7 to account for the 

variable rate, variable pressure operation of some MBRs (Research Question 4). The development of a 

mathematical model for a MBR is presented, this model decouples the influence of flux and membrane 

fouling on the TMP.  

SECTION D: CONCLUSIONS AND FUTURE WORK 

In Chapter 9, the major outcomes from the experimental and modelling work are summarised 

and measured against the research objectives.  The application of this research into reducing the effect 

of biofouling in advanced wastewater treatment schemes is discussed. It also delivers a summary 

of potential further research in this area.  Recommendations for key areas of future work are provided. 

The work presented in this thesis represents several significant developments in understanding 

the extreme compressibility and low permeability of sewage sludges and applying that understanding 

to biofouling in water recycling operations.  This work has provided the first complete method for the 

dewaterability characterisation and investigated wall effects during settling tests.  It has given the first 

quantitative assessment of the effect of the extent of digestion on the dewaterability and modelled 

constant-rate or variable-rate/variable-pressure filtration processes, such as membrane bioreactors, to 

be able to optimise operation of such devices. 
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INTRODUCTION:
Modelling of solid-liquid separation processes, or dewatering, has developed significantly since initial
descriptions of filtration processes by Ruth (1946). Current models can describe many types of
dewatering, such as gravity settling, centrifugation and filtration.

COMPRESSIVE RHEOLOGY:
A theory of dewatering that uses the following local solids concentration, φ, dependent material properties:

• Hindered settling function, R(φ) is the rate of dewatering (permeability)
• Compressive yield stress, Py(φ) is the extent of dewatering (compressibility)
• Solids diffusivity,D(φ) is the ratio of stiffening of network to reduction in permeability

CONCLUSION: Compressive Rheology is a theory of dewatering that is useful because it considers
permeability and compressibility at local solids concentrations – meaning it can be used to model dewatering
of extremely compressible materials, such as sewage sludges,where traditional models break down.

CHAPTER 2

THEORY OF DEWATERING

In one-dimension, a volume andmomentum balance yields the following governing equation:
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There are many complete theories of dewatering (Tiller and Hsyung 1993, Garrido et al. 2003).
The framework used herein is Compressive Rheology, based on the works of Buscall, White and Landman.
This approach has successfully modelled sewage sludge dewatering (Stickland 2008).
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This governing equation can be used to either:

(a) Extract material properties [R(φ), Py(φ) ,D(φ) ] from lab-scale dewaterability test data
(b) Predict gravity settling, centrifugation or filtration results if material properties are known

Further description of the experimental and data analysis methods is provided in Chapter 4.
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PREFACE 
Dewatering processes, especially filtration, will play a vital role in helping to break the 

pollution cycle.  The ability to accurately model the solid-liquid separation of wastewater and sewage 

sludges can improve the design and operation of dewatering equipment used in the wastewater treatment 

process.  Such modelling requires a theoretical framework based on a transparent description of 

dewatering that can be applied to a variety of solid-liquid separation devices.  This chapter reviews 

existing literature on theories of dewatering. 

Chapter 2 is a modified version of the review, “Dewatering Characterisation and Modelling: 

An Extremely Compressible Approach”, which was accepted for publication in the F&S Filtrieren und 

Separieren Global Guide 2018-2020.  The review will be translated into German by Dr.-Ing. Hildegard 

Lyko and published in the German and English versions of the journal.  The contributions of each author 

are summarised in Table 2.1.  

Table 2.1: Summary of author contributions 

Author Primary Contribution 

Samuel J. Skinner Lead author, analysis of experimental work 

Anthony D. Stickland Supervisor, method development, filtration modelling 

Peter J. Scales Supervisor, method development 

The introduction and conclusions have been modified as the scope of the Filtrieren und 

Separieren Global Guide 2018-2020 was different to the scope of this thesis. 
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CHAPTER 2: THEORY OF DEWATERING 

“Whenever a theory appears to you as the only possible one, take this as a sign that 
you have neither understood the theory nor the problem which it was intended to 
solve.” Karl Popper (Objective Knowledge: An Evolutionary Approach, 1972) 

INTRODUCTION 

Dewatering is a solid-liquid separation process for the removal of a liquid from a particulate 

suspension.  The result is an increase in the solids concentration of the suspension.  This occurs through 

sedimentation and consolidation by processes such as gravitational settling, centrifugation and 

filtration. Dewatering is often used to specifically describe a step in the wastewater treatment process 

to reduce the volumes of sludge for disposal.  In this work, the term dewatering is applied to describe 

any solid-liquid separation process.  The dewatering of both wastewater and wastewater treatment 

sludges is a crucial process in many advanced treatment processes.  Dewatering processes, especially 

filtration, will play a pivotal role in helping to break the pollution cycle. 

Figure 2.1: Cleaning of a membrane outside of a bioreactor showing membrane fouling [1] 

Microfiltration (MF), ultrafiltration (UF) and reverse osmosis (RO) units all provide a physical 

barrier for the removal of nutrients, pathogens and harmful chemicals.  Consequently, a filtration stage 

is a necessary component for any wastewater treatment scheme, especially for water recycling.  MF/UF 

membranes are often the first in a series of barriers to purify wastewater. They remove solid particles 

in the micrometer range, which allows for subsequent treatment steps to function more effectively. The 

further cleaning stages after microfiltration/ultrafiltration remove nutrients and many other harmful 

chemicals that pass through the MF/UF membranes. A major problem affecting the operation of 

filtration units is bio-fouling (see Figure 2.1).  Membrane fouling significantly reduces the operational 

throughput and pressure that can be utilised, resulting in frequent cleaning cycles, membrane 
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degradation and large capital/operating costs.  It is important to be able to model the reduction in 

dewatering caused by the fouling layer to optimise operation and design of dewatering devices.  

Theories of dewatering are described in this chapter, including general models for gravity 

settling, centrifugation and filtration.  As this study focuses on the dewatering of wastewater treatment 

sludges, which are extremely compressible, the model of material behaviour used in this work needs to 

implicitly account for these compressibility effects.  One such theory is designated as compressive 

rheology.  This chapter aims to explain the theoretical basis for using compressive rheology to perform 

dewaterability characterisation and for the simulation of full scale operation.   

The method for characterising the dewaterability of a suspension using the compressive 

rheology framework involves finding solutions to inverse problems.  In this context, an inverse problem 

means extracting the dewatering properties of a material from lab-scale dewatering test data, such as 

gravity batch settling, analytical centrifugation and pressure filtration (see Figure 2.2).  These inverse 

problem solutions are detailed alongside methods for solving the forward problem.  The forward 

problem is the generation of simulated solid-liquid separation performance from known dewatering 

material properties.  The solution of the forward problem allows prediction of dewatering equipment 

operation for a previously characterised suspension.  The theoretical framework outlined in this chapter 

provides background for subsequent chapters that use this methodology. 

Figure 2.2: Examples of dewatering at a laboratory scale; (a) Gravity batch settling, (b) Analytical centrifugal batch 
settling and (b) Piston-driven filtration 

This work reviews the historical development of dewatering models, and their links to the 

compressive rheology approach.  This literature review explains the theoretical basis for using 

compressive rheology, including the basis for the dewatering material functions relating to 

compressibility and permeability.  Recent advances in the experimental and data analysis procedures 

are also described.  Finally, the use of dewaterability characterisation and modelling for the simulation 

of full scale solid-liquid separation device performance is demonstrated for filters, centrifuges and 

thickeners. 
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BACKGROUND 

Models of dewatering can be traced back to the concept of the flow of liquid through packed 

beds. Poiseuille [2] and Darcy [3] demonstrated that the flowrate is proportional to bed permeability 

and pressure drop across the bed, and inversely proportional to the viscosity of the fluid 

L
pK

dt
dV

l

l

η
∆

= , 
(2.1) 

where dV/dt is the liquid flowrate per unit area, units of (m/s)2, K is the bed permeability (m2), 

∆pl is the fluid pressure drop, nl is the fluid viscosity and L is the bed length (m). 

This theory was combined with Stokes’ Law by Kozeny [4] and Carman [5] to give the Kozeny-

Carman Equation.  They demonstrated that the permeability described in Darcy’s Law is a function of 

the porosity (or voidage), ε, and specific surface area (m2), Sp, and the empirical constant, K” 
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Ruth [6] and then Tiller and Shirato [7] applied this previous work to the problem of filtration.  

They described filtration behaviour in terms of specific cake resistance, α (m kg-1), membrane 

resistance plus filter drainage system, rm (m-1), the liquid pressure, pL (Pa), and the bed height, z (m). 

Note that the membrane resistance is often combined with the fluid viscosity to give the resistance to 

filtration across the membrane, Rm = ηlrm (Pa s m-1).  This Darcy’s Law approach is still commonly used 

to model filters [8].  From conservation of volume and assuming an incompressible filter cake, the 

filtration time is quadratic with filtrate volume, t ∝ Ṽ2.  

Modification was made to account for compressibility by assuming a priori knowledge of the 

permeability and compressibility functional forms – typically power law relationships [7, 9].  However, 

the approaches that use an average value for permeability are unable to accurately model filtration 

behaviour of extremely compressible materials [10].  Extreme compressibility is observed for many 

biological sludges containing high molecular weight, cross-linked biomolecules, such as extracellular 

polymeric substances, which show very different filtration profiles from mineral slurries [11-13].   

Three examples of different filtration behaviour are given in Figure 2.3. 

In this review, the symbol V refers to the specific volume of filtration (m3 m-2 s-1) and the symbol Ṽ refers the 
overall volume of filtrate (m3 s-1), where Ṽ = V A and A is the filter surface area normal to filtrate flow (m2). 
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Figure 2.3: Filtration data for (a) incompressible, (b) slightly compressible, and (c) highly compressible materials [10] 

Whilst filtration models assuming incompressibility are effective for materials that exhibit the 

filtration behaviour shown in Figure 2.3(a) and modified models that can account for some 

compressibility can handle materials like Figure 2.3(b), a different approach is required for highly 

compressible materials.   Materials that exhibit this type of filtration behaviour require an approach that 

uses local rather than average properties.  The approach of Christensen and Keiding [14] was to modify 

an incompressible model to consider the resistance during filtration based on local solids concentration 

of the filter cake.  This was used to accurately model the filtration of sewage sludges (other examples 

include [13, 15]).  This modification brings the theory closer to the theories based on the local solids 

volume fraction that implicitly account for compressibility.  In such methods, the behaviour shown in 

Figure 2.3(c) is not just explained, but expected [10]. 

A fundamental local solids volume fraction based approach to rheology of dilute suspensions 

was proposed by Einstein [16], and extended by many other works [17-19].  However, these low 

concentrations are not relevant to industrial applications.  Kynch [20] presented a different approach in 

his theory of sedimentation, which is applicable to high concentration suspensions relevant to industrial 

solid-liquid separations processes.  The kinematical model of Kynch describes the settling of the solid-
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liquid interface and the build-up of an incompressible sediment bed. This model has been extended by 

various authors, especially to account for compression effects [21-25].  In particular, the work of 

Concha et al. Settling velocities of particulate systems 1-14 is acknowledged in which many 

fundamentals of sedimentation processes were developed.  This fundamental approach has been applied 

to the modelling of many thickening and clarification operations [23, 26]. 

An extension of the modelling of particulate settling under gravity is the modelling of settling 

in a centrifugal field.  Models of centrifugation were developed for ideal suspensions in works such as 

Baron and Wajc [27], Anestis and Schneider [28] and Schaflinger [29].  The phenomenological theories 

of centrifugal separation of flocculated suspensions, such as Buscall and White [30] and Bürger and 

Concha [24], have allowed the prediction of centrifugation behaviour for real suspensions. 

The excellent work of Garrido et al. [31], outlines how each of these processes (sedimentation, 

centrifugation and filtration) share common mechanisms that can be described with a general 

phenomenological theory for particulate systems.  They proposed a universal framework for the 

modelling of different dewatering processes, which allows the application of the same numerical 

method to solve many solid-liquid separation problems.  There are numerous other unified theories of 

dewatering that have been developed independently, but contain many similarities [32-34].  For 

example, the use of a scalar strongly degenerate parabolic-hyperbolic partial differential equation [31, 

33].  These dewatering theories have all been used to accurately model gravity settling, centrifugal 

settling and filtration. For this work, the theoretical framework that was first proposed by Buscall and 

White [30] and developed by Landman et al. [34], [35] is used because of significant recent 

developments in the experimental methods for quantifying the permeability and compressibility of 

suspensions.  This phenomenological model is often termed “compressive rheology”. 
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 COMPRESSIVE RHEOLOGY MODEL 

Buscall and White [30] developed a phenomenological model for compressional dewatering 

using empirical functional forms for compressibility and permeability.  They were the first to describe 

dewaterability of suspensions in terms of only the physical properties of the material rather than the 

process conditions.  Interested readers are directed to several reviews that contain more comprehensive 

details and derivations, including de Kretser et al. [36], Landman et al. [34], Stickland and Buscall [37] 

and Stickland [38]. 

The model is based on a force balance around a volume element of the suspension, 

incorporating conservation of mass and momentum for both solid and liquid phases and accounting for 

the collapse of the solid network.  The terms compressive yield stress, Py(φ), and the hindered settling 

function, R(φ), were introduced to quantify the extent and rate of dewatering, respectively. Landman et 

al. [34] advanced the theory with the introduction of the idea of solids diffusivity, D(φ), a single term 

to describe and compare material dewaterability. These parameters are all functions of the solids volume 

fraction and explicitly incorporate compressibility as only local properties are considered.  The three 

dewaterability functions are described in further detail in the following sections. 

2.3.1 Compressive Yield Stress, Py(φ) 

The compressive yield stress or compressive strength, Py(ϕ), is a material function relating to 

the extent of dewaterability or, more simply, compressibility of a material.  It is the minimum 

compressive force required to yield and then dewater a suspension at a certain solids volume fraction.  

The compressive rheology model proposes that a particulate suspension forms an 

interconnected network structure above a certain solids volume fraction, termed the gel point, φg.  When 

the suspension is un-networked, Py(ϕ) is zero.  When φ > φg, the continuously networked structure can 

transmit force to the particles below.  The network structure collapses if the applied pressure is greater 

than the compressive yield stress until equilibrium between the network stress and the applied pressure 

is reached. It is assumed that the network has undergone irreversible consolidation to a higher local 

solids volume fraction.   

The properties of the material and the local solids volume fraction determine the magnitude of 

Py.  The higher the solids volume fraction represents increasing numbers of particle-particle interactions 

within the network structure, producing a stronger network.  A stronger network results in a larger 

compressive strength. This relationship can vary significantly between materials (see Figure 2.4).  For 

wastewater treatment sludges, the Py(ϕ) plot is generally presented in semi-logarithmic or logarithmic 

coordinates due to extreme compressibility. 
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Figure 2.4: Compressive Yield Stress data, Py(ϕ), for a range of industry relevant suspensions including; a thermal 
hydrolysis plant (THP) wastewater treatment (WWT) sludge, a mesophilic anaerobically digested (MAD) 
WWT sludge, a water treatment (WT) sludge, a paper sludge and a coagulated calcite suspension. 

The experimental data for Py(ϕ) is often fitted with a power law, although there is no 

fundamental basis for this selection.  The power-law type model, Eq. (2.3), has been used to describe 

the compressive strength with acceptable error for some suspensions [34] 
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This simple functional form uses φg and fitting parameters; p1 and p2. It can generally capture 

the large increase in compressive strength with φ.  Other power-law type functional forms include 
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Another functional form that is more complex is given by Eq. (2.8).  This complexity is often 

necessary as Py(ϕ) varies by several orders of magnitude close to the gel point for many materials 

































<≤










−

−+′−
=

<≤










−

−+′−
=

<

=

  : 
)(

))((
)(

 :    
)(

))((
)(

 :               0

)(

2

1

k-

2,

2,22,2
2,

k-

1,

1,1,1
1,

cpp
g

gcp
y

pg
g

gcp
y

g

y

ba
P

ba
PP

φφφ
φφ

φφφφ
φ

φφφ
φφ

φφφφ
φ

φφ

φ . (2.8) 

The gel point in this case is ϕg,1 and a full description of other fitting parameters is described in 

Usher et al. [39].  This set of constitutive equations [40, 41] contains nine fitting parameters but allows 

flexibility to fit experimental data over a large solids concentration range, including data from gravity 

settling, centrifugation and filtration tests (described in Sections 3.4.1, 3.4.2 and 3.4.3). 

2.3.2 Hindered Settling Function, R(φ) 

The hindered settling function, R(ϕ), is a material function related to the rate of dewatering, or 

permeability of a material.  The units are Pa s m-2, which can also be presented as the fundamental units 

of kg s-1 m-3.  It is inversely related to a Darcian type permeability and proportional to the viscosity of 

the liquor.  As stated in Scales et al. [12], the term is a misnomer because it relates not only to the 

hydrodynamic drag on solids moving through a liquid during settling but also describes the resistance 

to the flow of liquor through the suspension network structure during filtration.  As such, it is a 

continuous function, above and below φg.  It has also been described as the hindered drag coefficient of 

the solids per unit suspension volume [42, 43]. 

The hindered settling function is briefly described in this section; for further details including 

complete derivation refer to Buscall and White [30] and Landman et al. [34].  The hindered settling 

function was developed from a related term called the hindered settling factor, r(ϕ), where R(ϕ) ∝ r(ϕ).  

The key difference between these two material functions is that R(ϕ) does not require determination of 

the particle size. 

The forces considered in the model of dewatering based on compressional rheology are as 

follows; 
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• Hydrodynamic drag force

• Network pressure gradient

• Acceleration (Gravitational or centrifugal) force

A one-dimensional force balance is performed over a volume element of a particulate

suspension.  The gravitational force is accounted for with the gravitational acceleration, g, and the 

network pressure gradient is accounted for in a term containing the solids network pressure, ps, at some 

vertical displacement, z (upwards is positive).  The hydrostatic force is incorporated through the term, 

pl, which is the local fluid pressure.  To highlight the links between this framework and the classical 

settling theory, the hydrodynamic drag force is presented in terms of the Stokes Settling Velocity, uSt, 

and the hindered settling factor, r(ϕ). These terms are combined to give the following conservation of 

momentum equations for the solid and liquid phases.  The equations are based on the works of Landman 

et al. [34]3 and Buscall and White [30]4.  The liquid phase momentum balance is given by Eq. (2.9)5. 
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and the liquid phase is given by Eq. (2.10) 
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The density difference between the solid and liquid phases, Δρ = ρs-ρl, influences the magnitude 

of the hydrodynamic drag and the gravitational force. The local solids velocity is denoted u, and the 

local liquor velocity is denoted w. 

Multiplying Eq. (2.10) by φ/(1-φ) gives 
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Combining Eq. (2.9) and Eq. (2.11) gives a single equation for this momentum balance 
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3 The force balance proposed by Buscall and White contains an error in the hydrodynamic terms that was corrected 
by Landman et al. [34] 
4 Landman et al. [34] take the positive z axis as the direction of gravitational acceleration, where u, w and g are 
vectors that have been converted to one-dimensional scalars, such that u = -u(z,t), w = -w(z,t) and g = -g.  As this 
work considers both filtration and sedimentation, z is consistently taken to be positive in an upward direction as 
is the case in Stickland [38].  
5 Assuming gravitational rather than centrifugal settling 
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A force balance on an individual particle in free fall without influence from other particles gives 

the Stokes Settling Velocity. It is given in terms of the fluid viscosity, ηl, the volume of the particle, Vp, 

the radius of the particle, ap, or diameter of the particle, dp, and the Stokes Drag Coefficient, λSt, as 

follows [44] 
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. (2.13) 

The assumption of spherical particle geometry (λSt = 6π) allows this to be expressed as the 

equation for the Stoke’s velocity [45] 
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Real particles are not ideal spheres and suspensions are not infinitely dilute, so the settling 

behaviour of each individual particle will be influenced by its geometry and the presence of other 

settling particles.  The effect of the hydrodynamic interactions between particles can be accounted for 

using a modified Stokes Settling Velocity, u(ϕ), which incorporates the hindered settling factor [36]: 
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Note that Buscall and White [30] use a slightly different form of the original force balance that 

means u(ϕ) does not have the square on the (1-φ) term.  The value for u(ϕ) approaches uSt as ϕ → 0 and 

r(ϕ) → 1 but as ϕ → 1 and r(ϕ) → ∞, the hydrodynamic drag will increase rapidly reducing the settling 

velocity to essentially zero.  Substituting the definition of the Stokes Settling Velocity into the above 

equation produces 
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where the drag coefficient, λ, now incorporates the ap η terms (i.e. for spherical 

particles, λ = 6πapη).  Returning to the effect of particle geometry, the particle volume and Stokes Drag 

coefficient may be easily calculated for monodisperse spherical particles, but heterogeneous and 

flocculated suspensions pose a greater challenge.  The floc size and volume have proved difficult, nearly 

impossible, to determine for a large range of materials [46].  Hence, a new definition for the hindered 

settling factor is required that does not include the physical properties of particle size and drag 
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where R(ϕ) is the hindered settling function.  Using this definition stated in Usher et al. [39] 
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R(ϕ) can now be determined experimentally from observation of the settling behaviour of a 

suspension.  Incorporating Eq. (2.13) and Eq. (2.17) into Eq. (2.12) gives the general force balance used 

for dewaterability characterisation and filtration modelling in terms of R(ϕ) 
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R(ϕ) is important for the first term, which is related to fluid-solid drag.  The second term 

represents the network strength (related to Py(ϕ)) and the third term represents the acceleration, both 

gravitational or centrifugal. 

For sewage sludges, R(ϕ) changes by many orders of magnitude over a small range of volume 

fractions indicating large filter cake permeability decrease during compression.  Due to the large 

changes observed, it is generally presented in semi-logarithmic coordinates.  The different materials of 

industrial relevance exhibit vastly different dewatering behaviour (see Figure 2.5). 

Figure 2.5: Hindered Settling Function data, R(ϕ), for a range of industry relevant suspensions including; a thermal 
hydrolysis plant (THP) wastewater treatment (WWT) sludge, a mesophilic anaerobically digested (MAD) 
WWT sludge, a water treatment (WT) sludge, a paper sludge and a coagulated calcite suspension. 

In filtration modelling, the hindered settling function is inversely proportional to the Darcian 

permeability [38].  It is often assumed that the influence of gravity is negligible during filtration, hence 

the liquid phase momentum balance (Eq. (2.11)) in terms of R(ϕ) becomes 
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This momentum balance can also be written in terms of the permeability, as defined in Hewitt 

et al. [47] 
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or rearranged as 
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Thus, combining Eq. (2.20) and Eq. (2.22), the relationship between permeability and hindered 

settling function is 
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Note that for incompressible materials and the classical definition of permeability, this 

relationship is 

)(
)1( 2

φ
φη

R
k l −

= . (2.24) 

The functional form for the permeability function, k(ϕ), to describe the rate of dewatering of 

fibre suspensions used in the study of Hewitt et al. [47] was 
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where a and b were best fit parameters to experimental data.  This gives the functional form in 

terms of R(ϕ) as 
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Other proposed functional forms for R(ϕ) include [39, 48, 49] 
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where ra, rb, rg and rn are parameters obtained from the best fit to experimental data.  These 

functional forms were suggested based on experimental results [50, 51] and analytical forms [52, 53]. 

The errors associated with these functional forms may be acceptable over a small range of ϕ.  

However, it is generally necessary to use an interpolating function to accurately fit the experimental 

data from laboratory gravity settling, centrifugation and filtration tests (described in Sections 3.4.1, 

3.4.2 and 3.4.3). 

2.3.3 Solids Diffusivity, D(φ) 

The solids diffusivity, D(φ), is a parameter that combines the compressibility and permeability 

of a material to give a single term that describes dewaterability.  As it is the diffusion term in a partial 

differential equation, the D(ϕ) of a material determines the rate at which a concentration gradient 

propagates through the particulate network.  Consequently, D(ϕ) is zero below the gel point.  

The solids diffusivity is an important material function because it combines the compressibility 

and permeability into a single term.  Its formulation is based on the momentum balance described 

previously (Eq. (2.19)) and conservation of mass (or volume). 

The mass conservation equations for both the solid and liquid phases are [37] 
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where it is assumed that the overall suspension is incompressible, i.e. the individual constituents 

solid and liquid phases are incompressible.  Combining the two mass conservation equations gives the 

overall mass conservation equation 
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and integrating gives the bulk flux, q(t), constant in the vertical direction, z.  q(t) has also been 

referred to as the volume averaged suspension velocity. 

wutq )1()( φφ −+= , (2.33) 

where; 
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• q(t) is zero for batch sedimentation processes with not net flux (i.e. solid base) 

• q(t) is the specific filtrate flowrate (dV/dt) for filtration processes 

• q(t) is the underflow flux for thickening processes 

Rearranging Eq. (2.33) in terms of the solids velocity relative to the fluid velocity 
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Thus, Eq. (2.35) becomes 
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It is generally assumed that the rate of rearrangement of the particle network bonds is rapid and 

the applied pressure is constant or increasing, then ps = Py(ϕ).  Hence, dividing Eq. (2.35) by 

R(ϕ)/(1- ϕ)2 
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and combining Eq. (2.36) with Eq. (2.30) gives 
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where R(ϕ) is related to R(ϕ) and Py(ϕ) by the relationship shown in Eq. (2.38): 
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and the acceleration term (shown in the gravitational form) is combined by [54] into the form, 

fbk(φ) 
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The higher the value for the solids diffusivity indicates that a suspension will dewater quicker.  

The slope of this function is representative of the counteracting effects of strengthening of the network 

as ϕ increases and the associated decrease in permeability.   

The general trend for inorganic particulate suspensions is a monotonic increase in solids 

diffusivity over the range of volume fractions tested [55, 56].  In these cases, the strengthening of the 

network is dominant and D(φ) is monotonically increasing.  The opposite is true for biological sludges 

and other highly compressible materials, where there is often a maximum then a decrease as the solids 
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volume fraction increases [10, 57].  The rapid decrease in permeability dominates the dewatering 

behaviour and D(φ) is often non-monotonic or decreasing in the ϕ range of interest.   

The low permeability and high compressibility of biological sludges results in this peak in D(φ) 

at low concentrations, compared to inorganic sludges that exhibit this peak at much higher solids 

concentrations (see Figure 2.6).  

Figure 2.6: Solids Diffusivity data, D(ϕ), for a range of industry relevant suspensions including; a thermal hydrolysis 
plant (THP) wastewater treatment (WWT) sludge, a mesophilic anaerobically digested (MAD) WWT 
sludge, a water treatment (WT) sludge, a paper sludge and a coagulated calcite suspension. 

The vastly different dewatering behaviours of suspensions is demonstrated by the comparison 

of D(φ) curves for the range of materials.  The difficulties in dewatering biological sludges are also 

highlighted by the low D(φ) values relative to, for example, the calcite slurry. The thermal hydrolysis 

of sludge results in improved dewaterability and the measured D(φ) curve is more akin to a paper sludge 

or inorganic suspension than to other wastewater sludges. 

Proposed functional forms include [47] 
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where dn and di are all best fit parameters.  Note that for Eq. (2.41), the fitting parameters can 

be determined from the fits of Eq. (2.3) and Eq. (2.27): 
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The analysis procedure for determining this material function is outlined in Section 3.4.2. 

2.3.4 Relationship to Other Dewatering Theories 

The parameters used in compressive rheology are not unique to that theory and share many 

similarities with other dewatering models.  Similarly, the governing equations (see ahead in Section 

3.3.5) that are derived from conservation of mass and momentum are not unique to compressive 

rheology and share many features with other theories. 

Tiller and Hsyung model 

The Tiller and Hsyung [33] unified model introduces the compression (networked) region 

separately from the hindered settling region (un-networked).  This formulation of the problem is 

different to the compressive rheology approach.  However, there are many similarities in the 

approaches.  The model of Tiller and Hsyung uses a solids pressure, ps, which is equivalent to Py(ϕ) 

)()( εφ sy pP ≡ . (2.43) 

Furthermore, the Darcian permeability, k, and the specific cake resistance, α, can be related to 

the hindered settling function using the following relationships [38] 

k
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The plethora of compressibility and permeability data based on the classic work of Tiller and 

colleagues [7, 58, 59] in the form of  ps, k, and volume specific cake resistance, αV, or mass specific 

cake resistance, αm, can be converted to Py(ϕ) and R(ϕ) using Eq. (2.43)-(2.45), provided that the liquor 

viscosity, η, is known. 

The Tiller and Hsyung model, with formulations for hindered settling and the compression 

regions combined, is equivalent to the compressive rheology model.  The advantage of the compressive 
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rheology framework is that R(ϕ) is applicable to the full range of solids concentrations from sediments 

to filter cakes, as opposed to the separate formulations, which is less conducive to numerical simulation. 

Yim and Kwon model 

The model of Yim and Kwon [32] uses an average value for the specific resistance to filtration, 

αav, to describe the rate of dewatering in filtration and sedimentation.  For extremely compressible 

materials, such an approach can lead to significant errors [14].  Dewaterability modelling for these 

suspensions requires the use of local values for this resistance term, which is used in the approach of 

Christensen and Keiding [14].  As with the works of Tiller et al., this model uses the solid compressive 

pressure, ps, which is used as a local variable.  

Geotechnical engineering model 

Geotechnical engineers often test the compressive behaviour of materials (e.g. swelling soils) 

with devices such as the consolidometer or oedometer, where the extracted coefficient of consolidation, 

cv, can be related to the solids diffusivity [36] 
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where cv is one derivation of Terzaghi’s consolidation coefficient (as discussed in de Kretser et 

al. [36]) and φ0 is the initial solids concentration of the consolidation or filtration test. 

Garrido, Bürger and Concha model 

The unified dewatering model presented by Garrido et al. [31] uses a scalar strongly generate 

parabolic-hyperbolic partial differential equation that incorporates three material properties.  The 

function that describes compressibility is the effective solid stress, σe, where 

)()( φσφ eyP ≡ . (2.47) 

The permeability/resistance function that is equivalent to the hindered settling function is the 

resistance coefficient of the suspension or the sediment, α, which is different to the specific resistance 

used in the Tiller and Hsyung model 

φ
φαφ )()( ≡R . (2.48) 

The Kynch batch flux density function, fbk(φ), is used instead of α(φ) in the governing equations, 
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The importance of this flux function is shown in the derivation in Section 2.3.3, where 

Eq. (2.39) (which is Eq.  (2.48) and Eq. (2.49) combined) gives fbk(ϕ) ∝ 1/R(ϕ). 

The direct equivalent of the solids diffusivity is the diffusion coefficient, a(φ) 

)()( φφ Da ≡ , (2.50) 

where the primitive of the diffusion coefficient, A(φ), is generally used in the governing 

equations.  Most of the work employing this method uses a Richardson and Zaki [50] type functional 

form for fbk(φ) and a power law for σe(φ), thus allowing rapid numerical solution of the governing 

equation. 

2.3.5 Limitations of Compressive Rheology 

The current one-dimensional and pseudo one-dimensional models are unable to account for 

flows and deformations that are important for all real applications.  Shear is important in many industrial 

filtration devices such as cross-flow filtration and membrane bioreactors to remove fouling layers. 

Further understanding of the effect of shear and compression during filtration would allow more 

accurate prediction of filtration behaviour and improve the applicability of any future characterisation 

work, but this remains a significant challenge [37].  

This compressive rheology model has been applied to electro-dewatering [60], showing that 

the rate of dewatering improved with increasing electrical field strength, up to 1250 V m-1, for 

coagulated and dispersed kaolinite.  This study showed the effect of an electric field on the permeability 

and compressibility of samples, but there is no model that incorporates an electro-kinetic parameter into 

the compressive rheology framework. 

2.3.6 Governing Equations 

The following 1D governing equation for dewatering is derived by performing conservation of 

mass and momentum for the solid and liquid phases, as shown in Section 2.3.3, and further details 

provided in Landman et al. [34], and Stickland [38]. 
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where t is the time, z is the vertical direction coordinate and the solids concentration profile, 

ϕ(z), is dependent on the gravitational constant, g, and the difference in density between the solid and 
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liquid phase, Δρ.  The bulk flow, q(t), is zero for the case of gravity batch settling (in a solid based 

container) and dV/dt in the case of constant pressure dead-end filtration (where V is the specific volume 

of filtrate).  This governing equation assumes that compression is irreversible and the rate of the 

rearrangement of inter-particle bonds is much quicker than the rate of drainage, so the solids pressure, 

ps ≈ Py(ϕ).   

2.3.7 Application of Theory 

The governing equation , Eq.(2.51), can be used to either: 

a) Extract material properties [R(φ), Py(φ), D(φ)] from lab-scale dewaterability test data

b) Predict gravity settling, centrifugation or filtration results if material properties are known

The extraction of dewatering properties is known as an inverse problem, because we use the

results of an actual observation (e.g. settling height versus time) to infer the values of the dewatering 

functions that characterise the system under investigation.  The corresponding forward problem is the 

prediction of observations (e.g. filtration rate) for known values of the dewatering functions and 

appropriate initial and boundary conditions.  If an appropriate model exists, then predictions can be 

made about operation of full scale dewatering devices including continuous thickening, batch settling 

and pressure filtration. 

EXTRACTION OF DEWATERING PROPERTIES (INVERSE 
PROBLEMS) 

There have been many recent developments in data analysis methods for converting laboratory 

scale dewatering experimental data into the material properties.  This theory section summarises the 

methods to characterise the dewaterability of a material from gravity batch settling, transient centrifugal 

batch settling, equilibrium centrifugal batch settling, constant pressure filtration and stepped pressure 

filtration. 

2.4.1 Gravity batch settling methods 

The gravity settling process of a flocculated suspension generally produces four distinct 

regions, as shown in Figure 2.7 by Coe and Clevenger [61] in 1916.  These four regions include: 

A. Clear water zone (supernatant)

B. Initial concentration zone

C. Transition zone

D. Compression zone

A variety of materials exhibit a clearly defined solid-liquid interface between regions A and B.

The measurement of the rate at which this interface falls has provided useful information for the design 
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of industrial thickeners [26].  More than just the settling rate can be extracted from this simple test.  A 

wealth of valuable data about the low concentration dewatering behaviour can be determined, as will 

be detailed in this section.  The equilibrium interface height between regions A and D also provides 

information about the compressive behaviour of the suspension. 

Figure 2.7: Schematic of the gravity settling of a flocculated suspension based on the depicted of Coe and Clevenger 
[61] (1916).  The schematic shows the clear water zone (A), the initial concentration zone (B), the
transition zone (C) and the compression region (D)

The transient gravitational sedimentation interface height data can be inverted to produce R(ϕ) 

results at low solids concentrations.  The method is valid for systems that are initially un-networked 

and gives results from the initial solids concentration to close to the gel point.   

For incompressible materials, the Kynch batch settling analysis [20] can be used to determine 

a settling velocity profile with solids volume fraction, u(ϕ), which can also be represented as R(ϕ) and 

the solids flux function, f(ϕ), using Eq. (2.52) and Eq. (2.53), respectively. 
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and 

)()( φφφ ufbk = . (2.53) 

The following graphical method is a modified version of the Kynchian analysis to extract a 

settling velocity profile for compressible suspensions. 

The volume fraction at specific points on the settling curve, h(t), is estimated using a 

mathematical construction of the initial settling lines that trace from the height intercept, hi(0), to the 

tangent to the settling curve.  This equivalent initial height, hi(0), is used to determine the corresponding 

solids volume fraction using the mass balance in Eq. (2.54) 
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For evenly distributed values of ϕi, the settling velocity can be determined using Eq. (2.55) 

dt
tdhu i

i
),()( φφ = . (2.55) 

The tangents to the settling curve at a range of settling heights and the initial settling lines at 

u(ϕi) are traced back to the corresponding hi(0) as shown in Figure 2.8. 

 

Figure 2.8:  Batch settling profile data and analysis constructions used to calculate (u(ϕi)) data points for gravitational 
sedimentation using constant sedimentation velocities [39]. 

There are numerous ‘modes’ of settling that represent different behaviour observed in gravity 

batch settling tests.  These different settling behaviours are extensively categorised in Bürger and Tory 

[62].  The type of settling depicted in Figure 2.8 is MS-3 for which the above methodology is 

appropriate.  However, using this method for other settling behaviours that feature shocks and contact 

continuities (e.g. MS-1) can result in large errors [63] due to the rapid change in solids concentration at 

the solid-liquid interface.  

Most real suspensions form compressible sediment layers and when compression becomes 

important then the iso-concentration lines (in Figure 2.8) are curved [64].  Compression effects become 

important above the gel point, therefore any method requires a procedure for rejecting this influenced 

data.  A criteria was proposed by Usher et al. [39] 
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There is also a numerical method for tackling the ‘inverse problem’ of extracting R(ϕ) from 

gravitational batch settling.  A numerical approach was presented by Lester et al. [48], which uses the 

method of characteristics.  There is no bulk flow (i.e. q(t) = 0), so the governing equation described by 

Landman et al. [34] and Bürger and Concha [54] becomes 
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where the interface height is measured in the z direction.  For the case that the suspension is 

below the gel point (samples are generally diluted below the gel point prior to the test), then the 

continuity equation reduces to a first order nonlinear equation (as D(ϕ) = 0).  Applying the method of 

characteristics, returns the following results on the characteristics 
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Thus, the solids volume fraction is constant along the characteristic and they are straight lines 

in the z, t space prior to the influence of compression effects.  This is shown in Figure 2.8 by the 

iso-concentration lines.  The solids volume fraction at each point on the settling curve can be determined 

using these constant solids volume fraction characteristics (further details are in Lester et al. [48]).  The 

settling velocity and solids volume fraction at each point are therefore known, the value of R(ϕ) at that 

point (h,t) can be calculated from Eq. (2.52). 

Gravity batch settling tests at long times (i.e. approaching equilibrium) allow calculation of the 

gel point and Py(ϕ) up to the pressure at the base of the settling cylinder.  The bed height at equilibrium 

is important for determining the gel point and Py(ϕ) because the sediment bed exhibits a profile of solids 

concentrations ranging from ϕg at the top of the bed to the maximum concentration at the bottom of the 

bed.  The equilibrium solids concentration profile, ϕ∞(z), can be predicted for a given Py(ϕ) using 

Eq. (2.59), assuming that ϕ is constant radially 
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Performing a mass balance over the sediment by integrating over the equilibrium bed from the 

base of the cylinder (z = 0) to the top of the network (z = h∞) gives 

000
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Thus, h∞ can be calculated for a given Py(ϕ) and ϕg.  The estimate for ϕg is manipulated until 

the calculated h∞ corresponds with the experimentally measured h∞.  The compressive pressure at the 

base of the bed due to the self-weight is calculated from Buscall and White [25] 
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00)0( hgps φρ∆= . (2.61) 

The curve fit gives an estimate for Py(ϕ) from a solids pressure of zero at the gel point up to ps(0). 

2.4.2 Centrifugal methods 

Centrifugal methods are useful as they can require less sample than gravity settling and reduce 

the experiment time required by increasing the acceleration rate of the particles.  Most strongly 

flocculated suspensions exhibit a clearly defined solid-liquid interface between regions A and B; this is 

termed zone settling as opposed to swarm settling for stable dispersions [65].  The centrifugal settling 

process of a strongly flocculated suspension generally produces four distinct regions.  These four 

regions include: 

A. Clear water zone (φ = 0) 

B. Dilution zone (0 < φ ≤ φ0) 

C. Transition zone (φ0 < φ ≤ φg) 

D. Compression zone (φg < φ ≤ φmax) 

These regions are shown in Figure 2.9.   

 

Figure 2.9:  Schematic of the centrifugal settling of a strongly flocculated suspension from the initial condition (top) 
to equilibrium(bottom).  The schematic shows; (A) the clear water zone (φ = 0), (B) the dilution zone (0 < 
φ ≤ φ0), (C) transition zone (φ0 < φ ≤ φg), and (D) the compression region (φg < φ ≤ φmax) 

As with gravity settling, a large amount of valuable data about the low-moderate concentration 

dewatering behaviour can be determined, as will be detailed in this section.  The equilibrium interface 

height between regions A and D also provides information about the compressive behaviour of the 
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suspension, especially because multiple rotation speeds can be used to obtain a series of equilibrium 

heights. 

Transient centrifugal settling methods 

A method for extracting R(ϕ) at low-intermediate volume fractions was proposed by Usher et 

al. [39] and summarised in Berres et al. [63], based on test data from transient centrifugal settling.  This 

method utilises data from solid-liquid interface height with time at a single ω.  As with gravitational 

batch settling it is important to know ϕ0 and h0. 

The method of data analysis is an extension of the batch settling analysis method proposed by 

Kynch [20], capable of accounting for the centrifugal force on the sediment instead of a gravitational 

force.  This is accounted for in the sedimentation velocities by Eq. (2.62) 
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The important centrifugal coordinates are the radius, r, the radius at the base of the sample, rmax, 

and the height of the sample above rmax, h(t). This procedure is similar to the one described for 

gravitational batch settling and involves selecting a range of evenly distributed ϕi between ϕ0 and the 

final average volume fraction <ϕf>.  A mass balance is again used to determine the equivalent initial 

height, hi(0), and then the settling velocity, u(ϕi), is calculated from the settling curve, h(t), using 
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where the maximum observed u(ϕi) is tangent to the settling curve.  The volume fraction at the 

point is known previously from Eq. (2.64) 
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Thus, a complete centrifugal settling profile with ϕ is constructed and the u(ϕi) values used to 

calculate f(ϕi) from Eq. (2.52) and R(ϕi) from Eq.(2.53).  The visual representation of this method 

showing an optimised fit for a range of ϕi values is presented in Figure 2.10. 
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Figure 2.10:  Batch settling profile data and analysis constructions used to determine solids volume fractions at the 

interface height for centrifugal sedimentation using Eq.(2.63)).  The centrifugal constructions are shown 
beyond the intersection times to demonstrate that they are tangents to the settling curve [39]. 

Figure 2.10 shows the straight line that is constructed between (0, hi(0)) and the tangential 

intersection with the settling curve at (ti, h(ti)).  The constructed curve gradient gives the settling velocity 

at that point, as follows 
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Following an individual particle or floc, the settling velocity is a function of both the radius 

position, r, and the local solids volume fraction as shown in Eq. (2.65).  Integration of this equation 

from the initial radius, r0, gives a non-linear path 









=

0
2 ln

)( r
r

u
gt

φω
. (2.66) 

Thus, the tangential intersection of the constructed line with the settling curve occurs at the 

settling velocity 
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Utilising the constructed curve to describe the sedimentation data, gives the following form of 

h(t) as presented in Figure 2.10 
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This method requires a priori knowledge of u(ϕi) to perform the construction of tangential 

intercepts.  Another study [66] uses a more rigorous approach by applying the method of characteristics 
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to the case of centrifugal settling that is not reliant on predefining the constitutive equations for u(ϕi).  

This method, developed by Lee White [67] is equivalent to the Lester method for gravity settling.  The 

numerical method of Lester et al. [48] becomes significantly more complex in centrifugal coordinates.  

The characteristics are no longer straight lines in the z, t plane and φ is no longer constant along the 

characteristics.  This method is outlined in Skinner et al. [66] and is not currently practical to implement, 

as such the graphical method is recommended. 

Equilibrium centrifugal settling methods 

There are multiple methods for extracting compressive strength from equilibrium centrifugation 

experiments based on either an equilibrium solids concentration profile or a series of equilibrium 

heights at different rotation speeds [25, 68-72].  It is generally acknowledged that the simplest method 

for collecting equilibrium solids volume fraction profile data is scrape testing [69-71].  This technique 

involves the centrifugation of a sample slurry to equilibrium in a tube (flat-based) followed by removal 

of the container from the centrifuge to allow sectioning of the sample into specific heights.  The solids 

volume fraction for each segment is determined by weight loss upon drying.  There are some 

inaccuracies with this method relating to the elastic nature of the sediment [73], which is particularly 

important for biological sludges.  Systematic errors can also be produced due to inaccurate ϕ calculation 

at the sedimentation interface [39, 57].  Other methods have been used for accurate measurement of 

solids volume fraction profiles of inorganic particulate suspensions using a wide variety of 

techniques including ultrasonic attenuation [74], gamma rays [75-77] and x-rays [78].  A recent 

study used the LUMiReader® X-Ray device to measure equilibrium profiles with a high level of 

accuracy and without the need for destructive sectioning [66].   

The method that has proved to be the most reproducible is based on the equilibrium sediment 

height at a range of rotation rates [71].  A schematic of this experiment is shown in Figure 2.11.   
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Figure 2.11:  Schematic of the equilibrium centrifugal settling test for a flocculated suspension with the initial condition 

is shown top.  A range of equilibrium states for increasing rotation rates (ω1, ω2, ..., ωn) demonstrate the 
decrease in equilibrium heights. 

The method presented herein is from Usher et al. [39], which is based on Buscall and White 

[25].  This method uses a range of rotational speeds in an analytical centrifugation device with outer 

radius, rmax, to obtain a series of equilibrium height data, h∞ (see Figure 2.12).   

  
Figure 2.12:  Equilibrium centrifugal settling data for four samples showing (a) settling curves, and (b) the relationship 

between equilibrium height and acceleration rate.  This data is used to determine the compressive strength 
of a sample. 

These data points correspond to series of Py(ϕ) values using an algorithm presented by Buscall 

and White [25], where the solids volume fraction at the base of the tube, ϕbase = ϕ(rmax,t→∞), is 

approximated using 
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and the corresponding compressive yield stress 
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in which the acceleration, a, is calculated from the centrifugal rotation speed, ω, using 

Eq. (2.71): 

max
2ra ω= (2.71) 

An empirical method that generally provides a reasonable fit to this h∞(a) data was proposed 

by Green et al. [79] 
3
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where c0, c1, c2 and c3 are empirical constants based on the best fit to the data.  The derivative 

in Eq. (2.73) is given by 
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enabling a compressive yield stress data point to be determined for each equilibrium height.  A 

curve fit of the h∞ versus a can be used to obtain Py(ϕ∞,i) over the relevant range of solids volume 

fraction. 

2.4.3 Filtration methods 

Laboratory filtration experiments can be conducted using several different control strategies: 

• Flux controlled filtration [59]

• Pressure controlled filtration [80, 81]

• Variable flux, variable pressure [82]

For the methods presented in this thesis, pressure controlled methods will be used.  These

involve the control of constant pressure or a series of constant pressures applied in a stepwise manner 

(referred to as stepped pressure filtration).  The theoretical basis for the analysis of experimental data 

from constant pressure and stepped pressure filtration tests is detailed in this section. 
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Constant pressure filtration method 

During constant pressure filtration, there are two main periods of operation; cake formation 

(often referred to as filtration) and cake compression (often referred to as expression).  Cake formation 

involves the build-up of a highly-concentrated layer at the filter surface, represented by period (b) in 

Figure 2.13.  Cake compression is initiated by the piston hitting this concentrated layer and causing it 

to undergo consolidation (see period (c) in Figure 2.13) until an equilibrium is reached in which the 

strength of the networked filter cake can withstand the force applied by the piston. 

Figure 2.13: Schematic of the constant pressure filtration process for a flocculated suspension.  The schematic shows 
the periods of operation; (a) initial concentration, (b) formation of filter cake, (c) compression of the filter 
cake, (d) equilibrium where the network strength resists further compression (note that φ0>φg) 

The conventional approach to the analysis of a standard constant pressure filtration test involves 

determination of the average mass specific cake resistance, αm. This well-known analysis method [8, 

59] uses the slope of a plot of t/Ṽ versus Ṽ, where t is the filtration time and Ṽ is the volume of filtrate

(note that V is used to represent specific volume of filtrate for consistency) as given in Eq. (2.74).
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where η is the liquid phase viscosity, A is the cross-sectional filter area and R is the resistance 

of the membrane.  The effective feed solids concentration, c, can be related to the solid phase density, 

ρs, the average solids concentration in the forming cake immediately prior to cake compression, φ, and 

the feed volume fraction, φ0 by Eq. (2.75).   
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Generally, c is measured experimentally at the end of the filtration run, but as sewage sludge 

undergo a significant compression phase then this method would be erroneous.  For example, the 
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filtration run data for sample AUS 5 at 100 kPa suggests that the cake formation phase ends at 

φ = 3 vol%, where the final solids concentration reached is φf = 25 vol% and the predicted equilibrium 

solids concentration is φ∞  = 29 vol%.  The average solids concentration in the forming filter cake can 

be estimated from direct measurement or, as is the case for this study, determined from the filtration 

data at the onset of cake compression (end of the cake formation phase).  The mass specific cake 

resistance may then be calculated from the slope of the t/Ṽ versus Ṽ plot, denoted b in Eq. (2.76) 
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The specific cake resistance may also be determined using the same methodology from the plot 

of plot of t versus V2, where the inverse of the slope of the linear (cake formation) region is denoted β2 

in the work of Landman et al. [42].  Data presented using this methodology [13, 36, 56, 83] considers 

the analysis in one-dimension and refers to V as the specific filtration volume (m3/m2) in order to 

simplify the analysis.  In this case, the mass specific cake resistance is calculated from the slope of the 

t versus V2 plot using Eq.(2.77) 
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The specific cake resistance determined from each constant pressure filtration run are a function 

of the applied pressure and is generally presented as αm versus ∆P.  These values for specific cake 

resistance can be converted to R(ϕc) using Eq. (2.45). 

For the so-called ‘highly’ and ‘extremely’ compressible materials, the filter cake formation time 

is very small compared to the time in compression and there are significant errors associated with 

analysis of the cake formation region for these samples.  As a result, a method was developed for 

extracting compressibility and permeability data based on the compression region.  The materials 

generally exhibit low permeability, resulting in extremely long filtration times before equilibrium is 

reached (of order weeks).  Thus, a method for estimating this equilibrium state is highly desirable.  The 

kinetics of the cake compression during constant pressure filtration have been accurately described by 

a Taylor’s series [84], the first term of which can fit the asymptotic compressional behaviour [85].  The 

equilibrium volume fraction is estimated using a first order logarithmic curve fit to the compression 

region as shown in Figure 2.14, where ϕf is not equal to ϕ∞ when equilibrium is yet to be achieved.  As 

equilibrium is assumed to have been reached, then ∆P = Py(ϕ∞).  One constant pressure filtration run 

yields one Py(ϕ∞) data point. ϕ≤→∞ 
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Figure 2.14: Example of the logarithmic curve fit to compression region data for average solids volume fraction from 
200 kPa constant pressure filtration test on anaerobic lagoon digested sludge [86] 

The first order logarithmic curve fit used to estimate ϕ∞ also contains information about the 

permeability of the sample.  One data point for D(ϕ∞) can be determined for each run.  The equation of 

the curve fit is shown in Eq. (2.78), where a mass balance is used to determine the equilibrium filtrate 

volume, V∞, and equilibrium solids volume fraction, ϕ∞, from the equilibrium piston height, h∞ 
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The piston height during compression is h(t), the average solids volume fraction is <ϕ> and the 

logarithmic cake compression constants E1, E2 and E3 are given by 
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The initial height of the piston above the filter membrane is ho, initial solids volume fraction is 

ϕ0, the constant in the Taylor series for cake compression linear approximation is A0 and the scaled 

critical time is Tc.  From the determination of the best fit of the experimental data to Eq. (2.78), ϕ∞ can 

be estimated as well as the corresponding D(ϕ∞).   

The greatest source of error in the measurement comes from the initial height, which can be 

affected by leakage prior to measurement.  Consequently, another estimate for the initial height is 
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calculated from a mass balance using the recorded final height, and the initial and final solids 

concentration determined by weight loss on drying using Eq. (2.82) 

0
,0 φ

φ ff
calc

h
h = . (2.82) 

A series of constant pressure filtration tests is required over a range of pressures to generate a 

complete curve for Py(ϕ).  This is a key disadvantage of the method, because at least five individual 

filtration experiments are required for adequate characterisation of the suspension.  However, this 

method has proved reproducible for determination of both Py(ϕ) and D(ϕ) for many different 

suspensions, including biological sludges [13, 87].  

Following fitting of the Py(ϕ) data with an appropriate functional form, R(ϕ) can be determined 

using Eq. (2.38).  This relationship can also be used to convert the previously determined values for 

R(ϕ) into a complete curve for D(ϕ).   Current limitations on the applied pressure generally restrict the 

ϕ∞ values to approx. 40 vol% for biological sludges, however it may be possible to achieve considerably 

higher results on the high pressure filtration rig with a thermally hydrolysed sludge and mineral slurries 

[36, 83]. 
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Stepped pressure filtration compressibility method 

The stepped pressure approach was developed to reduce the experimental time involved with 

performing a series of constant pressure filtration tests [56].  This approach requires just two filtration 

runs.  The first run (stepped pressure compressibility) involves filtration to the end of the cake 

compression phase, followed by a stepwise increase in the applied pressure.  The second run (stepped 

pressure permeability) involves filtration until a steady rate is achieved, followed by a stepwise increase 

in the applied pressure.  A schematic of the stepped pressure compressibility test is shown in 

Figure 2.15.  

 

 

Figure 2.15:  Schematic of the stepped pressure compressibility filtration process for a flocculated suspension.  The 
schematic shows the periods of operation; (a) initial concentration, (b) equilibrium compression of filter 
cake at applied pressure 1 (c) compression at higher pressure, (d) repetition at higher applied pressure 
(note that φ0>φg) 

This method is suitable for materials with short cake compression times, such as mineral 

slurries.  At the equilibrium state of consolidation, the applied pressure is completely supported by the 

suspension network structure.  Thus, dewatering continues until the final concentration, ϕf, is reached 

and the applied pressure is equivalent to the compressive yield stress at this concentration 

)()( fyy PPP φφ ==∆ ∞ . (2.83) 

The final solids concentration for each pressure can then be estimated from Eq. (2.82) and 

further mass balances 
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This was completed for each of the pressure steps specified to completely characterise the 

sample.  
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Stepped pressure filtration permeability method 

A schematic of the stepped pressure permeability test is shown in Figure 2.16.  

 

Figure 2.16:  Schematic of the stepped pressure permeability filtration process for a flocculated suspension.  The 
schematic shows the periods of operation; (a) initial concentration, (b) formation of filter cake, (c) 
compression of the filter cake, (d) equilibrium where the network strength resists further compression, (e) 
repetition at higher applied pressure (note that φ0>φg) 

Permeability data is obtained from the filtration behaviour in the cake formation region at a 

range of applied pressures (i.e. the slopes of the linear regions on the t versus V2 plot).  The inverse of 

this slope is designated as β2 and can be used to determine the permeability using two methods.  The 

first was used to determine R(ϕ∞) directly using the linearised version of Landman-White filtration 

theory [43] 
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Similarly, the solids diffusivity can be extracted directly from β2 and ϕ∞, as given in Landman 

et al. [43] 
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These D(ϕ) values can be converted to R(ϕ) using Eq. (2.38).  Thus, complete dewaterability 

characterisation can be performed in two filtration runs giving the same number of data points as the 

number steps in applied pressures.  From a single experiment, the permeability for a range of 

equilibrium solids volume fractions can be extracted.  Further justification and theoretical verification 

for this multiple stepped-pressure technique are presented in de Kretser et al. [56] and Usher et al. [88]. 
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Unfortunately, for materials that are extremely compressible, such as biological sludges, then 

the stepped pressure permeability test gives erroneous results.  This is due to the low gel point of these 

materials and short cake formation time compared to cake compression.  As a result, these materials 

show negligible quadratic (linear t versus V2) filtration behaviour.  Ramping up of the pressure and 

membrane resistance effects mean that the slope of the cake formation region of the t versus V2 plot is 

difficult to extract.  For these materials a method for extracting permeability from the cake compression 

region of constant pressure filtration tests has been proposed [13].  

PREDICTION OF DEWATERING PERFORMANCE (FORWARD 
PROBLEMS) 

The main benefit of the compressive rheology approach is the ability to predict the dewatering 

performance of a sample in many dewatering devices for a range of operating conditions.  However, 

the material properties require validation prior to making any predictions at full-scale.  Several 

assumptions and approximations are required to extract the materials properties using the inverse 

problem methods described in Section 3.4, so assessing the validity of the dewatering material 

properties is important.  The validation process involves performing the forward problem; using 

extracted material properties as inputs into models of dewatering equipment to re-predict the original 

experimental data.  The compressive rheology approach has been developed to model many solid-liquid 

separation processes including filtration [35, 84, 89, 90], gravity settling [25, 49, 91] and centrifugation 

[92, 93].  A good fit of the re-prediction with the original experimental data is considered validation of 

the data analysis process. 

The prediction of full-scale operation can then be performed following validation of the 

material properties.  This also involves obtaining numerical solution to the forward problem.  There are 

numerous examples of validated models of full-scale equipment that can be used to perform these 

predictions: 

• Flexible and fixed filter press model [89, 94]

• Rotary vacuum drum and disc filter model [95]

• Centrifugal drum filter model [92]

• Solid bowl batch centrifugation model [93]

• Vacuum filtration model [96]

• Continuous flow thickener model [26, 44]

The following sections briefly describe the algorithms for predicting dewatering behaviour 

based on compressive rheology material properties. 
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2.5.1 Gravity settling 

A semi-implicit finite difference algorithm was developed at The University of Melbourne to 

numerically determine the interface height of a batch settling test.  A detailed description of the 

algorithm and a comparison with an explicit finite difference scheme is provided in Spehar [97].  The 

algorithm takes inputs of φ0, h0 and material properties Py(φ) and R(φ) and outputs a settling profile, 

h(t), that can be compared to the experimental data for validation. 

A model for steady state thickener operation has been developed to allow for the prediction of 

the dewatering behaviour of a sample in full scale thickeners [26].  An example of the model outputs is 

provided in Figure 2.17. 

Figure 2.17: Typical steady state thickener model prediction of specific solids throughput as a function of underflow 
solids concentration for a sewage sludge from Altona Treatment Plant with a feed solids of 0.18 wt% for 
a range of sludge bed heights (1, 2, 5, 10 m) and the permeability limit using the method of Usher and 
Scales [26], reproduced from Skinner et al. [98] 

This prediction assists with the design of industrial thickeners and provides an estimate for the 

underflow solids concentration that can be achieved for a suspension.  The specific solids throughput is 

predicted as a function of underflow solids concentration for a range of sludge bed heights.  This can 

be used for thickening sizing and design.  Note that this model prediction does not account for the 

effects of floc densification by shear forces in the thickener, which would generally increase the 

throughput [99]. 
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2.5.2 Centrifugation 

The finite difference algorithm described for gravity sedimentation was modified to account 

for a centrifugal force on the sediment and used to determine the transient interface height and the 

equilibrium bed height.  This algorithm requires the input of ω and rmax in addition to φ0, h0 and material 

properties Py(φ) and R(φ).  As per gravity batch settling, the output settling profile, h(t), is compared to 

the experimental data for validation. 

A number of models of full scale centrifugation devices have been developed using the 

compressive rheology framework, including solid bowl centrifuges [93] and continuous decanter 

centrifuges [100].  The following example (see Figure 2.18) shows predictions from a batch 

centrifugation model [98]. 

Figure 2.18: The predicted throughput in a batch centrifuge with underflow solids concentration for a sewage sludge 
from Altona Treatment Plant with a feed solids of 0.87 wt% at various rotation rates (r0 = 0.48m, ri = 
0.10m), reproduced from Skinner et al. [98] 

As with the thickener model, the throughput is predicted as a function of the underflow solids 

concentration.  Three cases are shown for different rotation speeds, where 6000 rpm is generally used 

at full scale.  The predicted final solids concentrations are lower than observed in real wastewater 

treatment plants as the model does not fully account for the shear forces experienced by the flocs. 
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2.5.3 Filtration 

A 4th – 5th order Runge-Kutta numerical technique can be used to solve the governing equations 

for filtration (see Eq. (2.51)) from the inputs; ∆P, φ0, h0 and material properties Py(φ) and D(φ).  This 

method was self-regulating to adjust the step size to minimise the fifth-order error. It is assumed that 

consolidation is irreversible and ∆P can be increased in a step-wise manner at specified time intervals 

for validation of stepped pressure tests. The algorithm outputs the filtrate volume per unit area, V(t), 

which is compared to the experimental data on at t versus V2 plot.  This procedure is detailed in other 

studies of wastewater treatment sludges and mineral slurries [13, 83, 101].  A full numerical solution 

incorporating the finite difference method to the governing equation for filtration [35] can also be used 

to solve the forward problem for filtration.  Further details of this methodology are described in 

Stickland et al. [102]. 

Various models for full scale filtration devices have been presented in the literature, such as the 

fixed cavity plate-and-frame filter press [89], the flexible membrane filter press [94], rotary vacuum 

drum and disk filters [95], and the centrifugal drum filter [92].  An example of the output from the fixed 

cavity filter press model is shown in Figure 2.19. 

Figure 2.19: The predicted throughput for a sewage sludge from Altona Treatment Plant in a fixed cavity plate-and-
frame filter press compared to output cake solids for a fixed cavity width of 1 cm for a range of fill 
pressures using the method of [94], reproduced from Skinner et al. [98] 

Figure 2.18 shows the predicted throughput as a function of the final average cake solids 

concentration, demonstrating the importance of increasing the feed concentration to the filter press.  The 

solids throughput for cases with the pre-thickened sludge feed is approximately 10 times higher than 
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the more dilute feed.  Alternatively, a filter that is 10 times larger is required to process the same amount 

of sludge.  Thus, a dewatering scheme involving a thickener followed by a filter press might be a more 

economical option for a WWTP.  The applied pressure only becomes important at very low throughputs. 

These examples highlight the benefits and optimisation capability of the compressive rheology 

approach. 

The compressive rheology modelling can also shed light on issues with other methods of 

quantifying dewaterability, such as the specific resistance to filtration (SRF).   Sorensen and Sorensen 

[103] reported that for an activated sludge sample, there was a critical pressure of around 2 kPa above

which increased pressure resulted in no increase in the filtrate flow rate.  Other studies [104, 105] have

reported critical pressures for other biological sludges samples that are below the maximum applied

pressures for common mechanical dewatering devices.  It appeared that increasing the pressure had no

observable effect on the rate of filtration.  Compressive rheology modelling indicates that there is only

a small increase in filtration rate with increasing applied pressure above 2-10 kPa, which can be within

experimental errors (see Figure 2.20).  The is a significant change in the rate below the critical pressure.

Figure 2.20: The predicted filtration behaviour of a sewage sludge sample over a wide range of applied differential 
pressures from 0.1 to 1000 kPa.  The simulations are shown on log-log coordinates to highlight the minor 
increase in filtrate flowrate for pressures above 5 kPa.  This behaviour prompts the reporting of a critical 
pressure above which flowrate increases are not detected. 

The issue with the SRF is that it assumes an inversely proportional relationship between dt/dV2 

and ∆P, which is not observed experimentally.  The compressibility is such that the as the pressure is 

increased, the filter cake is compacted, and resistance increases significantly.  The apparent critical 
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pressure is dependent on the D(φ) curve for the material.  Sewage sludges have a peak in the D(φ) curve 

at low solids volume fraction, which means that the critical pressure is low.  The value of the apparent 

critical pressure in the example shown in Figure 2.20 is around 5 kPa.  The flowrate increases may be 

within experimental error beyond this pressure. 
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CONCLUSION 

There are several theories of dewatering to fundamentally describe solid-liquid separation 

processes, including gravity settling, centrifugation and filtration.  These theories share many common 

elements and simple conversions can be used to relate the parameters used.  The work in this thesis is 

based on the compressive rheology approach due to its local solid volume fraction based material 

functions that provide the flexibility to accurately model dewatering of extremely compressible 

materials.  There have also been many recent developments in experimental and data analysis methods 

for determining the permeability and compressibility of samples using this approach [13, 39, 48, 56]. 

This chapter provides the theoretical basis for the use of the compressive rheology approach to 

characterise the dewaterability of a sample and then harness the predictive capacity of the theory.  A 

governing equation for dewatering processes is derived from mass and momentum balances.  This 

equation is used to extract the dewatering properties of the sample from laboratory experiments (the 

inverse problem) or to simulate and predict dewatering behaviour for known dewatering properties (the 

forward problem).  The numerical solution to the forward problem can be used as an integrity check by 

comparing experimental results to simulation re-predictions, and it can be used to predict operation of 

full scale dewatering equipment. 

This process of lab-scale experimentation, data analysis for dewaterability characterisation, 

validation of dewatering properties, then prediction at full-scale will be detailed further in Chapter 3.  

Chapter 3 will provide more practical details on the experiments and how each of the different data 

analysis methods described in this chapter work together.  The theoretical basis from Chapter 2 provides 

context for the streamlined methods presented in the following chapter.  
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NOMENCLATURE 
List of abbreviations, symbols and definitions used in this study 

Abbreviations Units Definition 
CPF Constant pressure filtration 
EPS Extracellular polymeric substances 
SRF [m kg-1] Specific resistance to filtration 

WWT Wastewater Treatment 
WWTP Wastewater Treatment Plant 
Symbols Units Definition 

A [m2] Filter membrane area 
A0 [-] Cake compression linear approximation constant 
a [m s-2] Centrifugal acceleration 

a1, a2 [-] Py(ϕ) fitting parameters 
ap [m] Particle radius 

a(ϕ) [m2 s-1] Diffusion coefficient 
A(ϕ) [m2 s-1] Primitive of the diffusion coefficient 
b, β-2 [s m-2] Slope of t versus V2 filtration plot 

b' Py(ϕ) fitting parameter 
c [kg m-3] Weight of solids per unit volume of filtrate 

c1, c2…cn [-] Equilibrium centrifugation data fitting parameters 
cv [m2 s-1] Coefficient of consolidation 
dp [m] Particle diameter 

da, db…di, d1, d2…dn [-] D(ϕ) fitting parameters 
D(ϕ) [m2 s-1] Solids diffusivity 

E1, E2, E3 [-] Logarithmic cake compression constants 
fbk(ϕ) [m s-1] Kynch batch flux density function 

g [m s-2] Gravitational acceleration 
g [m s-2] Acceleration vector 

h, h(t) [m] Height 
hi(0) [m] Equivalent initial height 
h∞  [m] Equilibrium sediment height 

k, k(ϕ) [m2] Permeability 
K [m2] Darcian bed permeability 
L [m] Bed length 

p1, p2… pn [-] Py(ϕ) fitting parameters 
pl [Pa] Liquid phase pressure 
ps [Pa] Solids network pressure 

Py(ϕ) [Pa] Compressive yield stress 
ΔP [Pa] Applied differential pressure 

q, q(t) [m s-1] Flux, speed 
r [m] Centrifugal radius 
rm [m-1] Membrane resistance 

ra, rb, rg, rn [-] R(ϕ) fitting parameters 
rmax [m] Outer radius of centrifuge 
r(ϕ) [-] Hindered settling factor 
R(ϕ) [Pa s m-2] or [kg s m-3] Hindered settling function 
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Rm [Pa s m-1] Resistance to filtration across membrane 
t [s] Time 

Tc [-] Scaled critical time 
u, u(ϕ) [m s-1] Local solids speed 

u, û [m s-1] Local solids velocity vector 
uSt [m s-1] Stokes velocity 
V [m] Specific filtrate volume 
Ṽ [m3] Filtrate volume 
Vp [m3] Particle volume 
w [m s-1] Local liquor speed 

w, ŵ [m s-1] Local liquor velocity vector 
x [kg/kg] or [wt%] Solids weight fraction 
z [m] Cartesian distance coordinate 

Greek Letters Units Definition 
αm [kg m-1] Specific cake resistance (mass basis) 
αv [m-2] Specific cake resistance (volume basis) 

α(ϕ) [Pa s m-2] Resistance coefficient 
β-2, b [s m-2] Slope of t versus V2 filtration plot 

ε [v/v] or [vol%] Porosity 
φ [v/v] or [vol%] Solids volume fraction 
φg [v/v] or [vol%] Gel point solids volume fraction 
λ [kg s-1] Drag coefficient 

λSt [-] Stokes drag coefficient 
η l [Pa s] Dynamic viscosity of fluid 
Δρ [kg m3] Density difference 
ρ l [kg m3] Liquid phase density 
ρ s [kg m3] Solid phase density 
σe [Pa] Effective solid stress 
ω [rad s-1] Centrifugal rotation rate 

Subscripts Units Definition 
∞ Equilibrium 
0 Initial 
c Critical 

calc Calculated 
cp Close packing 
f Final 
g Gel 
i Discrete value 
l Liquid, liquor or fluid 
n Integer value 
m Mass basis 

max Maximum 
p Transition value 
s Solids 
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INTRODUCTION:
Unified dewaterability characterisation involves lab-scale solid-liquid separation experiments, such as gravity
settling, centrifugation and filtration. Each of these different tests are necessary to determine the permeability and
compressibility of a sample over the complete range of solids concentration observed during full-scale dewatering.

This dewaterabilty characterisation process then requires analysis of the test data to extract R(φ), Py(φ) and D(φ).

CONCLUSION: The compressive rheology characterisation method can be used to accurately model the
dewatering of compressible materials, such as sewage sludge. It is an extremely compressible approach.

CHAPTER 3

UNIFIED DEWATERABILITY 
CHARACTERISATION METHODOLOGY

One key issue is the influence of walls on settling in the analytic centrifuge – explored further in Chapter 4

GRAVITY SETTLING

CENTRIFUGATION

FILTRATION

1. Constant Pressure Filtration
2. Stepped Pressure Filtration

(a) Permeability
(b) Compressibility

EXPERIMENTALMETHODS:

1. Single Rotation Rate
2. Stepped Rotation Rate

DATAANALYSIS METHODS:

Lab-Scale 
Experiments

Transient gravity settling
Eqm centrifugal settling
Constant pressure filtration

Experimental 
Results

Dewaterability 
Characterisation

Industrial-Scale
Predictions

Thickeners
Solid bowl centrifuges
Filter presses

Data Analysis

Validation

Validation is the comparison of simulation with original experimental data... a crucial but often forgotten step

SUMMARY OF METHODOLOGY: Simple tests and complex analysis made simple

Height versus time → R(φ) at low φ

Equilibrium height→ Gel point and Py(φ) at low φ

1. Height versus time → R(φ) at low φ

2. Equilibrium heights → Py(φ∞) at mid-range φ

Kynch (1952) or Lester et al. (2005)

1. Usher et al. (2013)
2. Buscall & White (1987)

1. Stickland et al. (2008)
2. de Kretser et al. (2001)

1. Volume vs time → D(φ∞), Py(φ∞) at high φ

2(a) Volume vs time → R(φ∞) or D(φ∞) at high φ

2(b) Volume vs time → Py(φ∞) at high φ

These data points for R(φ), Py(φ) and D(φ) are then fit with specific functional forms. These functional forms are
input into models of each process for comparison and validation. Predictions at full scale can then be made
provided that a model of the industrial process exist (e.g. the filter press model of Stickland et al. 2008).
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PREFACE 
Chapter 2 provided the theoretical and experimental background for this chapter, which summarises 

the dewaterability characterisation methodology.  This chapter is to be submitted as the following paper, 

“Unified Dewaterability Characterisation Method for Compressible Suspensions”, to the Journal of 

Chemical Engineering Science in August 2018.  The contributions of each author are summarised in 

Table 3.1.  

Table 3.1: Summary of author contributions 

Author Primary Contribution 

Samuel J. Skinner Lead author, method development, data analysis 

Raul G. Cavalida Experimentalist 

Eric Höfgen Method development 

Shane P. Usher Method development 

Anthony D. Stickland Supervisor, method development 

Peter J. Scales Supervisor, method development 
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CHAPTER SUMMARY 
Many industrial suspensions exhibit compressible behaviour in solid-liquid separation that is 

dependent on the applied pressure difference.  Modelling of compressional dewatering allows 

optimisation of solid-liquid separation processes, which is crucial for efficient operation of wastewater 

treatment plants and minerals processing facilities, for example.  The compressive rheology approach 

allows modelling of processes such as thickening, centrifugation and filtration in which compression of 

the particle network is important. 

Laboratory-based experiments (gravity settling, centrifugation and filtration) can be performed 

to obtain verifiable material dewatering properties that relate to the permeability and compressibility of 

the sample.  We present a method that unifies the compressive rheology techniques for dewaterability 

characterisation, something that has been hitherto not available in one publication.  A single 

downloadable mathematical tool has been developed to make the analysis easier for practitioners. 

Examples of the unified dewaterability characterisation method are presented for an inorganic and a 

biological suspension.  The characterisation results are validated through self-consistency, which we 

see as a key step in the process, whereas validated dewaterability characterisation is rarely performed 

elsewhere.  An error analysis is also performed using synthetically generated data.  The validation 

exercise also demonstrates that the compressive rheology characterisation accurately models the 

behaviour of suspensions such as wastewater treatment sludges where conventional approaches fail. 
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CHAPTER 3: UNIFIED DEWATERABILITY 
CHARACTERISATION METHOD FOR COMPRESSIBLE 

SUSPENSIONS 

“The old scientific ideal of episteme – of absolutely certain, demonstrable 
knowledge – has proved to be an idol.  The demand for scientific objectivity 
makes it inevitable that every scientific statement must remain tentative for 
ever.”  Karl Popper, The Logic of Scientific Discovery: Logik Der Forschung 

INTRODUCTION 
The dewatering of compressible suspensions, such as sewage sludges and fine mineral tailings, 

is vital to many industrial processes.  Consequently, the ability to model solid-liquid separation 

processes has allowed significant advancements in the design and optimisation of thickeners, 

centrifuges and filters [1].  Different industrial suspensions exhibit vastly different dewatering 

behaviours, so it is important to understand and characterise the dewaterability of each material. 

Suspensions with flocculated and aggregated particles, especially biological sludges, exhibit ‘highly’ 

or ‘extremely’ compressible dewatering behaviour that is strongly dependent on the applied differential 

pressure. 

Extremely compressible materials often form a continuous inter-connected network of particles 

at solids concentrations as low as 1 volume % (0.01 v/v).  This networked structure has the strength to 

resist a pressure difference, which can be applied by a piston in a pressure filtration device or self-

weight during gravity settling [2].  The network strength must be exceeded by the applied load to 

consolidate the network. The strength of the network increases with solids concentration, hence the 

equilibrium extent of compaction is governed by the applied load.  For example, a wastewater treatment 

(WWT) sludge compresses to significantly smaller equilibrium heights under a series of increasing 

rotation speeds in a centrifuge (see Figure 3.1(a)).  In a constant pressure filtration device, the extremely 

compressible behaviour manifests itself on a time versus filtrate volume squared plot by a short period 

of “cake formation”, where a networked structure quickly builds up, followed by a longer period of 

slow network compaction (see Figure 3.1(b)). 
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Figure 3.1:  Laboratory dewatering experiment results demonstrating typical behaviour of an extremely compressible 
suspension during (a) equilibrium centrifugation at a range of rotation rates (ω) and (b) constant pressure 
filtration.  This is different from the behaviour of incompressible suspensions because the equilibrium 
heights vary significantly depending on the centrifuge rotation speed and the linear section of the t versus 
V2 data is short compared with the non-linear region of compression. 

In many cases, an average approach is taken to predict dewatering performance [3].  However, 

a dewaterability characterisation framework based on the local concentration of the solid particles rather 

than an average concentration is necessary to model such highly compressible suspensions.  The solids 

concentrations in a WWT sludge filter cake under a 500 kPa applied differential pressure can vary from 

1 vol% at the top of the cake to 30 vol% at the filter surface [4].  Thus, any approach that uses an average 

value will lead to significant errors.  There have been many attempts to modify the conventional 

filtration models, such as the works of Tiller et al. [5-7], which account for some compressibility.  The 

most successful approaches for highly compressible materials incorporate parameters that are 

dependent on the local solids concentration [8, 9].  

A different approach that can also account for compressibility effects is the phenomenological 

model of dewatering based on the works of Buscall, White and Landman [1, 10, 11], which is often 

termed ‘compressive rheology’.  This theory provides a flexible framework with a predictive capability 

that has been validated at full scale [12, 13].  One advantage of this method is the scope for optimisation 

of dewatering processes without the need for expensive pilot scale testing.  For instance, compressive 

rheology modelling has shown the importance of small cavity widths in filter presses used for sewage 

sludge dewatering [14]. 

The compressive rheology framework presents the dewatering behaviour as a function of the 

local solids volume fraction, φ.  This type of solids concentration based approach to describing solid-
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liquid separation was pioneered by Kynch in his theory of sedimentation [15].  Material dewaterability 

in compressive rheology is characterised based on three key parameters:   

• The compressive yield stress, Py(ϕ), is a quantification of the strength of a networked
suspension under compression and its inverse determines the maximum solids volume fraction
reached for a given applied pressure.  It is also known as the compressive strength, or
compressive yield strength

• The hindered settling function, R(ϕ), is a quantification of the hydrodynamic drag forces acting
on the solid phase and is proportional to the inverse of the settling velocity during sedimentation
or Darcian permeability during filtration

• The solids diffusivity, D(ϕ), is a quantification of the rate of propagation of a concentration
gradient after a network has been formed.  It is the ratio of the rate of strengthening of the
network, Py’(ϕ), with the increased resistance R(ϕ) as a network is compressed

R(ϕ) is continuous over the full range of volume fractions, this includes concentrations from as

low as one particle settling in an infinite fluid to the maximum achievable packing concentration.  In 

contrast, Py(ϕ) and D(ϕ) are zero when the suspension is un-networked and greater than zero when 

networked.  The concentration at which a particulate network forms is termed the gel point, φg, and is 

used interchangeably with the critical solids volume fraction, φc [16].  The gel point is often around 

1 vol% for sewage sludges and 10-30 vol% for mineral slurries.  All three of these material functions 

(Py(ϕ), R(ϕ), D(ϕ)) can be determined at lab-scale by performing one or all of gravity settling, 

centrifugation and filtration experiments.   

The compressive rheology approach has been used to measure the dewatering properties of a 

wide range of materials, including mineral suspensions and water treatment sludges [17].  The 

behaviour of these suspensions can then be predicted for the full scale operation of devices such as 

gravity thickeners [18, 19], solid-bowl centrifuges [12] and filter presses [13].   

There are numerous other unified theories of dewatering that have been developed 

independently, but contain many similarities [10, 20, 21].  This is illustrated by the use of a scalar 

strongly degenerate parabolic-hyperbolic partial differential equation in each theory [20, 21].  These 

dewatering theories have all been used to accurately model gravity settling, centrifugal settling and 

filtration processes. For this work, the compressive rheology theoretical framework is used because of 

significant recent developments in the experimental and data analysis methods. 

This is the first study that combines the state-of-the-art experimental and data analysis methods 

for unified dewaterability characterisation.  It aims to present the overall method such that it is 

understandable and implementable for interested readers.  The unified methodology was validated for 

an inorganic and a biological suspension and the errors quantified for synthetic data generated from 

known material functions.  A step-by-step method for completing all experiments is provided in 

Appendix 3A, together with a Wolfram Mathematica computable document for performing the entire 
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analysis and validation process.  The Wolfram Mathematica characterisation tool, and accompanying 

templates, is called the ‘Module for Unified Dewatering (MUD) Characterisation’. 

 BACKGROUND 
The use of laboratory-based dewatering experiments is commonplace when designing and 

optimising solid-liquid separation process operations and evaluating wastewater sludge or mineral 

slurry conditioning.  No single experiment can cover an appropriate range of solids concentration and/or 

at an appropriate accuracy for quantitative dewatering parameter extraction that is suitable for detailed 

and quantitatively validated device modelling and optimisation.  As such, quantitative analysis usually 

requires sedimentation, centrifugation and filtration experiments to cover a large range in solids 

concentrations, although qualitative measures and comparisons of dewatering are common where only 

a single methodology is employed. 

The transient gravity batch settling test is often used because it provides useful information 

about material dewaterability at low solids concentrations, and it is simple, requiring only a measuring 

cylinder and a stopwatch.  The most common measure for dewaterability at low concentration in the 

wastewater treatment industry is the sludge volume index (SVI) or diluted sludge volume index (dSVI) 

[22, 23].  These parameters are useful because trends can be easily determined, but they are empirical 

in nature with limited predictive capacity.  The SVI can be a measure of either the settling rate, i.e. 

permeability, or average sediment volume fraction, i.e. compressibility, depending on the initial 

concentration [24].  Much more and indeed, quantitative information about material permeability and 

compressibility can be extracted through analysis of the entire sedimentation interface height profile 

with time [15, 25].  However, this is not common industrially as the methodology is complex and 

requires a numerical analysis that is not freely and conveniently available. 

The sedimentation process can be accelerated using centrifugation, where single speed rotation 

is used to determine permeability (i.e. rate) data and stepped speed rotation to equilibrium is used to 

determine the compressibility.  Compressive strength data can be obtained using any centrifuge with 

flat based tubes through equilibrium solids concentration profiling [26-29] or equilibrium bed height 

variation with rotation rate [10, 30].  The scrape test for equilibrium solids concentration profiling 

requires minimal additional equipment, but involves manual measurements that can be labour intensive 

and may produce systematic errors [30].  Equilibrium profiles have been determined using calibrated 

light or sub-atomic particle sources with scattering or transmission detection, examples include a 

gamma ray device [26], a monochromatic light device [31] and an x-ray device [32].  These profiles are 

generally measured on a stationary sample, which can result in artefacts caused by elastic expansion of 

the sediment and manual handling [30, 33, 34].  Consequently, purpose built laboratory centrifuges 

(such as the LUMiFuge®) are useful because they are able to measure the solid-liquid interface in-situ 
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during centrifugation [35].  A more robust method that uses an analytical centrifuge to determine 

equilibrium sediment heights has been shown to be appropriate for a range of materials [30]. 

A large variety of laboratory filtration devices have been developed to measure filter cake 

dewatering properties.  Perhaps the simplest experimental set-up for determining dewatering properties 

involves the use of a vacuum filtration device (e.g. Buchner funnel) to determine the specific resistance 

to filtration (SRF).  An issue in such testing is that it is difficult to discriminate in the analysis between 

cake consolidation and cake desaturation and the ability to apply a range of pressures is limited.  Both 

are necessary attributes of dewatering characterisation of all but highly porous non-compressible filter 

cakes and as such, although simple, vacuum filtration devices are not recommended for highly 

compressible materials.  Several researchers, such as Christensen and Dick [36], have used an air-driven 

pressure filtration apparatus to determine the SRF of WWT sludges.  These air driven systems can be 

used to determine compressive behaviour, although this data is limited to the breakthrough pressure at 

which desaturation occurs [37].  Another simple and widely used measure of dewaterability is the 

capillary suction time (CST), in which a small amount of sludge is filtered by the capillary action of an 

absorbent filter paper.  This empirical method is useful for determining trends in filterability, and 

correlates with the SRF [38].  However, the results depend on the initial solids concentration and as 

with all single point tests, have a limited and non-quantitative predictive capability.  As such, any 

comparison between materials does not account for the compressible nature of a filter cake.  This is 

highly problematic and often misleading. 

The extremely compressible nature of some industrially relevant suspensions requires 

consideration of the filtration behaviour beyond cake formation.  The filtration-compression cell (FC-

cell) is a pressure piston device developed to investigate expression by compression of a filter cake 

[39].  A high level of control in the applied pressure and measurement of specific filtrate volume was 

achieved in the piston press, developed by Wakeman et al. [40], through the use of a pneumatically 

driven piston whose downward displacement was measured by a rotary encoder.  Measurement of the 

filtrate volume from the piston height avoids the potential issue of evaporation, which may reduce the 

weight of filtrate measured by the filtration-expression cell (FE-cell) [41].  The measurement of the 

pressure with a transducer at the piston face is important to ensure that the steady state applied pressure 

is rapidly reached and subsequently controlled (see Figure 3.2).  Similar devices have been used in other 

studies [28, 42-44], and this type of device is recommended for performing pressure-controlled tests 

due to the high level of accuracy that can be achieved in the measurement of filtrate volume.  The device 

can be used to apply a single constant pressure, or a range of step-wise increasing pressures. 
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Figure 3.2:  Lab-scale dead-end batch filtration rig showing key components, based on the design of de Kretser et al. 
[44] 

The compression-permeability (C-P) cell has become a standard tool for measuring the effect 

of the compressive pressure on the porosity and permeability of filter cakes since its development [45-

47].  The device enables the extraction of local values of porosity, ε (where ε  = 1-φ), and a mass-based 

filtration resistance coefficient, αm, as functions of the applied differential compressive pressure, ∆P.  

The data for αm or SRF can be directly converted to the parameters used in compressive rheology, or 

vice versa.  The equations relating the parameters are provided in other studies [48-50]. 

To summarise, there have been many laboratory dewatering devices developed to measure 

sample dewaterability.  The broad classes of lab-scale dewatering experiments include; 

• Transient gravity batch settling (TBS) tests 

• Transient centrifugal settling (TCS) tests 

• Equilibrium centrifugal settling (ECS) tests 

• Constant pressure filtration (CPF) tests 

• Stepped-pressure filtration (StPF) tests 

• Permeation filtration tests 

The ultimate objective of these experiments is to rapidly characterise the dewaterability of a 

sample so that operation at full-scale can be predicted and optimised, provided of course, that a validated 
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model of the dewatering device exists.  One example, using the compressive rheology approach, is the 

model of the plate-and-frame filter presses that are used to dewater wastewater treatment sludges.  

Stickland et al. [13] developed a numerical model for a plate-and-frame filter press that allowed for the 

simulation of a range of design scenarios to determine the solids throughput for each case.  Through 

these simulations, it was shown that the throughput for WWT sludge filtration can be increased by 

minimising the membrane squeeze time and designing with a small cavity width [51].  There are 

numerous other examples of advancements in dewatering design and operation of other devices and 

using other approaches, such as the approach of Tiller and colleagues [21, 52-55]. 
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 THEORY 
A governing equation for dewatering in one dimension is derived from the conservation of mass 

and momentum for the solid and liquid phases [1]; 
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t is the time, z is the vertical direction coordinate, ϕ(z) is the solids concentration profile, which 

is dependent on the gravitational constant, g, and the difference in density between the solid and liquid 

phase, Δρ.  The bulk flow, q(t), is zero for the case of gravity batch settling (in a settling container with 

a solid base) and dV/dt in the case of constant pressure dead-end filtration (where V is the specific 

volume of filtrate).  To solve this governing equation, it is assumed that compression is irreversible and 

the rate of the rearrangement of inter-particle bonds is much quicker than the rate of drainage, so the 

solids pressure, ps ≈ Py(ϕ) [10].  

The forward problem of solving Eq. (3.1) for known material functions with appropriate initial 

and boundary conditions for specific dewatering operations allows the prediction of dewatering 

behaviour.  Predictions can be made for operation of full scale dewatering devices including continuous 

thickening, batch settling and pressure filtration, if models for those devices exist.  Conversely, Eq. (3.1) 

can be used as the basis for extracting the material properties from dewatering experiments.  This is an 

example of an inverse problem, where the results of the experiment are known but the material functions 

are not.  A range of approximations and analysis methods are available for performing such inverse 

problems. 

The overall methodology for performing laboratory-based tests to extract verifiable material 

properties, which can then be used to make full scale predictions, is summarised in Figure 3.3. 
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Figure 3.3:  Summary of the unified dewatering characterisation methodology showing the process from lab-scale 
experiments to data analysis, followed by validation of the characterisation.  Then, after completing the 
validation, the material dewaterability characterisation results are used to perform full-scale predictions. 

3.3.1 Lab-scale dewatering experiments 

The gravity batch settling test involves measurement of the solid-liquid interface height in a 

straight-walled measuring cylinder (≥ 500 mL) as the suspension settles under gravity [25].  The output 

is a series of height measurements, hi(ti), at discrete times, ti.  This test provides important data even for 

filtration applications because a suspension experiences a wide range of concentrations during the 

filtration process.  Further test details and descriptions of two different TBS data analysis methods are 

provided in Lester et al. [25] and Usher et al. [30]. 

The equilibrium centrifugal settling test uses an analytical centrifuge to measure the equilibrium 

height of the suspension, h∞,i, for a range of acceleration rates, ai [10, 30].  The transient centrifugal 

settling test involves measurement of the solid-liquid interface radius at specific time intervals [30, 33, 

56].  The advantage of these tests over a gravity settling test is that they can be performed for multiple 

samples in a significantly shorter time, and in a less labour-intensive manner, which is especially useful 

for suspensions with low density difference or small particle sizes.  Usher et al. [30] describes additional 

test and analysis details. 

The constant pressure filtration test involves dead-end batch filtration in a filtration device (see 

Figure 3.2).  The specific filtrate volume, Vi(ti), is measured periodically as it is expelled through a filter 

membrane until an equilibrium state is approached [4, 42].  The stepped-pressure compressibility test 

features the same process, but once equilibrium is reached for the lowest desired applied pressure, the 

pressure is then increased to the next level. The process is repeated for a range of increasing applied 

differential pressures.  The stepped-pressure permeability tests are truncated filtration tests at the same 

applied pressures as the stepped-pressure compressibility test, as proposed by Usher et al. (2001).  The 

data analysis requires a slope from a time versus squared filtrate volume (t vs V2) plot, so for each 
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pressure this slope must reach a stable value.  The lowest desired pressure is applied to the suspension 

until a stability criterion on the slope of t vs V2 is reached, the pressure is then increased to the next 

level.  This process of reaching a constant value for (dt/dV2) then increasing the pressure to the next 

level (prior to compression) is repeated for the specified pressures.  Full details of stepped pressure tests 

are provided in de Kretser et al. [44].   

The links between these tests and the corresponding data analysis methods are summarised in 

Figure 3.4. 

 

Figure 3.4:  Summary of experiments, data analysis methods and the dewatering properties that can be extracted using 
the individual dewaterability characterisation methods.  This approach is based on the compressive 
rheology framework. 

3.3.2 Data analysis 

The challenge of the data analysis for each experiment is to solve the inverse problem of 

extracting dewatering parameters from the data: [hi(ti), h∞(ai) or Vi(ti)] → [R(φ), Py(φ), D(φ)].   

The default analysis methods used herein include; 

• Kynch [15] based analysis of TBS data [30] 
• Modified Kynch [15] based analysis of TCS data [30] 
• Multiple-speed equilibrium sediment height analysis of ECS data [10, 30] 
• Cake compression analysis of CPF tests for highly compressible samples [4] 
• Cake formation analysis of StPF tests for low- to moderately compressible samples [44, 57] 

A detailed description of each analysis and comparisons with alternative data analysis methods 

are provided in Appendices 3A and 3B. A summary of the overall analysis process and how the 

individual analyses combine is summarised in Figure 3.5.
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Figure 3.5: Summary of the unified data analysis process for dewaterability characterisation from lab-scale dewatering tests using the compressive rheology approach.  This process allows 
extraction of the compressive yield stress, Py(φ), hindered settling function, R(φ), and solids diffusivity, D(φ) over a wide solids volume fraction range.  Note that all material 
properties are shown in semi-log coordinates. 
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A range of functional forms or interpolation functions can be used to fit the Py(ϕ) and R(ϕ) data, 

depending on the sample.  The recommended functional forms that generally provide greatest flexibility 

are: 

(a) Py(ϕ) composite power law functional form – refer to Eq. (11) from Usher et al. [30] 

(b) R(ϕ) interpolating function – refer to Stickland et al. [4] 

After fitting Py(ϕ), the data points obtained for D(ϕ∞,i) can be converted to R(ϕ∞,i) and vice versa 

using Eq. (3.2).  The resulting R(ϕ∞,i) data are highly non-linear and it is difficult to accurately capture 

the relationship with a simple functional form, hence it is generally fit with an interpolating function.  

Eq. (3.2) may again be used to convert the curve fits for Py(ϕ) and R(ϕ) into D(ϕ). 

3.3.3 Method validation  

The next challenge of the analysis process is to validate the extracted dewatering parameters.  

This involves using the material properties as inputs into either a model of gravity or centrifugal settling 

[30], or filtration [58] and numerically solving the governing equation (Eq. (3.1)) to simulate the 

experiment: [R(φ), Py(φ), D(φ)] → [hi(ti) or Vi(ti)].  The appropriate boundary conditions are selected, 

and the initial test conditions are also inputs into the simulation (h0, φ0, plus ω, rmax for centrifugation, 

and ∆P and Rm for filtration).  A good fit of the simulation results to the test data is considered validation 

of the dewatering properties. 

The validation step is extremely important, because several assumptions and approximations 

are made during the data analysis process.  The errors from applying the wrong data analysis method 

can be large, and the extracted permeability/compressibility data may not be representative of the 

material that was characterised.  If so, any subsequent full-scale predictions made for industrial 

dewatering equipment are not accurate and will contain significant errors.  

3.3.4 Industrial-scale predictions  

The validation process provides confidence in the predictive capacity of the method.  The 

operation of any mechanical dewatering device can be simulated once a model has been developed.  

One example is the model of a full-scale filter press developed by Stickland et al. [13], which has been 

used to make predictions for several works [14, 17, 59].  As this is not the focus of the current study, 

no further industry-scale predictions are presented herein.  
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 MATERIALS AND METHODS 

3.4.1 Materials description 

The particulate suspensions investigated for this work were calcium carbonate (Omyacarb 2, 

Omya Australia Pty Ltd.) and a sewage sludge from Melbourne Water’s Western Treatment Plant 

(Victoria, Australia).  Calcium carbonate, or industrial calcite, was chosen to be representative of an 

industrial mineral sludge and was studied after preparation in 1 M KNO3(aq) and coagulated at its 

isoelectric point at pH 8.2.  The calcium carbonate powder had a mean particle size (volumetric 

diameter) of 3.5 µm and solids density of 2700 kg/m3. The biological sludge had a solids density of 

1598 kg/m3 and was tested as received without addition of sludge conditioners. 

3.4.2 Experimental method 

Lab-scale dewatering tests were performed to characterise these materials, over the wide range 

of solids concentrations observed in industry, including: 

1. Transient gravity batch settling (TBS) 
2. Transient centrifugal batch settling, single rotation speed (TCS) 
3. Equilibrium centrifugal batch settling, multiple rotation speeds (ECS) 
4. Stepped pressure filtration (StPF) or a series of constant pressure filtration (CPF) runs 

Samples of calcite and sewage sludge with known initial concentration and initial height were 

settled under gravity in a 1 L measuring cylinder.  The interface height was recorded over time until an 

equilibrium height was reached. 

Both calcite and sewage sludge samples of known initial concentration were placed in an 

analytical centrifuge (a LUMiFuge®, LUM GmbH, Germany, was used in this study). The solid-liquid 

interface for a single rotation speed was recorded until equilibrium was achieved.  In a separate test, the 

interface radius was measured whilst the suspension was centrifuged to a series of equilibrium heights 

in a step-wise manner for multiple rotation speeds.  A logarithmically distributed range of rotation 

speeds was used (500, 707, 1000, 1414, 2000, 2828, 4000 rpm). 

Stepped pressure compressibility and permeability filtration tests were performed on the calcite 

sample.  The initial concentration and height were measured.  A range of applied pressures were 

specified (10, 20, 40, ,80, 160, 320 kPa for both stepped pressure permeability and compressibility 

tests).  For the sewage sludge, constant pressure filtration tests were performed at 10, 20, 50, 100, 200 

and 500 kPa.  Constant pressure filtration runs are more appropriate for highly compressible 

suspensions, such as biological sludges (see Appendix 3C for decision flowsheet on filtration test 

selection). 

More detailed descriptions of the experimental methods can be found in the following studies 

[4, 25, 30, 44, 60] and step-by-step instructions are provided in Appendix 3A. 
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3.4.3 Data analysis methods 

There are many subtle variations in the data analysis methods described in the theory section 

and even greater variety in the combination of methods that can be employed.  The primary (i.e. default) 

analysis performed on calcite and sewage sludge samples is summarised in Table 3.2. 

Table 3.2:  Summary of methods for analysis of lab-scale dewatering tests 

  Analysis Methods 

Test Purpose Calcite Sewage sludge 

Gravity settling Permeability data Graphical1,2 Graphical1,2 

Eqm centrifugation Compressibility data Eqm heights1 Eqm heights1 

  (cubic polynomial fit) (cubic polynomial fit) 

Transient centrifugation Permeability data Graphical1 Graphical1 

Stepped pressure compressibility Compressibility data Eqm assumed3 N/A 

Stepped pressure permeability Permeability data R(φ) method3 N/A 

Constant pressure filtration Compressibility data 
Permeability data N/A Cake compression4 

1 Usher et al. [30], 2 Kynch [15], 3 de Kretser et al. [44], 4 Stickland et al. [4] 
 
Note that for this default analysis procedure, there is no regularisation (smoothing) of the 

settling data and the curve fit methods are Composite Power Law for Py(φ) and Interpolation ii for 

R(φ).The effect of variations on these data analysis methods is also explored further in Appendix 3E. 

3.4.4 Validation method and synthetic data creation 

The curve fits to the extracted R(φ) and Py(φ) values for the calcite and sewage sludge were 

used as inputs for models of sedimentation [30] and filtration [13], together with the initial conditions 

of the tests.  The simulation outputs were compared to the original experimental data for validation of 

the dewatering properties.  In addition, a synthetic data set was generated that is representative of one 

produced in a laboratory by gravity settling, centrifugation and filtration tests.  The data was produced 

using the functional forms of R(φ) and Py(φ) representative of a sewage sludge [30].  Using the same 

algorithms for performing the validation, the synthetic sedimentation [30] and filtration [13] data (hi(ti), 

hi(a,ti), h∞,i(ai) and Vi(ti)) were generated.  Analysis of this data set was performed to quantify the errors 

in the extracted material functions by comparing with the known functional forms. 
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  RESULTS AND DISCUSSION 

3.5.1 Characterisation results 

Py(φ),  R(φ) and D(φ) were determined from a gravity batch settling test, centrifugal settling 

tests and pressure filtration tests for a sewage sludge and calcium carbonate suspension.  The 

compressive strength, Py(φ) plot shows the equilibrium filter cake concentrations from constant pressure 

filtration runs (sewage sludge) and two stepped pressure runs (calcium carbonate) plotted against the 

applied differential pressures, which gives Py(φ) at high φ (Figure 3.6(a)).  Lower concentration data is 

given by stepped rotation centrifuge tests from equilibrium height data while the gravity settling test 

gives some data slightly above the gel point.  The estimated gel point, given by the gravity settling tests, 

for the calcium carbonate is 26 vol% and the sewage sludge is 3 vol%.  Analysis of the same gravity 

settling test determined R(φ) from the initial solids volume fraction to almost the gel point (Figure 3.6 

(b)).  R(φ) data was also obtained from transient centrifugation using a modified Kynchian-type method 

to account for the centrifugal force [30].  The slopes of t versus V2 (for calcite) and the fit to the cake 

compression region of filtration tests (for the sewage sludge) were used to determine R(φ∞) or D(φ∞) at 

high concentrations.  Following Py(φ) curve fitting, Eq. (3.2) was used to calculate D(φ∞) from R(φ∞) 

and vice versa.  The low concentration R(φ) values from gravity and centrifugal settling were also 

converted into D(φ) (Figure 3.6(c)). 

The general functional forms for R(φ) and Py(φ) and consequent D(φ) for a sewage sludge [30], 

which were used to generate the synthetic data, are also presented for comparison. 
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Figure 3.6: (a) Compressive yield stress, Py(φ), (b) Hindered settling function, R(φ), and (c) Solids diffusivity, D(φ),
all as functions for the solids volume fraction, φ, for an inorganic slurry (calcite), a biological sludge and
a synthetic functional form.  Data points are from filtration, centrifugation and gravity settling tests.

The characterisation highlights the higher permeability of the mineral slurry compared to the 

sludge of biological origin.  The extreme compressibility of the sewage sludge is demonstrated by the 

formation of a networked structure at 3 vol% and equilibrium compression to 50 vol% under an applied 

differential pressure of 500 kPa.  The solids diffusivity of the calcite continues to increase at high solids 

concentration, whereas the biological sludge decreases. 

3.5.2 Validation for calcite and sewage sludge samples 

Validation was performed by comparing lab-scale dewatering experiment data with dewatering 

simulations that use the algorithm for sedimentation described in Usher et al. [30] and filtration detailed 

in Stickland et al. [13].  The inputs to the algorithms are the extracted material properties, and initial 

1.E+06

1.E+07

1.E+08

1.E+09

1.E+10

1.E+11

1.E+12

1.E+13

1.E+14

1.E+15

1.E+16

1.E+17

1.E+18

0 0.6

H
in

d
e

re
d

 S
e
tt

lin
g
 F

u
n

c
ti
o

n
, 
R

(φ
)(

k
g
 s

-1
m

-3
)

0.2 0.4

Solids Volume Fraction, φ (v/v)

(b)

0.01

0.1

1

10

100

1000

10000

0 0.6

C
o
m

p
re

s
s
iv

e
 Y

ie
ld

 S
tr

e
s
s
, 
P
y
(φ

) (
k
P

a
)

0.2 0.4

Solids Volume Fraction, φ (v/v)

Calcite

Sewage Sludge

Synthetic

(a)

1.E-11

1.E-10

1.E-09

1.E-08

1.E-07

1.E-06

1.E-05

1.E-04

0 0.6

S
o

lid
s
 D

if
fu

s
iv

it
y
, 
D

(φ
) (

m
2
/s

)

0.2 0.4

Solids Volume Fraction, φ (v/v)

(c)



3-17 

and boundary conditions from the tests.  The algorithms output Vi(ti) for filtration, and hi(ti) for gravity 

and centrifugal settling.  The experimental data for gravity settling and laboratory piston-driven 

filtration of the sewage sludge and calcite is shown in Figure 3.7 and Figure 3.8.  The gravity settling 

data has almost reached equilibrium, as can be seen by plotting interfacial height against log(t).  The 

re-predicted settling curves show good agreement with the early time transient settling behaviour and 

the equilibrium sediment height.  The centrifugal settling validation is provided in Appendix 3B, with 

similar levels of error to the gravity settling case. 

Figure 3.7: Examples of the validation stage showing (a) transient gravity settling experimental data compared to the 
simulation (solid line) results for sewage sludge, and (b) Pressure filtration experimental data is also 
compared to the simulation results for sewage sludge at 100 kPa. 

Sewage sludges form networked structures at low solids concentrations and are extremely 

compressible, thus during filtration they rapidly form a filter cake before undergoing an extended period 

of cake compression.  This dewatering behaviour has proved difficult to model using average specific 

resistance to filtration values, but is expected and predictable using compressive rheology [61]. 

The non-quadratic filtration behaviour of the sewage sludge is re-predicted with good accuracy 

using the extracted dewatering material functions.  This type of filtration behaviour has been previously 

modelled using a compressive rheology framework [4, 62] and is expected for materials that exhibit 

non-monotonic D(φ) curves [61]. 
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Figure 3.8: Examples of the validation stage showing (a) transient gravity settling experimental data compared to the 
simulation (solid line) results for coagulated calcite, and (b) Stepped pressure filtration experimental data 
is also compared to the simulation results for calcite.  

The calcite suspension exhibits a higher ratio of cake formation to cake compression behaviour 

compared to the sewage sludge; as anticipated for a material that is less compressible.  This more 

‘traditional’ filtration profile justifies the use of the stepped-pressure tests and corresponding data 

analysis methods, and the accuracy of the re-prediction is further justification.  The error on the re-

prediction at the lowest applied pressure during the stepped pressure compressibility test (Figure 3.8(b)) 

can be attributed to inaccuracy in the curve fit for the 10 kPa data point (see Figure 3.6(a)).  This 

example is provided to demonstrate that errors due to curve fitting are, sometimes, unavoidable.  

Further, the filtration rig was unable to tightly control the set pressure for the 20 kPa step.  The average 

applied pressure for this step was determined to be 35 kPa, which was the value used for analysis and 

validation.  This demonstrates the importance of inspecting the raw data for potential issues.  In general, 

the rate and extent of dewatering during sedimentation and filtration for both materials are considered 

adequately modelled by Py(φ), R(φ) and D(φ).  

3.5.3 Investigation into alternative analysis methods 

To demonstrate the efficacy of the approach considered here, it is useful to compare the results 

to other methodologies that are commonly used both industrially and presented in the literature.  There 

are several different ways that the constant pressure filtration data for the sewage sludge sample can be 

analysed, including; 

• Incompressible Model - Cake formation region analysis assuming incompressibility
• Compressible Model A - Cake compression analysis to extract Py(φ), R(φ) and D(φ)
• Compressible Model B - Cake formation analysis and conversion of αm(∆P) results to Py(φ),

R(φ) and D(φ)
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The simulation predictions based on the incompressible and compressible models are shown in 

Figure 3.9 to highlight the possible errors from the analysis process. 

Figure 3.9: The validation results comparing different analysis methods for a sewage sludge sample.  The simulation 
results using the different models are compared to experimental data from the 100 kPa constant pressure 
filtration test showing the effect of data analysis method choice.  The analysis methods are based on either 
the cake compression (compressible model A) or cake formation region (incompressible/compressible 
model B) of the constant pressure filtration tests.  The incompressible model uses the average cake 
resistance, αm,ave at 100 kPa.  The compressible model B uses the conversion of αm(∆P) to R(φ).  For 
comparison, the R(φ) from compressible model A is converted to αm(∆P). 

The characterisation based on the cake compression region (compressible model A) is able to 

accurately predict the cake formation slope and the onset of compression.  This has been demonstrated 

in previous studies [4, 62].  The other characterisation based on the cake formation region (compressible 

model B) overestimates the resistance to filtration and shows the potential issues associated with using 

an analysis based on the cake formation behaviour for sewage sludge samples.  Note that this example 

highlights a case with extreme compressibility, and the cake formation method works for moderately 

compressible materials. 
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The incompressible model can accurately capture the cake formation behaviour at the pressure 

analysed (in this case 100kPa), but there is no capacity to model the cake compression region and 

significant deviations are observed after 30,000 seconds.  There are more significant issues when using 

this incompressible model to predict the filtration behaviour at a range of other pressures (see 

Figure 3.10(a)).  The validation of the compressive rheology model (compressible model A) is also 

presented for comparison, as shown in Figure 3.10(b). 

 

Figure 3.10:  The validation results comparing different analysis methods for a sewage sludge sample at a range of 
applied pressure differences.  (a) An incompressible model based on the Specific Resistance to Filtration 
(SRF) is compared to (b) a compressive model based on the compressive rheology framework. 

The SRF (incompressible model) overestimates the influence of the applied differential 

pressure difference on the initial slope of the t versus V2 plot.  This slope is not proportional to ∆P-1, 

hence the SRF is not able to accurately model the pressure dependent filtration behaviour.  This is 

supported by numerous studies that indicate that the filtration rate of sewage sludges does not detectably 

increase when the pressure is raised above a critical value of approximately 2 kPa [63, 64], a value that 

is likely to be dependent on the sludge type.  The compressive rheology modelling suggests that for low 

permeability, high compressibility samples, the change in filtration rate over the typical applied pressure 

range (10-1000 kPa) is only subtle.  The compressive rheology model is able to capture the cake 

formation and compression for the range of pressures.  This exercise shows the importance of the 

validation stage for any dewatering characterisation involving compressible materials and highly 

compressible materials. 

3.5.4 Investigation into selection of curve fit methods 

The data analysis method has a significant impact on the validity of the characterisation and the 

curve fit method can also have a strong influence.  The Py(φ) data can be fitted using: 
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• A power law functional form fitted to just the filtration data with known φg from batch settling 
(Power Law A) 

• A power law functional form fitted to the filtration and centrifugation data with φg as a fitting 
parameter (Power Law B) 

• A composite power law functional form fitted to all the filtration, centrifugation and 
sedimentation data with known φg [30] 

The R(φ) data can be fit using: 

• Power law 1 functional form [25] 
• Power law 2 functional form [30] 
• Interpolation i (interpolating function, no optimisation) 
• Interpolation ii (interpolating function, interval halving method optimisation) 
• Interpolation iii (interpolating function, manual optimisation) 

The simulation predictions based on the different curve fits to the sewage sludge data are shown 

in Figure 3.11 to demonstrate the errors from the selection of curve fit method.  Note that the Power 

Law B in Figure 3.11(a) and Power Law 1 and 2 in Figure 3.11(c) do not consider the gravity settling 

data.  For the simulations shown in Figure 3.11(b), the R(φ) data was fit using a manually optimized 

interpolating function. Similarly, for Figure 3.11(d), the Py(φ) data was fit using the composite power 

law functional form. 
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Figure 3.11:  The validation results comparing different curve fit methods for (a) Py(φ) and (c) R(φ) for a sewage sludge 
sample.  Note that for (a) R(φ) data was fit using interpolation iii and (c) Py(φ) data was fit using the 
composite power law functional form.  The simulation results from the different curve fit methods are 
compared to experimental data from the 100 kPa constant pressure filtration test showing the effect of 
errors in the fitting of (b) compressibility and (d) permeability data. 

The Power Law A curve fit provides a good fit to the high-pressure data, but there are large 

errors in the low pressure fit due to forcing it through the gel point.  These fitting errors manifest as 

large errors in the re-prediction.  The Power Law B curve fit of the compressive strength data, which 

has a floating gel point value, can accurately re-predict the original filtration data and is a good option 

if there is no gravity settling data available.  However, there may be significant errors associated with 

using this characterisation to estimate equilibrium gravity settling heights due to an inaccurate method 

for estimating the gel point.  The Composite Power Law offers the flexibility to precisely fit the low 

and high-pressure data, which allows accurate prediction of both gravity settling and filtration data.   

The large decrease in permeability, i.e. increase in drag, with volume fraction highlights the 

need to include both filtration and sedimentation behaviour, and also necessitates a flexible functional 
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form.  This is demonstrated by the poor re-predictive capacity of the Power Law 1 and 2 functional 

forms for the sewage sludge.  Hence, an interpolating function is required to provide a fit over the full 

range of volume fractions.  The wide gap between gravity settling and filtration data means that the 

interpolating function requires optimization.  Interpolation (i) is an interpolating function that maintains 

continuity and a smooth gradient but is not optimised to reduce the error on the re-prediction.  This is 

the quickest interpolation method, but best for materials with a small volume fraction gap between the 

gravity settling and filtration data, otherwise the errors could be significant as demonstrated by the 

difference between this method and the optimised versions of the same interpolating function, as shown 

in Figure 3.11(d).  The manual optimisation procedure (Interpolation iii) used in Skinner et al. [62] 

involves manually guiding the interpolation in the region of no data to reduce the error on the re-

prediction.  An algorithm based on interval halving was developed to remove the subjectivity of the 

manual optimisation.  This algorithm optimises the value of one guiding R(φ) point to reduce the sum 

of the squared errors of the predicted values of Vi(ti) on an absolute error basis.  The automated method 

(interpolation ii) is slightly more accurate that the manual method (interpolation iii) for the example 

sludge in Figure 3.11.  Additional details on the optimisation algorithm are found in Appendix 3E. 

To fully understand the source of errors in terms of those due to fitting and those due to 

numerical aberrations, further quantification was performed using synthetic experimental data created 

from a known functional form. 

3.5.5 Validation for synthetic data 

The errors from the data analysis process can be more readily quantified by re-extracting the 

material functions from settling and filtration predictions generated from a known functional form.  

Figure 3.12 shows this quantitative error analysis for the synthetic functional forms for sewage sludge, 

where the R(φ) results from the gravity and centrifugal settling were truncated using the procedure 

outlined in Usher et al. [30].  The extracted values for Py(φ), R(φ) and D(φ) were compared to the known 

functional forms of Py(φ), R(φ) and D(φ) to quantify the errors introduced by approximations and curve 

fitting. 
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Figure 3.12: The validation results quantifying the errors in the analysis process by comparison of extracted material 
properties with the known functional forms for (a) compressive yield stress and (b) hindered settling 
function and (c) solids diffusivity data.  The extracted material properties were then used to simulate the 
filtration tests and the simulations are compared to the synthetic data in (d). 

The comparison of the known Py(φ) with those extracted from data analysis methods of created 

(synthetic) data shows that errors of up to 10% may be present for centrifugation and filtration data.  

The percentage error increases significantly as Py(φ) approaches zero, but the absolute error becomes 

very small.  It is expected that this would be higher for real data with noise and measurement errors.  It 

was anticipated that the methods for extracting R(φ) from filtration data would be slightly less reliable 

as they also rely on an accurate value for Py(φ) when converting values from D(φ) and vice-versa.  This 

is indicated by the R(φ) and D(φ) errors in Figure 3.12(b-c).  It is expected that this would be higher for 

real data with noise and measurement errors.  The R(φ) curve fit between the gravity settling and 

filtration data has been optimised using the interval halving algorithm to reduce the sum of squared 

errors on the re-prediction. The re-prediction of the synthetic data using the extracted values is shown 

in Figure 3.12(d) to provide greater context to the impact of analysis errors on the validation process.  

Despite the errors, the simulation shows good agreement with the synthetic data. 
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A quantitative analysis of the sensitivity to the initial solids concentration, membrane 

resistance, data analysis method and number of data points is also provided in Appendix 3E.  This 

sensitivity analysis suggests that errors from filtration tests can be reduced by pre-consolidating the 

sample to the gel point through gravity settling and the membrane resistance has a significant effect on 

the results once resistance to filtration across the membrane, Rm, exceeds 1010 Pa m s-1.  The impact of 

this membrane-related resistance value is sample specific and lower membrane resistances may have a 

more significant impact on higher permeability materials.  Finally, the sensitivity analysis indicates that 

the settling curves and each filtration run must exceed 40 data points, otherwise the errors will be 

substantial. 

3.5.6 Limitations 

There are several potential issues with using the unified dewatering characterisation 

methodology for quantifying the permeability and compressibility of samples.  These errors can come 

from the experiments, the data analysis process and the dewatering property validation.  The first key 

limitation for discussion is the availability of dewatering test equipment.  A basic characterisation may 

be completed with a measuring cylinder and pressure filtration device, or even a measuring cylinder 

and a centrifuge.  The pressure filtration device and centrifuge allow the extraction of dewatering 

properties at concentrations above the gel point.  If a filtration device is available but not suitable for 

collecting compressibility data, it can still be used to determine permeability data during cake formation. 

This data should be supplemented with compressive strength results from centrifugation.   

The issues with the centrifugation and gravity settling tests, with reference to relevant studies 

for further details, include; 

• Wall adhesion effects [65-67]
• Sloped walls [68, 69]
• Syneresis (isotropic shrinkage) [68]
• Influence of shear, such as shear history and effect on aggregate structure [69]
• Densification of aggregated particles [70]
• Polydisperse sedimentation [56]
• Elastic rebound of the sediment bed [30, 33, 34, 71, 72]

In both gravity and centrifugal settling, wall adhesion effects may also significantly affect the

results [67], especially in narrow settling vessel geometries [73].  An assessment of the relative 

influence of wall adhesion was performed, based on the work of Buscall and Lester [73].  The minimum 

column diameter, Dmin, required to render potential wall adhesion effects negligible for a typical settling 

vessel (measuring cylinder), i.e. a relative error of 5%, was 360 mm for a typical sewage sludge 

(h0 = 0.3 m, φ0 = 0.1 vol%) and 1500 mm for a coagulate calcite suspension (h0 = 0.3 m, φ0 = 5.0 vol%).  

The relative errors for a settling cylinder (h0 = 0.3 m) with diameter of 10 mm were 18% for the sewage 
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sludge and 77% for the coagulated calcite.  It is noted that this is an approximation and the error is 

expected to vary with height as there is a concentration profile in the sediment bed. Further, this 

approximation assumes that there is no slip at the walls. Wall slip reduces the potential wall adhesion, 

so the actual errors may be smaller than estimated. The details of the calculations, including for 

centrifugal settling, are provided in Appendix 3E.  The simplest ways to reduce the influence are to 

reduce the initial concentration of the suspension, and to increase the diameter of the settling cylinder.  

However, some mineral suspensions may require unfeasibly large (> 2 m diameter) settling cylinders 

to prevent significant wall adhesion effects.   

The wall/edge effects for flocculated suspensions are different to those for coagulated 

suspensions.  For example, polymer flocculated alumina suspensions settle quicker with a rod in the 

centre of the settling cylinder [68].  The rod induces shear, which causes densification of the flocculated 

aggregates that then shrink away from the rod, providing a channel through which water can pass with 

less resistance.  Whereas a salt coagulated (unflocculated) alumina suspension exhibited the opposite 

behaviour with solids sticking to the rod and reducing the settling rate [68].  The mechanism of this 

isotropic shrinkage towards the rod resembled syneresis.  Sloped walls can also induce shear 

densification and enhance settling rate and extent [74].  Hence, modifications to any standard batch 

settling test can strongly influence the characterisation results.  The potential sources of error relating 

to settling tests are explored further in Appendix 3B.  Also, refer to Appendix 3E for quantification of 

effect of the particulate network elasticity on equilibrium centrifugation results 

Any filtration device (air or piston driven) that allows precise control of a constant pressure and 

measurement of the volume of filtrate can be used to collect filtration data.  However, there are issues 

with using manometer-type devices due to clogging of the feed to the manometer, which can give 

unreliable compressive strength data.  Devices with a pressure transducer on the face of the piston can 

reach the set pressure more rapidly and maintain that constant pressure with accuracy.  The inability to 

quickly reach and maintain the set pressure can cause significant errors in the subsequent data analysis.  

Devices capable of applying stepped-pressure increases are recommended for use on moderately 

compressible materials, because they can significantly reduce the experimental time required for 

material characterisation [44].  Refer to Appendix 3D for troubleshooting relating to pressure filtration 

experiments, as well as gravity and centrifugal settling issues. 

The filtration data analysis requires numerous assumptions and approximations.  The filtration 

analysis generally assumes the settling rate to be zero.  Thus, the analysis can be flawed in the presence 

of sedimentation.  This phenomenon is detectable on a t versus V2 plot by a discontinuity after the cake 

formation region in which there is an increased filtration rate as the supernatant is forced through the 

filter cake, like a permeation test [44].  This cake permeation is followed by compression once the piston 

reaches the top of the cake.  Hence, increasing the initial solids concentration of the filtration test can 
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reduce the significance of the error caused by sedimentation by reducing the initial settling rate. 

Another assumption is that equilibrium has been reached during stepped-pressure compressibility tests. 

This should be checked because the extracted compressive strength curve will be shifted to the left if 

this is not the case.  For some low compressibility materials, the stepped pressure analysis will give 

R(φ) values with a negative slope.  This result is non-physical.  The equations and approach relevant to 

preventing this non-physical result are described in Usher [60]. 

The validation of dewatering properties for the filtration tests requires a numerical method to 

solve the governing equation (Eq. (3.1)).  The scheme used in this work is the 4th-5th order Runge-Kutta 

method [58, 75-77], which is generally stable, but it is difficult to detect when this method fails.  The 

output of V(t) from the Runge-Kutta method can be checked using a finite difference scheme [61] to 

solve the same governing equation.  The case of sedimentation during filtration with significant 

membrane resistance is an area of current model development within the compressive rheology 

framework and not presented in this study.  Similarly, the prediction of sedimentation with segregation 

of a wide range of particle sizes and densities [78] requires incorporation in cases where segregation is 

important.  There are many potential sources of error for any dewaterability analysis and as such it is 

important to be aware of these issues and their impact on the characterisation results. 
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 CONCLUSIONS 
This work presents, for the first time, a unified method for combining lab-scale dewatering test 

data analysis methods that have been developed using the compressive rheology framework.  A 

software tool that accompanies this thesis facilitates the implementation of this method.  The 

experimental equipment required for the complete method: 

• Measuring cylinder with stopwatch 

• Analytical centrifuge 

• Pressure filtration device 

For some samples, such as sewage sludges, all of these devices may be necessary for accurate 

dewaterability characterisation.  Centrifugal methods may not be necessary for flocculated mineral 

slurries.  A sensitivity analysis was performed on the influence of the data analysis method, the number 

of data points, the initial concentration, and the filtration membrane resistance.  The sensitivity analysis 

demonstrated that errors are significant for data sets with less than 40 points and that samples should 

be pre-consolidated by gravity prior to filtration tests. 

The analysis of synthetic data produced from known functional forms for the compressibility 

and permeability of a sewage sludge type material has shown that the data analysis methods for pressure 

filtration, gravity and centrifugal settling can be combined with errors of less than 20%.  Errors of up 

to 80% are observed for the traditional approach to measuring filtration resistance that is based on 

analysis of cake formation during constant pressure filtration.  The analysis of experimental data from 

a sewage sludge and pH-coagulated calcite suspension demonstrates that the methodology can be 

applied to real materials.  Choosing the correct dewatering tests and analysis methods appropriate to 

the sample is crucial to accurate as distinct from precise characterisation.  For example, the application 

of ‘conventional’ cake formation analysis to the filtration behaviour of a sewage sludge sample can 

contain large errors but shows negligible errors for moderately compressible suspensions.   

The key limitations from experiments and data analysis that can introduce error into the analysis 

are also explored.  This includes elastic rebound of the sediment following equilibrium centrifugation, 

wall effects during transient and equilibrium settling and sedimentation during filtration.  It is critical 

that these issues are checked, and their significance reduced.  Otherwise they can have a large impact 

on the characterisation results, thus leading to over- or under-sizing of industrial dewatering equipment 

designed through modelling.  The key issue of the influence of walls on settling in the analytic 

centrifuge will be explored further in Chapter 5. 
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NOMENCLATURE  

List of abbreviations and definitions used in this study 

Abbreviations Units Definition 
CPF  Constant pressure filtration 
CST [s] Capillary suction time 
dSVI [mL g-1] Dilute sludge volume index 
ECS  Equilibrium centrifugal settling 
FC  Filtration-compression 
FE  Filtration-expression 

StPF  Stepped pressure filtration 
SRF [m kg-1] Specific resistance to filtration 
SVI [mL g-1] Sludge volume index 
TBS  Transient (gravity) batch settling 
TCS  Transient centrifugal settling 

WWT  Wastewater Treatment 
WWTP  Wastewater Treatment Plant 
Symbols Units Definition 

A [m2] Filter membrane area 
c [kg m-3] Weight of solids per unit volume of filtrate 

D(ϕ) [m2 s-1] Solids diffusivity 
g [m s-2] Gravitational acceleration 
h [m] Height 

Py(ϕ) [Pa] Compressive yield stress 
ΔP [Pa] Applied differential pressure 
q [m s-1] Flux 
r [m] Centrifugal radius 
rm [m-1] Membrane resistance 

R(ϕ) [Pa s m-2] Hindered settling function 
Rm [Pa s m-1] Resistance to filtration across membrane 
t [s] Time 
V [m] Specific filtrate volume 
z [m] Cartesian distance coordinate 

Greek Letters Units Definition 
η [Pa s] Dynamic viscosity of fluid 

αm [kg m-1] Specific cake resistance (mass basis) 
αv [m-2] Specific cake resistance (volume basis) 
ε [v/v] Porosity 

Δρ [kg m3] Density difference 
φ [v/v] Solids volume fraction 
ω [rad s-1] Centrifugal rotation rate 

Subscripts Units Definition 
∞  Equilibrium 
0  Initial 
c  Critical 
g  Gel point 
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i  Integer value 
m  Mass basis 
s  Solids 
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Appendix 3A: Detailed experimental procedure 

Sample Storage 

All samples of biological origin, such as sewage sludge, are to be maintained below 4°C by 

refrigeration due to high rates of sample degradation when kept at room temperature.  It is recommended 

to store biological samples for no longer than two weeks. 

Density Measurements 

It is crucial to determine the initial solids concentration and often final solids concentration of 

the dewatering tests.  Thus, the difference in density between the solid and liquid phases, ∆ρ, needs to 

be measured.  The following method is for the density of the solids fraction (particle density) and the 

liquid fraction (liquor density).  This method is adapted from Chapter 4 of Usher [60]. 

i. Suspension density

1. Weigh empty 100 mL density cup (DC), record weight (mDC,empty)
2. In order to calibrate the DC, fill with water then dry the outside of the cup with a paper towel
3. Weigh the DC with water and record weight (mwater,wet)
4. Empty and wash DC, dry in 60ºC oven for ~ 5 mins
5. Cool DC to room temperature
6. Fill with sample then dry the outside of the DC
7. Weigh the DC with sample and record weight (msample,wet)
8. Take all material from DC for solids mass fraction measurement

Record: mDC,empty, mwater,wet , msample,wet

Calibration calculation:

etemperaturlabwater

emptyDCwetwater
DC

mm
V

_@

,,

ρ
−

= (3A.3) 

Where: VDC is the volume of the density cup 

ρwater@lab_temperature is the density of water at its measured temperature in the lab 

Suspension density calculation: 

DC

emptyDCwetsample
susp V

mm ,, −
=ρ (3A.4) 

Where: ρsusp is the suspension / slurry density  

ii. Liquor density
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If the sample is expected to contain minimal dissolved or colloidal material, then the liquor 
density can be determined from density tables based on the liquid temperature.  However, for biological 
samples or other samples with colloidal material present, the following procedure is required: 

1. Separate the liquor from the solid particles of the sample, use sedimentation, and if solid 
particles are still visible, vacuum filtration with a 25 µm filter paper 

2. Wash 50 mL pycnometer  
3. Dry in 60ºC oven for ~ 5 mins 
4. Cool pycnometer to room temperature  
5. Weigh empty pycnometer and record weight (mpycnometer,empty) 
6. Fill pycnometer with liquor, then dry the outside 
7. Weigh the pycnometer and record the weight (mpycnometer,wet_liq) 
8. This liquor can then be used for the total dissolved solids measurement 

Record: mpycnometer,empty, mpycnometer,wet_liq  

Liquor density calculation: 

pycnometer

emptypycnometerliqwetpycnometer
L V

mm ,_, −
=ρ  (3A.5) 

Where:  ρL is the liquor density 

 Vpycnometer is the volume of the pycnometer (e.g. 50 mL) 

iii. Solids (particle) density 

The solid phase density, or particle density, can be determined following measurement of the 

solids mass fraction of the sample (refer to Eq. (3A.9)). 

Solids Mass Fraction Measurements 

The following method is for solid mass fraction determination of the prepared sample, and 

calculation of the volume fraction based on solids density measurements.  This is generally referred to 

as the “weight loss on drying measurement”. 

1. Weigh a dry and empty small container(s) and record weight (msample,empty) 
2. Take a small amount of the homogenised sample.  This sample must be representative of the 

whole sample 
3. Place sample into the container(s) 
4. Weigh sample and record weight (msample,wet) 
5. Dry sample in ~ 60ºC oven (or 100ºC for mineral slurries) 
6. Cool to room temperature for at least an hour in a desiccator and then weigh.  Repeat steps 5 

and 6 every day and record the weights until final equilibrium weight is reached.  Record this 
final weight (msample,dry) 

Record: msample,empty , msample,wet and msample,dry 

The calculations to determine solids mass fraction and solids volume fraction are described in 

detail in the following sections. 
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Total Dissolved Solids Mass Fraction Measurements 

The effect of the dissolved solids on dewatering behaviour may be negligible at high solids 

volume fractions.  However, the dissolved solids are significant if they are comparable to the total 

suspended solids concentration.  The following method is for total dissolved solids mass fraction 

determination of the sample liquor. 

1. Separate the liquor from the solid particles, use vacuum filtration with a 25 µm filter paper if 
needed 

2. Weigh a dry and empty small container(s) and record weight (mliq,empty) 
3. Take a small amount of the filtered liquor sample 
4. Place sample into the container(s) 
5. Weight sample and record weight (mliq,wet) 
6. Dry sample in ~ 60ºC oven (or 100ºC for mineral slurries) 
7. Cool to room temperature for at least an hour in a desiccator and then weigh.  Repeat steps 6 

and 7 every day and record the weights until final equilibrium weight is reached.  Record this 
final weight (mliq,dry) 

Record: mliq,empty , mliq,wet and mliq,dry 

Solids Volume Fraction Calculations 

The section details the method for performing solids volume fraction calculations.  Solids 

concentration of the suspension is measured in weight and volume basis, and it is determined by oven 

drying. Solids mass fraction of suspension, x, is calculated using Eq. (3A.6).  

A
ABx

−
−

=
1

 (3A.6) 

Where: A = mass fraction of dissolved solids of the liquor  

B = dry mass fraction of the suspension including dissolved solids 

Parameters A and B in Eq. (3A.6) are determined using Eq. (3A.7) and (3A.8). The supernatant 

(liquor) used to calculate A while precipitate (particulate) suspension is used to calculate B.  

emptyliqwetliq

emptyliqdryliq

mm
mm

A
,,

,,

−

−
=  (3A.7) 

emptysamplewetsample

emptysampledrysample

mm
mm

B
,,

,,

−

−
=  (3A.8) 

Where: msample,empty and mliq,empty are the weights of the containers 
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 mliq,wet is the initial weight of liquor sample (before drying)  

 msample,wet is the initial weight of particulate suspension sample (before drying) 

 mliq,dry is the dry weight of liquor sample (after drying)  

 msample,dry is the dry weight of particulate suspension sample (after drying)  

The overall suspension density and the liquor density are measured using a density cup and 

a pycnometer respectively. Then, for a given solid mass fraction, the solid particle density is calculated 

using Eq. (3A.9). The density measurement is conducted three times and an error analysis on both liquor 

and particle densities are performed. 

Lsusp

s x
x

ρρ

ρ
)1(1 −

−
=  (3A.9) 

 Where: ρs is the solid phase (particle) density  

ρsusp is the suspension / slurry density  

ρL is the liquid density  

x is the solids mass fraction  

Therefore, the solids volume fraction of the suspension, ϕ, is calculated using Eq. (3A.10), the 

average particle density and the average liquor density: 

)(
)1(1

1

AB
B

L

s

−
−









+

=

ρ
ρ

φ  (3A.10) 

The equations for converting solids volume fraction to solids concentration in grams of solids 

per litre (gpl) of suspension are presented in Section 4.4.3 of Usher [60].  Templates are provided with 

the supplementary material for performing these calculations. 

Potential Issues and Alternatives 

Oven drying of biological sludges at 100°C can cause volatilisation of some of the sludge 

components, so it is recommended to dry all biological matter at 60°C. 

Alternative methods for determining solids density include: 

• Water displacement techniques (buoyancy method) 
• Radiometric techniques (Gamma rays or x-rays) [79] 
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• Microwave techniques [80]
• Ultrasonic techniques [81]
• Laser techniques (Gravitic density meter)

Any of these techniques may be applied to inorganic suspensions and the microwave technique

has been successfully applied to density measurements of sewage sludges.  The low attenuation of 

organic materials may cause issues with radiometric measurements.  The weight loss on drying 

technique can be used when this equipment is not available. 

Gravity Batch Settling Test 

An overview of important information relating to the transient gravity batch settling test is 

shown in Table 3A.3. 

Table 3A.3:  Transient gravity batch settling method overview 

Details Comment 

Parameters Measured Mainly R(φ), some information on Py(φ) 

Solids Volume Fraction Range φ0 ≤ φ <φg for R(φ) and slightly higher for Py(φ) 

Pressure Range 0 < Py(φ) < Pbase 

Time Required 30 minutes – 2 days 

Key Advantages Minimal equipment required, simple test, enables characterisation at low φ 

Key Limitations 
Biological activity of samples causing flotation, wall effects [67], delayed 
collapse of suspension [82], syneresis [68], relatively large sample volumes 
and slow settling rates possible 

Apparatus 

The only pieces of equipment required are a measuring cylinder (or straight-walled cylinder 

and a measuring tape) and a timer.  A video camera can be used to film the settling interface height. 

Test Procedure 

For biological sludges, the as-received sample is generally diluted with its own liquor to ensure 

that it is well below the gel point and a defined solid-liquid interface is observable.  For samples 

prepared from powder, the initial volume fraction should be well below the gel point of the material to 

reduce the experiment time.  For samples that require flocculation, refer to Usher [60] for further details. 

The following test procedure is used to perform transient gravity batch settling 

1. Measure the solids volume fraction of each sample to be tested
2. Load homogenous sample into the settling cylinder such that the initial height is near the top of

the cylinder
3. Record the initial height of suspension, h0
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4. Allow the suspension to settle.  Periodically record the height of the solid-liquid interface height 
with time (hi(ti)) until no discernible change in height can be observed.  Note that the rate of 
settling will depend on the material and φ0 so the test time may vary significantly between 
samples. 

 Record: φ0, h0, hi(ti) 

Potential Issues and Alternatives 

A major consideration for these tests is the effect of wall adhesion, since the results strongly 

flocculated colloidal suspensions might be significantly influenced by adhesion to cylinder walls unless 

the settling column is impractically large (D ~ 2 m) [67].  The effect is different for coagulated 

compared to flocculated samples [68]. 

The data analysis process requires several assumptions, and the validity of these requires 

checking.  For sedimentation tests, it is assumed that the suspension is at a uniform initial concentration, 

which is reasonable considering the mixing that occurs during the filling process.  This mixing can 

affect the initial settling behaviour of the solid-liquid interface, resulting in an initial period of little or 

no settling.  This initial delay is accounted for in the method of Lester et al. [25], but it is expected to 

have a greater influence on the interface than the bed developing at the base of the settling vessel, which 

creates a potential source of error.  Similarly, the segregation of the suspension due to its heterogeneity 

and polydispersity may introduce errors into the analysis.  The influence of polydispersity on the settling 

of suspensions is modelled by Berres et al. [83], although this is not incorporated into this work as the 

suspensions of interest (e.g. sewage sludges) are too heterogenous.  Lerche and Sobisch [56] 

demonstrated the impact of polydispersity on the solid-liquid interface, showing that polydisperse 

(swarm) settling can occur for weakly flocculated suspensions resulting in an interface that is not clearly 

defined.    

Suspension settling behaviour under gravity is generally measured from direct visual 

observation as previously outlined, but can also be measured using more advanced equipment.  These 

instruments use either a visible light source [84] or an x-ray source [32] to track the spatial and temporal 

evolution of the sediment.  The x-ray device also allows extraction of transient solids concentration 

profiles [32].  The compressive strength at low solids pressure could be more accurately estimated from 

an equilibrium bed solids concentration profile measured by a non-destructive method, such as 

ultrasonic attenuation [85] or x-ray attenuation [32]. 

The gel point of a suspension can also be estimated based on a series of equilibrium gravity 

batch settling height measurements.  The method based on equilibrium bed heights requires a series of 

tests to be performed [86], as such the transient batch settling test outlined in Lester et al. [25] is the 

preferred method for this study as only one test is necessary.  
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Transient Centrifugal Batch Settling Test 

An overview of important information relating to the transient centrifugal batch settling test is 

shown in Table 3A.4. 

Table 3A.4:  Transient centrifugal batch settling method overview 

Details Comment 

Parameters Measured R(φ) 

Solids Volume Fraction Range φ0 <φ <φg  

Pressure Range 0 < Py(φ) < Pbase 

Time Required 30 - 180 minutes 

Key Advantages Fast and simple test, small sample size and enables characterisation at low 
φ 

Key Limitations Mechanically complex equipment required, wall effects [67], and syneresis 
[68] 

Apparatus 

The settling velocity needs to be measured by an analytical centrifuge.  Examples of these lab-

scale centrifuges include the LUMiFuge® or LUMiSizer®. 

Test Procedure 

The LUMiFuge® or LUMiSizer® is operated via a computer controlled SEPView application 

that can guide users through each stage of the test procedure.  The detailed method for performing the 

transient batch centrifugal settling tests is outlined below.  For multi-sample analytic centrifuges, all 

eight or twelve sample slots can to be loaded. 

1. Measure the solids volume fraction of each sample to be tested 
2. Load homogenous sample into centrifugal settling tubes, duplicate samples should be prepared 
3. Record the initial height of suspension, h0. This can be used to double-check the measured 

meniscus height from analytic centrifuge measurements 
4. Place the tubes into their positions in the analytical centrifuge – duplicates are to be loaded in 

diametrically opposite positions 
5. Specify the required rotational rate in the analytical centrifuge (e.g. 500 rpm) 
6. Commence the test by following computer prompts.  The SEPView software records the 

transmission profiles along the length of the sample at specified intervals 
7. Once the test has stopped, export the test data to an Excel spreadsheet file with a transmission 

threshold of 20% used to determine the height of the solid-liquid interface height with time 
(hi(ti))  

8. Optional: Check the initial solids concentrations through weight loss on drying.  Note that this 
requires measurement of the weight of each cuvette. 

Record: φ0, h0, ω, hi(ti) 



 
 

3-38 
 

Potential Issues and Alternatives 

Shear forces and wall effects are also influential during centrifugal settling tests, especially for 

devices with small diameter sample cells.   The walls of the measuring cylinder and centrifuge sample 

cells are expected to exert and influence on the sediment.  The analysis assumes that the shear stress is 

negligible, however this is not valid for cylinders with large aspect ratios (small diameters).  Shear 

densification and syneresis have been shown to influence settling analysis and these effects depend on 

the coagulation or flocculation state of the sample [68].  In general, it is important to use wide diameter 

and straight walled settling vessels.  The sample cells for the analytical centrifuge used in this study are 

designed with tapered walls, the influence of this requires further investigation.  Some evidence 

suggests that these wall effects can enhance dewatering of sewage sludges in an analytical centrifuge 

[34].  As such, despite the validity of centrifuge data analysis techniques presented in this work, it is 

advised to treat the data with caution and specify a low rotation rate.  The low rotation speed allows for 

a slower settling speed and therefore a more detailed settling curve for analysis.  Recent data 

(unpublished) indicate that similar R(φ) results can be obtained from gravity and centrifugal settling. 

Analytical centrifuges that measure the solid-liquid interface height in-situ are preferred, but 

any centrifuge with flat-bottomed tubes can be used.  Transient settling data may be collected by manual 

measurement of the interface height.  However, centrifugal settling is generally fast, so small time 

intervals are required.  Furthermore, the manual measurement requires manual handling that can lead 

to disturbance of the sediment.  The removal of samples from the centrifuge can induce significant 

errors.  
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Equilibrium Centrifugal Batch Settling Test 

An overview of important information relating to the equilibrium centrifugal batch settling test 

is shown in Table 3A.5. 

Table 3A.5:  Equilibrium centrifugal batch settling method overview 

Details Comment 

Parameters Measured Py(φ) 

Solids Volume Fraction Range φg <φ < 20 φg for biological sludges or ~5 φg for mineral slurries 

Pressure Range 0.1 < Py(φ) < 10 kPa  

Time Required 30 - 360 minutes  

Key Advantages Fast and simple test, small sample size and enables characterisation at 
applied pressures between gravity settling and filtration 

Key Limitations Mechanically complex equipment required, wall effects [67], and syneresis 
[68] 

Apparatus 

The equilibrium height was measured in the same device described for the transient centrifugal 

settling test. 

Test Procedure 

For multi-sample analytic centrifuges, all eight or twelve sample slots can to be loaded with 

samples of different initial concentrations.  The duplicates of each sample are placed in diametrically 

opposite tubes so that the centrifuge is balanced.  The replicates will be used for error analysis.  The 

detailed method for performing the equilibrium batch centrifugal settling tests is outlined below.   

1. Measure the solids volume fraction of each sample to be tested 
2. Load homogenous sample into centrifugal settling tubes, duplicate samples should be prepared 
3. Record the initial height of suspension, h0. This can be used to double-check the measured 

meniscus height from analytic centrifuge measurements 
4. Place the tubes into their positions in the analytical centrifuge – duplicates are to be loaded in 

diametrically opposite positions 
5. Specify the required rotational rates in the analytical centrifuge (for example: 500, 707, 1000, 

1414, 2000, 2828 and 4000 rpm) 
6. Commence the test by following computer prompts.  The SEPView software records the 

transmission profiles along the length of the sample at specified intervals 
7. Once the test has stopped, export the test data to an Excel spreadsheet file with a transmission 

threshold of 20% used to determine the height of the solid-liquid interface height with time 
(hi(ti))  

8. Optional: Check the initial solids concentrations through weight loss on drying.  Note that this 
requires measurement of the weight of each cuvette. 

Record: ω, h∞,i(ai)  
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Potential Issues and Alternatives 

There is also evidence of the presence of wall effects on equilibrium solids concentration 

profiles [65], which do not appear to be as significant to the overall analysis as the transient effects, but 

are important to consider.  The elastic behaviour of the suspension is not an issue in the procedure 

outlined above because the equilibrium height is determined whilst the centrifugal acceleration is still 

applied.  However, this is an issue any time that the sample is removed from the centrifuge for 

measurement of the equilibrium height. 

Reaching equilibrium during settling tests is also important for the analysis.  Inspection of the 

settling height versus log(t) is the best way to ascertain equilibrium, but this remains open to 

subjectivity.  It is recommended that the test should continue for an additional 50% of the settling time 

beyond the point that there is no discernible change in height.  At this point the test is nominally finished. 

An alternative analysis of equilibrium centrifugation results can be performed based on the 

solids concentration profile.  This requires removing the sample from the centrifuge and measuring the 

concentration profile via scrape testing [86] or an x-ray device [32].  The compressive strength curve 

can be extracted from integration of the φ(z) profile using the method detailed in Green et al. [86]. 
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Stepped Pressure Filtration Tests 

An overview of important information relating to the stepped pressure filtration compressibility 

test is shown in Table 3A.6 and the stepped pressure filtration compressibility test is shown in 

Table 3A.7. 

Table 3A.6:  Stepped pressure filtration compressibility method overview 

Details Comment 

Parameters Measured Py(φ), where ∆Pi = Py(φf,i). 

Solids Volume Fraction Range 0.2 <φ < 0.6 for mineral slurries (method not recommended for sewage 
sludges) 

Pressure Range 5 - 2000 kPa (some high-pressure devices may achieve higher) 

Time Required 1 – 48 hours for some samples 

Key Advantages Robust, accurate, small sample requirement and fast characterisation. 

Key Limitations No data at low φ, mechanically complex and may not reach equilibrium for 
highly compressible suspensions 

Table 3A.7:  Stepped pressure filtration permeability method overview 

Details Comment 

Parameters Measured R(φi) 

φ Range 0.2 <φ < 0.6 for mineral slurries (method not recommended for sewage sludges) 

Pressure Range 5 - 2000 kPa (some high-pressure devices may achieve higher) 

Time Required 30 minutes – 24 hours for some samples 

Key Advantages Robust, accurate, small sample requirement and fast characterisation. 

Key Limitations No data at low φ, mechanically complex and validity issues for highly compressible 
materials 

Apparatus 

The piston driven filtration test rig, shown in Figure 3.2, is a computer controlled lab-scale filter 

press.  The key components of the rig included; 

• Filtration cylinder 
• Base plate 
• Permeable sintered disk 
• Pneumatic cylinder 
• Pressure controller 
• Linear encoder 
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• Pressure transducer 
• Compressed air supply 
• Electronic data acquisition system 
• Computer 

Test Procedure 

The filtration test rig is operated via a semi-automatic computer controlled LABVIEW 

application that can guide users through each stage of the test procedure.  The following section outlines 

a brief overview of the test procedure that is used for stepped pressure filtration tests. 

Prior to Tests 

1. Measure the initial solids volume fraction, φ0, of the sample to be tested 
2. Select the filtration pressures (for example: 5, 10, 20, 50, 100, 200, 300 kPa) 

Compressibility Test 

3. Start the LABVIEW program and select the “Compressibility Test” 
4. Enter all the relevant details when prompted by the program.  Note that these values can be 

adjusted to account for updated values later (especially φ0) 
5. Zero the linear encoder when prompted 
6. Load the filter membrane and bolt down the filtration cylinder when prompted 
7. Load homogenous sample into the filtration cylinder such that the initial height is minimised 

whilst allowing a final filter cake with height greater than 3 mm 
8. Position the piston touching the top of the sample, excluding as much air as possible through 

the bleed line 
9. Allow the program to record the initial height of suspension, h0 
10. Commence the test by following computer prompts. Filtrate is expelled through a filter 

membrane and sintered disk and the filtration run is allowed to continue until the consolidation 
of the suspension approaches an equilibrium height, h∞,i.  Once the criterion for equilibrium is 
achieved, the applied differential pressure, ∆P1, is automatically increased to the next desired 
level, ∆P2, and the suspension is again compressed until the equilibrium criterion is achieved.  
This process of reaching equilibrium then increasing the applied pressure to the next level is 
repeated for the specified pressures, ∆Pi.  After the final run, the air is vented from the 
pneumatic cylinder.  The test program exports the test data into an Excel spreadsheet file and 
the program stops. 

11. Remove the filter cake from the filtration cylinder and place cake in a sealed container to 
minimise evaporation 

12. Measure the final solids concentration, φf, using the weight loss on drying technique 

Record: φ0, h0, Vi(ti), ∆P(t), h∞,i, φ∞,i, h∞,f 

Permeability Test 

13. Start the LABVIEW program and select the “Permeability Test” 
14. Repeat steps 4-9 as per the Compressibility Test Procedure.  Note that an extra dummy pressure 

(~300 kPa) should be added to allow compression of the final filter cake.  This facilitates 
complete consolidation of the cake for easy removal 

15. Commence the test by following computer prompts.  The lowest specified pressure is applied, 
and filtrate is expelled through a filter membrane and sintered disk whilst a filter cake builds 
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up from the membrane.  The program measures the slope of t vs V2 until a linearity criterion is 
achieved and the pressure is then increased to the next level.  This process of reaching a stable 
value for (dt/dV2) then increasing the pressure to the next level (prior to compression) is 
repeated for the specified pressures.  For the final dummy run, the linearity criterion is 
automatically switched off and replaced by the compressibility criterion.  When this criterion 
is reached, the program establishes that filtration has stopped and records the final equilibrium 
height, h∞,f.  After the final run, the air is vented from the pneumatic cylinder, then the test data 
is exported to an Excel spreadsheet file and the program terminates 

16. Remove the filter cake from the filtration cylinder and place cake in a sealed container to 
minimise evaporation 

17. Measure the final solids concentration, φf, using the weight loss on drying technique 

Record: φ0, h0, Vi(ti), ∆P(t), (dt/dV2)i, h∞,f 

Potential Issues and Alternatives 

This rapid method for completing permeability tests was proposed by de Kretser et al. [44] to 

significantly reduce the time required to complete filtration experiments.  However, this method is 

limited to certain types of suspensions.  The high compressibility of biological sludges results in a short 

time for cake formation and large errors in (dt/dV2)i during permeability tests that can be heavily 

influenced by start-up effects.  This high compressibility also impacts the compressibility test as the 

sample may take a long time to reach equilibrium.  Consequently, a series of single pressure tests are 

more appropriate as each run can be terminated before equilibrium and φ∞ estimated through 

logarithmic curve fitting as described in [4]. 

The stepped pressure permeability test data analysis method is also outlined in de Kretser et al. 

[44].  There are two possible analysis methods; (a) the R(φ) method, or; (b) the D(φ) method.  The R(φ) 

method uses the relationship between β2 and ∆P for calculation of R(φi) values. Using the D(φ) method, 

the relationship between β2 and φ∞ is used for calculation of R(φi) values.  
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Constant Pressure Filtration Tests 

An overview of important information relating to the single run constant pressure filtration test 

is shown in Table 3A.8. 

Table 3A.8:  Constant pressure filtration method overview 

Details Comment 

Parameters Measured φ∞ and D(φ∞) for ∆P = Py(φ∞) 

φ Range 0.1 <φ < 0.5 for biological sludges 

Pressure Range 5 - 2000 kPa (some high-pressure devices may achieve higher)

Time Required 1 – 48 hours for some samples 

Key Advantages Robust, accurate, small sample requirement and does not require the test to go to 
completion 

Key Limitations No data at low φ, mechanically complex and requires multiple runs 

Apparatus 

The piston driven filtration test rig described for the stepped pressure test is required. 

Test Procedure 

The following section outlines a brief overview of the test procedure that is used for stepped 

pressure filtration tests 

1. Measure the initial solids volume fraction, φ0, of samples to be tested
2. Select the set pressures
3. Start the LABVIEW program and select the “Single Pressure Test”
4. Enter all the relevant details when prompted by the program.  Note that these values can be

adjusted to account for updated values later
5. Zero the linear encoder when prompted
6. Load the filter membrane and bolt down the filtration cylinder when prompted
7. Load homogenous sample into the filtration cylinder such that the initial height is minimised

whilst allowing a final filter cake with height greater than 3 mm
8. Position the piston touching the top of the sample, excluding as much air as possible through

the bleed line
9. Allow the program to record the initial height of suspension, h0

10. Commence the test by following computer prompts. Filtrate is expelled through a permeable
filter membrane and sintered disk and the filtration run can continue until the consolidation of
the suspension approaches an equilibrium height, h∞.  Once the criterion for equilibrium is
achieved, the air is vented from the pneumatic cylinder, then the test data is output to an Excel
spreadsheet file and the program is stopped

11. Remove the filter cake from the filtration cylinder and place cake in a sealed container to
minimise evaporation

12. Measure the final solids concentration, φf, using the weight loss on drying technique
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13. Repeat for a range of pressures (for example: 5, 10, 20, 50, 100, 200, 300 kPa)

Record: φ0, h0, Vi(ti), ∆P(t), h∞, φf 

Potential Issues and Alternatives 

The constant pressure filtration test is currently a more suitable method for characterisation of 

extremely compressible suspensions, despite being the predecessor of the stepped pressure filtration 

test and requiring much longer to complete a full range of runs. The constant pressure filtration test 

involves the measurement of the volume of filtrate for a single applied pressure until an equilibrium 

state is approached. 

The other sources of error from experiments that can affect the data analysis include filtrate 

permeation prior to recording of filtrate volume, evaporation during filtration and measurement of final 

filter cake solids concentration.  It is possible that filtrate is exuded before the pressure filtration tests 

can begin, thus φ0, φf and hf are measured and used to recalculate h0, which can be compared to the 

initial h0 measurement to estimate the error.  The full procedure and error estimates for constant pressure 

filtration of a sewage sludge are outlined in Stickland et al. [4].  Closed piston driven devices with 

proper sealing can avoid the evaporation of the suspension and measurement of the vertical 

displacement of the piston negates the influence of evaporation of the filtrate.  The measurement of the 

filtrate by scales on a mass basis will be heavily influenced by filtrate evaporation, especially for slow 

filtering materials.  The final filter cake solids concentration should be measured at the end of the 

filtration run immediately after completion of the test to avoid evaporation effects.  For biological 

materials, the weight loss on drying procedure should be performed in an oven below 60°C to prevent 

volatilisation of organic components. 

There is also the possibility of blinding of the pressure transducer, especially for mineral 

suspensions, where high solids concentrations are reached.  Pressure transducer blinding can lead to 

inaccurate pressure measurement.  One solution is to let it run in a cylinder pressure control, which 

introduces new errors due to friction between the piston and the cylinder, but provides a more accurate 

reading. 
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Appendix 3B: Further details on data analysis methods 

Gravity batch settling 

A graphical method [15] or a numerical method [25] can be used to convert hi(ti) to R(ϕ).  The 

graphical approach is analogous to the Kynch analysis.  The numerical approach uses the method of 

characteristics to determine the solids volume fraction that corresponds to each point on the settling 

curve.  Smoothing or interpolation of settling data is often required to implement the numerical method, 

there are many examples of implementable smoothing techniques [87-89].  The graphical and numerical 

method both require a way to detect when compressional effects become significant.  At this time, the 

suspension is networked and the R(ϕ) results obtained are invalid.  Compressional effects can be 

identified by a rapid increase in the gradient on a log plot of R(ϕ) as it asymptotes to ϕ∞ [30]. 

Equilibrium centrifugal settling 

The equilibrium heights method for extracting compressive strength from equilibrium 

centrifugation tests requires a curve fit to h∞(a) data points.  The proposed method uses a polynomial 

series with one term (linear), two terms (quadratic), three terms (cubic) and so forth [30, 86].  The cubic 

polynomial fit is the recommended method as it provides the flexibility to accurately fit the data without 

inducing extra turning points. 

Constant pressure filtration 

The constant pressure filtration method from Stickland et al. [4] allows for estimation of the 

equilibrium volume fraction, φ∞ for each filtration run.  φ∞ is estimated by fitting a first order logarithmic 

equation to the compression data that is nearing equilibrium.  Two algorithms have been developed to 

fitting the cake compression data; the first is a systematic approach that may take an impractical time 

to run, the second is a Luus-Jaakola method [90] of generating many random combinations that is 

quicker but may miss the best fit.  These values for D(φ∞,i) can be converted to R(φ∞,i) once a complete 

Py(ϕ) has been fitted. 
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Appendix 3C: Further experimental and data analysis 

considerations 

Selection of experiments 

The decision flowsheet shown in Figure 3C.13 is designed to help select the appropriate type 

of dewatering tests necessary for a sample. 

Figure 3C.13: Flow sheet for the types of lab-scale dewatering experiments that are valid for types of materials. 

The lab-scale centrifugation tests provide additional information between the gravity settling 

and filtration data.  This is especially important for biological sludges as there is a large gap in solids 

volume fraction between gravity settling and filtration results. For some suspensions, it may not be 
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possible or feasible to perform gravity settling test due to sample size restrictions or flotation of the 

sample.  In these cases, centrifugal settling is a useful alternative. 

Trouble-shooting and Rules-of-thumb 

There are numerous issues and difficulties associated with performing lab-scale dewatering 

tests.  The main recommendations, trouble-shooting advice and rules-of-thumb are briefly summarised 

in Table 3C.9.  
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Table 3C.9:  Brief rules-of-thumb for dewatering tests 

Pressure filtration tests 

Recommendation Comments 

A series of constant pressure filtration tests including 
compression (expression) phase behaviour for 
biological sludges and slurries of inorganic particles 
below ~2 microns. 

The period of cake formation behaviour (filtration) is 
short compared to cake compression (expression).  Any 
analysis of cake formation region data may be 
erroneous.  Piston-driven filtration is required using a 
pressure transducer to directly measure the pressure. 

Stepped pressure permeability and stepped pressure 
compressibility tests are the fastest method for inorganic 
slurries with particle sizes above ~5 microns. 

The period of cake formation behaviour (filtration) is 
more significant relative to cake compression 
(expression).  Analysis of cake formation region has 
been more rigorously validated.  Stepped pressure tests 
are the most rapid way to determine properties. 

Sample height of 50 mm up to applied pressures of 300 
kPa (particularly important for sewage sludges and 
slow-filtering materials). 

Filtration time is proportional to h0
2 so large sample 

height significantly increases test time.  Initial height 
needs to be sufficiently high to ensure final cake height 
of greater than 2 mm. 

Sample height of 70-80 mm for applied pressures of 
between 300 and 1000 kPa (particularly important for 
sewage sludges and slow-filtering materials). 

The initial height needs to be sufficiently high to ensure 
final cake height of greater than 2 mm and greater 
applied pressures results in smaller final cake heights.  
This can be estimated by φ0h0 = φfhf 

Centrifugal settling tests 

Recommendation Comments 

Transient data should be treated with caution due to wall 
effects in small sample cells (tubes).  In these small 
diameter cells, effects such as shear, slope and/or 
adhesion require further investigation 

Material properties extracted from these tests often give 
erroneous re-prediction of filtration behaviour of 
biological sludges  

Equilibrium data should also be treated with caution due 
to wall effects in small sample cells (tubes).   

In most cases a good fit with pressure filtration 
compressive data can be achieved – however this may 
not be the case.  Poor fits to filtration and gravity settling 
data are early indicators of wall effects. 

Gravity settling tests 

Recommendation Comments 

Biological samples should be stored below 4ºC and test 
should be performed at temperatures below 20ºC 

Biological activity can cause the samples to degrade and 
even float due to the large time scales of the test. 

Dilution of suspension with own liquor to ensure the 
initial solids concentration is well below the gel point 

If the concentration is too high then the solid-liquid 
interface will not be clearly defined and settling will be 
very slow 

More than 24 hours might be required to complete the 
test so use of a video camera set-up with timer is often 
necessary   

Sludges with low solids density are very slow to settle 
and recording the whole settling curve nearing 
equilibrium is essential for data analysis. 
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Appendix 3D: Supplementary analysis of experimental data 
Additional validation of the coagulated calcite dewatering characterisation is presented in 

Figure 3D.14. 

Figure 3D.14: Additional (a) gravity batch settling, (b) equilibrium centrifugal settling, and (c) stepped pressure filtration 
validation for the dewatering characterisation of the coagulated calcite suspension. 

The simulation results indicate a reasonable level of agreement between the re-prediction and 

the original experimental data. 

Further details of the cake compression curve fit are provided in Table 3D.10 and Figure 3D.15. 

Table 3D.10:  Constant pressure filtration results 

Applied pressure 

∆P [kPa] 

Measured final 
volume fraction 

φf [v/v] 

Measured initial 
height 
h0 [m] 

Calculated initial 
height 
h0 [m] 

Uncertainty [%] 

10.6 0.205 0.01775 0.01684 -5.15

20.0 0.265 0.01746 0.01729 -0.93

49.5 0.309 0.02239 0.02208 -1.38

99.7 0.374 0.02498 0.02513 0.64

198.9 0.412 0.03191 0.03247 1.78

484.7 0.491 0.05349 0.05431 1.54
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Figure 3D.15: Constant pressure filtration results and the logarithmic fit to the cake compression region for extraction of 
Py(φ) and D(φ).  
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Appendix 3E: Supplementary analysis of synthetic data  

Quantification of errors – sensitivity to analysis method 

A synthetic data set was produced using the known functional form.  This allowed quantitative 

estimation of the sensitivity to the influence of the selection of data analysis methods.  The main data 

set included filtration data at a range of constant pressures (5, 10, 20, 50, 100, 200, 300, 500 kPa) at a 

range of initial heights (35, 40, 45, 50, 55, 60, 65, 70 mm) that are representative of normal tests that 

give final heights of approximately 3 mm. The synthetic data is shown in Figure 3E.16 for transient 

gravity settling, transient centrifugal settling, equilibrium centrifugal settling and constant pressure 

filtration. 

 
Figure 3E.16: The main data set for (a) Transient gravity settling (b) transient centrifugal settling (c) equilibrium 

centrifugal settling and (d) constant pressure filtration data (300 and 500 kPa not shown) created from a 
functional form 

The main set of synthetic data produced using the functional form was analysed using the series 

of methods summarised in Table 3E.11.   

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

1 100 10000 1000000

He
ig

ht
,h

(m
)

Time, t (s)

h0 = 0.30 m
φ0 = 0.0025 v/v

(a)

0.000

0.005

0.010

0.015

0.020

0.025

0.030

1 100 10000 1000000

He
ig

ht
,h

(m
)

Time, t (s)

h0 = 0.025 m
φ0 = 0.01 v/v

(b)

0.005

0.01

100 1000 10000 100000

Eq
ui

lib
riu

m
 H

ei
gh

t,
h e

q
(m

)

Acceleration,a (m s-2)

h0 = 0.025 m
φ0 = 0.01 v/v

(c)

0

100,000

200,000

300,000

400,000

500,000

600,000

700,000

0.0000 0.0020 0.0040

Ti
m

e,
t(

s)

(Filtrate Volume) 2, V2 (m2)

5 kPa
10 kPa
20 kPa
50 kPa
100 kPa
200 kPa
300 kPa
500 kPa

(d)



 
 

3-53 
 

Table 3E.11:  Summary of the analysis methods used on the main set of synthetic data produced using the functional 
form as a part of the unified characterisation method 

Name φ0 
[v/v] 

h0 
[mm] 

Rm  
[Pa s m-1] 

TBS Data 
Smoothing 

TBS 
Analysis 

TCS 
Analysis 

ECS 
Analysis 

FIL  
Analysis 

M1 0.01 35-70 0 None Graphical1  Graphical1 Eqm 
Heights1 

Cake 
Compression2 

M2 0.01 35-70 0 None Graphical1 None Eqm 
Heights1 Cake Formation3 

M3 0.01 35-70 0 Tikhonov4 Graphical1 None Eqm 
Heights1 

Cake 
Compression2 & 

Formation3 

M4 0.01 35-70 0 Steffen6 Numerical5 None Eqm 
Heights1 

Cake 
Compression2,8 

M5 0.01 35-70 0 PCHIP7 Numerical5 None Eqm 
Heights1 

Cake 
Compression2,9 

1  [30]  
2  [4] 
3  [91] 
4  [87] 
5  [25] 
6  [88] 
7  [89] 
8  Systematic method of performing logarithmic fit to cake compression region 
9  Luus-Jaakola method [90] for performing logarithmic fit to cake compression region 

The summary of the errors compared to the known functional form are compared in 

Figure 3E.17.  Note that the are large errors for some of the methods, which is anticipated because 

several of the analysis methods were developed for incompressible or moderately compressible 

materials. 
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Figure 3E.17: The validation results quantifying the errors in the analysis associated with the number of data points in 
the gravity settling and constant pressure filtration tests.  The quantification was performed by comparison 
of extracted material properties with the known functional forms for (a) compressive yield stress and (b) 
hindered settling function and (c) solids diffusivity data.  The M1 method includes optimisation of 
hindered settling function curve fit to reduce (d) the sum of squared errors on the re-predicted filtration 
data. 

M1 is the only recommended method for extremely compressible samples.  There are several 

issues with the gravity settling data analysis that are shown in Figure 3E.17(b).  Firstly, the smoothing 

of the settling data by Tikhonov regularization [87] introduces the most significant source of errors (see 

M3).  Furthermore, the numerical analysis of gravity settling data (based on [25]) that requires 

monotonic interpolation is more sensitive to compression effects, which is indicated by the sharp 

increase in error with solids volume fraction (see M3 and M4).  For these reasons, the graphical analysis 

method (based on Kynch analysis) is considered the most robust and is the recommended method. 

Currently, the only implementable data analysis method for centrifugal settling is the graphical method 

[30]. As such, this is the recommended method. 
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For this functional form that is representative of a sewage sludge, the cake compression analysis 

of the filtration data is more robust that cake formation analysis.  The errors in the cake formation 

analysis of up to 80% in R(φ) are possible. This is compared to the greatest errors from cake compression 

analysis of 30% in R(φ).  In addition, the cake formation analysis does not provide any information on 

the compressive strength of the sample.  The systematic method for logarithmic fitting of the 

compression data reduces the error.  However, the Luus-Jaakola method [90] provides similar levels of 

accuracy and may provide better fits to different data. 

The interval halving algorithm to guide the R(φ) curve fit between the gravity settling and 

filtration data reduces the sum of squared errors (SSE) by two orders of magnitude.  This reduction of 

the sum of squared errors is shown in Figure 3E.17(d), where a reduction in error with each iteration 

can be observed.  This procedure is based on Eq. (3.2). 

( )∑ −=
n

i
iactualipredicted tVVSSE 2

, )( (3E.11) 

This procedure is calculation intensive as it requires predicting Vi(ti)  for three R(φ) curves for 

each iteration.  However, this may be necessary for materials with large gaps in the R(φ) data and poor 

re-prediction of original filtration data.  This procedure reduces the error in R(φ) from 60% to 20% (M3 

compared to M1) for the synthetic data example. 
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Quantification of errors – sensitivity to initial volume fraction of 

filtration test 

A different set of synthetic data was produced using the functional form to analyse the 

sensitivity of the analysis to the initial solids concentration of the filtration test.  The analysis of data 

sets is summarised in Table 3E.12.  This data set includes filtration data at five constant pressures (10, 

20, 50, 100, 200 kPa). 

Table 3E.12: Summary of the initial solids volume fractions of the constant pressure filtration test data created from a 
functional form.  The data was analysed using the unified characterisation method. 

Name φ0 
[v/v]

h0 
[mm] 

Rm 
[Pa s m-1]

TBS 
Regularised 

TBS 
Analysis 

TCS 
Analysis 

ECS 
Analysis 

FIL 
Analysis 

P1 0.005 80 0 None Graphical Graphical Eqm 
Heights 

Cake 
Compression 

P2 0.01 70 0 None Graphical Graphical Eqm 
Heights 

Cake 
Formation 

P3 0.02 50 0 None Graphical None Eqm 
Heights 

Cake 
Compression 

P4 0.05 40 0 None Graphical None Eqm 
Heights 

Cake 
Compression 

P5 0.10 30 0 None Graphical None Eqm 
Heights 

Cake 
Compression 

The summary of the errors compared to the known functional form are compared in Figure 3E.18:. 
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Figure 3E.18: The validation results quantifying the errors in the analysis associated with initial solids concentration of 
the filtration tests.  The quantification was performed by comparison of extracted material properties with 
the known functional forms for (a) compressive yield stress and (b) hindered settling function and (c) 
solids diffusivity data. 

The errors in filtration analysis were minimised for the filtration tests with initial solids 

concentrations close to the gel point.  D(φ∞,i) errors of up to 80% can be observed for the extreme cases 

with low initial concentrations (1/3 φg) and high concentrations (4 φg). The compressive strength is 

accurately estimated in all cases with errors below 10%.  There is no clear trend in the data, but it is 

recommended that the samples are pre-consolidated to solids concentrations close to the gel point.  Pre-

consolidation through sedimentation also eliminates the influence of settling during the filtration tests. 

Quantification of errors – sensitivity to membrane resistance 

A different set of synthetic data was produced using the functional form to analyse the 

sensitivity of the analysis to the influence of the membrane resistance in filtration tests.  The summary 
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of data sets is summarised in Table 3.A2.  This data set includes filtration data at five constant pressures 

(10, 20, 50, 100, 200 kPa). 

Table 3E.13:  Summary of the constant pressure filtration test dataset generated using a functional form with variations 
in the membrane resistance.  The data was analysed using the unified characterisation method. 

Name φ0 
[v/v] 

h0 
[mm] 

Rm  
[Pa s m-1] 

TBS 
Regularised 

TBS 
Analysis 

TCS 
Analysis 

ECS 
Analysis 

FIL 
Analysis 

R1 0.01 50 0 None Graphical Graphical Eqm 
Heights 

Cake 
Compression 

R2 0.01 50 106 None Graphical Graphical Eqm 
Heights 

Cake 
Formation 

R3 0.01 50 109 None Graphical Graphical Eqm 
Heights 

Cake 
Compression 

R4 0.01 50 1010 None Graphical Graphical Eqm 
Heights 

Cake 
Compression 

R5 0.01 50 1011 None Graphical Graphical Eqm 
Heights 

Cake 
Compression 

R6 0.01 50 1012 None Graphical Graphical Eqm 
Heights 

Cake 
Compression 

The quantitative error analysis for the sensitivity to the additional filtration resistance from the 

membrane resistance is demonstrated in Figure 3E.19.  
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Figure 3E.19: The validation results quantifying the errors in the analysis associated with membrane resistance of the 
filtration tests.  The quantification was performed by comparison of extracted material properties with the 
known functional forms for (a) compressive yield stress and (b) hindered settling function and (c) solids 
diffusivity data. 

The membrane resistance has a minimal impact on the compressive yield stress as it does not 

affect the final solids concentration.  However, the errors in D(φ∞,i) and R(φ∞,i) starting to become 

important once the resistance to filtration due to the membrane resistance exceeds 1010 Pa s m-1.  

Significant errors of greater up to 80% in R(φ∞,i) can be observed for resistances of 1012 Pa s m-1.  It is 

recommended to use thin filter papers such as the Whatman Grade 4 (20-25 µm) filter paper.  The 

membrane resistance is expected to have a stronger effect on analysis of the cake formation region as it 

will reduce the period in which (dt/dV2) is constant. 

-100

-80

-60

-40

-20

0

20

40

60

80

100

0.01 0.1 1

P y
(φ

) P
er

ce
nt

ag
e 

Er
ro

r (
%

)

Solids Volume Fraction, φ (v/v)

R1 Error
R2 Error
R3 Error
R4 Error
R5 Error
R6 Error
R1 Fit Error
R2 Fit Error
R3 Fit Error
R4 Fit Error
R5 Fit Error
R6 Fit Error

φg

(a)

-100

-80

-60

-40

-20

0

20

40

60

80

100

0.001 0.01 0.1 1

R
(φ

) P
er

ce
nt

ag
e 

Er
ro

r (
%

)

Solids Volume Fraction, φ (v/v)

φg

(b)

-100

-80

-60

-40

-20

0

20

40

60

80

100

0.01 0.1 1

D
(φ

) P
er

ce
nt

ag
e 

Er
ro

r (
%

)

Solids Volume Fraction, φ (v/v)

φg

(c)



 
 

3-60 
 

Quantification of errors – sensitivity to number of data points 

A different set of synthetic data was produced using the functional form to analyse the 

sensitivity of the analysis to the influence of the number of data points.  The synthetic data was created 

with 10, 20, 40, 80, 160 and 320 data points, labelled N1, N2, N3, N4, N5 and N6 respectively.  The 

quantified errors for each material function using the standard analysis method are shown in 

Figure 3E.20 

 
Figure 3E.20: The validation results quantifying the errors in the analysis associated with the number of data points in 

the gravity settling and constant pressure filtration tests.  The quantification was performed by comparison 
of extracted material properties with the known functional forms for (a) compressive yield stress and (b) 
hindered settling function and (c) solids diffusivity data. 

Large errors of up to 40% in the permeability data can be induced by small data sets of less 

than 20 data points.  The most robust method (graphical method) was used to analyse the data so it is 

expected to be worse using a numerical approach.  The errors were minimized for a settling curve with 

greater than 80 data points.  Hence, it is recommended to measure the settling profile with at least 40 

points, and preferably more than 80 data points.  Similarly, the errors were minimized for the filtration 

data set with more than 40 points.  Note that there can be issues with the analysis of large filtration data 
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files (approximately greater than 3000 data points).  In these cases, the Luus-Jaakola method [90] is 

more effective than the systematic method. 

Quantification of errors – elastic behaviour of sample after 

equilibrium centrifugation 

One of the key issues with equilibrium centrifugation tests is the elastic rebound of the 

sediment, which can occur when the sample is removed from the centrifuge.  Elastic behaviour of the 

sediment has been observed for organoclay gels [33] and sewage sludges [71, 72, 92, 93].  The height 

recorded may be higher than the actual sediment height when the centrifugal force was being applied.  

Elastic rebound caused by relaxation of the sediment can be a source of error for manual equilibrium 

height measurements at each rotation rate.  The example presented in Figure 3E.21 highlights the impact 

of elastic rebound using rebound ratios of 10% and 25% of the sediment height from equilibrium [92].   

 

Figure 3E.21: Compressive yield stress extracted using the method of Usher et al. [30] for a synthetic functional form 
highlighting the impact of elastic rebound on the analysis.  The result of analysis without elastic rebound 
is compared to results for a rebound ratio of 10% and 25% of the sediment height from equilibrium 

The consequences of elastic rebound on the data analysis process are significant.  For a rebound 

ratio of 25% at a solids volume fraction of 3 vol%, the estimated compressive strength is incorrect by a 

factor of 50.  An understanding of the elastic behaviour of the sample is important for biological 

samples, such as sewage sludges, but may be negligible for a mineral slurry sample.  The solution to 

this issue is to use an instrument that measures equilibrium height in-situ, whilst the centrifugal force 

is still being applied. 
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Quantification of errors – minimum diameter to avoid wall 

adhesion effects 

The minimum column diameter, Dmin, required to render wall adhesion effects negligible was 

derived by Lester et al. [66] 
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, (3E.12) 

where S∞ is the asymptotic value for the ration between shear and compressive yield stress as 

φ increases.  The relative error is defined from the vertical force balance in Lester et al. [66] relating the 

gravitation stress to the compressive and shear yield stresses.  The parameters n and k were determined 

from best fit to compressive yield stress data, and p∞ = ∆ρgφ0h0 is the equilibrium network pressure at 

the base of the batch settling experiment.   

Note that the acceleration during centrifugation is approximated by a = ω2Rmax, and the Rmax is 

0.13 m (based on the LUMiFuge®). 

The properties of the four suspensions investigated are summarised in Table 3E.14. 

Table 3E.14: Summary of suspension properties used in wall effects calculation for minimum 
diameter 

Material φg k n ∆ρ [kg m-1] S∞ [-] 

WWT sludge [62] 0.020 5.2 3.7 549 0.1* 

WWT sludge (conditioned) [65] 0.071 9.6 1.9 731 0.1* 

Coagulated calcite 0.26 141 13.5 1700 0.276 

Flocculated calcite [66] 0.092 3.2 5.4 1700 0.157 

* Typical value assumed as no data available.

The wall adhesion effects are influenced by the initial conditions of the settling tests, including 

initial height and initial solids volume fraction.  These parameters are required for the calculation, so it 

is necessary to assume typical values based on the initial conditions of previous tests.  The values 

assumed for the typical gravity and centrifugal settling tests are summarised in Table 3E.15. 

Table 3E.15: Summary of assumed values for typical settling test initial conditions used in wall effects calculation for 
minimum diameter 
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Material φ0(TBS) 
[v/v] 

h0(TBS) 
[mm] 

p∞(TBS) 
[Pa] 

φ0(ECS) 
[v/v] 

h0(ECS) 
[mm] 

p∞(4000 rpm) 
[Pa] 

WWT sludge 0.001 300 1.6 0.001 25 313 

WWT sludge (conditioned) 0.036 300 776 0.036 25 15,000 

Coagulated calcite 0.05 300 250 0.05 25 48,500 

Flocculated calcite 0.05 300 250 0.05 25 48,500 

The minimum diameters were determined for a relative error, ∈ = 0.05, for the four samples 

under gravity and in an analytical centrifuge at 500, 1000, 2000 and 4000 rpm.  The results are presented 

in Figure 3E.22. 

 

Figure 3E.22: The minimum diameter of settling cylinder to render wall adhesion effects negligible for the equilibrium 
settling of four different suspensions (i.e. relative error, ∈ = 0.05).  The minimum diameter reduces with 
acceleration, where data is shown from gravitational acceleration to 4000 rpm in an analytical centrifuge 

The typical settling test is performed in a measuring cylinder with a diameter of 100 mm.  This 

is smaller than the minimum for the sewage sludge of 360 mm and much smaller than the minimum for 

the coagulated calcium carbonate of 1500 mm.  Hence, the relative error is expected to be greater than 

5% in these tests, which is considered by Lester et al. [66] to be negligible.  For the typical measuring 

cylinder diameter, the relative errors for the four materials are summarised in Table 3E.16. 

Table 3E.16:  Summary of relative errors for the four materials settling under gravity in a 10 mm diameter measuring 
cylinder 
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Material WWT 
sludge 

WWT sludge 
(conditioned) 

Coagulated 
calcite 

Flocculated 
calcite 

Relative error, ∈(%) 18 21 77 45 

The wall adhesion induced errors for the WWT sludges are expected to be significant, but not 

as influential as for the calcite samples.  Consequently, the measuring cylinders with a 10 mm may be 

appropriate for WWT sludges, but calcite samples require unfeasible large diameters (>2000 mm) to 

reduce the relative errors to 20%. 

Approximating the centrifuge cuvettes as two infinite plates, the equivalent diameter for the 

2.3 mm gap cuvettes becomes 4.6 mm.  The relative error for the 500, 1000, 2000, 4000 rpm WWT 

sludge tests are 17, 9.0, 5.6 and 3.7% respectively.  Thus, the errors for WWT are estimated to be 

relatively small compared to the coagulated calcite (109, 91, 81, 73% respectively). 

The influence of the initial solids concentration of the gravity settling test on the calculated 

minimum diameter for the WWT sludge is shown in Figure 3E.23. 

Figure 3E.23: The minimum diameter of settling cylinder to render wall adhesion effects negligible (relative error, 
∈ = 0.05) for the equilibrium gravity settling of a sewage sludge sample.  The minimum diameter 
decreases with increased relative error threshold. 

Figure 3E.23 shows that the test conditions can have a strong influence on the wall adhesion 

effect.  The lowest feasible initial solids concentration is recommended to reduce these wall effects. 

The minimum diameter is below the 10 mm threshold up to an initial solids volume fraction of 

0.13 vol% for a moderate error of 20%. 
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These estimates indicate that wall adhesion effects can be significant during gravity settling 

tests, especially for mineral suspensions.  The key method for reducing the influence of wall effects are 

to decrease the initial solids concentration and use a large diameter settling cylinder. 
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DATAANALYSIS METHODS:
Assuming the following functional forms for Py(φ) and τy(φ)

CHAPTER 4

NOVEL CENTRIFUGAL DEWATERABILITY 
CHARACTERISATION METHODS

Comparison can be made with 2 other methods:
• Equilibrium height (Buscall and White 1987)
• Concentration profile integration (Green 1997)

EXPERIMENTALMETHODS:
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(1) Calcite and (2) Conditioned sewage sludge

Experimental Method
Analytical centrifuge equilibrium settling
• Performed at a range of rotation speed

X-ray device solids concentration profiling
• Following rotation to equilibrium at each speed

Further experiments:
• Concentration profiles during transient settling
• Investigation into elastic properties

CONCLUSION: A novel method for investigating wall effects in equilibrium centrifugation tests has been
developed based on x-ray measurement of solids concentration profiles within the settled sample.

The results using this experimental method on a model suspension are presented in Chapter 5

Material property extraction 
accounting for wall effects

INTRODUCTION:
Previous work on gravity settling has shown that the walls
of the settling cylinder exert an influence of the
sedimentation behaviour of a sample (Lester 2014). This
shear force at the wall poses a big problem for any
quantitative analysis of gravity or centrifugal settling data.

This work aims to observe and measure wall effects
by measuring solids concentration profiles, φ(z), after
equilibrium centrifugation. These profiles can be used to
estimate shear and compressive strength of suspension.

Where p1, p2 and S∞ are fitting parameters
determined by non-linear curve fit to the
equilibrium profiles. This method corrects
for wall effects.
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PREFACE 
Laboratory centrifuge tests are an important part of the unified dewaterability characterisation 

method presented in Chapter 3.  The single rotation rate test can be used to replace the gravity settling 

test for slow settling or floating samples.  The multiple rotation speed test can apply compressive 

pressures in the range between gravity settling and filtration tests.  This is especially important for 

biological sludge samples where there is a large range of pressures not accessible via gravity settling 

and filtration.  Only a small amount of sample (~10 mL) is required to complete these tests as the sample 

tubes, known as cuvettes, are limited to a radius of less than 10 mm.  The ability to perform 

dewaterability tests with small volumes of sample is useful for valuable materials. However, the 

disadvantage of small cuvettes is the influence of the walls on the sediment.  Friction or adhesion to the 

walls and shear forces introduced by the walls are broadly referred to as “wall effects”.  This chapter 

introduces novel methods for dewaterability characterisation from analytical centrifuge experiments 

that allow for investigation into wall effects. 

The contributions of each author are summarised in Table 4.1. 

Table 4.1: Summary of author contributions 

Author Primary Contribution 

Samuel J. Skinner Lead author, method development, data analysis 

Lee White Method development 

Daniel Lester Method development 

Raul G. Cavalida Experimentalist 

Shane P. Usher Method development 

Anthony D. Stickland Supervisor, method development 

Peter J. Scales Supervisor, method development 
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CHAPTER SUMMARY 
Centrifugal dewatering tests provide the bridge between gravity settling and pressure filtration 

tests.  These centrifugation experiments allow tight control of the pressure applied to a sediment through 

regulation of the rotation speed.  The applied differential pressures can range from approximately 0.1 

to 10 kPa, which is above the compressive pressure from the sediment self-weight under gravity and at 

the lower end of pressure that can be accurately applied by a piston during pressure filtration.  This is 

especially important for sewage sludges because they exhibit a large gap in volume fraction between 

gravity settling and filtration methods.  This chapter presents novel methods for extraction of 

permeability data (single-speed transient centrifugation) and compressibility data (multiple-speed 

equilibrium centrifugation).  The transient centrifugation analysis is based on the method of Lester et 

al. [1], which uses the method of characteristics to deconvolute height versus time data into R(φ).  This 

method is quantitatively compared to the graphical deconvolution method (modified Kynch method) 

used by Usher et al. [2].  A novel equilibrium centrifugation experimental and data analysis method that 

accounts for the effect of adhesion of suspension on the settling container wall is presented.  This 

method allows extraction of Py(φ) from a series of equilibrium solids volume fraction profiles at a range 

of rotation speeds.  This method is quantitatively compared to previous methods, including the multiple-

speed equilibrium sediment height technique [3] and concentration profiling technique [4], both of 

which do not consider wall effects.  Several scenarios in which wall effects vary from negligible to 

significant are considered.  The wall effect correction is shown to be important when the wall adhesion 

strength is of a similar magnitude to the shear stress and the ratio of shear to compressive yield strength 

is greater than 0.3.  The competing effects at the walls, such as adhesion, shear and syneresis [5] require 

further investigation through experiments with coagulated and flocculated suspensions. 
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CHAPTER 4: CENTRIFUGAL DEWATERABILITY 
CHARACTERISATION METHODS –INVESTIGATING 

WALL EFFECTS 
  

“A large portion of pressure applied to the top of a compressible bed is 

absorbed in wall friction” Tiller et al. (1972) AIChEJ on wall effects during 

pressure filtration. 

 INTRODUCTION  
The rapidity of centrifugal settling compared to gravity settling is the main advantage of 

analytical centrifuges.  Photo-analytical centrifuges, such as the LUMiFuge®, track the solid-liquid 

interface at a range of times providing information about the rate and type of settling.  These centrifuges 

allow control of the applied force, which can be varied by changing the rotation speed.  Only small 

samples are required for the tests, which is important for valuable materials.  These factors have 

contributed to the successful application of analytical centrifuges in estimating the shelf life of many 

commercial products, measuring particle size distributions and quantitatively characterising 

dewaterability [6, 7].  However, the small sample size can be an issue for quantitative dewatering tests 

because the walls of the sample containers, or cuvettes, influence the settling behaviour through 

adhesion, friction or shear forces. 

 

Figure 4.1:  The principles for the collection of settling data using a photo-analytical centrifuge, such as the 
LUMiFuge®, for the investigation of settling behaviour.  The light source (1) emits parallel NIR-light (2) 
that transmits through the sample containers (3) seated on the rotor (4).  The local transmission values are 
recorded over the entire length of the sample by a CCD-Line detector (5).  Reproduced with permission 
from Lerche and Sobisch [8]. 
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Significant recent advances in technology for measuring centrifugal settling have provided 

unprecedented insights into settling behaviour of myriad suspensions.  The LUMiFuge® and 

LUMiSizer® use light sources at a range of heights above a sample suspension with detectors below 

(see Figure 4.1) to give a snapshot of the transmission profile at a specified time [9].  A range of these 

snapshots at pre-specified times are used to determine a sediment height profile (see Figure 4.2).  

Strongly flocculated suspensions, such as sewage sludges, typically exhibit a sharp settling front so the 

selection of the threshold transmission only has a small influence on the recorded sediment height [8]. 

The settling rate can be calculated from the recorded sediment height versus time data.   

Figure 4.2: Transmission profiles obtained from an analytical centrifuge (such as the LUMiFuge®) showing the zone 
settling behaviour of a strongly flocculated suspension. 

The LUMiReader® operates using the same principle as the LUMiFuge® for gravity settling 

using multiple wavelength light sources to detect transmission profiles.  These transmission profiles 

can also be used to determine concentration gradients within the sediment, but only for samples with 

low opacity [2].  The attenuation of visible light over the path lengths of the sample cuvettes is too high 

for opaque suspensions for a concentration profile to be extracted.  A more powerful source is required 

to determine concentration profiles for such suspensions.  The LUMiReader® X-Ray uses an x-ray 

radiation source to overcome this problem.  The x-ray device measures transient concentration profiles 

within a suspension settling under gravity, or a suspension settled to equilibrium under centrifugal force 

[10].  This is ideal for mineral suspensions but the attenuation of x-rays by suspensions of organic origin 

is currently too similar to water for an accurate concentration profile to be determined [10]. 
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Figure 4.3:  The principles for the collection of solids concentration data using a LUMiReader® X-Ray.  The changes 
in particle concentration during solid-liquid separation are measured by x-ray transmission profiles at 
programmable time intervals.  The initial profiles are presented in red and most recent profiles in green. 
Reproduced with permission from Lerche et al. [10]. 

These devices are used individually or in combination to probe the settling behaviour of the 

sample.  The transmission profiles indicate the type of settling occurring, which can be classified as 

zone or poly-disperse settling.  Zone settling is typical for strongly flocculated suspensions, where the 

individual particles exhibit uniform settling behaviour and, thus, a sharp settling front.  The errors in 

the settling rate calculation are small for zone settling because of this sharp settling front.  During poly-

disperse settling, the larger particles separate faster than the smaller ones producing a diffuse settling 

front.  The analysis of the settling behaviour in this work only considers the zone settling of strongly 

flocculated samples that show a defined solid-liquid interface with a concentration profile developing 

below that interface. 

A fundamental basis to describe the settling of strongly flocculated suspensions was provided 

in Kynch’s theory of sedimentation.  Kynch proposed a kinematic model where the solid-liquid 

interface and concentration profile of a suspension under gravity can be predicted by a flux curve.  

Conversely, the interface height versus time data can be used to extract a flux curve that is a function 

of the solids volume fraction.  This work has been advanced by many authors, with notable mention to 

the series by Concha et al. Settling velocities of particulate systems 1-14 that completely describe 

different modes of gravity settling and extensions to model centrifugation and filtration.  Kynch’s 

graphical method for determining flux from a settling profile was validated using the numerical method 

in Lester et al. [1].  This graphical method was modified for centrifugal settling by Usher et al. [2], but 

this method is yet to be verified using a numerical method.  Furthermore, there are special modes of 

centrifugal settling yet to be explored. 

The walls of the settling container can have a strong influence on the settling behaviour of a 

suspension.  The wall effects can show themselves as adhesion to the walls, frictional forces at the 

surface or even the introduction of shear and syneresis [5].  Previous studies have shown that wall 

effects are substantial for settling cylinders with diameters less than 2 cm for gravity settling [11]. The 

combination of shear and compression processes (see Figure 4.4) have proved complex to 
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simultaneously model as the compression affects the shear strength and vice versa. During centrifugal 

settling, the applied force on the suspension is greater but the settling container walls are much closer.  

The influence of these walls during centrifugal settling remains relatively unexamined. 

 

Figure 4.4:  The parameters that quantify the strength of a networked suspension under a compressive load is the 
compressive yield strength, Py(φ), and a shear stress is the shear yield strength, τy(φ).  The interplay 
between shear and compression during centrifugal settling tests is complex and it significant 
approximations are required to separate forces into pure shear and pure compression. 

This chapter outlines an experimental plan for a rigorous investigation of the influence of wall 

effects on gravity and centrifugal settling tests.  Novel analysis methods are presented for transient 

centrifugation at one rotation speed and equilibrium centrifugation at multiple rotation speeds.  The 

numerical transient centrifugation data analysis method validates the modified Kynch approach and 

highlights some special modes of centrifugal settling.  The equilibrium centrifugation data analysis 

method for quantifying wall effects during equilibrium settling tests is validated using synthetic data 

produced from a known functional form.  The aim of the methods is to quantify and correct for the 

influence of the sample container walls so that the dewaterability of materials can be accurately 

measured during lab-scale settling tests.  

Shear yield stress, τy(φ)     

network

failure

Shear
Stress

Compressive yield stress, Py(φ)

consolidation
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 THEORY 
The theory required to analyse centrifugal settling data is an extension of the theories for settling 

under gravity.  Hence, a summary of existing models for transient and equilibrium gravity settling is 

provided as an introduction to descriptions of novel centrifugal settling theory. 

4.2.1 Transient gravity settling 

The first theory of batch sedimentation was developed by Kynch in 1952 [12] for settling of a 

suspension at homogeneous initial concentration.  This one-dimensional (1D) kinematic theory 

describes the settling of solid particles in a fluid as a wave propagation phenomenon.  In this process, 

discontinuities may appear as shock waves or contact discontinuities.  In this situation, a contact 

discontinuity is the surface that separates the supernatant from the concentrated sediment and a shock 

wave is an abrupt change in solids concentration at the interface.  Kynch assumed that the velocity of 

the monodisperse particles, used, depended only on the local solids volume fraction, φ, where this solids 

concentration varies with height above sediment base, z, and time, t. 

The continuity equation for the solid fraction can be expressed as the simple partial differential 

equation 

0)( =
∂
∂

+
∂
∂

sedu
zt

φφ
,      0<sedu , (4.1) 

Let f(φ) ≡ φ used represent the solids flux density; hence, Eq.  (4.1) becomes 

0)( =
∂
∂

+
∂
∂ φφ f

zt
, (4.2) 

for z < h0 and t > 0, where the initial height of suspension is h0.  Kynch assumed that near the 

origin at z = 0, there is a continuous and rapid increase in solids concentration from the initial solids 

volume fraction, φ0, to the maximum possible solids volume fraction, φ∞.  This provides the initial and 

boundary conditions 

( ) 00, φφ =z ,   00 hz ≤≤ , (4.3) 

( ) ∞= φφ t,0 ,   0>t . (4.4) 

Along the lines of discontinuities, z = z(t), Eq.  (4.2) is not satisfied and is replaced by the 

Rankine-Hugoniot condition (or jump mass balance) 

)(
)()(),( −+

−+
−+

−
−

=
φφ

φφφφσ ff
, (4.5) 
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where σ is the local speed of propagation of the discontinuity, and φ± = φ(z(t)±0,t).  

This theory neatly describes the sedimentation of incompressible solid particles, for example, 

glass beads and non-flocculated mineral particles [13].  However, most industrially relevant 

suspensions, including sewage sludges, exhibit significant compressibility, which is not accounted for 

in the kinematic model. 

The works of Tiller [14] and Fitch [15] extend the validity of Kynch theory to compressible 

suspensions by considering the sediment rising from the base of the settling container.  However, in 

these approaches, the concentration and shock waves do not have a constant rate of propagation, thus 

violating the fundamentals of the theory [13].  Another approach that accounts for compressibility but 

retains the fundamentals of the Kynch theory was proposed by Concha and Bustos [13].  In this method, 

the conditions stipulated by Kynch are valid up until the point that compressibility becomes important. 

The Kynch method is only valid for concentrations less than the critical concentration, φc, at 

which the weight of the settled solid compresses the layers below, resulting in a concentration gradient.  

The modified Kynch Model [13] replaces the boundary condition in Eq.  (4.4) with a momentum 

balance at the bottom of the container, z = 0, yielding 

g
p

z
s ρφ

φ
φ

∆−=
∂
∂

∂
∂

, (4.6) 

where ps is the solid pressure, which is the normal stress transmitted by solid-solid contacts, ∆ρ 

is the density difference between solid and liquid phases, and g is the acceleration of gravity constant.  

A power-law constitutive equation is frequently used for the solid pressure [16], where Concha and 

Bustos [13] select 

φb
s aep = ,   ∞≤< φφφc , (4.7) 

and a flux function with the form 

1)1()( +
∞ −= nuf φφφ ,   cφφ <≤0 . (4.8) 

This bridges the gap between practical sedimentation processes, which continue for a much 

longer time than the period of validity of the Kynch model (φ < φ c). 

It should be noted that the solutions that satisfy Eq. (4.2) at points of continuity and the Rankine-

Hugoniot condition (4.5) at discontinuities are, generally, not unique.  An additional selection criteria 

is required to select only the physically relevant discontinuous solution (the entropy weak solution), 

such as Oleinik’s jump entropy condition [17] 
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for all φ between φ- and φ+.  For flux density functions with a maximum of two inflection points 

there are seven qualitatively different entropy weak solutions, also known as modes of sedimentation. 

Full details of these different modes are provided in Bustos and Concha [18] and Bürger and Tory [19]. 

The mode of sedimentation (MSIII) that exhibits just a rarefaction wave emanating from the 

origin (or fan region) is most common for sewage sludges.  This simplifies the process of extracting the 

flux density function from transient gravity settling data.  However, the other settling modes are possible 

and, as such, any method must be able to handle these cases. 

The methods for extraction of the flux density function, and consequently the settling velocity 

and hindered settling function, are outlined in Chapter 2.  In summary, the graphical approach based on 

the Kynch method [2] gives similar results to the numerical approach based on the method of 

characteristics [1].  The numerical method provides greater accuracy for the modes of settling that 

exhibit shocks. 

The waves of constant solids volume fraction travel along trajectories called characteristic 

paths, or simply characteristics.  Consequently, the method of characteristics predicts that these lines of 

constant concentration are straight lines in the z(t) space.  This is not the case for centrifugal settling 

and an extension of the method of characteristics has been developed for this work (see Section 4.2.3) 

Although the effect of sample container walls on the transient settling behaviour may be 

significant, no correction on the settling analysis has currently been developed to correct for these wall 

effects.  The case of gravity settling is simpler than centrifugal settling due to the constant acceleration 

in the vertical direction. 

4.2.2 Equilibrium gravity settling 

Whilst much of the focus of research on sedimentation is based on the initial settling region, 

the behaviour at large time is important industrially and from a research perspective.  An understanding 

of long-term settling is crucial for tailings management.  These tailings ponds, often deeper than 10 

metres, are filled with particulate suspensions and then allowed to consolidate for years [20].  The final 

extent of settling in laboratory batch sedimentation tests provides information about the compressive 

strength, Py(φ), and allows determination of the gel point, but these tests are often terminated after 1-24 

hours without a clear understanding of whether an equilibrium height has been reached. 

At large times, the sediment bed has consolidated towards the equilibrium solids concentration 

distribution, φ(z,∞).  The compressive behaviour of the sediment determines the variation in solids 
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volume fraction with height from the base of the sediment, z, at time, t, which is denoted by φ(z,t) (see 

Figure 4.5). 

 

Figure 4.5:  An example of the evolution of solids concentration profiles from the initial condition to the equilibrium 
profile.  At equilibrium, the weight of sediment layers at the top of the bed compact the layers below and 
the solids concentration increases from the top of the bed to the bottom of the settling cylinder. 

At the top of the sediment bed (φ = φg), the solids pressure and compressive stress are zero.  

The compressibility of the sediment determines the final height as the networked bed compresses under 

its own weight [3].  At the base of the bed, the compressive stress is given by 

00hgP φρ∆=∆ . (4.10) 

Usher et al. [20] derived a simple analytical equation to describe the final stage of compression.  

This work allowed a significant reduction in the computational time required to long-time batch settling 

behavior, i.e. the final extent and how long it will take to reach that equilibrium state.  The solid-liquid 

interface height after the critical time (when φ(h(tc),tc) = φg) can be described by 









−+= ∞ t

L
u

Ahth gsed
g 1

)(
exp)( γ

φ
, (4.11) 

where h∞ is the equilibrium height, used(φg) is the sedimentation velocity at the gel point, L is a 

length scale (L = D(φg)/used(φg)) and γ1 is the smallest eigenvalue from the solution of the large time 

batch sedimentation problem.  This analysis is valid from the critical time, tc, and critical height, hc, 

hence if these values are known then the undefined constant, Ag, is determined from 
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This work is based on compressive rheology theory and facilitates the prediction of the solids 

concentration profile in the equilibrium sediment bed based on the compressibility of the suspension.  

However, the equilibrium profile in laboratory batch settling tests can be strongly influenced by the 

settling cylinder walls, especially for high aspect ratio cylinders.  The adhesion of the suspension to the 

walls can introduce unbounded errors in the estimation of Py(φ) [11], these effects have been shown to 

be more prevalent than previously suspected for strongly flocculated colloidal gels, such as sewage 

sludges [21]. 

The particulate network experiences combined shear and compressive stresses when wall 

adhesion effects are substantial.  The presence of these wall effects is indicated by a region of constant 

solids volume fraction in the solids concentration profile, where the shear stress at the wall supports the 

weight of the entire suspension.  This is reflected in the 1D equilibrium momentum balance [21], which 

extends Eq.  (4.2) to incorporate a wall adhesion (shear) strength term, τw(φ), to account for wall 

adhesion effects 

0
)(2

=+∆− ∞
∞

R
g

dz
d

d
dP wy φτ

φρ
φ

φ
, (4.13) 

where φ is assumed to be constant radially, φ∞ is the equilibrium solids concentration, and R is 

the characteristic dimension (in most cases, it is the radius of the settling cylinder).  Note that z is defined 

differently to Usher et al. [20].  In this case, it is the vertical depth of the bed from the solid/liquid 

interface downwards.   

Consequently, the properties of the suspension under shear forces are an important 

consideration in modelling this scenario.  Buscall [22] proposed a relationship for the ratio between the 

compressive yield strength, Py(φ), and the shear yield strength, τy(φ), in which the ratio, 

S(φ) = τy(φ)/Py(φ), quickly decreases from unity near the gel point to the asymptotic value S∞ near the 

gel point. A compressive yield strength functional form that uses two fitting parameters, p1 and p2 is 

g
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y pP φφ
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For this functional form, the ratio becomes 
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The region of constant solids concentration, or critical solids concentration, φc, occurs when 

Rg cw φρφτ ∆≈
2
1)( . (4.16) 

Hence, the criterion for judging the relative magnitude of wall adhesion effects is the ratio of 

wall adhesion strength τw(φ) versus wall shear stress, 1/2∆ρgφR, as well as the ratio, S(φ). 

A two dimensional approach to modelling suspension equilibrium stress state in the presence 

of wall adhesion was successfully validated, but was both algorithmically complex and computationally 

intensive [11].  As such, a highly simplified 1D model based on a visco-plastic constitutive model for 

the rheology of strong colloidal gels was proposed [21]. 

The experimental measurement of equilibrium solids concentration profiles demonstrated that 

the critical solids concentration is more prevalent in narrower settling columns [21].  In that study, the 

equilibrium solids concentration profiles for several strongly flocculated colloidal suspensions were 

measured using a gamma-ray attenuation device for two different column widths (11 and 55 mm).  The 

measured solids concentration was fit using the 1D analytical solution 
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This provides the fitting parameters p1, p2 and S∞, which are required to fully define τy(φ) and 

Py(φ).  In the absence of wall effects, this concentration profile is 

( ) 1
1

21

2 21
1)(ˆ −

∞ 






 −∆
+=

pg
g z

pp
pg

z
φρ

φφ . (4.18) 

An example case of a strongly flocculated colloidal gel from Lester and Buscall [21], which 

highlights the influence of wall adhesion on solids concentration profiles is shown in Figure 4.6.  This 

example indicates a range of cylinder diameters (R = 11 mm, 55 mm and ∞) for a material that has the 

following parameter values; φg is 0.0923, p1 is 3.204 Pa, p2 is 5.495 and S∞ is 0.1597. 
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Figure 4.6: An example of the effect of the diameter of the settling cylinder on the equilibrium solids concentration 
profile of the sediment.  The smaller diameter of settling cylinder exerts a greater influence on the sediment 
where wall adhesion contributes to the “hold up” of the sediment. 

4.2.3 Transient centrifugal settling 

The transient centrifugal settling test is an especially useful replacement for the transient gravity 

settling in cases of small sample size or restrictions on settling time.  The theory presented for transient 

gravity settling has been modified to centrifugal coordinates by several authors [2, 23, 24].  The main 

modification is the system rotates with an angular velocity, ω.  There are two cases that need to be 

considered: 

• A tube rotating around an axis (for example, a small analytical laboratory centrifuge)

• A bowl rotating around its axis (for example, an industrial decanting centrifuge)

The governing equation derived by Bürger and Concha [23] is a second order strongly 

degenerate partial differential equation (with a source term for the rotating bowl case).  Prior to 

compression, it simplifies to a first order hyperbolic type for 0 ≤ φ ≤ φc which is equivalent to that 

examined by Anestis and Schneider [24].  A method has been developed to extract the flux density 

function from centrifugal settling data in this region [2].  This graphical method is a modified Kynch 

approach and is further summarised in Chapter 2. 

A novel numerical method that extends the method of characteristics to centrifugal coordinates 

is presented as follows. 
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Method of characteristics – extension to centrifugation (White Method [25]) 

Momentum and volume balances yield the following conservation equation described by 

Landman et al. [26] and Bürger and Concha [27] 
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where the solids flux function, f(ϕ), for a settling test is defined in Eq.  (4.20) 

)()( φφφ uf = (4.20) 

The instantaneous settling velocity, u(ϕ), is a function of the solids volume fraction, ϕ.  For 

gravitational batch settling, the relationship between this flux function and R(ϕ) is represented by 
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The flux function is also proportional to the density difference between the solid and liquid 

phases, Δρ, and the gravitational constant, g.  In the case of centrifugation, there is a radial dependence 

on the force on particles, so the continuity equation becomes 
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Below the gel point, D(ϕ) is equal to zero, giving the following equation 
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where the flux function equation is now defined as 
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Applying the method of characteristics, let ϕ(τ)= ϕ(z(τ),t(τ)) and differentiating with respect to 

τ gives 
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Equating the coefficients with Eq.  (4.23) gives the following results on the characteristics 
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Selecting t = τ and introducing the scaled variable 
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That is represented in terms of the interface h(t) data as 
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This scales the height versus time data such that the effect of the scaling is small towards the 

outer radius but is far greater towards the centre of the centrifuge, as shown in Figure 4.7. 

Figure 4.7: Scaling of the height variables from the z coordinates to X(z) where a typical initial settling height of 
h0 = 0.015 m is indicated by (h,H).  The scaling has a minor effect over this range of interest shown in (a) 
but the effect is more pronounced in (b) approaching the centre of the centrifuge (z→rmax).  

The equations for the characteristics now become 
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Dividing Eq.  (4.29) by Eq.  (4.30) gives 
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and integrating from the base of the tube, rmax and X=0, at solids volume fraction, ϕ(0,t), to the 

settling interface, r and Xc=Hc(t), at ϕ(H,t) yields 
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Thus, the master curve for characteristics becomes 
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or 

( )0)0()( ttgHtH cc −+= , (4.34) 

where t0 is defined as; ϕc(t0) =  ϕ0. 

Integration of Eq.  (4.30), allows solids volume fraction data, ϕc, to be superimposed onto the 

master curve for characteristics 
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where the following variable is introduced, 
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to give 
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An example of the two master curves for the characteristics (see Eq.  (4.38)) are shown in 

Figure 4.8. 
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Figure 4.8: An example of the master curves for variation of solids concentration with time along a characteristic.  The 
shape of these curves is dictated by the flux function. The function g(t) is in the scaled height domain and 
represents the shape of the characteristic, where the starting point for g(t-t0) is t0 and ϕc(t0) = ϕ0,c.  The 
solids concentration decreases along a characteristic following the master curve ϕc(t) 

Note that in this example t0 = 0 s for the characteristic at high volume fraction ϕc(0,0) = 0.5 v/v 

and for a different characteristic at lower volume fraction ϕc(0,0) = 0.3 v/v then t0 = 120 s.  The g(t) 

curve can be superimposed onto the relevant H(t) plot at positions dictated by the ϕc(t) curve.  Figure 4.8 

also shows that the solids volume fraction decreases along each characteristic.  This means that solids 

concentration profiles ϕ(h,t) can be inferred after f(ϕ) has been extracted from the h(t) data. 

There are three main regions of different settling behaviour; the initial dilution region, the fan 

region and the compression region.  The characteristics in the dilution region start at the different heights 

along the z-axis.  The amount of dilution can be determined because these characteristics are parallel, 

which results in vertical iso-concentration lines.  Thus, the concentration at the interface concentration 

and flux function can be determined from the h(t) data. 

Combining Eq.  (4.20) and Eq.  (4.26) gives 
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Therefore, integration of Eq. (4.39) yields 
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which can be related to the flux function by Eq.  (4.20) 
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which can be directly related to R(φ).  Thus, the extraction of suspension permeability from this 

region can be completed directly.  This is not the case with the fan region where the characteristics ‘fan’ 

out from the origin.  At the interface, the transition can be continuous, i.e. h”(t) = 0, when the initial 

concentration is high and the dilution region transitions smoothly into the fan region.  It can also be 

discontinuous, i.e. h’(t) discontinuous, for lower initial concentrations where there is a transition to a 

shock/contact discontinuity.  In both cases, the inverse problem is not straightforward. 

To complete the inverse problem of extracting R(ϕ) from h(t) in the fan region, then it is first 

assumed that the characteristics are straight (which we know they are not).  This allows extraction of a 

first pass estimate of f(ϕ), which can then be used in Eq.  (4.32) and (4.37) to give a new estimate for 

the ϕ(H,t) that corresponds to each point on the settling curve (h, t).  The new estimate for ϕ(H,t) is used 

in Eq.  (4.20) to construct a second iteration of the flux function.  This iterative process was hoped to 

be repeated until convergence criterion are satisfied.  However, noise in the data is amplified with each 

successive iteration and the method is currently unable to be used to successfully obtain a complete f(ϕ) 

curve.  The data from the compression region is not able to be analysed using the method detailed above 

because it was assumed that D(φ) is zero (i.e. below the gel point). 
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Different modes of centrifugal settling 

For flux curves with one inflection point, the inflection point of the master curve for 

characteristics dictates the mode of centrifugal settling.  The inflection point on the f(ϕ) curve, ϕi, is 

approximately equal to the corresponding ϕ for the inflection point of the g(t) curve, ϕg,i. In this study, 

three cases are analysed; 

• Mode 1: Fan (ϕ0 > ϕg,i + δ)

• Mode 2: Partial shock and fan (ϕg,i  < ϕ0 < ϕg,i + ϕ)

• Mode 3: Shock and fan (ϕ0 ≤ ϕg,i)

where ϕ represents the decrease in volume fraction at the interface due to the dilution effect. 

These cases are highlighted for the following functional form for R(ϕ) 

( ) 610 )1(10 −−= φφR . (4.42)

The inflection point for this f(ϕ) is 0.222 v/v and the inflection point for g(t-t0) is also 0.222 v/v.  

Figure 4.9: Flux density function, f(ϕ), corresponding to Eq.  ((4.42) with an inflection point at ϕ = 0.222 v/v indicating 
the initial solids volume fractions of tests that result in the three different modes of settling  

Mode 1 

Consider the first case where ϕ0 = 0.4 >> ϕg,i.  The predicted settling curve and solids volume 

fraction profiles are shown in Figure 4.10.  The centrifugal settling process was simulated using a 

second order Monotonic Upwind Scheme for Conservation Laws (MUSCL) Scheme {van Leer, 1979 

#16710} for a sample with an initial height of 0.8 m, in a centrifuge with an outer radius of 1 m, rotating 

at 4000 rpm.  These extreme conditions are used to highlight aspects of the settling behaviour.  For 
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example, the initial dilution effect and curved iso-concentration lines6 are not easily visible for initial 

conditions similar to analytical centrifuge tests with much smaller initial height and outer radius. 

Figure 4.10: Transient centrifugal settling mode 1, exhibiting rarefaction waves from the origin.  The characteristics 
are not straight lines and the solids concentration decreases along their length.  In this case, the initial 
concentration is much greater than the inflection point 

In this example, the curvature of the iso-concentration lines is clearly visible.  Further, the 

concentration at the interface decreases from 0.4 to 0.35 v/v before continuously increasing in the fan 

region.  There is no shock because there is a smooth transition from the characteristics emanating from 

the z-axis to those emanating from the origin, i.e. the characteristics do not intersect (except at the 

origin).  This behaviour is expected for sewage sludge samples unless the sample is at very low 

concentrations of less than 0.001 v/v.  Note that characteristics emanating from the z-axis are at the 

same concentration, ϕ0, and run parallel in the z-t space.  Thus, they dilute at the same rate, which creates 

vertical iso-concentration lines (only in the dilution region).  

Mode 2 

Consider the final case where ϕg,i < ϕ0 < ϕg,i + δ.  The predicted settling curve and solids volume 

fraction profiles are shown in Figure 4.11 for the same conditions as the Mode 1 example, except for 

an initial solids concentration of 0.25 vv.  The characteristics from the origin intersect because of the 

dilution to concentrations lower than the inflection point at 0.222 v.  This creates a shock along the 

6 Note that under a centrifugal field the characteristics are different from the iso-concentration lines.  The 
concentration decreases along the characteristics (see Figure 4.8).  Both the iso-concentration lines and 
characteristics are curved in the z-t space. 
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border between the dilution region and the fan region.  The closer that ϕ0 is to the inflection point 

concentration, then the more of that border region is a shock.   This behaviour can be identified from 

the interface height profile by a discontinuity in h’(t).  However, this discontinuity may be subtle and 

difficult to determine in experimental data. 

Figure 4.11: Transient centrifugal settling mode 2, exhibiting rarefaction waves from the origin and contact 
discontinuities.  The characteristics are not straight lines and the solids concentration decreases along their 
length.  In this case, the initial concentration is greater than the inflection point, but the initial dilution 
reduces the concentration below the inflection point, thus causing the contact discontinuities.

Mode 3 

Consider the third case where ϕ0 = 0.2 ≤ ϕg,i., for example, ϕ0 = 0.10 v/v.  The predicted settling 

curve and solids volume fraction profiles are shown in Figure 4.12 for the same conditions as the Mode 

1 and 2, except for an initial solids concentration of 0.15 vv.   
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Figure 4.12: Transient centrifugal settling mode 3, exhibiting rarefaction waves from the origin and contact 
discontinuities.  The characteristics are not straight lines and the solids concentration decreases along their 
length.  In this case, the initial concentration is much smaller than the inflection point and dilution 
concentration.

There is a full shock all along the boundary between the dilution and fan regions because the 

characteristics coming from the z-axis curve downwards and the characteristics fanning out from the 

origin curve upwards.  The characteristics can even have a negative gradient in the Cartesian plane if 

the initial concentration is low enough (see the maximum in g(t) in Figure 4.8). 

The adhesion to tube walls may be significant for settling in the cuvettes used by laboratory 

analytical centrifuges.  However, no correction on the transient settling analysis has currently been 

developed to correct for these wall effects.  The small diameter of tubes is expected to have a greater 

influence on settling behaviour, but this is counter-acted by the increased acceleration experienced by 

the particles.  The influence may be investigated through periodic measurement of the transient settling 

solids concentration profiles. 
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4.2.4 Equilibrium centrifugal settling (multiple rotation rates) 

The ability to sequentially increase the force applied to a sediment by increasing the 

rotation speed means that analytical centrifuges are extremely useful devices for measuring the 

compressive strength of samples.  Many researchers have used this principal to develop methods for 

extracting compressive strength from equilibrium centrifugation experiments [4, 28-32].  The material 

strength can be determined based on either an equilibrium solids concentration profile or a series of 

equilibrium heights at different rotation speeds (see Figure 4.13).  Whilst most multiple-speed 

centrifugal methods investigate the compressibility of a sample, it is also possible to obtain permeability 

data from such tests [33]. 

Figure 4.13: An example of the results from the multiple-speed equilibrium centrifugal settling test. 

The multiple-speed equilibrium sediment height technique, which uses the relationship between 

the acceleration and final sediment height, provides a robust means of determining the compressive 

strength.  This method is detailed in Buscall and White [3], Green and Boger [4] and Usher et al. [2] 

(and summarised in Chapter 2). Other methods for quantifying compressibility by similar methods were 

developed independently [34, 35]. 

A different approach is to measure the solids volume fraction profile of a sediment that 

has been centrifuged to equilibrium.  A simple method for collecting equilibrium solids volume fraction 

profile data is scrape testing [4, 29, 30], where segments of the consolidated sediment are removed 

(scraped) and the solids volume fraction for each segment is determined by weight loss upon drying 

[31].  More accurate measurement of solids volume fraction profiles of inorganic particulate 

suspensions can be achieved through in-situ measurement techniques, such as ultrasonic 

attenuation [36], gamma rays [11, 21, 37] and x-rays [10].  The analysis of these equilibrium solids 

concentration profiles is based on the principal that the centrifugal pressure gradient is given in 
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Eq.  ((4.43) (or equivalent).  Implicit to the accuracy of the scrape test is that compression is not 

recoverable (there is little or no elasticity in the sediment). 

rhP 2
00 ωρφ∆=∆ . (4.43) 

The applied differential pressure, ∆P, is a function of the centrifugal acceleration, ω2r, where 

ω is the angular rotation speed and r is the radius of centrifugation (the distance from the centre of the 

centrifuge).  ∆P is also dependent on the initial concentration of the suspension, φ0, the initial height of 

the sample, h0, and the solid-liquid density difference, ∆ρ.  At equilibrium, ∆P is equal to Py(φ) [32]. 

Figure 4.14: An example of the results from the multiple-speed equilibrium concentration profiling technique.  The 
data are consistent with the case of minimal influence from the walls of the settling cuvette 

The novel method for extracting the compressive yield strength from equilibrium centrifugal 

settling tests, which also corrects for the presence of wall effects, is outlined below. 

A one-dimensional (1D) vertical momentum balance [21, 38] is generally used to model 

sedimentation and consolidation to equilibrium, which then allows the extraction of Py(φ).  

Approximating the sample cuvettes as a cylinder, then R = 0.5 dsample, and Eq.  (4.2) becomes 

Eq.  ((4.44) 

0
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∞
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dz
d

d

dP φτ
φρ

φ
φ

, (4.44) 

where φ∞ is the equilibrium solids concentration, z is the vertical depth of the bed from the 

solid/liquid interface downwards and dsample is the diameter of the centrifuge sample cell.  
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Another approximation more appropriate for the 2 mm width is to assume two infinite parallel 

plates due to their high aspect ratio.  The parallel plates are positioned as x = ±L, then R = 2 L, and the 

force balance from Lester and Buscall [21], Eq.  (4.2) becomes Eq.  ((4.45). 
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Lxy
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dz
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dP

φτφρ
φ

φ
. (4.45) 

Due to small cake heights for the configuration of centrifuge used, the acceleration experienced 

by the sediment can be assumed to be approximately constant at g = ḡ = ω2rmax, where ḡ is the equivalent 

gravitational acceleration constant and rmax is the outer radius of the centrifuge cell. 

Figure 4.15: An example of the results from the multiple-speed equilibrium concentration profiling technique.  The 
data sare consistent with a strong influence from the walls of the settling cuvette 

Py(φ) can be extracted from equilibrium centrifugal solids volume fraction profiles, φ(z), using 

the analytic 1D approximation of the visco-plastic model incorporating wall adhesion presented in 

Lester and Buscall [21].  Assuming that τy(φ) and Py(φ) for the samples approximately follow the 

functional forms given by Eq.  (4.14) and Eq.  (4.15), then the analytical solution for the equilibrium 

solids concentration profile is given by Eq.  ((4.46) 
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which uses data from a gravity batch settling test, such as the initial solids volume fraction (φ0), 

initial suspension height (h0) and equilibrium sediment height (h∞).  This additional data from the 

gravity settling test is required to determine the gel point. 

The data from all rotation rates (each with different ḡ) are simultaneously fit to obtain τy(φ) and 

Py(φ) by determining the best fit parameters p2 and M = φg∆ρ/p1.  The gel point (φg) is then calculated 

from gravity settling data (φ0, h0, h∞, ∆ρ, g) and the best fit parameters (p2 and M). 
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The parameter p1 can be extracted from M and the shear and compressive rheological 

parameters τy(φ) and Py(φ) are fully defined.  The extracted functional form for Py(φ) using the method 

outlined above was compared with the validated method based on equilibrium sediment heights detailed 

in Usher et al. [2] and numerical integration of an equilibrium solids concentration profile as detailed 

in Green and Boger [4]. 

4.2.5 Elastic rebound of suspensions 

One of the key issues with equilibrium centrifugation tests is the elastic rebound of the 

sediment, which can occur when the sample is removed from the centrifuge.  Elastic behaviour of the 

sediment has been observed for organoclay gels [9] and sewage sludges [39-42].  The height recorded 

may be higher than the actual sediment height when the centrifugal force was being applied.  Elastic 

rebound caused by relaxation of the sediment can be a source of error for manual equilibrium height 

measurements at each rotation rate.  Rebound ratios of up to 25% of the sediment height from 

equilibrium have been reported [41].  Hence, any in-situ method for measurement of equilibrium height 

or solids concentration profiles are preferable to removing the sample for analysis. 
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 MATERIALS AND METHODS 

4.3.1 Materials 

Any coagulated or flocculated mineral suspension can be examined using the methods 

presented herein.  The x-ray attenuation of suspensions of biological origin, such as sewage sludges, is 

close to water and the errors involved in measuring solids concentration profiles with the 

LUMiReader® X-Ray are significant.  The sewage sludges can be conditioned with inorganic 

particles to increase the attenuation whilst maintaining similar, albeit modified, dewatering properties. 

4.3.2 Experimental methods 

The wall effects investigation method requires a measuring cylinder and stopwatch, 

LUMiReader® X-Ray (or equivalent), and a LUMiFuge® (or equivalent).  A LUMiReader® can be used 

to provide additional gravity settling data.  Several calibration measurements are required before testing 

in the LUMiReader® and LUMiReader® X-Ray.  The base position, cuvette width variation with height 

and sample attenuation coefficients were all calibrated following the methods detailed in Appendix 4A. 

Transient gravity settling 

Transient gravity settling involves the sedimentation and consolidation of a suspension at 

uniform initial solids concentration ϕ0 under gravity in a straight-walled vessel.  This sedimentation 

can be measured by eye from settling in a measuring cylinder, or recorded using a settling analyser, 

such as the LUMiReader® and LUMiReader® X-Ray.  A range of variables in this straightforward test 

can be manipulated including ϕ0, h0, and the diameter of the vessel.  It is preferred to change one 

variable and maintain the others as constants.  It is possible to maintain a constant ϕ0 between tests in 

different vessels.  However, the h0 of a test in a measuring cylinder must be much greater than the h0 

of a test in the LUMiReader®.  The influence of diameter can be explored for settling in the measuring 

cylinder with a diameter of ~ 30 mm, compared to settling in 2 mm and 8 mm wide cuvettes.  A range 

of samples at different ϕ0 can be prepared to investigate the influence of initial concentration.   

The tests in a measuring cylinder provide interface height data, h(t), for comparison with 

LUMiReader® data, also h(t), and LUMiReader® X-Ray data, h(t) and ϕ(z,t).  An example of the 

detailed experimental procedure is provided in Appendix 4B. 

Equilibrium gravity settling 

Equilibrium gravity settling involves the sedimentation and consolidation of a suspension at 

uniform initial solids concentration ϕ0 under gravity in a straight-walled vessel until an equilibrium 

height is reached.  The influence of the settling vessel diameter wall can be investigated by comparing 

the quantity of solids, ϕ0h0, with the final equilibrium height, h∞. The equilibrium solids concentration 

profile, ϕ∞(z), is measured in the LUMiReader® X-Ray.  Note that h∞ and ϕ∞(z) can be measured from 
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the transient gravity settling tests at long time. An example of the detailed experimental procedure is 

provided in Appendix 4B. 
Transient centrifugal settling 

Transient centrifugal settling involves the in-situ recording of the transient sediment-liquid 

interface heights at a range of times for a single rotation rate.  The influence of ϕ0 and h0 can be 

investigated as per transient gravity settling.  In addition, the force applied to the particles can be 

controlled and varied through manipulation of the rotation speed.  The interface height data, h(t), during 

settling is measure by the LUMiFuge® and sample is periodically transferred to the LUMiReader® X-

Ray for concentration profiling.  The sample is disturbed during this transfer process, so an in-situ 

centrifugal x-ray measurement is preferable, but not currently available. 

Equilibrium centrifugal settling (multiple rotation rates) 

The equilibrium centrifugal settling test requires measurement of the solids concentration 

profiles following long-time centrifugation at a range of rotation speeds (see Figure 4.16).  The 

equilibrium centrifugal solids volume fraction profile, ϕ∞(ω, z), is measured by centrifuging a sample 

to an equilibrium height in a LUMiFuge® and then transferring the sample into the LUMiReader® 

X-Ray to measure the profile.  This process is repeated for a series of rotation rates.  Note that the 

attenuation is too large for most mineral suspensions in the 8 mm cuvettes, thus analysis is restricted to 

the 2 mm cuvettes. 

Figure 4.16: Summary of equilibrium centrifugal settling experimental method for the multiple-speed equilibrium 
concentration profiling technique. 

LUMiSizer®
LUMiReader®

X-Ray

Equilibrium 
Centrifugation

Concentration 
Profiles

500 rpm

1000 rpm

2000 rpm

4000 rpm



4-27 

Elastic rebound of suspensions 

Elastic rebound experiments involve recording the solid-liquid interface with time for a range 

of rotation rate as they are increased and then decreased.  After the rotation rate is reduced, the extent 

to which the height rebounds is used to determine the elastic rebound of the material.  Concentration 

profiles are determined after rebound from 500, 1000, 2000 and 4000 rpm.  A derailed description is 

provided in Appendix 4B. 

4.3.3 Synthetic data creation 

A synthetic data set for gravity and centrifugal settling was presented in Chapter 3 for the 

validation of the unified dewaterability characterisation methodology.  The data was created using the 

functional forms of R(φ) and Py(φ) for a sewage sludge in Usher et al. [2].  h(t) were predicted using a 

semi-implicit upwind finite difference algorithm similar to the method of Bürger and Concha [23] and 

described by Usher et al. [2].  Analysis of this data set was performed to quantify the errors in the 

extracted material properties by comparing with the known functional forms.  

In this chapter, the ability to correct for wall effects is investigated, so further synthetic data 

was created that mimic wall adhesion effects.  Equilibrium solids volume fraction centrifugation 

profiles were created from a known functional form for compressive and shear yield stress at a range of 

rotation rates (500, 1000, 2000 and 4000 rpm) by solving the governing equations using the analytic 

1D approximation of visco-plastic model incorporating wall adhesion and assuming constant 

acceleration across the sediment.  Varying amounts of random artificial noise were added to the 

equilibrium profiles to simulate experimental noise and different values of S∞ were used to evaluate the 

influence of wall adhesion on the analysis.  The selected functional forms for the compressive and shear 

yield stress are given by Eq.  (4.14) and Eq.  (4.15), where p1 = 6 and p2 = 12. 
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Figure 4.17: Multiple-speed equilibrium concentration profiles generated for a known functional form of Py(ϕ) for (a) 
negligible wall effects and noise of ± 0.5 vol%, (b) S∞ = 0.1 and noise of ± 0.5 vol%, (b) S∞ = 0.1 and noise 
of ± 1 vol% and, (b) S∞ = 0.3 and noise of ± 0.5 vol%. 

These equilibrium curves were supplemented with an equilibrium profile from a gravity settling 

test that was produced from an analytical solution of the governing equations without considering wall 

adhesion.  The gravity settling synthetic data is summarised in Table 4.2. 

Table 4.2: Synthetic data generated for the equilibrium gravity batch settling test 

h0 (m) φ0 (v/v) h∞ (m) 

0.30 0.05 0.078 
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4.3.4 Data analysis and method validation 

The synthetic data was analysed using the methods outlined in the theory section.  The transient 

centrifugal settling data was analysed using the modified Kynch analysis (Usher method) and the 

modified method of characteristics (White method).  The equilibrium centrifugal settling data was 

analysed using the Multiple-Speed Equilibrium Sediment Height Technique, Concentration Profiling 

Technique and the novel concentration profiling method presented in this work that accounts for wall 

adhesion.  As all the data was created from a known functional form then the errors can be compared 

quantitatively. 

RESULTS AND DISCUSSION 
The results presented are for synthetic data created from known functional forms, hence this 

section is for method validation only.  Actual experimental results are presented in Chapter 5. 

4.4.1 Transient and equilibrium gravity settling 

An analysis of synthetic transient and equilibrium gravity settling data with quantitative error 

analysis was performed (see Chapter 3).  Both the graphical method based on the Kynch method and 

the numerical approach using the method of characteristics showed errors below 5%.  No further 

analysis is presented here as the novel centrifugal analysis methods are the focus of this chapter. 

4.4.2 Transient centrifugal settling 

The graphical method (modified Kynch method [2]) and numerical method (method of 

characteristic [25]) extract almost identical permeability results for the synthetic data that mimics a 

sewage sludge in an analytical centrifuge.  The errors relative to the known functional form for both of 

those methods are presented in Usher et al. [2]. 

A more rigorous method for extracting permeability data would involve analysis of the transient 

concentration profiles.  Such an analysis may be based on simulating the centrifugal settling procedure 

and reducing the sum of squared errors when comparing the simulation results with the experimental 

data.  Note that there is no wall effect correction for transient data presented in this work. 
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4.4.3 Equilibrium centrifugal settling 

Comparison to standard methods of analysis 

The current standard methods for analysis of multiple-speed equilibrium centrifugation tests do 

not consider wall effects.  These methods are accurate for scenarios where wall effects are minimal (see 

Figure 4.18).  In this scenario, the equilibrium heights method is especially robust and useful, as it is 

based off the equilibrium solid-liquid interface height and does not require knowledge of the 

concentration profile below.  However, the concentration profile provides the indications of adhesion 

of the sample to the walls of the settling container. 

Figure 4.18: Comparison between the multiple-speed equilibrium sediment height, concentration profiling and novel 
multiple-speed equilibrium concentration profiling methods for extracting compressibility, Py(ϕ), from 
multiple-speed equilibrium centrifugal settling data. The synthetic data was generated from a known 
functional form, where the wall effects are typical of strongly flocculated suspensions (S∞ = 0.1).  The 
relationship between solids volume fraction and (a) Py(ϕ) for each method and; (b) percentage error in the 
extracted Py(ϕ) is shown. 

Further cases represent a variety of scenarios where wall effects are more significant.  The 

synthetic data was created with the typical values of S∞ = 0.1 or 0.3 and noise of ± 0.5 or 1 vol%.  In 

these cases, the extracted compressive yield strength results diverge significantly for the different 

methods. 
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Figure 4.19: Comparison between the multiple-speed equilibrium sediment height, concentration profiling and novel 
multiple-speed equilibrium concentration profiling methods for extracting compressibility, Py(ϕ), from 
multiple-speed equilibrium centrifugal settling data. The relationship between solids volume fraction and 
(a) Py(ϕ) for each method and; (b) percentage error in the extracted Py(ϕ) is shown.  The synthetic data
was generated from a known functional form, where (i) the wall effects are typical of strongly flocculated
suspensions (S∞ = 0.1) with typical scatter (0.5 vol%), and (ii) the wall effects are typical of strongly
flocculated suspensions (S∞ = 0.1) with large scatter (1 vol%), and; (iii) the wall effects are stronger than
expected (S∞ = 0.3) with typical scatter (0.5 vol%).
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 When wall effects are significant, the method that can account for such wall effects is 

significantly more accurate and effective.  The novel multiple-speed equilibrium concentration 

profiling method that accounts for wall effects can also extract the shear yield strength from the 

synthetic data (see Figure 4.20). 

Figure 4.20: (a) The extracted compressive strength, Py(ϕ), shear yield strength, τy(φ), from the combined analysis of
synthetic equilibrium solids volume fraction profiles with S∞ = 0.2 and noise of ± 0.5 vol%, compared to
the known functional form (black).  (b) The extracted ratio of shear to compression, S(ϕ)=τy(φ)/Py(ϕ),
compared to the known functional form.  Finally, the quantified errors for (c) Py(ϕ) and τy(φ), and (d) S(ϕ)
compared to the known functional forms.

The error is within 3 % for Py(ϕ), τy(φ) and S(ϕ) over the range of relevant φ values indicating 

that the method is robust for a small amount of scatter.  The errors are induced by the requirement to 

find the best fit to a non-linear dataset.  This can result in good fits to the data but inaccuracies in the 

three fitting parameters (p1, p2 and S∞). 

It should be noted that this analysis is especially sensitive to errors in the final height of the 

gravity batch settling test.  This results in an error in the estimation of the gel point and consequently 
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the other fitting parameters. The scenario of a 1 mm hold-up of the sediment, which may be caused by 

wall adhesion or incomplete settling, is shown in Figure 4.21. 

Figure 4.21: Basic sensitivity analysis for (a) the extracted compressive strength, Py(ϕ), shear yield strength, τy(φ), from 
the combined analysis of synthetic equilibrium solids volume fraction profiles with S∞ = 0.2 and noise of 
± 0.5 vol%, showing the sensitivity of the analysis to a 1 mm change in final height of the gravity batch 
settling test.  (b) The extracted ratio of shear to compression, S(ϕ)=τy(φ)/Py(ϕ), compared to the known 
functional form.  Finally, the quantified errors for (c) Py(ϕ) and τy(φ), and (d) S(ϕ) compared to the known 
functional forms. 

The 1.3 % error in the final height of the gravity batch settling test can induce errors of 30 % 

in S(ϕ).  Hence, it is important to complete the gravity batch settling test in a large measuring cylinder 

(preferably > 1 L) and allow the test to reach equilibrium. 

Validation of analysis 

A different method for validation of the analysis is to re-predict the equilibrium solids 

concentration profiles based on the extracted parameters.  This allows visualisation of the errors 

involved.  The result for the extracted parameters shown in Figure 4.20 is presented in Figure 4.22. 
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Figure 4.22: The synthetic equilibrium solids volume fraction profiles for a range of rotation rates with S∞ = 0.1 and 
noise of ± 0.5 vol% compared to the re-prediction from the extracted compressive yield strength curve. 

The re-prediction is within the bounds of the scatter.  The validation process was repeated for 

the other four cases showing the robustness of the method with additional scatter in the profile and 

increasing strength of wall effects (see Figure 4.23). 

Figure 4.23: Multiple-speed equilibrium concentration profiles generated for a known functional form of Py(ϕ) for (a) 
negligible wall effects and noise of ± 0.5 vol%, (b) S∞ = 0.1 and noise of ± 0.5 vol%, (b) S∞ = 0.1 and noise 
of ± 1 vol% and, (b) S∞ = 0.3 and noise of ± 0.5 vol% compared to the re-predicted profiles from the 
extracted compressive yield strength curve. 
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The errors for the fitting parameters and gel point associated with the four data sets presented 

in Figure 4.22 and Figure 4.23 are summarised in Table 4.3.  

Table 4.3: Comparison of rheological parameter values extracted from equilibrium centrifugation solids volume 
fraction profiles with scatter of between ± 0.5 and 1 vol% generated from known functional form of the 
compressive strength, Py(ϕ) and S∞ between 0.1 and 0.3. 

Scatter (-) p1 (-) p2 (-) φg (v/v) S∞ (-) 

Actual ± 0.005 6 12 0.15 0.00001 

Extracted 6.18 ± 0.05 11.97 ± 0.11 0.150 0.003 

Error (%) 3.12 -0.23 0.22 30,483 

Actual ± 0.005 6 12 0.15 0.1 

Extracted 5.98 ± 0.05 12.02 ± 0.05 0.150 0.098 ± 0.02 

Error (%) -0.32 0.20 -0.15 -2.4

Actual ± 0.01 12 6 0.15 0.1 

Extracted 11.99 ± 0.05 6.08 ± 0.05 0.150 0.1094 ± 0.020 

Error (%) -0.12 1.39 0.17 9.40 

Actual ± 0.005 12 6 0.15 0.3 

Extracted 12.01 ± 0.05 6.12 ± 0.04 0.150 0.289 ± 0.022 

Error (%) 0.24 2.14 0.24 -3.67

The largest errors for this method are associated with the case of negligible wall effects.  The 

relative error in S∞ is similar for this case compared to the others (S∞ ≈ 0.003), but the very small value 

for S∞ results in a large percentage error of over 30,000 %.  This method is design for systems with 

S∞ ≥ 0.1 and it is important to only apply this method in such cases, as other method of extracting the 

compressive yield stress are more robust.  The errors in the fitting parameters p1 and p2 are below 3 % 

for all cases, but the error in S∞ increases significantly with scatter.  The error is approximately 10 % 

for the largest amount of scatter observed experimentally (±1 %).  Despite these errors, the re-predicted 

concentration profiles in Figure 4.22 and Figure 4.23 show good agreement with the synthetic data. 

Overall, the fitting of the data (as validated by the re-prediction of the original results) is 

excellent.  However, errors in the final height of the gravity settling test have a significant effect on the 

analysis. 
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4.4.4 Influence of elastic rebound 

A quantification of the errors induced by elastic behaviour of the suspension is provided in 

Chapter 3.  The issue of elastic rebound of the centrifuged suspension network is further discussed in 

that section. 

4.4.5 Limitations 

There are currently no methods for correction of wall effects during transient centrifugal 

settling, despite this being a recurring issue in centrifugal dewatering tests [33, 43].  This analysis was 

unable to be completed during the current study and is a promising area for future work. 

The multiple-speed equilibrium concentration profiling method assumes a power-law 

relationship between compressive strength and solids volume fraction.  For real materials, this is not 

necessarily the case.  In that situation, the power-law curve fit will only be an approximation that will 

induce errors in the estimated strength of the wall effects.  A more rigorous method would not assume 

any functional form for the compressive strength, however, this removes the ability to use analytical 

equations.  The other potential issue with this data analysis method is the sensitivity of the S∞ values.  

A good fit to equilibrium solids concentration profiles can be achieved with a wide range of S∞ values, 

highlighting the limitations of using a non-linear curve fitting approach. 

A key issue for any organic suspensions is that their x-ray attenuation is similar to water. 

Hence, the resolution of the solids concentration profile is likely to be poor.  One potential solution to 

this problem is to add inorganic particles, such that the attenuation is increased to appropriate levels. 

However, the addition of inorganic particles is likely to alter the settling behaviour of the organic 

suspension. 

The other assumptions that were made for this analysis include modelling the centrifuge cells 

as two infinite plates, which is justified from the aspect ratio of ~50.  It is also assumed that there is a 

constant acceleration field across the sediment, because of the overall radius of the centrifuge compared 

to the sediment height.  However, this may be a bigger issue for centrifuges with different 

configurations. 

Finally, the centrifugal settling tests alone are not sufficient for complete characterisation of 

dewaterability.  To generate this curve-fit over an even larger range of solids volume fractions then the 

experimental data will need to be supplemented with data from constant or stepped pressure filtration 

tests [44-46] and potentially gravity settling tests [1]. 
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CONCLUSIONS 
The Kynch theory of sedimentation was revisited and extended to centrifugation.  Three distinct 

modes of centrifugal settling were discovered for a flux density curve with one inflection point.  These 

modes of settling are similar to the modes of gravity settling [1], however the increasing centrifugal 

force with radius introduces greater complexity.  The Lester method for deconvoluting gravity settling 

data to extract permeability data, R(φ), was extended to centrifugation.  During centrifugation, the lines 

of constant solids concentration emanating from the origin are no longer straight and an iterative 

approach to obtaining R(φ) is required.  This iterative numerical approach using the method of 

characteristics was quantitatively compared to a graphical Kynchian method [2]. 

Wall adhesion has proved an important consideration for equilibrium gravity settling and can 

introduce errors into analysis of equilibrium centrifugal settling.  An experimental and subsequent 

analysis method was developed to correct for these wall effects during equilibrium centrifugation 

experiments.  The novel analysis method was quantitatively compared to the current state-of-the-art 

analysis methods and proved to be important for cases where wall effects are significant. These 

experimental and analytical methods provide the basis for the first quantitative investigation of wall 

effects during analytical centrifugation tests. 

The experimental methods outlined in this chapter were implemented for inorganic model 

suspensions and a sewage sludge conditioned with inorganic particles and the results presented in 

Chapter 5.  The experimental results were analysed using the methods presented in this chapter to 

investigate the impact of wall effects on these novel centrifugal dewatering tests. 
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NOMENCLATURE 
List of abbreviations, symbols and definitions used in this study 

Abbreviations Units Definition 
CPF Constant pressure filtration 
ECS Equilibrium centrifugal settling 
TBS Transient (gravity) batch settling 
TCS Transient centrifugal settling 

WWT Wastewater Treatment 
WWTP Wastewater Treatment Plant 
Symbols Units Definition 

A [m2] Filter membrane area 
Ag [-] Long- time gravity settling constant 
a [m s-2] Centrifugal acceleration 
d [m] Centrifuge tube diameter 

D(ϕ) [m2 s-1] Solids diffusivity 
fbk(ϕ) [m s-1] Kynch batch flux density function 

g [m s-2] Gravitational acceleration 
g [m s-2] Acceleration vector 
ḡ [m s-2] Equivalent gravitation constant 

h, h(t) [m] Height 
H(t) [-] Scaled interfacial sediment height 
h∞ [m] Equilibrium sediment height 

I(ϕ) Integration function 
k, k(ϕ) [m2] Permeability 

L [-] Scaled length 
M [-] Scaled Py(ϕ) fitting parameter 

p1, p2… pn [-] Py(ϕ) fitting parameters 
pl [Pa] Liquid phase pressure 
ps [Pa] Solids network pressure 

Py(ϕ) [Pa] Compressive yield stress 
ΔP [Pa] Applied differential pressure 

q, q(t) [m s-1] Flux, speed 
Q [kg h-1 m-2] Specific solids throughput 
r [m] Centrifugal radius 

ra, rb, rg, rn [-] R(ϕ) fitting parameters 
rmax [m] Outer radius of centrifuge 
R(ϕ) [Pa s m-2] Hindered settling function 
S(ϕ) [-] Ratio of shear to compressive strength 

t [s] Time 
Tc [-] Scaled critical time 
T [-] X-ray transmission fraction

u, u(ϕ) [m s-1] Local solids speed
V [m] Specific filtrate volume
Ṽ [m3] Filtrate volume 
x [kg/kg] or [wt%] Solids weight fraction 
X [-] Scaled centrifugal height coordinate 
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z [m] Cartesian distance coordinate 
Greek Letters Units Definition 

δ [%] Relative error 
ϕ [v/v] or [vol%] Solids volume fractiondilution 
φ [v/v] or [vol%] Solids volume fraction 
φg [v/v] or [vol%] Gel point solids volume fraction 

φ(z) [v/v] or [vol%] Solids concentration profile 
η l [Pa s] Dynamic viscosity of fluid 
Δρ [kg m3] Density difference 
ρ liq [kg m3] Liquid phase density 
ρ sol [kg m3] Solid phase density 

τ [s] Time along characteristic 
τy(ϕ) [Pa] Shear yield stress 
τw(ϕ) [Pa] Wall yield stress 

ω [rad s-1] Centrifugal rotation rate 
µ [cm-1] Absorption coefficient 

Subscripts Units Definition 
∞ Equilibrium 
0 Initial 
1 Fitting parameter 1 
2 Fitting parameter 2 
c Property along a characteristic 
f Final 
g Gel 
h Handling time 
i Discrete value 

liq Liquid, liquor or fluid 
max Maximum 

solids Solids 
wall Wall 
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Appendix 4A: Experimental Procedures 

Sample Preparation 

Sample Preparation and Solids Concentration Determination 

A range of samples with different initial solids concentrations are required for the 

subsequent tests.  The detailed method for preparing each sample at its iso-electric point and 

determining the solids density and solids concentrations are provided in Appendix 3A. 

LUMiReader X-Ray Calibration 

The LUMiReader X-Ray requires calibration for new samples, such as calcium carbonate 

suspensions (Omyacarb 2).  This allows accurate analysis of the data from subsequent settling 

experiments.  The recommended solids concentrations are outlined in Table 4A.4, where the 

solids volume fraction lists are general guidelines only.  Calibration is needed for both the 2 

mm and 10 mm tubes with rectangular cross-section. 

Table 4A.4:  LUMiReader solids concentration calibration list 

Material Initial Solids Volume Fraction 
φ0 (v/v) 

Tube size 
w (mm) 

Omyacarb 2 0.005, 0.01, 0.02, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50 2 
0.005, 0.01, 0.02, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50 10 

The attenuation of x-rays in samples of various known solids concentrations was modelled 

using the Beer-Lambert Law following the method of Lerche et al. [10].  The absorption coefficient, 

μsample, was estimated to be 12.8.  The solids concentration was then able to be determined from the 

transmission fraction, T, using Eq.  (4.48) 

OHsample

OH
sampled

T

2

2

)ln(

µµ

µ
φ

−

−








 −

=
(4.48) 

where the absorption coefficient for water is μH2O, and the centrifuge sample cell diameter (path 

width) is dsample.
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Transient Gravity Settling Test 

Batch settling involves the sedimentation and consolidation of a suspension at uniform initial 

solids concentration ϕ0 under gravity in a straight-walled vertical vessel.  Measurement of the solids 

concentration profiles provide valuable information in addition to measurement of the solid-liquid 

interface height with time.  The following batch settling experiments described in Table 4A.5 are to be 

performed in the LUMiReader X-Ray (and a subset in the LUMiReader, if applicable) using two 

different sized rectangular tubes (2 mm and 10 mm) and a range of initial solids concentrations.  This 

provides information for validation of Buscall and White theory and allow comparison to previously 

collected settling data in 1 L measuring cylinders to evaluate wall effects. 

Table 4A.5:  Gravity batch settling under LUMiReader X-Ray experiment list 

Material Initial Solids Volume Fraction 
φ0 (v/v) 

Tube size 
w (mm) 

Omyacarb 2 0.03, 0.10, 0.15, 0.20, 0.25, 0.30 10 
0.03, 0.10, 0.20 2 

The general method for performing the gravity batch settling tests is outline below 

1. Load homogenous sample into settling tube

2. Record the height of the solid-liquid interface height with time (h(t))

3. Record the transient solids concentration profiles using the LUMiReader X-Ray (ϕ(h(t)))

4. Allow the sediment to reach an equilibrium height, h∞

Record: h(t), ϕ(h(t)), h∞

Transient Centrifuge Settling Test 

Transient centrifugal settling involves the in-situ recording of the transient sediment-liquid 

interface heights at a range of times for a single rotation rate.  The transient centrifugal settling 

experiments are described in Table 4A.6, concentration profiling in the LUMiReader X-Ray will be 

performed at the times specified.  The effect of different sized rectangular tubes (2 mm and 10 mm) and 

initial solids concentrations would also be investigated. 

Table 4A.6:  Transient centrifugal settling then solids concentration profiling experiment list 

Material Volume Fraction 
φ0 (v/v) 

Tube size 
w  (mm) 

Rotation rate 
ω (rpm) 

Profile time 
t (minutes) 

Omyacarb 2 0.20 2 2000 1, 2, 5, 10, 30, 60, 120 
0.03, 0.10, 0.15, 0.20 10 2000 1, 2, 5, 10, 30, 60, 120 
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The general method for performing the equilibrium centrifugal settling tests is outlined below. 

There are four different initial solids concentration/tube size configurations to be tested so this can be 

completed in one run on the LUMiFuge.  All eight (or 12 for LUMiSizer) sample holders are to be 

loaded and the duplicates of each sample are placed in diametrically opposite tubes so that the centrifuge 

is balanced.   

1. Load homogenous sample into centrifugal settling tubes for initial solids volume fraction/tube

size combinations shown in Table 4A.6

2. Perform initial scan on the LUMiReader X-Ray to check initial concentrations of each sample

3. Place the tubes into their positions in the LUMiFuge

4. Specify the required rotational rate in the LUMiFuge as 4000 rpm

5. After one minute of sedimentation, transfer each sample to the LUMiReader and record

concentration profile

6. Repeat this process after 2, 5, 10, 30, 60 and 120 minutes

7. Check the final solids concentrations through weight loss on drying

Record: ω, h(t), ϕ(ω, h(t))

A detailed methodology for performing these experiments is provided in Appendix 4B.

Equilibrium Centrifuge Settling Test 

Equilibrium centrifugal settling involves the in-situ recording of the equilibrium sediment-

liquid interface heights for a range of rotation rates using the LUMiFuge.  The equilibrium centrifugal 

settling experiments are described in Table 4A.7, each equilibrium centrifugation test is to be followed 

by concentration profiling in the LUMiReader X-Ray.  This provides a validation method for extracting 

compressibility data from the LUMiFuge.  The effect of different sized rectangular tubes (2 mm and 10 

mm) and φ0 will be investigated allowing wall effects to be evaluated.

Table 4A.7:  Equilibrium centrifugal settling then solids concentration profiling experiment list 

Material Initial Solids Volume Fraction 
φ0 (v/v) 

Tube size 
w  (mm) 

Rotation rate 
ω (rpm) 

Omyacarb 2 0.20 10 500, 1000, 2000, 4000 
0.20 2 4000 

0.03, 0.10, 0.15, 0.30 10 4000 

The general method for performing the equilibrium centrifugal settling tests is outline below.  Note 

that the full range of tests can be completed in two runs on the LUMiFuge (including duplicates).  All 

samples will go through the full range of rotation speeds (500, 707, 1000, 1414, 2000, 2828 and 4000 

rpm) but solids concentration profiles in the LUMiReader X-Ray only need to be performed for the 
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samples as described in Table 4A.7.  This allows construction of a complete compressive yield stress 

curve, but reduces manual handling of samples and reduces experiment time.   

1. Load homogenous sample into centrifugal settling tubes for initial solids volume fraction/tube

size combinations shown in Table 4A.7

2. Perform initial scan on the LUMiReader to check initial concentrations of each sample

3. Place the tubes into their positions in the LUMiFuge – duplicates loaded in diametrically

opposite positions

4. Specify the required rotational rate in the LUMiFuge as 250, 304, 500, 707, 1000, 1414, 2000,

2828 and 4000 rpm ensuring that equilibrium is reached for each rotation rate

5. After equilibrium sediment height is reached for 500, 1000, 2000 and 4000 rpm, transfer the

sample to the LUMiReader and record equilibrium solids concentration profiles

6. Check the final solids concentrations through weight loss on drying

Record: ω , h∞, ϕ(ω, h∞)

A detailed methodology for performing these experiments is provided in Appendix 4B.

Elastic Rebound Test 

Elastic rebound experiments involve recording the solid-liquid interface with time for a range of 

rotation rate as they are increased and then decreased.  After the rotation rate is reduced, the extent to 

which the height rebounds are used to determine the elastic rebound of the material.  Concentration 

profiles are determined after rebound from 500, 1000, 2000 and 4000 rpm.  Two tests involving the 

(φ0 = 0.10 v/v, w = 10 mm) and (φ0 = 0.10 v/v, w = 2 mm) samples should be sufficient.  The general 

method for performing the elastic rebound tests is outline below 

1. Load homogenous sample into two 10 mm and two 2 mm centrifugal settling tubes

2. For each sample, perform transient batch settling concentration profiles in the LUMiReader X-

Ray to give control profiles at 0 rpm

3. Place the tubes into their positions in the LUMiFuge, duplicates diametrically opposed

4. Specify the required rotational rates in the LUMiFuge – rate increase 400, 500, 707, 1000, 1414,

2000, 2828, 4000 rpm and rate decrease 4000, 2828, 2000, 1414, 1000, 707, 500 and 400 rpm

5. Achieve equilibrium at above rotation rates up to 500 rpm, then back down to equilibrium at

400 rpm

6. Transfer the sample to the LUMiReader X-Ray and record the rebounded equilibrium solids

concentration profiles using the LUMiReader  X-Ray (ϕ(ω, hrebound,∞))

7. Repeat steps 5 and 6 for 1000, 2000 and 4000 rpm

Record: ω , h∞, hrebound,∞, ϕ(ω, hrebound,∞)
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A detailed methodology for performing these experiments is provided in Appendix 4B. 

Main sources of error 

• Transferring tubes from centrifugal settling to LUMiReader for concentration profiling

• Elastic rebound of samples – to be quantified during experiments

• Initial solids volume fraction measurements
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Appendix 4B: Experimental Details 

Equilibrium centrifugal settling method 

The detailed method for performing the equilibrium centrifugal settling tests is outline below.  Note 

that there are eight different initial solids concentration/tube size configurations to be tested so this can 

be completed in two runs on the LUMiFuge as each configuration should be duplicated.  It is suggested 

for the first run to use the following samples ((φ0 = 0.20 v/v, w = 10 mm), (φ0 = 0.20 v/v, w = 2 mm), 

(φ0 = 0.05 v/v, w = 10 mm), (φ0 = 0.30 v/v, w = 10 mm)), where all eight slots are loaded and the 

duplicates of each sample are placed in diametrically opposite tubes so that the centrifuge is balanced. 

The replicates will be used for error analysis.  Note that all samples go through the full range of rotation 

speeds (500, 707, 1000, 1414, 2000, 2828 and 4000 rpm) but solids concentration profiles in the 

LUMiReader only need to be performed for the samples as described in Table 4A.7 to reduce 

experiment time.  The second run on the LUMiFuge would then involve the following samples ((φ0 = 

0.10 v/v, w = 10 mm), (φ0 = 0.15 v/v, w = 2 mm), (φ0 = 0.25 v/v, w = 10 mm), (φ0 = 0.40 v/v, w = 10 

mm)), where again the duplicates should be placed diametrically opposite. 

1. Load homogenous sample into centrifugal settling tubes for initial solids volume fraction/tube

size combinations shown in Table 4A.7 – duplicate samples should be prepared

2. Perform initial scan on the LUMiReader X-Ray to check initial concentrations of each sample

3. Place the tubes into their positions in the LUMiFuge – duplicates are to be loaded in

diametrically opposite positions

4. Specify the required rotational rate in the LUMiFuge as 500 rpm

5. Record the height of the solid-liquid interface height with time (h(t)) with a transmission

threshold of 50%

6. After equilibrium sediment height is reached for 500 rpm, transfer the sample to the

LUMiReader X-Ray – this is only required for the (φ0 = 0.20 v/v, w = 10 mm) sample

7. Record the equilibrium solids concentration profiles using the LUMiReader (ϕ(ω, h∞))

8. Return the (φ0 = 0.20 v/v, w = 10 mm) sample to the LUMiFuge and increase rotational rate to

707 rpm then 1000 rpm.  Repeat concentration profiling in LUMiReader for (φ0 = 0.20 v/v, w

= 10 mm) sample

9. Return the (φ0 = 0.20 v/v, w = 10 mm) sample to the LUMiFuge and increase rotational rate to

1414 rpm then2 rpm.  Repeat concentration profiling in LUMiReader for (φ0 = 0.20 v/v, w =

10 mm) sample

10. Return the (φ0 = 0.20 v/v, w = 10 mm) sample to the LUMiFuge and increase rotational rate to

2828 rpm then 4000 rpm.
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11. After equilibrium sediment height is reached for 4000 rpm, transfer all samples to the

LUMiReader X-Ray

12. Check the final solids concentrations through weight loss on drying

13. Repeat this process for second run with different initial solids volume fraction samples – note

that concentration profiles are only required after equilibrium is reached at 4000 rpm but the

full range of rotational rates (500, 707, 1000, 1414, 2000, 2828 and 4000 rpm) should still be

used to generate a detailed compressive yield stress curve.

Record: ω, h∞, ϕ(ω, h∞)
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Transient centrifugal settling method 

The detailed method for performing the equilibrium centrifugal settling tests is outlined below. 

There are four different initial solids concentration/tube size configurations to be tested so this can be 

completed in one run on the LUMiFuge as each configuration should be duplicated.  All eight slots are 

to be loaded and the duplicates of each sample are placed in diametrically opposite tubes so that the 

centrifuge is balanced.   

1. Load homogenous sample into centrifugal settling tubes for initial solids volume fraction/tube

size combinations shown in Table 4A.7 – duplicate samples should be prepared

2. Perform initial scan on the LUMiReader X-Ray to check initial concentrations of each sample

3. Place the tubes into their positions in the LUMiFuge – duplicates are to be loaded in

diametrically opposite positions

4. Specify the required rotational rate in the LUMiFuge as 4000 rpm

5. Record the height of the solid-liquid interface height with time (h(t)) with a transmission

threshold of 50%

6. After 5 minutes of sedimentation, transfer each sample to the LUMiReader

7. Record the transient solids concentration profiles using the LUMiReader (ϕ(ω, h(t)))

8. Repeat this process after 10 minutes, 30 minutes, 60 minutes and 120 minutes

9. Check the final solids concentrations through weight loss on drying

Record: ω, h(t), ϕ(ω, h(t))
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Equilibrium centrifugal settling with elastic rebound method 

The detailed method for performing the equilibrium centrifugal settling tests is outline below. 

1. Load homogenous φ0 = 0.1 v/v sample into two 10 mm and two 2 mm centrifugal settling tubes

2. For each sample, perform transient batch settling concentration profiles in the LUMiReader to

give control profiles at 0 rpm

3. Place the tubes into their positions in the LUMiFuge, duplicates diametrically opposed

4. Specify the required rotational rates in the LUMiFuge – rate increase 400 then 500 rpm and

rate decrease 500 then 400 rpm

5. Record the height of the solid-liquid interface height with time (h(t)) with a transmission

threshold of 50%

6. After equilibrium sediment height is reached following decrease to 400 rpm, transfer the sample

to the LUMiReader

7. Record the rebounded equilibrium solids concentration profiles using the LUMiReader (ϕ(ω,

hrebound,∞))

8. Return the samples to the LUMiFuge

9. Specify the required rotational rates in the LUMiFuge – rate increase 400, 500, 707, 1000 rpm

and rate decrease 1000, 707, 500 and 400 rpm

10. After equilibrium sediment height is reached following decrease to 400 rpm, transfer the sample

to the LUMiReader

11. Record the rebounded equilibrium solids concentration profiles using the LUMiReader (ϕ(ω,

hrebound,∞)) then return the samples to the LUMiFuge

12. Specify the required rotational rates in the LUMiFuge – rate increase 400, 500, 707, 1000, 1414,

2000 rpm and rate decrease 2000, 1414, 1000, 707, 500 and 400 rpm

13. After equilibrium sediment height is reached following decrease to 400 rpm, transfer the sample

to the LUMiReader

14. Record the rebounded equilibrium solids concentration profiles using the LUMiReader (ϕ(ω,

hrebound,∞)) then return the samples to the LUMiFuge

15. Specify the required rotational rates in the LUMiFuge – rate increase 400, 500, 707, 1000, 1414,

2000, 2828, 4000 rpm and rate decrease 4000, 2828, 2000, 1414, 1000, 707 , 500 and 400 rpm

16. After equilibrium sediment height is reached following decrease to 400 rpm, transfer the sample

to the LUMiReader

17. Record the rebounded equilibrium solids concentration profiles using the LUMiReader (ϕ(ω,

hrebound,∞)) then return the samples to the LUMiFuge

18. Check the final solids concentrations through weight loss on drying

Record: ω , h∞, hrebound,∞, ϕ(ω, hrebound,∞)
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INTRODUCTION:
Laboratory centrifuge tests form an important part of the
dewaterability characterisation process for sewage sludges and
mineral suspensions.

But, there have been issues with effects of the sample container
(cuvette) on equilibrium settling.

For example, adhesion at the wall holds up the samples (see right).

This has an influence on the compressive strength measurement
because the walls contribute to this strength.

RESULTS:
The equilibrium solids concentration profiles for calcite and the conditioned sewage sludge shows strong
wall effects on settling behaviour.

CONCLUSION: The cuvette walls influence the equilibrium settling behaviour of calcite by holding up
the sample at the walls. Amethod has been developed to correct for the influence of these shear effects.

CHAPTER 5

WALL EFFECTS IN ANALYTICAL CENTRIFUGATION TESTS

It is currently not possible to obtain an accurate concentration profile for sewage sludges, so this method cannot
be applied to completely characterize a sludge sample. The work on quantification of sludge dewatering uses
equilibrium centrifugation without wall effect correction and discards transient centrifugation data.

PROBLEM STATEMENT: 
What are the effects of the sample container walls during analytical centrifugation tests? 
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METHOD :
The method outlined in Chapter 5 was used to investigate the
influence of wall effects on settling of calcite.
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PREFACE 
Wall effects during gravity and centrifugal settling tests have the potential to introduce 

significant errors into quantitative dewatering characterisation.  The initial indication of the impact of 

wall effects is in causing “hold up” of the sediment during equilibrium gravity settling (see below). 

This chapter uses the experimental and analysis methods outlined in Chapter 4 to explore these 

wall effects in greater detail.  The impact of the wall effects on the subsequent model prediction for a 

filter press is also investigated. 

Chapter 5 is a reproduction of the conference paper, “Analysis of centrifugal settling of 

flocculated suspensions”, which was presented at the 12th World Filtration Congress (WFC12), Tapei, 

Taiwan, 11-15 April 2016.  The contributions of each author are summarised in Table 5.1.  

Table 5.1: Summary of author contributions 

Author Primary Contribution 

Samuel J. Skinner Lead author, method development, data analysis 

Anthony D. Stickland Supervisor, method development 

Lee White Method development 

Daniel Lester Method development 

Shane P. Usher Method development 

Peter J. Scales Supervisor, method development 
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CHAPTER SUMMARY 
Solid-liquid separation of strongly flocculated suspensions is important in a large range of 

industrial applications, including mineral processing and wastewater treatment and disposal.  The 

development of theoretical descriptions for solid-liquid separation, or dewatering, has allowed 

modelling of different dewatering behaviour and optimisation of dewatering device design. 

Compressive rheology is a fundamentally rigorous dewatering theory that is able to account for material 

compressibility using two key parameters that are dependent on the solids volume fraction φ; the extent 

of dewatering or compressive yield stress, Py(φ), and the rate of dewatering or hindered settling function, 

R(φ). 

R(φ) is a material property that quantifies the interphase drag or hydrodynamic force between 

the solid and liquid phases in a suspension.  It applies to a solid moving through liquid during the settling 

process or liquid moving through solids in the case of cake consolidation.  Usher et al. (Chem. Eng. Sci. 

2013, 99, 277-291) presented a method for determining R(φ) from lab-scale centrifugal settling tests 

that uses approximate model predictions assuming certain aspects of centrifugal sedimentation 

behaviour.  In this work, a more rigorous analysis of LUMiSizer® analytical centrifugation data has 

been developed that uses the method of characteristics to extract R(φ) values for strongly flocculated 

suspensions.  A novel method for extracting Py(φ) from lab-scale centrifugal settling tests correcting for 

wall effects is also presented. These results enable more precise characterisation of material 

dewaterability from centrifugal settling tests, thus providing useful information for suspension 

processing by centrifugation and filtration. 
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CHAPTER 5: WALL EFFECTS IN ANALYTICAL 
CENTRIFUGATION TESTS 

“It was early recognized (Lorentz 1896) that the time of axial fall of a sphere through 
a viscous medium in a vertical cylindrical tube is greater than that calculated by 
Stokes for a sphere falling in an infinite medium, and that the amount of 
divergence, or wall effect, is a function of the ratio d/D, in which d and D are the 
diameters of the sphere and cylinder, respectively.” Oppen and Schuette (1939) 

INTRODUCTION 
Optimal solid-liquid separation of strongly flocculated suspensions is required at many stages 

in the wastewater treatment and disposal process and during mineral processing.  Sewage sludges are 

strongly flocculated suspensions that show poor solid-liquid separation, or dewatering behaviour.  As a 

result, sludge conditioning with additives, such as flocculants and coagulants, is often performed to 

improve dewatering operations.  Further optimisation of solid-liquid separation processes can be 

achieved through the modelling of different dewatering behaviours.  As these materials are highly 

compressible, it is imperative that the model incorporates compressibility to accurately predict 

centrifuge and filter performance.  An example of such a theoretical description is termed ‘compressive 

rheology’ [1, 2]. 

Compressive rheology is a fundamentally rigorous dewatering theory that is able to account for 

material compressibility.  The compressive yield stress, Py(φ), and the hindered settling function, R(φ), 

are two key parameters that are both functions of the solids volume fraction φ.  Py(φ) is also known as 

the compressive strength and is related to the equilibrium extent of dewatering.  Although conceptually 

different as it is considered a material property, Py(φ) is equivalent to solids pressure versus porosity 

relationship in the classic work of Tiller and colleagues [3].  R(φ) is a material property that quantifies 

the interphase drag or hydrodynamic force between the solid and liquid phases in a suspension.  It is 

inversely proportional to Darcian permeability, k, and applies to a solid moving through liquid during 

sedimentation or liquid moving through solids in the case of cake consolidation.  The focus of this work 

is the extraction of these two dewatering properties using lab-scale analytical centrifuges, which can be 

used in conjunction with other methods; including dead-end filtration and gravity settling [4-6]. 

One method for extraction of Py(φ) involves analysis of equilibrium centrifugal settling data, 

which is measured in a multi-sample analytical centrifuge [7].  Examples of these analytical centrifuges 

are the LUMiFuge® and LUMiSizer®, which use patented space and time resolved extinction profiling 

(STEP-technology) to determine the type of settling (zone and/or swarm) and to track the radius of the 

transient solid-liquid interface [8].  Py(φ) can be determined from analysis of equilibrium sediment 
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heights at a range of rotation speeds [1, 9, 10] or analysis of the equilibrium solids volume fraction 

profile [10].  Accurate measurement of solids volume fraction profiles has previously been performed 

using a wide variety of techniques including destructive sectioning [10-12], ultrasonic attenuation [13], 

gamma rays [14-16], proton nuclear magnetic resonance [17, 18] and x-rays [19].  One instrument that 

provides a high level of accuracy for inorganic particulate suspensions is the LUMiReader® X-Ray.  This 

device measures x-ray transmission profiles at specified time intervals, where the attenuation of the x-

rays in samples of known concentration allows for calibration and measurement of the transient and 

equilibrium solids concentration profiles.   

Analytical centrifuges have also been used to determine permeability data through the analysis 

of transient settling rate at a single rotation speed.  Usher et al. [9] presented a method for determining 

R(φ) from lab-scale centrifugal settling tests.  It is a modified version of the typical Kynch analysis [20], 

which accounts for the centrifugal force. This method assumes certain aspects of centrifugal 

sedimentation behaviour, so a more rigorous analysis using the method of characteristics has been 

developed. 

In this work, a novel method is presented for extracting Py(φ) from LUMiSizer® equilibrium 

centrifugation data at multiple rotation rates and LUMiReader® X-Ray solids concentration profile data. 

The results are compared with a previously validated method based on equilibrium sediment heights [9].  

A rigorous analysis of single speed centrifugation data using the method of characteristics to extract 

R(φ) values is also compared with a modified Kynch approach [9]. These results enable more precise 

characterisation of material dewaterability from centrifugal settling tests, which can be used to predict 

suspension behaviour during centrifugation and filtration.  Key issues with lab-scale analytical 

centrifugation of strongly flocculated suspensions in small diameter test cells (tubes), such as wall 

adhesion and elastic rebound, are briefly explored. 
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 THEORY 

5.2.1 Solids Concentration Profiles 

The attenuation of x-rays in samples of various known solids concentrations was modelled using 

the Beer-Lambert Law following the method of Lerche et al. [19].  The absorption coefficient, μsample, 

was estimated to be 12.8.  The solids concentration was then able to be determined from the transmission 

fraction, T, using Eq.  (5.1) 
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where the absorption coefficient for water is μH2O, and the centrifuge sample cell diameter (path 

width) is dsample.

5.2.2 Dewatering Parameter Extraction 

Compressive strength, Py(φ) 

The centrifugal pressure gradient in centrifugal coordinates is given in Eq.  (5.2) 

rhP 2
00 ωρφ∆=∆ . (5.2) 

The applied pressure, ∆P, is a function of the centrifugal acceleration, ω2r, where ω is the 

angular rotation speed and r is the radius of centrifugation (the distance from the centre of the 

centrifuge).  ∆P is also dependent on the initial concentration of the suspension, φ0, the initial height of 

the sample, h0, and the solid-liquid density difference, ∆ρ.  At equilibrium, ∆P is equal to Py(φ) [1].  A 

one-dimensional (1D) vertical momentum balance [15, 21] is generally used to model sedimentation and 

consolidation to equilibrium, which then allows the extraction of Py(φ).  A 1D equilibrium balance [15], 

which assumes φ is constant radially, can also incorporate a wall adhesion (shear) strength term, τw(φ), 

to account for wall adhesion effects as shown in Eq.  (5.3) 
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where φ∞ is the equilibrium solids concentration, z is the vertical depth of the bed from the 

solid/liquid interface downwards and dsample is the diameter of the centrifuge sample cell. Due to small 

cake heights for the configuration of the centrifuge used, the acceleration experienced by the sediment 
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can be assumed to be approximately constant at g = ḡ = ω2rmax, where ḡ is the equivalent gravitational 

acceleration constant and rmax is the outer radius of the centrifuge cell. 

A simple functional form for the compressive strength that uses fitting parameters p1 and p2 and 

the solids volume fraction at which a gel network forms, φg, is shown in Eq.  (5.4).  This functional form 

has been used in previous studies with acceptable error [2]. 
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Py(φ) is extracted from equilibrium centrifugal solids volume fraction profiles, φ(z), using an 

analytic 1D approximation of the visco-plastic model incorporating wall adhesion presented in Lester 

and Buscall [15].  Incorporation of wall effects requires the ratio of shear yield stress, τy(φ), to the 

compressive yield stress, S(φ) = Py(φ)/τy(φ), where  
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which asymptotes to the constant, S∞.  This value for S∞ can be estimated from shear tests or 

gravity batch settling tests, with typical values between 0.10-0.15 for strong colloidal gels [15].  The 

typical value of 0.10 is used in this case to highlight the effect of wall adhesion.  The data from all 

rotation rates (each with different ḡ) are simultaneously fit to obtain τy(φ) and Py(φ) by determining the 

best fit parameters p2 and M = φg∆ρ/p1 according to Eq.  (5.6) 
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which uses data from a gravity batch settling test, such as the initial solids volume fraction (φ0), 

initial suspension height (h0) and equilibrium sediment height (h∞).  The gel point (φg) is then calculated 

from gravity settling data (φ0, h0, h∞, ∆ρ, g) and the best fit parameters (p2 and M).  The parameter p1 can 

be extracted from M and the shear and compressive rheological parameters τy(φ) and Py(φ) are fully 

defined.  The extracted functional form for Py(φ) using this method was compared with the validated 

method based on equilibrium sediment heights detailed in Usher et al. [9] and numerical integration of 

an equilibrium solids concentration profile as detailed in Green and Boger [10].  
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Hindered settling function, R(φ) 

R(φ) can be extracted from a transient centrifugation batch settling test at a constant rotation 

speed.  The settling process is described by the following conservation equation  
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where D(φ) is the solids diffusivity function that describes the rate at which a concentration 

gradient propagates through the suspension and the flux function, f(φ), is directly related to R(φ) by 

Eq.  (5.8) 
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The suspension is initially un-networked (φ<φg) and D(φ) is by definition zero, so Eq.  (5.7) 

degenerates into a first-order partial differential equation.  The method of characteristics can then be 

applied to deconvolute f(φ) and R(φ) from the transient settling data, h(t).  This method is an extension 

of the analysis of Lester et al. [4], modified to account for the effect of the centrifugal force.  In the 

gravity settling analysis for a suspension of uniform initial concentration, the characteristics are straight 

lines of constant concentration on a h(t) plot (i.e. iso-concentration lines).  However, in a centrifugal 

field the characteristics are no longer linear as shown by the master curve given in Eq.  (5.9) 


























 −

+=







+= −

max

01
maxmax ln)0(

)),0((
)),((ln)0()(

r
tt

IfrH
tf
tHfrHtH ccc φ

φ
, (5.9) 

where H is the scaled sediment height and Hc is the scaled height along a characteristic.  The 

sediment interface height is scaled according to Eq.  (5.10) 
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This scaling simplifies the analysis such that the shape of the characteristics are only dictated 

by the flux function f(φ).  The final parameter, I(φ), is related only to f(φ) by the relationship shown in 

Eq.  (5.11) 
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The solids volume fraction decreases along the characteristics according to Eq.  (5.12) 
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Eq.  (5.9) and (5.12) form the basis of the analysis for extracting f(φ) and R(φ) from h(t) data 

using the functional form shown in Eq.  (5.13) with fitting parameters, r1 and r2 
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1

rrR φφ −= (5.13) 

The parameters were obtained by minimising the sum of square errors for Eq.  (5.9) and (5.12), 

and the result compared to the previously validated method developed by Usher et al. [9].  The results 

from the method developed by Usher et al. [9] were also fit using Eq.  (5.13) to simplify the comparison 

of the methods. 

5.2.3 Material Property Validation 

In order to ensure that the extracted material properties were representative of the tests, it was 

necessary to re-predict the original experimental results using numerical models of dewatering.  The 

equilibrium solids concentration profiles were predicted from Py(φ) using the 1D visco-plastic 

approximation that accounts for wall adhesion effects as described in Lester and Buscall [15].  The 

extracted curves for Py(φ) and R(φ) were used to numerically predict h(t) using a semi-implicit upwind 

finite difference algorithm similar to the method of Bürger and Concha [22] and described by Usher et 

al. [9]. 

5.2.4 Plate-and-Frame Filter Predictions 

The extracted material properties were used as inputs to a previously validated model for a plate-

and-frame filter press to quantify the effect of the data analysis process on predicted dewatering 

behaviour.  The fixed cavity filter model [23] was used to generate predictions for the specific solids 

throughput (Qsolids) as a function of final average filter cake solids(φF) based on the inputs Py(φ), R(φ), 

initial solids concentration (φ0), cavity half-width (h0), membrane resistance (Rm), applied pressure (∆P), 

and handling time (th). 
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 MATERIALS AND METHODS 

5.3.1 Material 

The strongly flocculated colloidal suspension investigated for this work was a sewage sludge 

from a German municipal wastewater treatment plant combined with calcium oxide particles 

(quicklime).  The addition of inorganic particles to the sludge flocs was required to increase the 

attenuation of x-rays in the LUMiReader® X-Ray device and quicklime is often used in industry to 

condition the sludge [24].  The ratio of sewage sludge to quicklime was approximately 1:1 on a weight 

basis prepared by gentle stirring by hand with no further flocculation after being sampled.  The high 

lime dose is not realistic but was necessary for reasonable resolution solids concentration profiles.  The 

suspended solid and liquid densities of the conditioned sample were estimated from pycnometer 

measurements as 1729 ± 96 kg/m3 and 998 ± 1 kg/m3, respectively. 

5.3.2 Material Characterisation 

The LUMiReader® X-Ray was calibrated by measuring the attenuation of five samples of known 

solids volume fraction determined by weight loss on drying.  A measured amount of the suspension was 

transferred into 10 mm x 10 mm polyamide (PA) cells (L.U.M. GmbH) and homogenised by gentle 

agitation immediately prior to attenuation measurement. 

Multiple-speed equilibrium centrifugation test 

In order to obtain compressive strength data, four suspensions at various solids concentrations 

in PA cells were centrifuged to equilibrium in a multi-sample analytical centrifuge (LUMiSizer®, 

L.U.M. GmbH) before solids concentration profiles were measured in an x-ray device (LUMiReader® 

X-Ray, L.U.M. GmbH).  Equilibrium centrifugation was performed at a range of logarithmically 

distributed rotation rates (304, 500, 707, 1000, 1414, 2000, 2828 and 4000 rpm).  The samples were 

removed from the centrifuge after rotation to equilibrium height at 500, 1000, 2000 and 4000 rpm in 

order to obtain solids concentration profiles.  It was important to minimise the sample disturbance whilst 

transferring back and forth between the LUMiSizer® and the LUMiReader® X-Ray.  Rotation from 

4000 rpm back to 500 rpm was used to check for elastic rebound [25].

Twelve suspensions at various solids concentrations in the PA cells were centrifuged to 

equilibrium in a multisample analytical centrifuge (LUMiSizer, L.U.M. GmbH) before solids 

concentration profiling in an X-Ray concentration profiling device (LUMiReader X-Ray, L.U.M. 

GmbH).  Equilibrium centrifugation in the analytical centrifuge was performed at a range of 

logarithmically distributed rotations rates (304, 500, 707, 1000, 1414, 2000, 2828 and 4000 rpm).  The 

samples were removed from the centrifuge after rotation to equilibrium height at 500, 1000, 2000 and 

4000 rpm in order to obtain solids concentration profiles.  Assuming that the equilibrium profile has 

fully developed and that elastic rebound after removing the centrifugal force is negligible then the solids 
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concentration profiles can be measured based on X-Ray attenuation profiles.  Care was taken to minimise 

the disturbance to the samples whilst transferring from the analytical centrifuge to the solids 

concentration profiling device and then returning samples to the centrifuge.  A minimum of five profiles 

were measured in the LUMiReader X-Ray after every rotation rate. 

Single-speed transient centrifugation test 

Permeability data was obtained from transient centrifugal settling of four suspensions at various 

solids concentrations in PA cells at 4000 rpm in a multi-sample analytical centrifuge.  The solid-liquid 

interface was recorded at specified time intervals, which were initially 2 s before increasing to 10 s then 

30 s as the settling rate decreased. 

Equilibrium batch settling test 

Using a 500 mL measuring cylinder to minimise wall effects [15], an additional equilibrium 

gravity settling test was performed to determine the gel point of the material.  A uniform suspension of 

measured initial solids volume fraction and initial height was allowed to settle to equilibrium.  The final 

bed height was then measured and recorded.  

 RESULTS AND DISCUSSIONS 

5.4.1 Material Characterisation 

The combined results from three centrifugal compressive strength measurement techniques – 

multiple-speed equilibrium heights (P1) and concentration profiles methods with and without wall effect 

correction (P2 and P3) – are compared in Figure 5.1.  Additional settling data was used to estimate the 

gel point as 7.16 ± 0.06 vol%, which is higher than sewage sludge without conditioning at 1-2 vol% [6].  

The results demonstrate that the sample is compressible as the equilibrium sediment concentration is a 

function of the rotation speed.  Although the results here do not include high pressure filtration data, the 

power-law index (p2) of 9.65 ± 1.03 indicates that the material is moderately compressible, showing 

behaviour between that of extremely compressible as-received sewage sludges at 2-4 [26] and barely 

compressible mineral slurries (e.g. [27] at 17).  The compressibility is similar to that of 4 µm coagulated 

calcium carbonate at 9.54 [28].  The results from the test at φ = 1.06 vol% were neglected as the 

sediment bed was not large enough for accurate analysis and the test at φ = 7.21 vol% showed 

inadequate mixing of sewage sludge and quicklime. The results from the tests at φ = 2.47 (not shown) 

and 3.59 vol% span a reasonable range of solids concentration from 7-17 vol%. 

High pressure filtration testing was not available at the time of testing.  However, complete 

analysis involving filtration tests would normally mean there was a fixed point at high concentrations to 

which all three centrifugal analysis methods would need to converge.  Thus, for the comparison here to 

be meaningful, all three centrifugal analysis methods used a typical sewage sludge filtration value of 

φ∞ = 24.9 vol% and ∆P = 300 kPa to guide the power-law best fits. The data from the equilibrium 
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heights method and concentration profiles methods without wall effect correction also fit with the power-

law equation and the best fit parameters are summarised in Table 5.2. 

Table 5.2: Compressive strength, Py(φ), power-law curve fit parameters for a conditioned sewage sludge at an initial 
concentration of φ0 = 3.59 vol% comparing the Py(φ) extraction methods 

Method φ g [v/v] p1 [Pa] p2 [-] S∞ [-] 

P1: Equilibrium Sediment Heights 0.0714 13.03 8.04 N/A 

P2: φ(z) Profiles (wall effect correction) 0.0714 1.87 9.60 0.10 

P3: φ(z) Profiles 0.0714 4.21 8.94 N/A 

The compressive yield stress data for this sample from centrifugal testing covers two orders of 

magnitude (0.1-10 kPa), with lower concentration data obtained using gravity settling results.  The 

results from direct integration of the solids volume fraction profile (P3) indicate that wall effects are 

stronger at the top of the bed than the base of the bed.  This is demonstrated by the significant difference 

between P3 and P2 near the top of the bed which reduces towards the base of the bed, as shown in 

Figure 5.1(a).  This trend, observed for the 2000 rpm case, is repeated at the other rotation rates.  These 

are compared in Figure 5.1(b).  There is no direct overlap of the Py(φ) data from each rotation rate using 

the P3 method, which is a further indication of the presence of wall effects.  The equilibrium height 

method (P1) is based on a measurement of the height of the solid-liquid interface at the top of the bed; 

consequently, it is prone to greater error if wall effects are more significant at the top of the bed.  Thus, 

it is important to be able to adjust for these wall effects.  Elastic rebound appears to be negligible, 

although this might be significant for an as-received sewage sludge sample [29]. 
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Figure 5.1: Compressive strength, Py(φ), for a conditioned sewage sludge comparing the equilibrium sediment heights 
(P1) and concentration profiles technique (wall effects (WE) correction method (P2) and direct integration 
(P3)) for (a) one solids concentration profile (φ0 = 3.59 vol% and ω = 2000 rpm), (b) profiles from all 
rotation speeds (φ0 = 3.59 vol%) and (c) the resulting curve fits for the three methods from values in 
Table 5.2 

The transient centrifugal settling data at 4000 rpm was analysed using the modified Kynchian 

approach [9] and the method of characteristics approach.  The results are compared in Figure 5.2.  The 

values for R(φ) are less than other sewage sludges or fine minerals processing slurries [6, 9, 30] 

indicating that the added quicklime improves the dewaterability of the sample.  This improvement is 

expected from previous research that has shown that divalent cations (such as Ca2+) enhance the bio-

flocculation process [31].  The material is still relatively slow to dewater compared to some non-fine 

minerals processing slurries [5, 9, 27], which can have hindered settling function values of 

108-1010 Pa s m-2 over a similar range of solids concentrations.  The fitting parameters obtained using 

the method of characteristics and the modified Kynch approach [9] are summarised in Figure 5.2.  Only 
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the characterisation from the φ0 = 7.21 vol% test is presented because it was the most complete settling 

data curve available. 

Figure 5.2: Hindered settling function, R(φ), for a conditioned sewage sludge at the initial concentration, 
φ0 = 7.21 vol%, comparing the modified Kynchian approach [9] (R1) and method of characteristics 
approach (R2) 

The R(φ) curves extracted using the method of characteristics and modified Kynch approach [9] 

are similar, with a difference of between 2-25% over the volume fraction range of interest.  Minor 

differences are to be expected due to the noise in the experimental data, especially as this sample exhibits 

a rough settling curve.  The modified Kynch approach is generally better able to handle noisy data and 

in this case, the method of characteristics approach required regularisation of the data.  There appears to 

be a shock in the settling curve, as shown in Figure 5.4, which can cause issues with the modified Kynch 

approach [32].  However, the modified Kynch method remains the preferred method because it is more 

robust and the similarity with the results using the method of characteristics provides justification for its 

use in the analysis of LUMiSizer® data.  In cases where the ratio of r/rmax is lower, it might be more 

appropriate to use the method of characteristics approach.  Currently, there is no method for correcting 

wall effects in transient settling data; this is an area for future work as the effects are expected to be 

significant [33].  

5.4.2 Material Property Validation 

Validation of the dewatering properties is an important step because the data analysis process 

requires several approximations and assumptions.  Thus, verification of the multiple-speed equilibrium 

profiles technique was completed through prediction of equilibrium profiles.  Figure 5.3(a) shows that 
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the concentration profiling method correcting for wall effects (P2) gives the most accurate re-prediction 

for the example profile from the φ0 = 3.59 vol% and ω = 2000 rpm case.  The mean absolute error 

(MAE) was determined for each method based on the error in solids concentration between the models 

and the measured solids concentration at each measured point on the soils concentration profile, ei, 

according to [34] 

1

1

n

i
i

MAE n e−

=

 =   
∑ (5.13) 

where n was the number of measured points in the solids concentration profile (discounting the 

20 points that are influenced by the non-uniform radial distribution of particles at the very top of the 

bed). 

The MAE for the concentration profiling method correcting for wall effects (P2) was 1.3 vol% 

compared to the concentration profiling method without wall effect correction (P3) error of 1.5 vol% 

and the equilibrium heights method (P1) error of 2.3 vol%.  The MAEs of methods P2 and P3 are similar, 

but the method correcting for wall effects provides an improved estimate of the solids concentration at 

the top and bottom of the equilibrium sediment network.  This is true for all other profiles (not shown).   

The equilibrium profiles at other rotation rates were predicted using the concentration profiling 

method correcting for wall effects.  The model predictions were compared with experimental results in 

Figure 5.3(b), with the error analysis indicating that the MAEs were similar to the experimental noise. 

The MAEs for the lowest three rotation speeds were between 1.1 and 1.3 vol% (500 rpm was 1.2 vol%, 

1000 rpm was 1.1 vol% and 2000 rpm was 1.3 vol%), but this increased to 1.6 vol% for the highest 

rotation speed of 4000 rpm. This is potentially indicative of a reduced influence of wall effects at 

increased rotation speeds. The full behaviour of the profiles is not captured, especially just below the 

top of the sediment.  This could be due to the constraints imposed by the functional form of Py(φ) and 

the significant amount of noise in the experimental data (especially for the lowest rotation speed). This 

may also be influenced by the non-uniform radial distribution of particles near the top of the bed, which 

is not accounted for in the model.  Similar levels of accuracy are observed for the other test at 

φ0 = 2.47 vol% (not shown), indicating that the equilibrium profile analysis procedure is adequate.  
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Figure 5.3: Comparison of the experimental equilibrium solids volume fraction profiles for a conditioned sewage 
sludge at φ0 = 3.59 vol% with (a) profiles predicted from Py(φ) for the three methods at 2000 rpm and (b) 
profiles predicted by the concentration profile technique correcting for wall effects for a range of rotation 
rates (500, 1000, 2000 and 4000 rpm)  

The transient settling behaviour was simulated to evaluate the validity of the R(φ) curves 

extracted using the method of characteristics and the modified Kynch approach [9] with the results 

compared to experimental data in Figure 5.4.  R(φ) from the proposed approach using the method of 

characteristics (R2) and Py(φ) from the concentration profiling method correcting for wall effects (P2) 

were used as inputs to the simulation together with the test conditions of h0, φ0 and ω.  R(φ) from the 

method outlined in Usher et al. [9] using the modified Kynch method (R1) was combined with Py(φ) 

from the equilibrium height method (P1) for the other simulation.  The results from the proposed 

approach appear to more accurately re-produce the original experimental data, but both methods produce 

reasonable approximations. 
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Figure 5.4: Comparison of the experimental transient centrifugal settling h(t) data for a conditioned sewage sludge at 
a range of initial solids concentration φ0 = 7.21 vol% with the numerical h(t) predictions from the Py(φ) and 
R(φ) curves in  Figure 5.1 and Figure 5.2 

The functional forms used in the analysis are unable to capture the full transient centrifugal 

settling behaviour shown in Figure 5.4 and it is unlikely that any simple functional form could accurately 

model the sharp increase in settling rate at 300 s.  It is possible that this unusual settling behavior is a 

result of wall effects, segregation and/or time-dependent chemistry, which are not accounted for in the 

current analysis. 

5.4.3 Plate-and-Frame Filter Predictions 

Py(φ) and R(φ) are material properties of the suspension that can be used to predict solid-liquid 

separation behaviour in any piece of equipment, providing that a suitable model of that equipment is 

available, that shear forces are negligible and that material properties are not changing with time (only 

concentration).  An example is the plate-and-frame filter press model [23], which can be used for the 

design and optimisation of a filter press.  In this case, the model is used to show the effect on filter 

performance of not accounting for wall effects during material characterisation.  A typical cavity width 

of 2 cm and applied pressure of 300 kPa were selected.  This applied pressure is lower than normal 

operation of a filter press, but has been used previously as a point of comparison to avoid extrapolation 

from filtration test data [26].  The model predictions for the analysis methods described in Usher et al. 

[9] (modified Kynch method R1 and equilibrium height analysis P1) is compared with the proposed

methods (method of characteristics R2 and concentration profiling P2 or P3) as shown in Figure 5.5.
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Figure 5.5: Fixed-cavity filter model predictions for a conditioned sewage sludge sample to compare the analysis 
detailed in Usher et al. [9] (P1/R1), the method of characteristics analysis with Py(φ) correcting wall effects 
(P2/R2) and the method of characteristics with Py(φ) without wall effects correction (P3/R2) at 
∆P = 300 kPa, Rm = 0, h0 = 0.01 m, th = 1000 s 

These model predictions give an indication of the magnitude of the impact that the data analysis 

process can have on the subsequent dewatering predictions.  The proposed R(φ) analysis method using 

the method of characteristics combined with Py(φ) that corrects for wall effects (P2/R2) acts as a lower 

bound and the analysis method from Usher et al. [9] (P1/R1) is an upper bound, as expected from the 

compressive strength curves.  In this case, the wall effect correction with S∞ = 0.10 had an almost 

negligible impact on the filter press prediction.  There is a significant difference with the Usher et al. [9] 

approach resulting in a maximum difference of 2.7 vol% at a specific solids throughput of 10.5 kg h-1 m-

2, which corresponds to a relative difference of 14%.  The difference might be significant, but it is of 

similar order to the experimental error associated with the tests (5-10%).  Consequently, whilst the 

proposed method with correction for wall effects might provide slight improvements to modelling of 

dewatering operations, the benefits are limited.  All methods presented provide useful information about 

the compressibility and permeability of the sample, which assists in the optimisation of centrifuge and 

filter design. 

5.4.4 Limitations and Future Work 

The addition of quicklime changes the dewatering properties of the sewage sludge, therefore the 

results are not representative of a sewage sludge.  Nonetheless, different sewage sludges show a wide 

range of dewatering properties depending on the treatment scheme.  A device capable of performing 

measurement of the solids concentration profiles for biological sludges would remove the need for 
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addition of inorganic particles.  At this point, it is acknowledged that access to high fidelity devices for 

measurement of concentration profiles (such as the LUMiReader® X-Ray) might not be practical.  In 

that case, the other methods described in the Introduction can be used for measurement of the 

concentration profiles [10].  When completing the multiple rotation speed compressibility tests, the 

suspension must be of a sufficient initial solids concentration to build up a sediment bed for 

concentration profiling φ0 = 1.06 vol% was not sufficient for this material).  It is also possible that 

centrifugation does not proceed to equilibrium because of time constraints on data collection, which will 

influence the extracted Py(φ) results.  Further investigation is required into the sensitivity of each method 

to the compressibility tests not reaching equilibrium.  This might be an issue with the current work, due 

to the limited time scale for data collection. 

The main limitation of the data analysis process with respect to the validity of the extracted 

permeability data is the presence of wall effects.  Due to the small diameter of the centrifuge test cells, 

it is recommended that further permeability data would need to be obtained and validated by performing 

lab-scale filtration tests [26].  Wall effects are not corrected for in the R(φ) extraction methods presented 

and are expected to be significant [15, 35].  Segregation effects caused by polydispersity and 

inhomogeneity may also influence these permeability results, especially as the quicklime has a much 

higher solids density than the sludge.  Other issues that are not considered in the modelling that should 

be noted include the elastic rebound of the sediment after the centrifugal force is removed.  The effect 

of elastic rebound is discussed in Sobisch and Lerche [36] and is expected to influence the results for 

Py(φ) estimated from equilibrium profile measurements as they were not performed in-situ, instead 

requiring transfer from LUMiSizer® to LUMiReader® X-Ray.  Since rebound would increase the 

equilibrium height, this would decrease the difference between Py(φ) with and without wall effects 

correction such that the wall effects may be even larger than determined here. 

The assumption of functional forms for Py(φ) and R(φ) also limits the general applicability of 

the methods.  Although there is no fundamental basis for using a power-law fit for Py(φ), it is a generally 

accepted functional form that approximates the compressive behaviour with reasonable accuracy [2].  

However, it lacks the flexibility to describe real materials over a wide range of solids concentrations.   

The functional form proposed for R(φ) is restrictive if also used over a wide range of volume fractions, 

thus an interpolating function is generally fitted to permeability data.  In this case, the functional form 

appears to be a reasonable approximation as only centrifugation data is considered, but this might not 

be the case in general. 

Further validation of the method of characteristics can be performed through measurement of 

transient solids concentration profiles.  The method of characteristics predicts the development of these 

profiles below the interface.  Comparison of the model predictions with direct measurements allows for 
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more comprehensive verification of the analysis process, as well as the compressive rheology 

framework. 

CONCLUSION 
This work presents a novel technique for extracting compressive strength data from multiple-

speed equilibrium centrifugation solids concentration profiles correcting for wall adhesion effects and a 

fundamentally rigorous technique for de-convoluting transient centrifugal settling data using the method 

of characteristics.  Both techniques were compared with methods described in Usher et al. [9], showing 

reasonable agreement.  This provides validation for the approximations made in Usher et al. [9] to obtain 

R(φ) from transient centrifugal settling data.  However, Py(φ) estimated from equilibrium heights shows 

a significant difference as wall effects appear to be stronger at the top of the sediment bed than the base. 

The characterised sample was a sewage sludge mixed with quicklime (CaO particles), which 

exhibited relatively moderate compressibility and low permeability.  For this suspension, Py(φ) and R(φ) 

were used in numerical models of sedimentation that were able to re-predict the analytical centrifuge 

data with reasonable accuracy to validate the material properties.  Thus, lab-scale analytic centrifugation 

devices can be used to evaluate the compressibility and permeability of suspensions for predicting 

filtration behaviour.  The permeability data would need to be validated by performing lab-scale filtration 

tests due to wall effects in small centrifuge cells.  The results of model prediction for a fixed cavity plate-

and-frame filter press indicate that the data analysis process has a small impact on the subsequent 

dewatering behaviour predictions.  The methods presented enable precise characterisation of the 

dewaterability of a strongly flocculated suspension, which can assist the design and optimisation of 

centrifuges and filters. 
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NOMENCLATURE 
List of abbreviations, symbols and definitions used in this study 

Abbreviations Units Definition 
CPF Constant pressure filtration 
ECS Equilibrium centrifugal settling 
MAE Mean absolute error 
TBS Transient (gravity) batch settling 
TCS Transient centrifugal settling 

WWT Wastewater Treatment 
WWTP Wastewater Treatment Plant 
Symbols Units Definition 

A [m2] Filter membrane area 
a [m s-2] Centrifugal acceleration 
d [m] Centrifuge tube diameter 

D(ϕ) [m2 s-1] Solids diffusivity 
e [v/v] Absolute error in solids concentration 

fbk(ϕ) [m s-1] Kynch batch flux density function 
g [m s-2] Gravitational acceleration 
g [m s-2] Acceleration vector 
ḡ [m s-2] Equivalent gravitation constant 

h, h(t) [m] Height 
H(t) [-] Scaled interfacial sediment height 
h∞ [m] Equilibrium sediment height 

k, k(ϕ) [m2] Permeability 
M [-] Scaled Py(ϕ) fitting parameter 
n [-] Number of data points 

p1, p2… pn [-] Py(ϕ) fitting parameters 
pl [Pa] Liquid phase pressure 
ps [Pa] Solids network pressure 

Py(ϕ) [Pa] Compressive yield stress 
ΔP [Pa] Applied differential pressure 

q, q(t) [m s-1] Flux, speed 
Q [kg h-1 m-2] Specific solids throughput 
r [m] Centrifugal radius 

ra, rb, rg, rn [-] R(ϕ) fitting parameters 
rmax [m] Outer radius of centrifuge 
R(ϕ) [Pa s m-2] Hindered settling function 
Rm [Pa s m-1] Membrane resistance 

S(ϕ) [-] Ratio of shear to compressive strength 
t [s] Time 

Tc [-] Scaled critical time 
T [-] X-ray transmission fraction

u, u(ϕ) [m s-1] Local solids speed
V [m] Specific filtrate volume
Ṽ [m3] Filtrate volume
x [kg/kg] or [wt%] Solids weight fraction
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z [m] Cartesian distance coordinate 
Greek Letters Units Definition 

φ [v/v] or [vol%] Solids volume fraction 
φg [v/v] or [vol%] Gel point solids volume fraction 

φ(z) [v/v] or [vol%] Solids concentration profile 
η l [Pa s] Dynamic viscosity of fluid 
Δρ [kg m3] Density difference 
ρ liq [kg m3] Liquid phase density 
ρ sol [kg m3] Solid phase density 
τ(ϕ) [Pa] Shear yield stress 
ω [rad s-1] Centrifugal rotation rate 
µ [cm-1] Absorption coefficient 

Subscripts Units Definition 
∞ Equilibrium 
0 Initial 
1 Fitting parameter 1 
2 Fitting parameter 2 
c Property along a characteristic 
f Final 
g Gel 
h Handling time 
i Discrete value 

liq Liquid, liquor or fluid 
max Maximum 

solids Solids 
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Appendix 5A: Equipment Calibration 
This section presents the calibration results for the three pieces of equipment used: 

• LUMiReader X-Ray

• LUMiReader

• LUMiSizer

The calibrations were performed in order to determine the base position for the two types of

sample cells used: (a) 2 mm diameter polyamide (PA) cells and (b) 10 mm diameter PA cells. 

Calibration of the variable diameter of the 2 mm cell was also required, in order to accurately determine 

the solids volume fraction, ϕ (-), for a given transmission percentage, T (%).  This relationship was 

determined for the materials that were tested including: 

• Calcium carbonate, 4 micron (Omyacarb 2, Omya Corp)

• Sewage sludge sample 1 and calcium oxide (used in Chapter 5)

• Sewage sludge sample 2 and calcium oxide

The overall results for the calibration allow for the extraction of sample height versus time

profiles, h(t), and solids concentration profiles, ϕ (h,t) for gravity and centrifugal settling experiments. 

The initial calibrations using a measured mass of distilled water at 28°C allowed for 

determination of the interface position with sample volume, V¸(x10-9 m3), as shown in Figure 5A.6.  The 

position of the base of the cell can be estimated by the extrapolation to zero volume. 

From the calibration shown in Figure 5A.6(a), the base position of the 2 mm cells is 20.74 mm 

and the base position of the 10 mm cells is 21.25 mm in the LUMiReader X-Ray.  From Figure 5A.6(b), 

the base position of the 2 mm and 10 mm cells in the LUMiReader are 47.06 and 48.07 mm, 

respectively. Likewise, for the LUMiSizer, the base positions of the 2 mm and 10 mm cells in the 

LUMiReader were 47.06 and 48.07 mm, respectively, as shown in Figure 5A.6(c). 
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Figure 5A.6: Calibration for volume position in the 2 mm and 10 mm PA cells for (a) the LUMiReader X-Ray, (b) the 
LUMiReader and (c) LUMiSizer used to determine the base position 

The 2 mm cells are designed with varying cross-sectional area so the cell diameter changes 

along the length of the cell.  This affects the path length of the X-Ray in the LUMiReader X-Ray and 

consequently changes the attenuation.  In order to account for this change, the relationship between cell 

diameter and position is calibrated using water in the LUMiReader X-Ray, the results are presented in 

Figure 5A.7. 
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Figure 5A.7: Calibration of the space resolved thickness along the filling height in the 2 mm PA cells using the 
LUMiReader X-Ray 

Fitting a simple second order polynomial to the calibration for cell diameter with position in 

the LUMiReader X-Ray gives the following relationship: d = 3.63x10-5π2-1.01x10-3 π+0.226.  This 

relationship is used in the calibration for attenuation with solids concentration because the transmission 

percentage, T (%) is related to the diameter of the cell (or sample), dsample. The attenuation coefficient 

for water, μH2O, was determined from calibration with distilled water.  An empirical relationship 

between solids volume fraction, ϕ, and T (%) in the form of Eq.  (5.1), where the attenuation coefficient 

of the particles, μparticle, is determined from the best fit to the data. 

This relationship with respect to the diameter of the cell is important because it allows for a 

changing diameter of the cell with respect to position along the tube.  The results for the calibrations in 

the 2 mm and 10 mm PA cells for Omyacarb 2, sewage sludge 1 with CaO and sewage sludge 2 with 

CaO are presented in Figure 5A.8.  Note that the sewage sludges were mixed with CaO in order to 

increase the attenuation of the sample because the attenuation of organic material is similar to water. 
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Figure 5A.8: Calibration of LUMiReader X-Ray for transmission percentage-solids volume fraction for Omyacarb 2, 
Composite Sewage Sludge 1 and 2 in 2 mm and 10 mm cells 

The transmission values presented in Figure 5A.8 are the average from integrating over the 

entire sample and as such the best-fit parameters were determined with the cell diameters fixed at the 

average values of 2.2 mm and 10 mm. The attenuation coefficient for water, μH2O, is 1.042 cm-1 

determined from the transmission value of pure water in the 2 mm and 10 mm cells.  The attenuation 

coefficient for Omyacarb 2, μCaCO3, is 23.36 cm-1 based on the best fit to experimental data with Equation 

1. This equation was also used to fit the data for the two composite sludges, the attenuation coefficients

for composite sewage sludge 1 and 2, μSS1 and μSS2, were 19.51 cm-1 and 12.84 cm-1.
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Appendix 5B: Further Work 
The data from the model mineral suspension (calcium carbonate) is higher quality and better 

resolution than the composite sewage sludge.  This dataset allows for a more comprehensive 

investigation into wall effects.  High definition solids concentration profiles were obtained for transient 

gravity batch settling, transient centrifugal settling, equilibrium centrifugal settling and elastic rebound. 

The results from this investigation were presented at the LUM International Workshop Dispersions 

Analysis & Materials Testing, Berlin, Germany, 26-27 September 2016. 

The transient gravity batch settling profiles allow comparison with Kynch-based settling 

models.  The equilibrium centrifugal settling concentration profiles provide the basis for a more 

rigorous test of the analysis method presented in Chapter 5.  This includes the comparison of shear yield 

stress estimates with the results obtained from a rheometer 

Transient gravity batch settling 

The method of characteristics (Chapter 4) predicts that the iso-concentration lines are straight 

and emanate as a fan from the origin.  The LUMiReader X-Ray provides a radition source that is 

powerful enough to obtain transient solids concentration profiles that are high resolution and small time-

step.  The quality of data is high enough to compare with model predictions.  The settling of a 3 vol% 

calcium carbonate suspension in the 2 mm diameter cuvettes was measured over a period of two days 

(see Figure 5B.9). 

Figure 5B.9: Experimental transient solids concentration profiles for the gravity settling of a 3 vol% calcium carbonate 
suspension coagulated at its iso-electric point in the 2 mm gap cuvettes.  The results are presented as (a) 
the complete profile with height at specified time intervals and (a) the contour plot of solids concentration 
with time. (the a and b) 

The iso-concentration lines are approximately linear as they fan from the origin but appear to 

curve as the suspension undergoes compression.  The interface, indicated in Figure 5B.9(b) by the solid 
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black line, is not clearly defined.  The data indicate that there is a gradual increase in concentration near 

the interface.  This may be an artefact from the meniscus that forms due to cuvette walls, which only 

have a 2 mm gap.  The experiments were repeated in the 10 mm gap cuvettes.  However, the attenuation 

of the x-rays was too large to obtain accurate solids concentration profiles.  Consequently, the tests are 

restricted to the 2 mm gap cuvettes in which wall effects are an important consideration.  Experimental 

data was obtained at initial concentrations of 5, 10, 15 and 20 vol% for coagulated calcite, flocculated 

calcite and un-coagulated/un-flocculated calcite.  These experiments were also performed for both 

conditioned sewages sludges (not shown). 

The large amount of experimental data requires further analysis and comparison to model 

predictions.  The compressive rheology model can be used to predict the transient concentration profile 

(without wall effect correction) for comparison to the experimental data.  The model of transient 

centrifugation is currently incomplete, and not provided in this work. 

Transient centrifugal batch settling 

Transient centrifugal settling profiles were collected at a range of times.  However, the 

frequency of concentration profiling was not sufficient to construct a detailed settling profile as was 

completed for transient gravity batch settling.  Thus, it was not possible to accurately demonstrate the 

shape of the iso-concentration lines during centrifugal settling.  An in-situ method for concentration 

profiling during transient centrifugation would provide sufficient detail.  The technical and safety 

limitations of such a device mean that it is not currently feasible to build this device. 

Equilibrium centrifugal settling 

Equilibrium centrifugal settling tests were performed for the two conditioned sludges, 

coagulated calcite, flocculated calcite and un-coagulated/un-flocculated calcite at a range of initial 

solids concentration.  The equilibrium solids concentrations were measured and analysed using the 

methods outlined in Chapters 4 and 5. 

Characterisation results 

The compressive rheology dewaterability characterisation (Chapter 3) and shear rheology tests 

were also completed for a coagulated calcite sample.  The compressive yield stress results from gravity 

settling and stepped-pressure filtration, and the shear yield stress from a TA Instruments AR-G2 

rheometer are shown in Figure 5B.10.  The results of the equilibrium centrifugation are also presented 

for comparison. 
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Figure 5B.10: Compressive and shear yield stress results for a carbonate suspension coagulated at its iso-electric point, 
comparing the compression data from pressure filtration and shear data from a rheometer with the shear 
and compression estimates using the equilibrium centrifugation method. 

The compressive yield stress results are comparable to those obtained using the pressure 

filtration method.  However, the shear yield stress estimates are two orders of magnitude larger than the 

rheometer, where S∞=0.276.  Two potential explanations include: 

• Bridging of particles across cuvette gap

• The combined effect of shear and compression

The first contention indicates that there is a force chain between particles that form a bridge

from one wall to the other all.  These force chains were investigated for dry particles and shown to be 

as long as 20 particles [37].  In this case, the gap is 500 times the size of the primary particles.  The size 

of the aggregates formed during the coagulation process is unknown and was not measured.  Hence, 

this explanation cannot be verified.  The second contention suggests that it is possible for shear to 

enhance compression and compression to strengthen the material under shear.  As this effect is not 

captured in the model, it may help to explain the discrepancy.  This effect has been observed for other 

suspensions [38].  Both contentions require further investigation. 

Equilibrium concentration profiles 

The equilibrium solids concentration profiles for the coagulated calcite show a high level of 

resolution.  The validation of the analysis method from Chapter 5 is shown in Figure 5B.11. 
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Figure 5B.11: The equilibrium solids concentration profiles compared to model predictions for (a) the 2000 rpm data and 
(b) all data.  The comparison in (a) shows the model prediction for the method that accounts for wall
effects and neglects wall effects, whereas (b) presents the validation of the model that corrects for wall
effects at all rotation speeds.

The method without wall effect correction, based on the pressure filtration data in Figure 5B.10, 

predicts a lower equilibrium height than observed experimentally.  This method also predicts that there 

will be a higher solids concentration in the sediment (see Figure 5B.11(a)).  The method that correct for 

wall effects is able to more accurately capture the equilibrium height and the shape of the profile at 

2000 rpm.  This holds for the remaining rotation rates (see Figure 5B.11(b)).  The model suspension is 

more homogeneous than the composite sludges and provides a cleaner dataset for further analysis. 

Elastic rebound 

Assessment of the elastic rebound of a suspension is important for determining the validity of 

the equilibrium concentration profile measurement, because the process involves removal of sediment 

from the centrifuge for transfer to the LUMiReader X-Ray.  These experiments were performed, and 

the rebound of the calcite suspensions was negligible and the conditioned sewage sludges were minimal. 

It is anticipated that unconditioned sewage sludge would demonstrate significant elastic behavior. 

Further assessment of the visco-elastic nature of the suspensions is possible from the dataset collected. 
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INTRODUCTION:
Wastewater sludge is the end product of the wastewater treatment
process and its dewatering and disposal are major contributors to
the overall cost of the process.

PROBLEM STATEMENT: What makes sludges so difficult to dewater?

METHODS & RESULTS:
We performed filtration tests on 15 wastewater sludges from Australia and the UK and noticed a trend between
ease of filtration and organic content. Degrading the organic fraction before filtration can reduce filter sizes by
up to 5000%. This is a huge cost saving. The volumes of sludge for disposal can be reduced significantly.

CONCLUSION: Reducing the volatile solids of sludge is important for improving its dewaterability. This
understanding can be used for sludge dewatering processes and filtration processes in water recycling.

CHAPTER 6

QUANTIFICATION OF WASTEWATER 
SLUDGE DEWATERING

As many of the same components in sewage sludge are found in the fouling layers  in membrane processes, 
this understanding can be used to model the compressible behaviour of biofouling during water recycling.

Sludges form networked structures at very low concentrations of solid particles and are extremely hard to filter.

(a) What makes sludges so difficult to dewater?
(b) Can dewaterability differences between sludges be truly quantified?
(c) What changes the sludge dewatering characteristics?

Sludges form networked structures at very low concentrations of solid particles and are extremely hard to filter.

(a) These sludges are hard to dewater because they form highly impermeable networked structures
(b) We propose a method for quantifying dewaterability using laboratory dewatering measurements,  extraction

and validation of material properties, then simulation of full scale filter press operation
(c) Comparison of the quantified dewaterability to the volatile suspended solids showed a very strong correlation

Often in Australia, sludge is stockpiled in “sludge mountains”. The ability to efficiently reduce the sludge
volume prior to disposal has major cost benefits.
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PREFACE 
The unified dewaterability characterisation method for compressible suspensions (Chapter 3) 

was implemented on fifteen sewage sludges from Australia and the UK over a period of ten years.  The 

results of this project are presented herein.  The wall effects during centrifugation work was completed 

after publication of this study, hence the corrections for wall effects presented in Chapter 5 are not used 

in this chapter. 

Chapter 6 is a reproduction of the journal article, “Quantification of wastewater sludge 

dewatering”, which was published in the Water Research journal for its special issue on sludge 

handling.  The contributions of each author are summarised in Table 6.1.  

Table 6.1: Summary of author contributions 

Author Primary Contribution 

Samuel J. Skinner Lead author, analysis of experimental work 

Lindsay J. Studer Experimentalist, method development 

David R. Dixon Project supervision 

Peter Hillis Project supervision 

Catherine A. Rees Project supervision and management 

Rachael C. Wall Experimentalist, method development 

Raul G. Cavalida Experimentalist 

Shane P. Usher Experimentalist, method development 

Anthony D. Stickland Supervisor, method development, filtration modelling 

Peter J. Scales Supervisor, literature reviewer, method development 

Addendum 6A and 6B were not published in the Water Research article.  Addendum 6A 

features comparison of model predictions with operational data from a previous study by Bane [1] and 

data published by Canziani [2] after the article presented in this chapter.  Addendum 6B demonstrates 

the effect of using an analysis based on the specific resistance to filtration. 
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CHAPTER SUMMARY 
Quantification and comparison of the dewatering characteristics of fifteen sewage sludges from 

a range of digestion scenarios is described.  The method proposed uses laboratory dewatering 

measurements and integrity analysis of the extracted material properties.  These properties were used 

as inputs into a model of filtration, the output of which provides the dewatering comparison.  This 

method is shown to be necessary for quantification and comparison of dewaterability as the permeability 

and compressibility of the sludges varies by up to ten orders of magnitude in the range of solids 

concentration of interest to industry.  This causes a high sensitivity of the dewaterability comparison to 

the starting concentration of laboratory tests, thus simple dewaterability comparison based on 

parameters such as the specific resistance to filtration is difficult.  The new approach is demonstrated 

to be robust relative to traditional methods such as specific resistance to filtration analysis and has an 

in-built integrity check.  Comparison of the quantified dewaterability of the fifteen sludges to the 

relative volatile solids content showed a very strong correlation in the volatile solids range from 35-

80%.  The data indicate that the volatile solids parameter is a strong indicator of the dewatering 

behaviour of sewage sludges.  
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CHAPTER 6: QUANTIFICATION OF WASTEWATER 
SLUDGE DEWATERING 

“A wide variation in the solids content of such biosolids cakes, ranging from 
11% solids to 20% solid, has been encountered at plants of similar process 
design, even using identical dewatering equipment, at different installations.” 
I. H. Bane (Water 1997)

INTRODUCTION 
The processing of sewage sludge is made difficult by the fact that biomass rich sludges are both 

slow to dewater and form a networked gel at low concentrations.  This is termed the gel point, where 

the gel point is the solids concentration at which they first form a networked sludge.  For example, 

simple sedimentation of an activated sludge biomass typically results in a settled or networked sludge 

layer with a solids content of only 1.5-4.0 wt%.  If left to stand, this layer is resistant to further 

sedimentation as the network of sludge particles is able to support its own weight and as such, dewaters 

no further in time. Subsequent addition of flocculants and other dewatering aids followed by mechanical 

dewatering of the settled sludge using high speed centrifugation or a range of high pressure filtration 

processes often only achieves a sludge cake with a solids content of order 20-30 wt%.  This is then 

highly limiting to re-use options since transport and drying costs per tonne of wet sludge are high. 

There is a range of potential re-use options for sewage sludge including as a nutrient rich 

fertiliser, as a supplement to composting or as a feedstock to energy production.  The presence of 

pathogens, metals and unwanted chemicals are all important to re-use considerations.  However, 

arguably the most prohibitive expenses for re-use are the costs associated with dewatering, drying and 

transport of water-rich sludges.  The key problems of interest are; 

• Why are these sludges hard to dewater?

• What changes the dewatering characteristics of sewage sludge? and

• Can dewaterability differences between sludges be truly quantified?

These questions have all received a lot of attention both industrially and in the literature.  This

work considers a systematic and quantitative comparison of the dewatering characteristics of sludges at 

a laboratory scale.  Armed with a quantitative comparator of dewatering performance, it then considers 

the parameters that operationalise this data and as such, aims to provide a quantitative basis for decisions 

around choices of dewatering equipment, process selection, dewatering additives and sludge pre-

treatments, although not all of these issues are covered in detail herein. 
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6.1.1 Dewatering characterisation 

Classical testing of particulate suspension dewatering involves either or both simple 

sedimentation tests, to characterise low solids separation behaviour as might be consistent with 

continuous clarification or thickening processes and batch sedimentation tanks, and filter tests to 

characterise the rate and extent of dewatering to a fixed pressure, as might be consistent in filtration and 

centrifugation.  In the sedimentation test, recording the rate of fall of the interface over time allows 

fundamental parameters such as the free settling rate, hindered settling rate and gel point (φg) to be 

determined as well as empirical parameters such as the sludge volume index (SVI).  All are useful for 

monitoring operational performance (i.e. SVI) or for designing devices such as clarifiers [3, 4].  A range 

of literature is available to describe the parameter extraction process and its potential application [5-

10]. 

In the case of mechanical dewatering, recording the volume of filtrate on a bench scale or pilot 

filter over time allows determination of the permeability (rate of dewatering) and the compressibility or 

compactibility of the suspension (extent of dewatering) as a function of applied pressure [11, 12].  

Analysis of the experimental data for constant pressure filtration indicates that the filtration time (t) 

usually varies quadratically with the specific filtrate volume (V) during what is termed the ‘filtration’ 

or ‘cake formation’ phase of filtration (i.e. a plot of t versus V2 is linear).  The rate of dewatering or 

permeability can then be determined from the slope of a t versus V2 plot in the cake formation region. 

This is followed by a logarithmic region (to first order) in which the cake compresses or becomes 

uniform in solids concentration (the expression phase), allowing determination of the extent of 

dewatering. Using models of filtration, [13-18] parameters such as the specific cake resistance, 

permeability, hindered settling function, coefficient of consolidation and compressibility can be 

determined.   

These dewatering parameters come from two theoretical approaches, those due to Tiller and 

Shirato [14], who combined a modified Darcy’s Law to model the cake filtration phase with the theory 

of Terzaghi and Peck [18] for the consolidation, expression or cake compression phase and a filtration 

theory proposed by Landman and White [17].   The parameters from the two theoretical approaches are 

perhaps, not surprisingly, all related [19-22] although there are instances where the assumptions behind 

their use breaks down [23].  An example is the case of consolidation theory, where it is assumed during 

dewatering that strains (deformations) are small (which is indeed the case in filtration of many coarse 

materials that have a high gel point) but if this is not the case, Casagrande’s method [24] for the 

determination of the coefficient of consolidation is no longer valid [25].   As with sedimentation tests, 

a range of methods have been developed to determine these parameters [24, 26-28].  The use of these 

various characterisation methods is industrially widespread and along with phenomenological models 

of equipment, the prediction of dewatering for a range of particulate suspensions at both laboratory and 
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full-scale is possible, albeit not widely used in the design of equipment in the absence of qualifying 

pilot tests [29-31]. 

6.1.2 Sewage Sludge Dewatering Characterisation 

In the case of sewage sludges, the classical dewatering parameter extraction methods are flawed 

and as such, the application of these parameters to the prediction of the performance of mechanical 

dewatering equipment is also flawed.  The failure comes from the reliance on extracting information 

from a linear plot of t versus V2. Simple dead-end filtration experiments on sewage sludges and indeed, 

other biomass rich materials such as algal cells and starches, shows the filtration phase of dewatering 

quickly becomes non-linear.  The short filtration phase is followed by an extended expression phase of 

dewatering that may represent well in excess of 80% of the process time.  In tracking this behaviour to 

equilibrium, a typical result shows that all but very thin cakes can take many hours and up to days to 

dewater at moderate pressures of a few hundred kPa. 

The behaviour has led to the designation by some that these sludges are “super-compactible” 

[32-34].  This is because at some point in standard filtration tests using a C-P cell or some other form 

of filter device, an increase in pressure provides no apparent increase in filtration rate.  This is not 

actually the case, but the rate of filtration is often so slow as to lead to this conclusion.  In addition, 

analysis is made difficult by the very large collapse ratios or deformations that occur and by filtration 

times that may extend for months [34].  Some of the observed behaviour is consistent with the fact that 

there is an osmotic contribution to the total network strength.  Although this in itself can explain some 

of the trends in the data (as a function of added salt for instance), it cannot explain the overall dewatering 

behaviour [35-37]. 

Others have attempted to explain the anomalous behaviour through designation of the water 

structure in the aggregated sewage sludge network as being ‘free,’ ‘interstitial’, ‘surface’ or ‘bound,’ 

the implication being that some water molecules are more difficult to remove than others [38].  This 

description found favour [39, 40] since it supplied a possible explanation for why these materials could 

not be dewatered easily.  However, if one considers the water contained within the cell membrane 

(around 5 vol% from drying experiments) [41] and the so called surface water (up to 20 vol% although 

it could simply be water trapped in a different pore space), the remaining water is accessible to 

mechanical dewatering.  Despite this, as stated earlier, most dewatering operations only achieve 

20-30 vol% solids, leaving a nominal gap of 45-55 vol% of water that is able to be removed through 

mechanical means but just happens to come out very slowly [34].  The bound water concept is therefore 

not useful to illuminate why sewage sludges are hard to dewater.  In a review by Valexaire and Cezac 

in 2004, it was highlighted that many of the methods used to characterise the distribution of water were 

poorly quantitative.  They suggested that the best method to determine the nature of water in sludge 
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was to mechanically apply a very high constant pressure [42].  Such tests did not show behaviour 

consistent with the existence of multiple forms of water. 

6.1.3 Why are these sludges hard to dewater? 

Correlations between filtration behaviour of various sludges and a range of parameters showed 

that a likely culprit in the poor dewaterability of sewage sludges (and indeed many other biomass 

sludges) was the presence of significant quantities of extra cellular polymeric substances (ECP or EPS); 

nominally the exudate of cells [43-50].  In some instances, it was reported that the EPS fraction made 

up more than half, indeed, up to 80% of the biomass [51].  The term EPS is now used quite generically 

to describe these cell exudates and it is inferred to include a range of compounds including proteins, 

polysaccharides, nucleic acids and phospho-lipids [48].  Other researchers similarly recognised the role 

of cations, particularly divalent cations, in cross-linking these EPS materials to aid floc structure and 

stability [52, 53].  This is also linked to dewaterability and effluent quality, the implication being that 

better flocculation leads to better performance in both areas [53, 54].  So, what happens in mechanical 

dewatering to cause issues?  The postulate is that dewatering is not of a particulate suspension but of a 

cross-linked polymeric network with embedded cellular and other particulate components.  In the 

filtration phase of dewatering, an extremely compressible layer is formed at the membrane surface that 

is highly impermeable and significantly changes the normal mode of diffusion of solid material into the 

filter cake.  Work to characterise this process has shown the expected filter cake structure for a 

compressible material, whereby there is a solids gradient across the filter cake that becomes 

homogeneous at equilibrium [55].  This is not markedly different from any other compressible 

suspension filter cake except the time to reach equilibrium is long. 

6.1.4 What changes the dewatering characteristics of sewage sludge? 

The poor dewaterability of sewage sludges has led to a myriad of treatments, processes and 

additives to improve the rate of dewatering.  Many are based around the reduction, solubilisation or 

destruction of the EPS component of the sludge.  Methods include both low and high temperature 

hydrolysis processes and/or chemical treatments such as acids and Fenton’s reagent [47, 51, 56-60].  In 

addition, various groups have looked at co-dewatering of sewage sludge with other materials, often 

referred to as skeleton builders or filter aids [61, 62], electro-dewatering [63-67] and a large range of 

additives [43, 47, 48, 60, 68-71].  The efficacy of these has been the subject of a number of reviews [72, 

73] but the commercial reality is that, short of the addition of flocculants, only high temperature

hydrolysis has been shown to substantially improve the dewatering of sewage sludges, with

improvements from 20 to 50 wt% dry solids from standard filtration equipment being reported at full

scale [51, 74].  Many other processes and additives have shown great promise but not to the extent that
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many laboratory-based experiments would have indicated, emphasising the importance of a quantitative 

dewaterability comparison method to support cost/benefit analysis. 

6.1.5 Can dewaterability differences between sludges be truly quantified? 

In the absence of quantitative and fast laboratory techniques for dewaterability characterisation, 

a large number of laboratories turned to empirical testing using capillary suction time (CST) and simple 

fixed-time filtration tests to measure a specific resistance to filtration (SRF) [47, 57, 69, 71, 75-77].  

These simple tests proved useful for the understanding of trends in the dewaterability of sludges as a 

function of additives such as flocculants.  Since they looked solely at the initial phase of filtration and 

this quickly becomes non-linear for sewage sludges, the predictive ability outside of understanding a 

trend in behaviour is poor [60].  Even then, small changes in the initial solids concentration of a test 

was observed to be critical to reproducibility.  There remains a void therefore between the optimisation 

of sludge dewatering using flocculants and a range of other additives and the actual prediction of 

dewatering behaviour from first principles.  The optimisation process provides the likely best 

operational scenario but is not able to predict the performance of a particular piece of equipment. 

In 2005, our own research group [25] provided a theoretical basis for understanding the 

dewatering of sludges that showed non-quadratic filtration behaviour in mechanical dewatering.  It was 

demonstrated therein that the observed behaviour is a fundamental attribute of filtration, however, it is 

only observed under certain conditions that match initial solids, pressure and material property 

attributes.   As such, there are certain materials that under some conditions will show quadratic and 

under other conditions, negligible quadratic filtration behaviour.  The issue is that analytical approaches 

to solving the governing equations assume quadratic behaviour and, as such, new dewatering parameter 

extraction methods are required as well as numerical solution methods to solve the governing equations. 

In the work of Stickland et al., it was shown the behaviour is related to a material property 

called the solids diffusivity, D(φ).  This parameter is defined as the ratio of the compressibility 

(dPy(φ)/d(φ)) and R(φ) such that; 

)(
)1()(

2

φ
φ

φ
φ

Rd
dp

D y −
= , (6.1) 

where φ is the volume fraction of solids, Py(φ) is the compressive yield strength of the 

suspension and R(φ) is the hindered settling function (inversely proportional to the permeability).  D(φ) 

is analogous to the consolidation coefficient, cv, used by geotechnical engineers [19] and is usually 

assumed to increase monotonically between the initial solids concentration of the feed to a filter or 

dewatering device and the final solids concentration of the filter cake (assuming equilibrium was 

achieved). If this is the case, a quadratic filtration response will be observed at constant pressure. There 

are scenarios for nearly every compressible material where this is not the case and in instances where 
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the function is non-monotonic (peaked) and then decreasing in the solids concentration range of interest, 

non-quadratic behaviour is both predicted and expected.  The non-quadratic filtration behaviour is 

therefore a simple manifestation of the permeability and compressibility characteristics of a suspension 

in the range of solids concentration and pressure being investigated and in the case of sewage sludges, 

unless the filtration starts at very low solids concentration and is at very low pressures, D(φ) is always 

observed to be non-monotonic or decreasing.  Of fundamental interest is that the method requires no 

new theory, no new forces or postulates and no new dewatering parameters or descriptors.  It is 

acknowledged at this point that other researchers have used different approaches here with reasonable 

success.  An example is the case of moving from parameters that describe the average resistance to 

filtration to a parameter set that depends solely on the local solids concentration [78].  This is 

acknowledged as an important step since, although using a local volume fraction description for all 

parameters is implicit in the Buscall and White theoretical framework for dewatering, this is not the 

case with other approaches.  Such a distinction has been shown to be unimportant in many weakly 

compressible materials, but this is not the case for sewage sludges [23]. 

This work now looks to demonstrate the applicability of the sewage sludge characterisation 

technique to a wide range of sewage sludges, including aerobic, anaerobic and sludges subjected to pre-

treatment such as high temperature hydrolysis.  The sludges are first characterised using a set of standard 

laboratory procedures involving sedimentation, centrifugation and filtration tests to produce a 

dewatering material property description for each sludge inclusive of Py(φ), R(φ) and D(φ).  The 

integrity of the material property description is then checked using a numerical approach to solve the 

filtration governing equations and re-predict the laboratory results.  This is seen as an important step in 

ensuring that the material properties are indeed a quality descriptor across a very broad range of 

dewatering scenarios.  The importance of not using the standard quadratic assumption is highlighted 

here. 

The non-monotonic nature of D(φ) means that quantitative comparisons between sludge 

samples is difficult using common dewatering parameters  since it is affected by both compressibility 

and permeability changes.  A new comparison method is proposed whereby the dewatering parameters 

are inputs to a first principles filter press model [79] and the dewatering comparison is performed at a 

range of operational scenarios.  The model has been demonstrated to be accurate to full-scale filter 

prediction across a range of operational scenarios [30, 80] provided the dewatering material parameters 

(Py(φ), R(φ) and D(φ)) are indeed representative of the sludge to be filtered.   The output is then 

compared to the volatile solids content, taking it as a surrogate for the EPS content in the sludge. 
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 MATERIALS AND METHODS 

6.2.1 Samples 

Fifteen sewage sludge samples were characterised as part of the study.  They represent a range 

of sludge types inclusive of waste activated sludge (WAS), return activated sludge (RAS), anaerobic 

digestion (MAD) sludges, trickling filter (TF) sludges, aged facultative lagoon (FL) sludges and sludge 

from a Cambi® thermal hydrolysis reactor.  The characteristics of the sludges and collection locations 

are described in Table 6.2.  The sludges were from Australia and the United Kingdom and the work 

spanned a period of almost ten years.  Each sludge was characterised as received unless otherwise stated. 

Samples were stored at 4oC and allowed to consolidate to the gel point prior to filtration testing.  The 

liquid and solid densities of each sample were measured using a calibrated pycnometer at 20oC.  Initial 

solids were determined by loss of weight on drying at 60oC.  The volatile solids of each sample was 

determined according to standard methods [81]. All samples were characterised without addition of 

flocculants, additives or other treatments (except the hydrolysed sample) to determine the ‘as received’ 

dewaterability. 

Table 6.2: Summary of sewage sludges characterised using the new characterisation protocol.  The samples are 
ranked in order of increasing relative volatile solids content. 

Sample Type Location 
Initial solids 

(vol%) 

Volatile solids 

(%) 

UK 1 CAMBI® Aberdeen, Scotland 9.14 40.0* 

AUS 1 FL (extended anaerobic) Werribee, Australia 4.98 48.8 

UK 2 MAD Warrington, England 2.50 55.0* 

AUS 2 FL (anaerobic) Werribee Australia 2.29 58.0 

UK 3 MAD Manchester, England 1.88 59.0* 

AUS 3 FL (aerobic) Werribee, Australia 2.91 59.4 

AUS 4 FL+EWAS Altona, Australia 0.54 60.8 

AUS 5 EWAS +FL (aerobic) Boneo, Australia 1.59 69.3 

AUS 6 WAS Brisbane, Australia 2.54 70.0* 

UK 4 TF Humus Wigan, England 2.16 67.5* 

AUS 7 MAD Bangholme, Australia 1.54 71.6 

AUS 8 MAD Mt Martha, Australia 1.32 74.5 

AUS 9 RAS Werribee, Australia 1.63 74.6 

AUS 10 MAD + 6 day aeration Mt Martha, Australia 1.39 75.5 

AUS 11 TWAS Bangholme, Australia 1.88 81.7 

*VS based on operating data, otherwise measured in laboratory at The University of Melbourne
EWAS = Extended Waste Activated Sludge, MAD = Mesophilic Anaerobic Digestion, TWAS = Thickened
Waste Activated Sludge
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The sewage sludge digestion type abbreviations are denoted CAMBI® for hydrolysis using the 

CAMBI® process, MAD for mesophilic anaerobic digestion, EMAD for extended MAD, WAS for 

activated sludge process (wasted sludge), EWAS for WAS from extended aeration process, TWAS for 

WAS thickened using a dissolved air flotation thickener, RAS for activated sludge process (returned 

sludge), FL for facultative lagoon and TF for trickling filter process. 

6.2.2 Dewaterability parameter determination 

Gravitational batch settling and stepped centrifugal settling were used to extract low solids 

concentration dewatering data and a series of single pressure filtration tests were used to determine high 

solids concentration dewatering data.  The batch sedimentation tests were performed following dilution 

of the samples with their own liquor until a defined solid-liquid interface was observable.  The sample 

was loaded into a 1000 mL measuring cylinder and the decrease in the interfacial height was measured 

over time. The centrifugal settling tests were performed in a LUMiFuge® measuring the equilibrium 

sediment height at multiple rotation speeds [82]. 

A pressure filtration device (described in detail elsewhere) was used to measure the filtration 

behaviour of the sludge samples in the pressure range from 5-500 kPa [26-28].  Between four and six 

single filtration runs at constant pressure were conducted for each sample. The pressures chosen were 

typically 5, 10, 20, 50, 100, 200 and 500 kPa but varied between samples. A known amount of sludge 

was added to the filter device and the filtration generally conducted for 24 hours.  It was not expected 

that the filtration would necessarily reach equilibrium in this time although the amount of solids input 

into the device was varied to ensure that the filtration profile showed a significant fraction of the time 

had been in the compression or expression stage of dewatering by the end of each run.  It was critical 

to the analysis to observe compression until close to the equilibrium filter cake height. 

The analytical method for determining R(φ) from sedimentation results is reported earlier [6] 

and a program (B-SAMS) was utilised to analyse the data and extract R(φ) as a function of solids for 

concentrations below the gel point of each sample.  D(φ) was calculated from analysis of filtration data 

in the compression region of single pressure filtration tests [83, 84].  The cake compression analysis 

involves extraction of D(φ) and Py(φ) data for the sample at that filtration pressure assuming that the 

compression phase of filtration shows logarithmic behaviour to first order.  R(φ) was then calculated 

using equation 1.  Further low solids concentration compressional data was obtained from stepped 

centrifugal settling tests as described in Usher et al. [82].  Even after using sedimentation, centrifugation 

and filtration analyses, there remained a region of solids for which no R(φ) data was available. The 

functional form of R(φ) was interpolated in this region so as to give an optimised re-prediction of the 

original filtration experiments. 
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0

0

The traditional dewatering parameter extraction method to determine Py(φ) and R(φ) based on 

the slope of a t versus V2 plot of filtration data at constant pressure was also used to determine high 

solids concentration data for comparison with the cake compression analysis method.  The integrity of 

the assumptions made to extract the dewatering parameters for both of these methods were tested using 

a numerical filtration model [25] to re-predict the original filtration results. 

6.2.3 Dewaterability parameter integrity verification 

The initial conditions of each filtration run (h0, φ ,∆P and membrane resistance) and the 

extracted material properties, Py(ϕ) and D(ϕ), were used as inputs to the numerical filtration model [25], 

where h0 was the initial height of suspension in the filter, φ was the initial volume fraction of solids in 

the feed to the filter and ∆P was the applied pressure.  The governing equations for filtration tests from 

the work of Landman et al. [85] incorporating a finite difference method were solved to give full 

numerical solutions for the specific filtrate volume with time.  These values were compared with 

original filtration results for validation or optimisation. A good fit to the re-prediction of the laboratory 

filtration curves at all pressures using a single input of the functional forms of Py(φ) and D(φ) was 

considered verification of both the integrity of the dewaterability parameter characterisation process 

and the parameters themselves. 

Dewaterability quantification using a plate-and-frame filter press model 

The verified values of Py(ϕ) and D(ϕ) for each sample were used as inputs to a validated model 

of a fixed-cavity plate-and-frame filter press.[79] The operating conditions selected to compare the 

filtration behaviour were a fill pressure of 300 kPa, an initial concentration of 1 vol%, a handling time 

of 1000 seconds and a cavity width of 1 cm.  The results were presented as specific solids throughput 

(Qsolids) against average final solids concentration of the filter cake (<xF>).  Whilst pressures on-site are 

typically higher, 300 kPa was chosen to avoid extrapolation from the maximum pressure used in the 

laboratory.  Likewise, some filters may include diaphragm squeeze or air-blow modes, may have 

different cavity widths or may have faster cake release times.  However, standardisation of the operating 

conditions, including the all-important initial concentration, allowed comparison of sludge filtration 

performance under equivalent conditions.  Note that, in the limit of long filtration times, the handling 

time becomes a small fraction of the total cycle time and comparison between samples is expected to 

be insensitive to handling time. 

RESULTS 

Not all characterisation curves will be presented herein, as displaying all fifteen curves on one 

plot is cumbersome.  A group of five sludges representing a range of formation and digestion conditions 

were chosen as surrogates.  They represent a range of digestion and volatile solids conditions. The 
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experimental results from sedimentation, centrifugation and filtration laboratory tests and curve fits for 

Py(φ), R(φ) and D(φ) are shown in Figure 6.1(a-c) respectively.  The data illustrate the different 

dewatering behaviours for the five selected samples.  The curve fits are those needed to re-predict the 

laboratory filtration and sedimentation data. 

As a general rule, for the pressure domain utilised in the laboratory tests, materials with a 

compressibility (Py(φ)) curve at higher solids for a given pressure and with a lower hindered settling 

function or drag (R(φ)) at the same pressure, will have a higher diffusivity (D(φ)) and by implication, 

dewater faster and further.  However, examination of equation 1 shows that it is in fact the rate of change 

of the compressibility over the hindered settling function that determines the diffusivity behaviour at 

that solids concentration.  In the case of sewage sludges, Figure 6.1 shows that R(φ) varies by up to ten 

orders of magnitude in the solids range of interest and although Py(φ) also varies, it is not of this order.  

This creates a peak in the diffusivity curve at low solids and it is then hard to determine quantitative 

and in some instances, even qualitative differences between the dewatering characteristics of the sludge 

samples.  As such, the only definitive result from the examination of the functional form of the 

dewatering parameters is that the UK 1 (Cambi®) sludge was expected to be easiest to dewater. 

Figure 6.1: (a) Compressive yield stress, Py(φ), (b) Hindered settling function, R(φ) and (c) Solids diffusivity, D(φ),
all as a function of solids volume fraction for five selected sludges.  Points are from filtration,
centrifugation and settling tests (Py(φ)) and sedimentation and filtration tests (R(φ)).  The curve fits are
best fits to the data and adjustments between the data points to provide an accurate re-prediction of the
laboratory filtration data.
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The curve fits from Figure 6.1 (a) and 1(c) were used as inputs to the numerical filter model to 

re-predict the laboratory filtration data.  An appropriate membrane resistance, extracted from the 

experimental data, was incorporated.  In general, the curve fits were consistent with the data from the 

sedimentation, centrifugation and filtration tests.  None the less, interpolation between the 

sedimentation and filtration data for the hindered settling function was often not obvious.  Indeed, it is 

interesting to note the fit that provided the best re-prediction of the filtration data and the sensitivity of 

this fit in the low solids regime, typically between 2 and 10 vol%. 

In equating the pressure required to achieve these solids at equilibrium, it amounted to between 

0.1 and 5 kPa in most instances.  Performing accurate filtration tests in this regime is very difficult and 

reaching equilibrium can take extended periods, perhaps days to weeks.  The breadth of the scale should 

also be noted in the case of the R(φ) fits, with data covering almost ten orders of magnitude and the 

peak in D(φ) being in this solids and pressure regime.  The highly sensitive nature of the dewatering 

parameters to the quality of the fits in the low solids regime also serves to highlight the importance of 

small changes in starting solids in comparing different sludges.  Whilst this is always important in all 

dewatering comparisons, it is at its most sensitive for these types of sludges.  

Figure 6.2 shows a selection of original laboratory filtration data and re-predicted curves fits 

for AUS 5, UK 2 and AUS 3 based on the input of the curve fits from Figure 6.1(a) and (c) into a 

numerical filtration model [17, 25]. All fifteen sludges were modelled in this way and showed similar 

fits, with just three shown here as examples.  The overlap of data for increasing pressure in some 

instances reflects the fact that each test required a different volume of material to ensure the filtration 

was in the expression or compression phase of filtration for an extended period in the preferred 24-48 

hours allowed for each filtration run.  The efficacy of the dewatering parameter extraction process is 

further highlighted by this consideration. Figure 6.3 provides a comparison of the result based on the 

extraction of R(φ) using a traditional analysis of the initial slope of a t versus V2 filtration plot assuming 

quadratic behaviour.  The difference in the fits is clear and underlies the conclusion that traditional 

methods are able to be used to extract the end point of the filtration quite accurately but should not be 

used to extract a meaningful functional form for R(φ). 
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Figure 6.2: Dewaterability parameter integrity verification involving the re-prediction of laboratory data using 
functional forms of Py(φ) and R(φ) for (a) AUS 5 (b) UK 2  and (c)  AUS 3 

The data of Figure 6.2, in comparison to Figure 6.3, provides a high level of confidence as to 

the validity of the dewaterability parameters and the analysis methods utilised herein.  It is interesting 

at this point to note the non-quadratic behaviour of some of the sludges and the difference in the quality 

of the fits using traditional data analysis methods. All fits are based on full numerical analysis and are 

without fitting parameters other than adjustment of the functional form of R(φ) at intermediate solids 

concentrations, where laboratory techniques are not able to bridge the gap between sedimentation and 

filtration data.  There is obviously a need for further work in this area but the integrity of the 

dewaterability parameters in terms of the ability to predict dewatering performance for a filter is none 

the less demonstrated. 
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Figure 6.3: Dewaterability parameter integrity verification involving the re-prediction of laboratory data using 
functional forms of Py(φ) and R(φ) for the AUS 5 sludge using the traditional R(φ) extraction method. 

The dewaterability parameters were then input to a fixed cavity plate-and-frame filter press 

model [79].  The numerical solution of the governing equation [17] (with appropriate boundary 

conditions) using an iterative Runge-Kutta numerical algorithm for a range of sludges (the same set as 

for Figure 6.1) is shown in Figure 6.4. 

It was noted above that the differences between sludges was hard to visualize based on 

dewatering parameters such as the diffusivity but the comparison now becomes far easier, although it 

is obvious that the differences between the five sludges are not monotonic across a range of comparison 

points.  However, quantitative comparison can be performed at set values of either the final average 

solids concentration, <xF>, or specific solids throughput, Qsolids.  We could have equally used a 

centrifuge [86] or a drum filter model [87] to demonstrate the behaviour, but the trends in the data would 

have been similar given similar magnitudes of applied pressure.  Even so, the widely varying 

compressibility and large permeability (measured here through R(φ)) range of these sludges makes 

comparison difficult and a statement that one sludge dewaters better than another needs to be made with 

care and the solids concentration of comparison specified. 
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Figure 6.4: Dewaterability quantification shown as the predicted throughput in a fixed cavity plate-and-frame filter 
press as a function of output solids for a fill pressure of 300 kPa, feed volume fraction of 1.0 vol% and 
fixed cavity width of 1 cm. 

In order to compare all sludges, the predicted filtration performance of all sludges was 

calculated and a dewaterability comparison made under two conditions, namely; 

• At a fixed specific solids throughput of 0.05 kg/hr/m2 where the final difference in solids

expected from the filter was calculated

• At a fixed final solids concentration of 20 wt% and solids throughput of 0.166 kg/hr where the

difference in the filter area required to achieve the solids output and throughput was calculated.

The results from the comparison are summarised in Table 6.3. 
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Table 6.3: Quantitative comparison of the dewaterability of each sludge sample in a filter press in terms of (i) Filter 
area (A) required to achieve 20 wt% solids at solids throughput of 0.166 kg/hr and; (ii) average final cake 
solids (<xF>) achieved at a fixed specific solids throughput of 0.05 kg/hr/m2 

Sample Type 
VS 

(%) 

(i) A

(m2)

(ii) <xF>

(wt%)

UK 1 CAMBI® Thermal Hydrolysis 40.0 1.0 34.1 

AUS 1 Facultative Lagoon (extended anaerobic) 48.8 1.4 27.9 

UK 2 Mesophilic Anaerobic Digestion 55.0 2.9 21.8 

AUS 2 Facultative Lagoon (anaerobic) 58.0 4.1 18.4 

UK 3 Mesophilic Anaerobic Digestion 59.0 5.7 15.0 

AUS 3 Facultative Lagoon (aerobic) 59.4 2.2 22.8 

AUS 4 Facultative Lagoon + EWAS 60.8 7.1 17.1 

AUS 5 EWAS + Facultative Lagoon (aerobic) 69.3 8.0 14.4 

*AUS 5 EWAS +Facultative Lagoon (aerobic) 69.3 0.2 30.7 

AUS 6 Waste Activated Sludge 70.0 9.1 14.2 

UK 4 Trickling Filter Humus 67.5 35.1 8.5 

AUS 7 Mesophilic Anaerobic Digestion 71.6 38.0 5.6 

AUS 8 Mesophilic Anaerobic Digestion 74.5 50.5 5.6 

AUS 9 Return Activated Sludge 74.6 14.4 12.8 

AUS 10 MAD + 6 days aeration 75.5 58.3 5.4 

AUS 11 Thickened Waste Activated Sludge 81.7 34.7 7.1 

*Calculation based on traditional extraction method for R(φ) and Py(φ)
EWAS = Extended Waste Activated Sludge, MAD = Mesophilic Anaerobic Digestion

The data in Table 6.3 are both scalar and absolute in the sense that the area comparison provides 

a scalar comparison of the differences in the rate of dewatering of the various sludges to achieve a fixed 

solids concentration at a fixed solids throughput and the solids comparison shows the expected 

performance difference that would be traditionally observed between sludges at the same operating 

conditions on the same piece of dewatering equipment.  The nature of filtration installations is such that 

no two operate to the same set of conditions such that quantitative differences in sludges are very hard 

to validate in practice.  Indeed, harder to dewater sludges would tend to be processed at higher filter 

areas and at lower throughputs and often achieve slightly lower solids output.  The variation of all 

operating parameters makes comparison therein nearly impossible based solely upon consideration of 

the material properties presented in Figure 6.1.  The greater than order of magnitude difference in area 

and large difference in predicted solids output for the traditional dewatering characterisation approach 

also stands out as a clear anomaly in the data.  The data in Table 6.3also serves to highlight the order 

of magnitude errors that are possible through using a traditional approach to dewatering parameter 

extraction techniques. 
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Figure 6.5 shows the data from Table 6.3 for the achievable average cake solids concentration 

of a filter at a fixed specific solids throughput of 0.05 kg/m2/hr compared to the volatile solids content 

of each sludge.  The trend in the data is obvious, indeed, almost linear, and reflects a strong relationship 

between absolute dewaterability and volatile solids7.  This is not inconsistent with the concept that the 

EPS fraction in the sludge is a strong driver of dewatering behaviour, albeit in a negative way and has 

been highlighted by a range of researchers [43, 44, 48, 77].  The analysis here shows up the relationship 

in a quantitative rather than qualitative way.  We believe this represents a novel result that provides a 

clear performance indicator for the industry. 

Figure 6.5: Predicted average final solids concentration from a fixed cavity plate-and-frame filter press (dewaterability 
surrogate) versus volatile solids for fifteen sewage sludges across a range of digestion regimes.  The line 
is a simple linear regression of the data. 

The use of volatile suspended solids (VSS) as a surrogate for dewaterability is potentially 

problematic in that small differences clearly don't manifest as large changes in dewaterability and EPS 

type and content can vary significantly across different digestion methods (activated sludge versus 

mesophilic anaerobic digestion for instance) for small changes in VSS.  So it is interesting that the trend 

appears to be independent of the style of digestion and type of biomass.  It reflects a dominance of the 

volatile components of the sludge to the dewaterability and given that EPS may account for as much as 

80% of the weight of some poorly digested sludges, it is likely that the data would scale with this 

parameter as well.  The advantage of VSS over EPS is that VSS is a far easier parameter to measure. 

In addition, the fifteen sludges examined in this work represent a very large range of sludge types.  The 

7 This allows, for the first time, plant managers to perform the economic evaluation of sludge retention time in 
digestion compared with the subsequent costs of sludge dewatering. 
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only obvious style of sludge not present is at least one of thermophilic origin.  These have been 

processed [83] using the methods described herein although the time scale of the measurements was 

such that the data could not be analysed. 

The discussion in the introduction commented on the role of additives such as flocculants and 

pre-treatments and the next obvious step is to quantify the effects of these additives.  The method would 

allow scale up and cost/benefit assessment, something lacking from previous work.  None the less, it is 

expected that the role of flocculants would be shown to be no different than for mineral and other 

particulate suspensions, namely that they improve the permeability and are detrimental to the 

compressibility of the sludge [88].  Over-flocculation generally reduces sludge compressibility and 

although this is probably not a big issue here, since the equilibrium solids at a particular pressure is 

never achieved, the role of over-flocculation could also be quantitatively assessed.  This would remedy 

the dependence on CST measurements for flocculation optimisation although it remains a fast method 

for trend analysis. 
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CONCLUSIONS 

Quantification of the dewatering characteristics of fifteen sewage sludges from a range of 

digestion scenarios is described.  The method uses a numerical assessment of laboratory dewatering 

measurements followed by integrity analysis of the data and input into a filtration model, the output of 

which provides the dewatering comparison.  This is shown to be necessary as the compressibility and 

permeability of sewage sludges vary significantly as a function of additives and the extent of digestion 

and the initial dewaterability rate are highly sensitive to operational parameters such as the starting 

solids, especially in the 2-10 vol% solids range.  Dewaterability differences between sludges under 

these circumstances are shown to be difficult to assess based on dewatering parameters alone.  The new 

approach, using a filtration model to validate and compare dewatering is demonstrated to be robust 

relative to traditional methods such as specific resistance to filtration analysis and has an in-built 

integrity check.  Comparison of the quantified dewaterability of the fifteen sludges to the volatile solids 

content shows a very strong correlation in the volatile solids range from 35-80% although this is now 

open to testing across an even broader range of sludge types.  It is hoped that the method will make 

quantification of the role of additives such as flocculants and skeleton builders easier and allow more 

rigorous cost/benefit analysis of digestion options. 
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NOMENCLATURE 
List of abbreviations, symbols and definitions used in this study 

Abbreviations Units Definition 
AUS Denotes sludge from Australia 
CST [s] Capillary suction time 
CPF Constant pressure filtration 
EPS Extracellular polymeric substances 
SRF [m kg-1] Specific resistance to filtration 
SVI Sludge volume index 
TSS [mg L-1] Total suspended solids 
UK Denotes sludge from the United Kingdom 
VSS [% of TSS] Volatile suspended solids 

WWT Wastewater treatment 
WWTP Wastewater Treatment Plant 
Symbols Units Definition 

A [m2] Filter membrane area 
c [kg m-3] Weight of solids per unit volume of filtrate 

D(ϕ) [m2 s-1] Solids diffusivity 
h, h(t) [m] Height 
Py(ϕ) [Pa] Compressive yield stress 
ΔP [Pa] Applied differential pressure 

Qsolids [kg hr-1 m-2] Specific solids throughput 
R(ϕ) [Pa s m-2] Hindered settling function 
Rm [Pa s m-1] Membrane resistance 
t [s] Time 
V [m] Specific filtrate volume 
x [kg/kg] or [wt%] Solids concentration (mass basis) 

<xF> [kg/kg] or [wt%] Average final cake solids concentration (mass basis) 
z [m] Cartesian distance coordinate 

Greek Letters Units Definition 
αm [kg m-1] Specific cake resistance (mass basis) 
φ [v/v] or [vol%] Solids volume fraction 

φave [v/v] or [vol%] Average solids volume fraction in the device 
η l [Pa s] Dynamic viscosity of fluid 
Δρ [kg m-3] Density difference 
ρ l [kg m-3] Liquid phase density 
ρ s [kg m-3] Solid phase density 

Subscripts Units Definition 
ave Average 
0 Initial 
f Final 
g Gel point 
l Liquid, liquor or fluid 

m Mass basis 
s Solids 
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Addendum 6A: Comparison of Volatile Suspended Solids 

Correlation with Belt Filter Press Operating Data 
There is significant anecdotal and published evidence to support the correlation between 

dewaterability and volatile solids content.  Following publication of the journal article, “Quantification 

of wastewater sludge dewatering”, the authors were alerted to previous studies8 into the influence of 

ash content (and volatile suspended solids content) on sludge dewaterability.  The model predictions 

from Chapter 6 were compared with belt press operating data from Bane [1] for anaerobic sludges from 

a number of European WWTPs and from Canziani [2] for anaerobic sludge from Carimate WWTP, 

Italy.  The results of the comparison of operating data and model predictions are shown in Figure 6A.6. 

Figure 6A.6: Predicted average final solids concentration from a fixed cavity plate-and-frame filter press (dewaterability 
surrogate) versus volatile solids for fifteen sewage sludges across a range of digestion regimes.  These 
model predictions are compared to operating data from belt presses at multiple WWTPs collected by Bane 
[1] and Canziani [2].

The high level of correspondence between the model predictions and belt press operating data 

was not anticipated as the conditions for the model predictions were selected arbitrarily.  The three data 

sets all support the contention that the volatile solids measurement is a good indicator of the 

dewaterability of a sludge and can provide an estimate for the final cake solids concentration that can 

be achieved. 

The sludge dewaterability comparison indicates that there is substantial variation for the lower 

final average cake solids at similar VSS.  For example, the modelling results and operating data shown 

8 Peter Griffiths is thanked for directing the authors to the work of Ian Bane on sludge dewatering. 
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in Figure 6A.6 suggest that the final cake solids may vary by around 7-8% at and around a VSS of 60%. 

This is unsurprising as the sludges come from a range of digestion scenarios.  A more systematic 

investigation of sludge from one source that has been digested to a range of VSS concentrations would 

provide further quantification of the impact of reducing the VSS.  The dewaterability quantification 

method presented in this study can be used to quantify the impact of different operating strategies, such 

as pre-treatment.  However, it is generally demonstrated that methods that reduce the VSS, including 

thermal hydrolysis and extended anaerobic digestion, can significantly improve the dewaterability of 

sludges. 
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Addendum 6B: Dewaterability Characterisation based on Cake 
Formation Region for Sewage Sludge Filtration 

The specific resistance to filtration (SRF) is a commonly used measure of dewaterability, which 

is based on the cake formation region of a laboratory scale constant pressure filtration test.   Analysis 

of the cake formation region was performed for the fifteen sludges from Chapter 6 to determine the 

SRF at a range of applied pressures.  The cake formation region was found from dt/dV2 plots, where 

there is a significant increase in the gradient at the onset of cake compression as shown in Figure 6B.7. 

Figure 6B.7: (a) dt/dV2 against specific filtrate volume to determine the onset of cake compression during filtration of
a sewage sludge at a constant pressure of 10 kPa and (b) t/V versus V to highlight quadratic behaviour
(AUS 5 sample).  (c) This analysis is used to determine the specific resistance (SRF) versus applied
pressure results for a sewage sludge sample (AUS 5)

Figure 6B.7 shows that the cake formation region is small compared to the cake compression 

region, which is characteristic of the filtration behaviour of extremely compressible suspensions [25].   
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The SRF (on a mass basis) was determined for the range of applied pressures for all samples 

(see example in Figure 6B.7).  The SRF for the fifteen sewage sludges at the common applied pressures 

of 50 kPa and 100 kPa are summarised in Table 6B.4. 

Table 6B.4: Specific resistance to filtration for fifteen sewage sludges during constant pressure filtration at 50 and 100 
kPa. 

Sample Type VSS 
(%) αmat 50 kPa (m3 kg-1) αmat 100 kPa (m3 kg-1) 

UK 1 CAMBI® 40.0 *3.62 x 1013 **3.92 x 1013 

AUS 1 FL (extended anaerobic) 48.8 8.57 x 1013 1.50 x 1014 

UK 2 MAD 55.0 6.25 x 1013 1.23 x 1014 

AUS 2 FL (anaerobic) 58.0 - 2.75 x 1014 

UK 3 MAD 59.0 4.34 x 1013 - 

AUS 3 FL (aerobic) 59.4 1.34 x 1013 3.89 x 1013 

AUS 4 FL + EWAS 60.8 9.17 x 1012 1.46 x 1013 

AUS 5 EWAS + FL (aerobic) 69.3 4.62 x 1013 7.87 x 1013 

AUS 6 WAS 70.0 7.54 x 1013 1.36 x 1014 

UK 4 TF Humus 67.5 3.90 x 1014 - 

AUS 7 MAD 71.6 1.33 x 1015 2.35 x 1015 

AUS 8 MAD 74.5 1.14 x 1015 1.95 x 1015 

AUS 9 RAS 74.6 3.13 x 1013 5.83 x 1013 

AUS 10 MAS + 6 days aeration 75.5 1.49 x 1015 2.36 x 1015 

AUS 11 TWAS 81.7 5.20 x 1014 1.16 x 1015 
*Test was performed at 40 kPa. ** Test was performed at 80 kPa. – No data at this pressure

A key finding of Chapter 6 was that sludge dewaterability correlated with volatile solids content 

using a novel method for quantifying dewaterability.  But, could the additional effort of developing the 

rigorous method been avoided by measuring the SRF?  The answer to this question is indicated by 

Figure 6B.8.  Figure 6B.8 presents the correlation between SRF at 50 kPa and 100 kPa with volatile 

suspended solids content.  The correlation is significantly weaker than the results from Chapter 6. 
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Figure 6B.8: Specific resistance to filtration (dewaterability surrogate) versus volatile solids for fourteen of the fifteen 
sewage sludges.  Constant pressure filtration tests were performed at (a) 50 kPa and (b) 100 kPa. 

Figure 6B.8(a) demonstrates a weak relationship between the two parameters (p = 0.041).  Thus, 

even simple measures for dewaterability, such as the SRF at 50 kPa, can be used to indicate the 

correlation between the volatile solids content and dewaterability.  However, the trend observed Chapter 

shows a much stronger correlation because both the sludge permeability and compressibility are 

considered and the sensitivity to the starting concentration is removed.  For example, the sample with 

the lowest SRF (AUS 4) was also the sample with the lowest initial solids concentration.  However, 

observations of this sludge from operators of the belt filter press at that plant noted that it was difficult 

to dewater beyond 14 wt%.  Other sludges are known to dewater to much higher solids concentrations, 

especially the UK 1 sample.  The AUS 4 sample has a low starting solids concentration, which is 

reflected by the low SRF.  The UK 1 has a high starting solids concentration and although it is observed 

to rapidly dewater to high solids concentration, the SRF is higher than that of the AUS 4 sample.  These 

two examples highlight the difficulty with using a simple dewaterability comparison, such as the SRF. 

The SRF has previously proved useful for determining trends and when used as a surrogate for 

dewaterability there is a weak correlation with the volatile suspended solids content of the sludge. 

However, the starting concentration dependency had a strong influence on the SRF results.  This 

highlights the difficulty in using a simple measure of dewaterability, such as the SRF, for quantitative 

comparison.  The weak trend supports the contention that the volatile solids content is an indicator of 

sewage sludge dewaterability. 
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INTRODUCTION:
Filtration is a vital step in advanced WWT systems that break the pollution cycle. It
provides a physical barrier to separate contaminants from purified water.

Many filters for water recycling are operated at constant rate of purified water flow.

The rapid increase in transmembrane pressure (TMP) required to maintain constant
rate necessitates frequent membrane cleaning.

This non-linear TMP increase is often attributed to blocking or constriction of
pores internal to membranes or non-uniform distribution of a biological fouling
(biofouling) layer external to membranes.

The extreme compressibility and low permeability of the external 
biofouling layer is generally not considered in explanations of TMP jump

Biofouling is a layer of bacteria and organic material at the filter surface

o Increasing the compressibility results in more rapid TMP rise
o Reducing the permeability also causes more frequent cleaning cycles

METHODS & RESULTS:
We collected operating data from a high flux ceramic microfilter for recycling water from wastewater effluent.
A filtration model was developed to predict transmembrane pressure rise over a period of operation.
TMP rise can be explained by compressible biofouling layer and the device operation can be optimised.

CONCLUSION: The rapid increase in TMP that necessitates frequent cleaning can be explained by
compressibility of the fouling layer. An understanding of foulingmechanisms can reduce water recycling costs.

CHAPTER 7

PREDICTING TRANSMEMBRANE PRESSURE RISE FROM 
FOULING LAYER COMPRESSIBILITY AND PERMEABILITY

PROBLEM STATEMENT: Can non-linear TMP rise during constant rate filtration be predicted for an extremely 
compressible biofouling layer in a dead end, high flux microfiltration system?

OptimisationMethod ValidationIssue
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PREFACE 
Chapter 6 indicated the importance of dewatering characterisation for extremely compressible 

materials, such as sewages sludges.  Many of the same components present in sewage sludges are also 

present in the fouling layers of wastewater treatment microfiltration devices.  Chapter 7 builds upon the 

understanding of the filtration behaviour from Chapter 6 and applies it to the modelling of constant rate 

filtration processes.  

The constant rate filtration process in this chapter is a dead-end, high flux and high-pressure 

system with a ceramic membrane.  It is acknowledged that this is a niche application compared to typical 

membrane bioreactors, which are generally operated in cross-flow configuration at much lower 

pressures and fluxes. The concept of transmembrane pressure rise is more applicable to the typical 

membrane bioreactor configuration. However, the scenario in this chapter presents a simpler modelling 

exercise in which the number of operational variables is minimised, and the impact of fouling layer 

compressibility can be clearly demonstrated. 

The following paper, “Predicting Transmembrane Pressure Rise from Biofouling Layer 

Compressibility and Permeability”, was published in the Chemical Engineering Technology journal.  An 

earlier version of this paper [1] was presented by the lead author at FILTECH2016 in Cologne, Germany, 

October 11–13, 2016.  The contributions of each author are summarised in Table 7.1.  

Table 7.1: Summary of author contributions 

Author Primary Contribution 

Samuel J. Skinner Lead author, analysis of experimental work 

Anthony D. Stickland Supervisor, method development, filtration modelling 

Peter J. Scales Supervisor, method development 

Note that the spelling in Chapter 7 has been modified from English (United States) to English 

(United Kingdom) to maintain consistency with previous chapters. 



7-ii 

CHAPTER SUMMARY 
The operation of filtration membranes for wastewater treatment is severely affected by 

biofouling formation, which causes a rapid increase in transmembrane pressure (TMP) in constant rate 

filtration.  The TMP rise is often attributed to particulate fouling within the membrane, but the external 

fouling layer or filter cake contributes significantly.  The fouling is highly compressible, so any model 

must incorporate cake compression.  A one-dimensional controlled rate model based on compressible 

cakes and accurate sludge properties is proposed to predict the TMP rise needed to maintain constant 

flux. Increased compressibility results in more rapid TMP rise.  Model predictions were compared to 

pilot-plant data and showed good correlation, without assuming fouling within the membrane. 

Optimisation of cycle times and flux rates are performed. 
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CHAPTER 7: PREDICTING TRANSMEMBRANE 
PRESSURE RISE FROM BIOFOULING LAYER 

COMPRESSIBILITY AND PERMEABILITY 

“When the well's dry, we know the worth of water.” 
Benjamin Franklin (1706-1790) 
Poor Richard's Almanac, 1746 

INTRODUCTION 

Microfiltration has become an essential stage in wastewater treatment for producing high 

quality water whilst maintaining a small footprint. The membrane bioreactor (MBR) is a promising 

example of a small footprint technology that uses wastewater filtration. A key problem for these devices 

is membrane bio-fouling, which reduces the output rate of purified water and increases the capital and 

operating costs.  This fouling layer is highly compressible [2-5] and consolidates under applied 

differential pressure [6].  Many microfiltration devices operate under constant flux conditions, so the 

applied pressure is continually increased to overcome the rising resistance from the fouling layer.  The 

applied pressure difference, or transmembrane pressure (TMP), is usually non-linear and increases 

rapidly triggering the need for frequent cleaning cycles. 

Three distinct types of membrane fouling are prevalent in the literature [7]: 

• Pore-blocking (internal to membrane)

• Pore constriction (internal to membrane)

• Cake fouling (external to membrane)

The particulate fouling internal to the membrane can contribute significantly to the

hydrodynamic resistance to filtration [8].  However, a better appreciation of the effect of internal fouling 

can be obtained through an accurate representation of the compressibility and permeability of the 

external fouling layer. 

The rapid increase in TMP, or “TMP jump”, has been attributed to both internal and external 

fouling, where it is often related to different fouling rates across the membrane [9].  This results in 

increased fluxes in less fouled areas and a subsequent rapid increase in the fouling rate of those regions, 

causing a sudden rise in TMP.  The models proposed for the mechanism, or combination of mechanisms, 

to explain such behaviour include [10]:  

• Inhomogeneous pore fouling (pore narrowing [11] and pore loss [12])

• Inhomogeneous cake fouling (area loss) [13]

• Inhomogeneous fibre bundle [14]
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As wastewater treatment sludges are heterogeneous mixtures of many components, the fouling 

layer is not uniform in depth or composition [15].  Because inhomogeneity can explain sharp TMP 

increase, there has been little attention on how a highly compressible fouling layer can cause rapid 

increase in TMP (see Figure 7.1). 

Figure 7.1:  Schematic of proposed mechanism for rapid increase in TMP caused by compression 

of fouling layers. 

Initially, the pressure difference increases slowly, mainly due to accumulation of solids at the 

membrane surface.  As the TMP increases, the networked fouling layer consolidates into a denser 

structure that is at higher solids volume fraction.  This more compact structure increases the permeation 

drag (or resistance to filtration) and a greater pressure differential is required to maintain constant flux. 

The TMP continues to rise due to both the increased drag associated with accumulation of solids and 

compaction of the biofouling structure. The compression effects eventually dominate mass 

accumulation effects and a sharper increase in TMP rise is observed. Thus, the compressive strength 

and permeability of the biofouling network have a strong impact on the consequent increase in TMP. 

Hermanowicz [16] used percolation theory to demonstrate that a rapid increase in TMP is 

predicted during compression of the suspension network structure within the filter cake. Furthermore, 

the rate of TMP increase has been shown to depend on the level of compressibility [17].  Systematic 

investigations into the effect of both the fouling layer permeability and compressibility on TMP jump 

are lacking from the literature, despite cake compression being an important consideration in 

wastewater filtration [2, 3, 16, 18, 19].   

Compressibility in filtration is defined such that the filter cake porosity and permeability are 

functions of the applied pressure [5, 20].  As the bio-fouling layer is extremely compressible, any model 

of filtration must properly account for compressibility effects [21].  One such approach is “compressive 

rheology” from the studies of Buscall, White and Landman [22, 23].  The compressive strength, Py(φ), 

determines the extent of filtration using the solids volume fraction, φ , as the measure of solids 

concentration.  The hindered settling function, R(φ), is a measure of the interphase hydrodynamic drag 
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and determines the filtration rate.  R(φ) is proportional to specific cake resistance and inversely 

proportional to the Darcian permeability.  These dewatering material functions can be extracted from 

laboratory-scale gravity settling [24], centrifugation [23] and filtration [6] tests.   

The material properties, Py(φ) and R(φ), can be used to predict the sludge behaviour in 

dewatering devices, provided that a model of the device has been developed and there are negligible 

shear forces in the device, or more specifically for MBRs, in the region of the fouling layer.  Many 

sewage sludges have been characterised from laboratory-scale tests [6, 25] and have been successfully 

used to predict performance in filtration devices [26, 27].  A similar approach to compressive rheology 

that uses local solids concentration dependent properties has previously been used to accurately model 

constant pressure membrane filtration of sludge in a MBR [2, 3].  However, the compressive rheology 

framework has never been applied to model constant rate filtration and backwashing.  This work will 

provide the initial steps towards a comprehensive MBR model. 

The aim of this study was to investigate the effect of compressibility and permeability of the 

external fouling layer during constant flux operation of a microfiltration device. This work explored 

how rapid TMP increase is expected under certain conditions.  The model predictions were also 

compared to operating data from a pilot-plant developed to treat wastewater effluent to demonstrate 

that fouling layer compressibility and permeability can describe TMP rise.  
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 THEORY 

7.2.1 MBR Modelling 

A new model has been developed to represent the operation of a microfiltration device, such as 

a MBR, based on a constant rate stage followed by a backwash stage (as shown in Figure 7.2).  During 

the constant rate phase, the feed flux, qfeed, is equal to the filtrate flux, q, and enters at a constant feed 

solids concentration, φ0. 

Figure 7.2: Schematic of the stages of operation of a microfiltration device including the (a) constant flux operation 
and (b) backwash to remove bio-fouling layer. 

The filtration surface is assumed to be permeable to water but impermeable to suspended solids 

and therefore the model makes no predictions of the performance of different membranes. 

The backwash rate, qB, is significantly higher than q and is generally assumed to remove the 

fouling layer.  The model allows for an irreversible fouling layer to be specified.  The backwash 

sequence delivers a set volume of water at a constant rate.  In general, around 10 backwashes are 

required before chemical cleaning [7].  The fill and chemical cleaning stages, as well as long term 

maintenance and operations within the batch cycle are not shown in the subsequent modelling.  While 

it would be straightforward to incorporate a scheduled cleaning regime, this is not studied in this work. 

7.2.2 One-Dimensional Filtration Modelling 

The typical functional forms for the compressive strength from Stickland et al. [28] and 

permeability from Usher et al. [29] were used for this work (see Eq. (7.1) and Eq. (7.2) respectively).  

These forms were selected to highlight the impact of variation of material compressibility and 

permeability on filtration behaviour 
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where p1 and p2 are fitting parameters for compressibility data and ra, rb, rg and rn are used to 

fit the permeability data.  The gel point, φg, is the solids volume fraction at which a particulate network 

first forms.   These material functions were then used as inputs to a one-dimensional model of filtration. 

In this model, the constant flux filtration process is simplified to a single dimension, z.  The origin is at 

the membrane and h0 is at the membrane outer wall (see Figure 7.3).  The feed is assumed to enter at a 

plane where z = h0, with a feed concentration below φg as the operational data from the pilot-plant 

indicated that the feed was dilute.  

Figure 7.3: Schematic of one-dimensional filtration under constant flux q operation with a feed volume fraction φ0 
below the gel point φg.  The transmembrane pressure ∆P(t) and fouling layer height zc(t) increase with time 
t. Region (1): membrane, z = 0; Region (2): fouling layer, 0 < z < zc(t); Region (3): sludge at feed
concentration, zc(t) < z < h0. At zc(t), φ  = φg.

The numerical model is based on a fixed-width plate-and-frame press model [27], which builds 

on a model for piston-driven filtration [22].  For an initially un-networked suspension (φ0 < φg) under 

an applied differential pressure, there are three regions of interest. At z = 0, the membrane surface is 

assumed to provide a constant resistance, Rm, so the pressure drop across the membrane is constant 

using Darcy’s Law.  The second region (0 < z < zc(t)) increases in height with filtration time as the 

fouling layer develops at the membrane surface.  The top of the forming cake, zc(t), is at φg and the 

solids pressure is zero.  Between the top of the sludge network and the membrane outer wall (zc(t) < z 

< h0), the sludge remains at the initial concentration.   
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During constant flux operation, the average volume fraction, φave, in the entire device is given 

by a global volumetric balance, where the flux is q = dV/dt and V is the specific volume of filtrate 

( ) ∫=+= 0

0000

h

ave dzhqth φφφ . (7.3) 

Eq. (7.4) is the governing equation to describe the 1D compressive dewatering, which was 

derived from volume and momentum balances [23]. 
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where gravitational acceleration is assumed to be negligible and D(φ) is the solids diffusivity, 

which is related to R(φ) and Py’(φ): 
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The initial conditions at the start of constant flux operation are 
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The solids pressure at the membrane is the applied pressure minus the pressure drop across the 

membrane caused by Rm [22, 27].  The solids concentration at the membrane is determined using Eq. 

(7.7) 

qRtPtP my −∆= )()),0((φ , (7.7) 

where ∆P(t) is the variation in TMP with time.  The concentration gradient at the membrane is 

given by Eq. (7.8).  This equation assumes that the membrane rejects all solids, thus the solids velocity 

is zero 
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The feed concentration is assumed to be constant, providing a boundary condition at the feed 

plane (φ(h0,t) = φ0).  These initial and boundary conditions allow the governing equation (Eq. (7.4)) to 

be solved with a 4th-5th order adaptive Runge-Kutta numerical algorithm. ∆P(t) and φ(z,t) are calculated 

for inputs of h0, φ0, Py(φ), D(φ) and q. 
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7.2.3 Optimisation of MBR Operation 

The basis for optimisation was the filter area, A, required to achieve a given overall throughput, 

Q, compared with the throughput during the filtration stage, q.  As the filtrate was used to backwash the 

membranes, the overall throughput is given by Eq. (7.9). 
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where tF and tB are the filtration and backwash times for one cycle. VF and VB are the specific 

filtrate and backwash volumes.  Note that qBtBA is the backwash tank volume. The number of cycles, n, 

does not influence the calculated area as no irreversible fouling is assumed.  The required filter area to 

give a desired overall throughput is therefore 
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 MATERIALS AND METHODS 

7.4.1 Pilot-Plant Data 

Operating data was collected from a pilot-plant developed to treat effluent from a MBR at the 

Davis Station (Antarctica) Advanced Water Treatment Plant [29].  The data was collected during trial 

operation at Selfs Point, Hobart, Australia, with feed conditions set to mimic Davis Station. The plant 

has a maximum capacity of 2.3 x 10-4 m3 s-1 (20 kL d-1) but operates in batch mode to achieve the 

desired daily output such that the operating feed rate is higher at q = 3.3 x 10-4 m3 s-1 (20 L min-1).  In 

this plant, 0.1 μm Metawater® ceramic membranes (A = 25 m2) are used as a micro-filter following 

ozonation of the wastewater, giving a specific flux of 48 L m-2 h-1 (LMH).  Many MBRs operate in a 

cross-flow configuration with air sparging, but this case study the membrane units are external to the 

bioreactor and operated in dead end mode. A set volume of backwash (0.1 m3) was collected and the 

solids concentration of a sample was measured by weight loss on drying.  A mass balance allowed 

estimation of the feed solids at 0.07 vol% or 980 mg/L.  Operating data for the TMP was recorded at 

regular intervals at the pilot-plant for comparison with model predictions. 

7.4.2 Material Characterisation 

Ideally, a backwash sample of the fouling layer from the pilot-plant would have been fully 

characterised using laboratory-scale gravity settling [24], centrifugation [23] and constant pressure 

filtration [6] tests. However, the high levels of shear experienced by the bio-fouling layer during 

backwash would have altered the dewatering properties.  Also, given the low feed concentration, it was 

not possible to collect and concentrate enough feed to give enough sludge to do characterisation testing. 

Instead, a representative sludge sample from a previous study [25] was used to approximate the material 

properties of the fouling.  The sludge selected was an aerated anaerobic lagoon sludge with similar 

levels of digestion to the pilot-plant sludge9. The experimental data from the representative sludge was 

fitted using Eq. (7.1) and (7.2) to provide an understanding of the compressibility and permeability of 

the filter cake.  Based on previous sludge data [25] the compressibility factor, p2, for wastewater 

treatment sludges is typically 2 - 4 and the coefficient rn is generally within the range 2 – 4.  The 

compressive strength and permeability functions were varied in these ranges to show the effect of these 

changes on the TMP rise, as detailed in Table 7.2. 

9 This work was completed and published prior to the study presented in Chapter 8. Hence, the dewatering 
properties for a membrane bioreactor sludge were not available to use at the time of this work. The variability in 
dewatering behaviour of sludges means that it is not ideal to use a non-specific sludge to perform precise 
predictions of filtration performance. However, this work is used to qualitatively demonstrate to increase in 
transmembrane pressure for sewage sludges. The effect of different dewatering properties is explored by 
systematically varying the permeability and compressibility, where the results are presented in Section 7.6.2. 
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Table 7.2: Material property parameter values for compressibility p2 and permeability rn and set points for exploring 
the impact of compressibility and permeability on the TMP rise in a microfiltration device. 

Parameter Values Set point 

p2 (-) 1, 2, 2.84, 3, 4, 5 2.84 

rn (-) 1, 2, 2.87, 3, 4, 5 2.87 

All other fitting parameters remained constant; φg was 5 vol%, p1 was 0.88 kPa, ra was 

8.6 x 1016 kg s-1 m-3, rb was 6.0 x 1013 kg s-1 m-3 and rg was -0.0025 v/v.  Note that prediction of 

filtration performance requires the complete functions for compressibility and permeability, not just p2 

and rn.  We vary these parameters simply to explore the role of compressibility and permeability of the 

filter cake on TMP rise and to highlight the conditions in which rapid TMP rise is most probable.   

7.4.3 Microfiltration Device Modelling 

The average initial solids concentration of the feed was calculated as 0.07 vol% and used as 

input into the model.  The membrane resistance was calculated from operating data to be 

2.4 x 109 Pa s m-1 and the backwash time was 300 s.  φ0, h0, Rm, Py(φ), D(φ) and tB were input into the 

constant flux filtration model and the numerical solution for TMP and solids concentration profiles were 

output. 

7.4.4 Optimisation of Microfiltration Device Operation 

The optimisation of operation was explored by modelling the effect of the main specified 

parameters; constant flux value and maximum TMP.  These parameters influence the cycle times and 

frequency of backwashing.  Constant flux operation for a wide range of fluxes from 1-200 LMH are 

simulated for the set maximum TMP values of 80, 160 and 320 kPa.  Values higher than 320 kPa were 

not explored as this was the limiting value from design specifications. 
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 RESULTS AND DISCUSSION 

7.6.1 Material Characterisation 

The equilibrium cake concentrations for the representative sludge were extracted from the 

laboratory constant pressure filtration and equilibrium centrifugation tests, and plotted against the 

applied pressure to give Py(φ) (see Figure 7.4(a)).  The variations in the compressibility factor, p2, are 

also shown alongside their impact on the solids diffusivity (see Figure 7.4(b)). 

As p2 increases, the compressibility is reduced.  Consequently, a lower solids concentration is 

reached at a set applied pressure.  The higher value for (dPy(φ)/dφ) is reflected by a higher D(φ).  For 

most incompressible materials, such as coarse mineral suspensions, the gel point is much higher near 

close packing, i.e. ~0.64 for monodisperse spheres, and the Py(φ) curve shifted to higher φ.  In general, 

these materials reach higher solids concentrations at lower applied pressures compared to wastewater 

treatment sludges.  This usually results in a monotonically increasing D(φ) over the φ range of interest. 

Contrary to this behaviour, sewage sludges exhibit D(φ) curves that are non-monotonic or 

monotonically decreasing as shown in Figure 7.4(b). This indicates that the rapid decrease in 

permeability is dominating the strengthening of the particulate network as φ increases [30].  The 

increase in p2 shows the transition from a typical biological sludge D(φ) to curves more typical of a 

mineral processing suspension. 

Figure 7.4: (a) Compressive strength, Py(φ), variation and impact on (b) solids diffusivity, D(φ), for a consistent
R(φ) = 8.6 x 1016 (φ - 0.0025)2.87 + 6.0 x 1013.  Data points are from the characterisation of a representative
sludge sample.

The permeability results from analysis of the cake compression region for the full range of 

constant pressure filtration tests are shown in Figure 7.5(a).  The analysis of the  cake formation region 
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using the method outlined in Ng, et al. [31] gives a corresponding specific resistance to filtration (SRF) 

value of 1.34 x 1013 m kg-1.  The SRF was determined from the slope of the t/V versus V plot for a 

50 kPa constant pressure filtration test, assuming the dynamic viscosity of the filtrate, ηl, to be 

0.001 Pa s and a solids density, ρs, of 1400 kg m-3. 

A range of different curves for R(φ) are presented varying the parameter, rn, together with the 

resulting changes to D(φ) (see Figure 7.5(b)).  Increasing the permeability, i.e. increasing rn, results in 

a higher D(φ) and a more pronounced non-monotonic D(φ) curve.  For rn = 5, the initial strengthening 

of the filter cake has a greater effect than the permeability effects, but this trend is reversed as the 

resistance rapidly increases at around 20 vol%. 

Figure 7.5: (a) The hindered settling function, R(φ), variation and impact on (b) solids diffusivity, D(φ), for a consistent 
Py(φ) = 0.88 ((φ/0.05)2.84-1).  Data points are from the characterisation of a representative sludge sample.

The R(φ) curve fits can be converted to the mass specific cake resistance, αm, units of m kg-1, 

using the derivation in de Kretser, et al. [32], as shown in Eq. (11): 

ls
m

R
ηρφ

φα 2)1(
)(

−
= (11) 

The functional forms for Py(φ) and R(φ) shown in Figure 7.4(a) and Figure 7.5(a) were 

converted to the specific cake resistance as a function of applied pressure difference (TMP).  The effect 
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of changing the biofouling compressibility, using p2, and permeability, using rn, is shown in Figure 

7.6(a) and Figure 7.6(b) respectively. 

Figure 7.6: The variations in (a) compressive strength, and (b) hindered settling function converted into the classical 
definition of compressibility.  Data points are from the characterisation of a representative sludge sample. 

The impact of these permeability and compressibility changes on the predicted TMP rise is 

explored in the following sections. 

7.6.2 Effect of Compressibility and Permeability on TMP rise 

The effect of the variation in compressibility on the TMP rise for one constant flux filtration 

cycle is shown in Figure 7.7(a).  There is a clear trend with compressibility factor, p2.  The more 

compressible cases, i.e. lower p2, show an increasingly rapid rise in TMP.  A more compressible fouling 

layer results in higher solids concentrations at the membrane surface for the applied pressure required 

to maintain the flux at 48 LMH.  This layer of higher solids concentration causes increased 

hydrodynamic resistance to filtration, which in turn increases the pressure required to maintain a 

constant flux.  The observed result is a rapid increase in TMP.  However, this modelling is unable to 

account for the discontinuity and sharp change in TMP observed in multiple studies [13, 33, 34].  A 

combination of compressibility effects, internal membrane fouling and inhomogeneous fouling models 

are required to fully capture this behaviour.  



7-13 

Figure 7.7: Model predictions for the transmembrane pressure (TMP) rise with variations in the (a) the compressibility 
and (b) the permeability of the membrane fouling layer for a constant flux of 48 LMH, Rm = 2.4 x 109 m-

1, φ0 = 0.007 vol% and h0 = 1.0 m. 

The effect of the variation in permeability on the TMP rise for one cycle was also explored (see 

Figure 7.7(b)).  The lower rn and consequently lower permeability materials reduce the time to reach 

maximum TMP.  As expected, more frequent cleaning is required for less permeable fouling layers. 

The TMP rise is highly sensitive to changes in permeability and even a relatively small change 

in permeability factor from 3 to 2.84 (a 17% decrease in permeability at 10 vol%) can result in the need 

to backwash 15% earlier.  Changing the permeability does not change the sharpness of the TMP jump, 

unlike the compressibility (see Figure 7.7(a)), but the permeability is influential on the overall 

dewatering behaviour. 

7.6.3 Comparison to Operating Data 

The operation of the pilot-plant microfiltration device was simulated using the compressible 

cake model with material properties as inputs, together with q, φ0, h0, Rm and tB.  The set point values 

for material properties detailed in Table 7.2 were selected.  The TMP rise was also predicted using an 

incompressible cake model with the SRF, q, η and the weight of solids per unit volume of filtrate, c, 

used as inputs.  The results of the comparison between the simulation and operating data are presented 

in Figure 7.8. 
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Figure 7.8: Comparison of operating data from the pilot-plant developed to treat wastewater effluent and compressive 
rheology model predictions from permeability and compressibility functional forms for (a) ten complete 
backwash cycles between chemical cleaning and (b) a close-up of the first three backwash cycles. 

The incompressible model is unable to capture the non-linear rise in TMP.  In contrast, the 

compressive rheology model predictions are a reasonable approximation of the operating data, but they 

are not able to capture the complete dewatering behaviour of the bio-fouling layer.  This is expected as 

material properties are only approximate and the errors on the calculation for feed concentration are 

high.  The higher initial TMP after the third cycle can be explained by incomplete removal of the 

fouling.  This effect was modelled by specifying irreversible fouling layers of between 50-60 µm. 

The critical suction model [35] proposes an alternative explanation for the observed TMP jump. 

This model also indicates the importance of compressibility of the fouling layer with the suggestion of 

coagulation or collapse at the base of the filter cake [35, 36].  The observation of a thin, dense layer at 

the filter surface is consistent with other studies that have measured similar effects for extremely 

compressible materials, such as sewage sludge and fine colloidal suspensions [37-40].  Solids 

concentration profiles (of cell mass and extracellular polymeric substances, EPS) were observed by 

Hwang, et al. [41] during imaging of the fouling layer but not a critical coagulation event.  This indicates 

that compression of the fouling layer is a continuous process that occurs as the applied pressure 

increases.  From the compressive rheology modelling in Figure 7.8, the predicted fouling layer depth at 

the end of each cycle was approximately 80 µm, which is similar to direct measurements for similar 

tests [4, 41].  This predicted fouling layer thickness is based on numerical solution of the governing 

equation (Eq. 4) derived from volume and momentum balances.  The compressive rheology framework 

has previously been able to predict the highly resistive “skin” at the membrane surface [42]. 

This case study involved a dead-end filtration process at high flux and low set maximum TMP 

conditions, which results in frequent backwash cycles.  Under these conditions, the compressive 
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rheological approach can predict the operating data without requiring alternative mechanisms, such as 

inhomogeneity.  The model is also able to predict extended operation (days-weeks) under different 

operation conditions, such as lower feed concentration and a more permeable fouling layer.  Shear 

forces are expected to reduce the solids reaching the membrane and even remove fouling, thus extending 

the time before TMP jump is observed. 

7.6.4 Optimisation of Microfiltration Device Operation 

The optimisation of cycle times, flux rates and maximum pressures through modelling was also 

briefly explored.  The cycle time is dictated by the specified flux rate and maximum pressure.  The 

effect of changing the flux rate and maximum TMP on the membrane area required to maintain an 

overall throughput of 3.3 x 10-4 m3 s-1 is shown in Figure 7.9. 

Figure 7.9: Modeling predictions for the required filter membrane area, A, required to maintain a throughput of 
Q = 20 L min-1 for four specified maximum TMPs over a range of constant fluxes, q. 

At low constant fluxes (<60 LMH) the required membrane size decreases rapidly as the flux 

increases for all three maximum TMP values.  The behaviour at these low fluxes is similar to the limiting 

behaviour (tF >> tB), which gives A = Q/q from Eq. (7.10).  Above 60 LMH, the ratio of filtration time 

(tF) to backwash time (tB) becomes important and the mode of operation can be optimised.  The 

predictions suggest that the required filter area reaches a minimum when the filtration time is of a similar 

order of magnitude to the backwash time10.  For this case, the minimum area for a TMPmax of 80 kPa 

10 The model predictions provide insights about the optimal cycle times for filtration and cleaning procedures with 
the ratio of filtration-cleaning times reducing as the specified maximum TMP increases. 
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occurs at 90 LMH, which corresponds to tF = 5 tB.  The minimum area values for 160 kPa and 320 kPa 

occur when tF = 3 tB and tF = 2 tB respectively.  The model indicates that the higher set values of the 

TMPmax reduce the required filter size11.  However, this maximum pressure is restricted by pump size 

and membrane robustness.  Irreversible fouling will also have a greater effect at higher fluxes, which is 

not accounted for in the optimisation. 

This optimisation exercise highlights that there are limited benefits from operating at higher 

fluxes than the set value of 48 LMH.  If the filters were designed to operate at fluxes higher than 

60 LMH then significantly larger membranes would be required12.  The simulations also demonstrate 

that at the design flux of 48 LMH, there is only minor improvements expected from increasing the 

TMPmax to 320 kPa.  The more conservative value of 160 kPa (or below) also reduces irreversible 

fouling and promotes more sustainable operation. 

7.6.5 Model Limitations and Assumptions 

Many simplifying assumptions were made to model the constant rate filtration process in the 

microfiltration device.  For example, the model is simplified to a one-dimensional Cartesian coordinate 

system.  As membranes are configured in many different geometries, such an approximation may not 

always be valid.  The Cartesian coordinate system is most appropriate for flat sheet configurations and 

can be used for tubular membranes with reasonable accuracy, as shown by the current work.  A radial 

coordinate system may be required for accurate modelling of hollow fibre membrane configurations, 

but only when the cake height becomes comparable to the curvature.   

Another major assumption was that shear forces are negligible, so the errors may be significant 

if applying the model to high flowrate cross-flow filtration [43].  This does not affect the data presented 

here since the pilot-plant used for this study operated using dead-end filtration without aeration, so the 

shear forces experienced by the fouling layer were lower than for most submerged membrane units. 

Any model would need to incorporate the effect of shear stresses on the compressibility and 

permeability [44]. The one-dimensional model is used here because the theory has been developed and 

validated (for filtration with negligible shear), and a computationally feasible algorithm can be 

implemented.  

11 The model prediction has been demonstrated to be valid for the case where the maximum TMP was 160 kPa 
and flux was 48 LMH (with a corresponding filter area of 25 m2). The predictions outside of this have not been 
specifically validated. However, the study in Chapter 6 indicates that when a lab-scale prediction is accurate at 
one constant applied pressure then the predictions at a wide range of other pressures are generally also accurate. 
This modelling has to potential to be used for filter sizing prior to construction or to optimise the operation of 
existing filters. Optimised operation with smaller filters can result in lower capital and operating costs for water 
recycling schemes.  It is noted that the impact of irreversible fouling is not considered in the model, which has 
been found to have a greater influence at higher fluxes, hence predictions at high maximum TMP may 
underestimate the required filter size. 
12 This is relevant to the case where the maximum TMP was 40 kPa. This threshold is higher for operation at 
increased maximum TMP. 
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The modelling of backwash operation can be further developed to account for the removal of 

fouling layer through shear or relaxation.  If the shear yield stress of the sludge is measured and an 

estimate for the applied shear force can be made, then it is feasible for this to be included in subsequent 

modelling.  This can be used to estimate the amount of the irreversible fouling after each cycle.  The 

empirical backwash model presented by Jørgensen et al. [45] is an alternative approach that can be 

incorporated.   

The model assumes a uniform height for the external fouling layer covering the membrane, but 

in practice the coverage of the fouling layer will be inhomogeneous.  This inhomogeneity has been 

shown to cause TMP jump phenomena and would result in a more rapid increase in TMP compared to 

Figure 7.8.  Furthermore, macroscopic fouling with rags and other debris are not considered in the 

current model.  This type of fouling and clogging can impact TMP rise and trigger the need for cleaning 

cycles. 

A more advanced model for long-time operation must consider changes to the dewatering 

properties due to volatile solids destruction [25] and cell death at the membrane [41].  In this work, the 

cycle time of 3 hours is not enough time for biological activity to significantly affect the dewatering 

properties of the fouling through EPS production.  Such an effect is also unlikely since filtration is 

preceded by an ozonation step with residual ozone often present at the membrane surface.  Other studies 

have observed EPS accumulation, but at much longer time frames of operation [41].  The EPS 

concentration in the sludge has a strong impact on its dewatering behaviour [25] and has been used as 

the basis for a model to predict the critical time at which the TMP jump occurs [46].  The EPS 

concentration and composition of the sludge varies significantly depending on a range of factors 

including sludge age, which influence the permeability and compressibility [32]. 
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CONCLUSIONS 
This work applied a compressive rheology framework to the modelling of wastewater effluent 

filtration in a ceramic microfilter.  We showed that a rapid increase in TMP can be predicted for a highly 

compressible fouling layer that is external to the membrane surface.  A combination of compressible 

filter cake modelling and the other mechanisms [13] proposed for TMP jump are required to model the 

discontinuity and sharp rise observed in other studies [13, 33, 34].  

The compressive rheology model prediction was compared to pilot-plant TMP data from a 

dead-end ceramic microfiltration membrane.  The predictions and operating data show a reasonable 

level of agreement. The fouling layer is predicted to be extremely thin (~80 µm), which is of the same 

order of magnitude as physical measurement of similar fouling layers [41].  Optimisation of flux rates 

and maximum pressures were performed using this model to guide the most sustainable operating 

practices.  Further work is required to update the model to account for the influence of shear and to 

accurately capture backwash behaviour. 
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NOMENCLATURE 
List of abbreviations, symbols and definitions used in this study 

Abbreviations Units Definition 
LMH [L m-2 hr-1] Typical unit of flux measurement 
MBR Membrane bioreactor 
SRF [m kg-1] Specific resistance to filtration 
TMP [Pa] Transmembrane pressure 
WWT Wastewater treatment 

WWTP Wastewater Treatment Plant 
Symbols Units Definition 

A [m2] Filter membrane area 
c [kg m-3] Weight of solids per unit volume of filtrate 

D(ϕ) [m2 s-1] Solids diffusivity 
h, h(t) [m] Height 

pi [-] Compression curve fit parameter 
Py(ϕ) [Pa] Compressive yield stress 
ΔP [Pa] Applied differential pressure 
Q [m3 s-1] Filtrate throughput 
q [m3 m-2 s-1] or [m s-1] Filtrate flux 

R(ϕ) [Pa s m-2] Hindered settling function 
ri [-] Permeability curve fit parameter 

Rm [Pa s m-1] Membrane resistance 
t [s] Time 
V [m] Specific filtrate volume 
z [m] Cartesian distance coordinate 

Greek Letters Units Definition 
αm [kg m-1] Specific cake resistance (mass basis) 
φ [v/v] or [vol%] Solids volume fraction 
η l [Pa s] Dynamic viscosity of fluid 
Δρ [kg m-3] Density difference 
ρ l [kg m-3] Liquid phase density 
ρ s [kg m-3] Solid phase density 

Subscripts Units Definition 
0 Initial 

ave Average 
B Backwash 
F Filtration 
g Gel point 
l Liquid, liquor or fluid 

m Mass basis 
s Solids 
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INTRODUCTION:
We open our taps and expect that clean and safe water comes out. 

What happens if the taps run dry?

This was a possibility during our last drought with Melbourne’s main reservoir down to
just 16%. Then the rain saved the day… but this scenario is repeating all over the world.

Water recycling is part of the solution to boosting our supplies.

The most promising technology is themembrane bioreactor (MBR), which can
help to safely reuse our wastewater effluent to become water-affluent.

What factors are incorporated in the filtration model?

o Membrane resistance
o Pore blocking
o Scaling

o Concentration polarisation
o Biofilm growth
o Compressible cake filtration

METHODS & RESULTS:
We characterised the dewaterability of a sludge sample from the Victor Harbor MBR plant.
Pore blockingmodels cannot fully describe full scale operating data– need to consider compressible cake layer.
Amodel of a MBR was developed for variable-rate, variable pressure filtration and relaxation cycles.

CONCLUSION: This modelling and optimisation of MBR operation reduces water recycling costs,
helping ensure that our taps never run dry.We can all raise a glass to that.

CHAPTER 8

VARIABLE-RATE, VARIABLE-PRESSURE FILTRATION  MEMBRANE 
BIOREACTOR MODELLING AND OPTIMISATION

PROBLEM STATEMENT: 
What factors are required to model and optimise variable-rate, variable pressure MBRs? 

Main component of model is compressible cake filtration (see right)
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PREFACE 
Chapter 7 detailed a model for constant rate filtration in a microfiltration device.  This model is 

extended in Chapter 8 to account for variable rate and variable pressure operation of a membrane 

bioreactor.  Chapter 8 contains the article, “Variable-Rate, Variable-Pressure Filtration Modelling in a 

Membrane Bioreactor”, which is to be submitted to the Water Research journal.  The contributions of 

each author are summarised in Table 8.1.  

Table 8.1: Summary of author contributions 

Author Primary Contribution 

Samuel J. Skinner Lead author, analysis of experimental work 

Anthony D. Stickland Supervisor, method development, filtration modelling 

Peter J. Scales Supervisor, literature reviewer, method development, filtration modelling 
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CHAPTER SUMMARY 
Membrane bioreactors (MBR) represent a leading technology for the economical production of 

recycled water from wastewater.  This water can be further treated and used to replenish our dwindling 

freshwater supplies.  There are several operational issues that increase membrane resistance during the 

filtration stage in MBRs, including biological fouling, sludging and ragging. A method has been 

developed to assess the filtration resistance changes with time and applied pressure based on model-free 

analysis of typical operating data.  Operating data from a full-scale MBR operating under variable rate 

and variable pressure process conditions were examined and the fouling mechanisms investigated.  Pore 

blocking models were unable to explain the short-term or long-term fouling behaviour.  A compressible 

cake filtration model based on mass and momentum balances is presented.  This approach was shown 

to be able to predict the behaviour observed at full-scale by accounting for compressibility.  It is 

concluded based on this work that the modelling of the solids accumulation can help to predict the onset 

of sludging problems and the ragging phenomenon is also addressed from operating experience. 
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CHAPTER 8: VARIABLE RATE, VARIABLE PRESSURE 

MEMBRANE BIOREACTOR MODELLING 

“High quality water is more than the dream of the conservationists, more 

than a political slogan; high quality water, in the right quantity at the right 

place at the right time, is essential to health, recreation, and economic 

growth.” R. Bangs and C. Kallen (Rivergods, 1985) 

INTRODUCTION 
Freshwater scarcity is increasing with pressure from climate change and the continued depletion 

of freshwater resources for agriculture, manufacturing, and our thirsty cities [1, 2].  As an adjunct to 

new governance and regulation that limit the overuse of surface waters and aquifers and the more 

efficient use of water in agriculture and our cities (demand side management), recycled (renovated, re-

purified or reclaimed) water is currently considered the cheapest and most productive ‘new’ source of 

water in terms of demand side management to replenish these dwindling water resources [3, 4].  One 

established technology for producing tertiary treated water from wastewater is the membrane bioreactor 

(MBR).  MBRs are a combination of an activated sludge bioreactor with a cross flow micro- or ultra-

filtration membrane, significantly reducing the footprint of the treatment plant and produce a product 

water that is an ideal feed to advanced purification treatment barriers.   

The first MBRs were developed in the late 1960s by Rensselaer Polytechnic Institute and Dorr-

Oliver, Inc. [5, 6], but it was not until the introduction of submerged membranes by Yamamoto et al. 

[7] that there was a substantial increase in the number of MBRs for treatment of municipal wastewater

[8].  Most current commercial MBR processes use the membrane to prevent the passage of the solid

materials developed by the biological process whilst allowing the flow of the liquid component.  This

results in a clarified product effluent for further treatment or ‘polishing’ prior to potential reuse.  MBRs

differ from these polishing processes because MBR operation includes the return of active biomass (bio-

sludge) to the bioreactor, whereas discrete tertiary ‘polishing’ stages involving membranes do not have

any bio-sludge recirculation.

There are many variations on possible submerged (immersed) MBR technology configurations, 

with the most popular generally grouped into flat-sheet or hollow fibre. Planar ‘flat-sheet’ membranes 

are sometimes preferred for smaller wastewater treatment plants (WWTP) due to their operational 

simplicity. Cylindrical ‘hollow fibre’ membranes are often selected for larger WWTPs due to their lower 

membrane aeration energy demand. These membranes are generally operated under suction to constant 

flux and contain short filtration cycles followed by relaxation, backwashing as well as integrating 
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intermittent gas sparging.  However, there are many other possible modes of MBR operation, including 

variable flux driven by variable pressure head. 

Although well established and widely used, there are still operational issues; 

• Biological fouling – The build-up of microorganisms, biological and inorganic material on
a membrane with detrimental effects to membrane operation

• Sludging – The complete filling and blockage of the channels between membranes (i.e.
bridging the gap between two membrane sheets), where materials are physically lodged
and difficult to remove

• Ragging. or braiding – The agglomeration of cotton, hair and other fibres that form ‘rags’
or ‘braids’ of up to 1 m in length

Biological fouling, or bio-fouling, is the undesirable deposition and accumulation of biological 

material external to the surface of the MBR filter membranes (cake fouling) or internal to membrane 

(pore blocking) [9].  Over time, the bio-fouling build-up on or within a membrane reduces the filtrate 

flux for a given applied pressure or causes transmembrane pressure (TMP) rise at constant throughput, 

necessitating regular cleaning cycles.  This fouling layer forms a highly impermeable networked 

structure.  A schematic representation of this networked structure is shown in Figure 8.1, based on 

confocal laser scanning microscopy (CLSM) images by Hwang et al. [10].   

Figure 8.1: Schematic of filtration in a membrane bioreactor showing compressible network formation in the external 
bio-fouling layer 

Explanations for flux decline at constant pressure, or TMP rise at constant flux, have been 

provided using membrane pore blockage or constriction [11-13] and/or cake formation [14], gel 

formation [15], and biofilm growth [16] mechanisms.  The internal membrane fouling is generally more 

difficult to remove and is often described as irreversible, compared to the cake fouling external to the 



      8-3 

membrane, which is mostly reversible.  Each of these phenomena is expected to influence the filtration 

behaviour, and excellent reviews by Judd [17] and Le-Clech et al. [12] provide far more detail. 

Operational issues in MBRs extend beyond typical bio-fouling at the filter surface, despite this 

aspect being the focus of a large volume of research, and other problems receiving significantly less 

attention [18, 19].  The filling of membrane channels with solids, referred to as sludging, clogging, or 

localised dewatering, is a prominent issue for bio-sludges [20].  This can completely block some areas 

of the membrane and effectively reduce the area of filtration.  The issues of fouling and sludging are 

closely related, and accurate modelling of solids accumulation at the membrane surface can be used to 

anticipate clogging problems.   

The formation of long textile braids, or ragging, is another phenomenon that can have significant 

detrimental impacts on MBR operation.  In some cases, the agglomerated rags of cotton, hair and paper 

fibres can be up to 1 m long [20], which can close over the channels between membranes.  Such 

problems are potentially avoidable by removing the components that can aggregate prior to them 

entering the MBR.  The accumulation of a bio-fouling layer is unavoidable as the micro-organisms are 

required for biological stabilisation of the wastewater.  However, there are strategies to reduce the 

impact of bio-fouling. 

The ‘reversible’ component of cake fouling can be removed through simple relaxation (halting 

filtration and scouring with air) or backwashing (return of purified water back through membrane). 

Once normal operation is resumed, further cake fouling develops.  For submerged MBRs, there are three 

main operating strategies for reducing the impact of this bio-fouling layer: 

• Reduce the flux of filtrate

• Increase the amount of aeration that scours the membrane surface

• Use physical or chemical cleaning

Membrane systems are generally operated at low fluxes, as the effect of fouling increases with flux 

[13].  This is often referred to as sub-critical or sustainable flux operation [21], below a flux at which 

rapid fouling is observed.  The amount of fouling material that convects to the membrane is dependent 

on the flux.  Therefore, lowering the flux slows the rate of foulant build-up.  However, lower flux 

operation requires a larger membrane area and by implication, greater capital and operating costs. 

Increasing the amount of aeration produces a greater scouring effect to remove fouling from the 

membrane.  Increased aeration also limits the amount of foulant reaching the membrane.  The negative 

economic implication is significant as the energy demand increases with air flow rate. 

Physical and chemical cleaning of membranes through backwash/relaxation cycles, or more 

rigorous chemical cleans, can cyclically improve the flux.  Cleaning requires a period of non-operation 
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and the use of chemicals is costly and produces a waste product.  In practice, fouling control is a balance 

between optimisation of flux, aeration and cleaning.  The modelling of filtration processes has 

historically been used to inform the optimisation. 

Conventional cake filtration models have generally been applied to model filtration processes in 

MBRs.  These models [22-26] assume incompressibility of the filter cake.  This assumption is inaccurate 

for biological sludges and MBR fouling layers, which are extremely compressible [15, 27, 28].  Bugge 

et al. [27] proposed that cake compressibility is significant in modelling fouling build-up in MBRs and 

incorporated compressibility in subsequent models [27, 29, 30].  This was a crucial step in the accurate 

modelling of filtration in MBRs.  Models inclusive of compressibility have now been developed for 

constant pressure [29] and constant flux [31].  Although a compressible cake filtration model has 

previously been developed for variable-rate, variable-pressure filtration [32], no such models have been 

applied to MBR operation, where the model also considers the operating conditions and membrane 

configuration.  The operation of MBRs with variable throughput and variable pressure can substantially 

reduce treatment costs for smaller plants (by optimising aeration procedures) [33-35], thus it is useful 

to be able to model such operating conditions. 

The compressive rheology approach provides a flexible framework to model filtration processes 

with varying fluxes and varying pressures.  This approach has been applied to accurately model the 

dewatering of compressible samples ranging from mineral suspensions [36] and cellulose fibres [37], to 

biological sludges [28].  The compressive rheology approach is based on material dependant properties 

of compressibility and permeability, which are functions of the local solids concentration [38].  The use 

of local properties is important for extremely compressible materials [39], such as the fouling matrix. 

Accurate modelling of dewatering allows the decoupling of the influence of the fouling layer resistance 

from the membrane resistance.  Although the compressive filtration framework has been developed for 

dead-end filtration, it has previously been applied to cross-flow filtration cases [40].  This is valid 

provided that the main resistance to flow through the membrane comes from the compressed fouling 

layer and the membrane, and that the shear flow over the fouling layer does not scour or erode the layer. 

In this study, we present a complete compressional filtration model for variable-rate, variable-

pressure filtration in a full-scale MBR.  This model accounts for the compressible nature of the fouling 

layer and the resistance of the membrane to predict the TMP for a specified variable flux.  The 

compressibility and permeability of the fouling layer, which are model inputs, were determined from 

laboratory dewatering experiments.  The model also predicts bio-fouling layer thickness, thus indicating 

the onset of sludging problems.  The proposed model for an industrial-scale MBR will allow for 

optimisation of design configuration and operating conditions.  Furthermore, the management of ragging 

issues is explored from an operating perspective. 
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FOULING MODELLING 
Mechanistic models of fouling provide insights into the causes of fouling issues. There are multiple 

fouling mechanisms that exhibit different filtration behaviours.  The pore constriction/blocking laws are 

thoroughly summarised in the work of Iritani [41].  The other mechanisms, including formation of cake, 

biofilm and gel layers, scaling and concentration polarisation, also provide hydrodynamic resistance to 

the flow of permeate though the membrane. All mechanisms can occur simultaneously, with the relative 

influence depending on the membrane used, operating conditions and feed composition [42, 43].   

A summary of the terminology to describe the fouling mechanisms and practical fouling models is 

presented in Table 8.2. 
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Table 8.2: Summary of membrane fouling terminology 

Phenomena Definition Ref 

Fouling Deposition of solids (suspended or precipitated) within membrane 
pores or on its external surfaces 

[44] 

Bio-fouling Fouling caused by adhesion and accumulation of microorganisms 
and biological material 

[45] 

Macroscopic fouling Fouling caused by debris, such as agglomerates or ‘rags’ [19] 

Clogging – ragging or braiding Blocking of membrane channels with rag-like macroscopic fouling, 
primarily cotton, cellulosic fibres, and hair 

[19] 

Clogging – sludging Entrapment of large aggregates or flocs between membrane sheets 
(or hollow fibres) and channels 

[46] 

Plugging The sealing of a membrane pore with particles/aggregates [13] 

Pore blocking Adhesion of particles to membrane pore structures that increase the 
resistance to filtration 

[47] 

o Complete blocking Blocking caused by one particle completely plugging pore 

o Standard blocking Blocking caused by particles constricting the pores 

o Intermediate blocking Blocking caused by stackable particles 

Cake filtration Formation of a complete layer of particles that covers the membrane 
 

[48] 
o Incompressible cake A layer of networked particles of constant porosity 

o Compressible cake A compactible networked layer with a varying porosity profile 

Biofilm formation A biological layer between the membrane and cake fouling caused 
by the attachment and growth of microorganisms   

[49] 

Gel formation A layer between the membrane and cake fouling caused by 
production of EPS 

[15, 
50] 

Scaling Deposition of precipitated soluble minerals on the membrane surface [51]

Concentration polarisation Formation of concentration gradients at the membrane surface 
causing solids diffusion back towards the bulk 

[44] 

Models (sub-critical flux operation) 

Inhomogeneous fouling (pore loss) Model of irreversible blocking of random pores decreasing the pores 
available for flow, resulting in rapid rise in TMP 

[52, 
53] 

Inhomogeneous fouling (area loss) Model of the uneven distribution of fouling layer across membrane 
causing high local fluxes in less fouled regions 

[21] 

Inhomogeneous fibre bundle Model to describe reduced performance of centre fibres in hollow 
fibre bundles compared to corner and side fibres 

[54] 

Critical suction pressure Model of a critical coagulation or collapse event at the base of the 
filter cake 

[55] 

Percolation theory Model of the compression of a networked filter cake based on the 
strength of the network 

[56] 

Practical fouling types 

Reversible (temporary) fouling Removeable with backwashing or relaxation, generally cake layer 
external to membrane 

[17] 

Irreversible (permanent) fouling 
Not removable by backwashing or relaxation but removeable with 
chemical cleaning, generally pore blocking internal to membrane or 
biofilm adhered to membrane 

[17] 

Irrecoverable (absolute) fouling Not removeable with chemical or physical cleaning, generally pore 
blocking internal to membrane 

[17]
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Practical models, based on reversible and irreversible fouling, having been proposed to optimise 

MBR operation [13, 57, 58].  These models tend to be highly empirical but can be especially useful for 

providing information on membrane cleaning operations.  This work combines a phenomenological 

model for the compressible biofouling cake layer and a practical approach to the irrecoverable fouling 

inside membrane pores.  The model is applied to data from a full scale MBR wastewater treatment plant. 

8.2.1 Resistance of the membrane 

The membrane provides a significant hydraulic resistance that needs to be taken into account 

when considering fouling mechanisms.  The membrane resistance, Rm (Pa s m-1), can be estimated using 

Darcy’s Law from the pressure drop across the membrane, ∆P, for a given filtrate flux, q (often denoted 

J), during a clean water permeation test 

mR
Pq ∆

= . (8.1) 

The different membrane types have wide ranging membrane resistances depending on factors that 

include the membrane materials, pore size distribution and liquor viscosity.  These factors also influence 

the pore blocking mechanisms [42]. The membrane resistance of a flat sheet Kubota membrane from a 

clean water test at 22°C was measured as 1.7 x 108 Pa s m-1 [59]. 

8.2.2 Resistance of blocked and constricted membrane pores 

Four mechanisms are generally used to describe pore blocking and constriction.  Hermia [47] 

proposed that complete blocking, standard blocking, intermediate blocking and cake filtration can be 

identified from (a) constant pressure, or (b) constant rate filtration tests with the relationships 

(a) 
n

dv
dtk

dv
td







=2

2

        (b) 

n

dp
dtk

dp
td









=2

2

, (8.2) 

where n = 2.0 for complete blocking, n = 1.5 for standard blocking and n = 1.0 for intermediate 

blocking [41].  The case of n = 0 represents cake formation, which is analysed in more detail in Section 

8.3.  The resistance coefficient, k, is dependent on the dewatering properties of the sample, the filter 

operating conditions and the membrane.  It is more complex to identify the controlling mechanism from 

variable-rate, variable flux data, although a method is outlined in Suarez and Veza [60]. 

The dominant pore blocking mechanism can be isolated from variable-rate, variable flux data, 

based on data for the total resistance, RT, and the filtrate volume, V [60].  This procedure involves 

checking the linearity of (a) RT
-1(V) for complete blocking, (b) RT

-1/2(V) for standard blocking, (c) 

ln(RT(V)) for intermediate blocking, and (d) RT(V) for incompressible cake filtration.  There is no 

analytical solution to the blocking laws for highly compressible cake filtration. 
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The simplest method for modelling pore blocking is to ignore the mechanism and assume a 

constant value for the hydraulic resistance.  Thus, the filtrate flux through a blocked membrane is 

described with a resistance in series model, where the resistance due to pore blocking is Rp. 

pm RR
Pq

+
∆

= (8.3) 

The values in the literature for Rp during filtration of MBR samples range from 

5-70 × 108 Pa s m-1 (or 6-78 × 1011 m-1) [13, 43].  However, this resistance is not a constant value and 

varies with TMP and deposition time [26, 61].  Models, such as those due to Wu et al. [26], capture the 

diminishing contribution of the pore blocking component to the overall resistance.  These relationships 

are generally described empirically, and the fitting parameters required can differ significantly with 

membrane type and sludge composition. 

Many authors argue that all fouling resistances, including cake fouling, should be quoted as a 

single resistance value, Rf.  They contend that it is questionable to differentiate between the types of 

resistance based on arbitrary physical tests [13, 62]. When the resistance of all fouling types, Rf, and the 

membrane resistance, Rm, are summed to give the total resistance, RT, this provides an insight into the 

overall efficiency of the filter operation, regardless of fouling mechanism. 

8.2.3 Resistance of the cake layer 

The filter cake, or bio-cake, that develops at the filter membrane is often proffered as the greatest 

source of hydrodynamic resistance in an MBR.  The magnitude of this resistance depends on the feed 

composition, operating conditions and membrane type, but reported values can be up to 98 % of the 

total resistance [63].  The development of this cake fouling layer above the membrane surface, in 

addition to fouling within the membrane, ties into the concept of the critical flux [64]. For a homogenous 

particulate feed, the critical flux is considered the flux above which particles deposit on the membrane 

[21].  Operation below the critical flux results in a constant overall resistance (TMP/q), which is the 

clean water resistance, referred to as the ‘strong’ form of critical flux, or a higher constant value than 

that for clean water, known as the ‘weak’ form.  The high fouling propensity of MBR sludge means that 

no critical flux in the ‘strong’ form can be defined and only the ‘weak’ form is relevant.  This weak form 

of the critical flux is stated to represent the passage from little to severe fouling [12].  Pollice et al. [65] 

also summarise that the critical flux in an MBR can represent the transition between reversible and 

irreversible fouling. 

Stepped-flux experiments have proved to be the most convenient experimental methods for 

determining the critical flux.  These experiments typically involve a stepwise increasing in flux, with 

monitoring of the TMP stability at each step. The flux at which the TMP no longer stabilises and instead 

increases rapidly is assigned as the critical flux [12].  Critical flux values vary significantly with different 
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hydraulic and biological conditions, but an indicative value for a submerged membrane with 0.4 um 

pores and mixed liquor concentration of 10-18 g/L is 20 LMH [66].  It is highlighted that fouling still 

occurs during sub-critical (sustainable) flux operation, and a slight TMP increase is observed even at 

very low fluxes [67].  For an MBR operating under variable flux, variable pressure conditions, it is likely 

that there are periods operation above and below the critical flux.  This indicates that fouling internal to 

the membrane surface and an external cake fouling layer are both likely to be significant. 

The filter cake that develops external to the membrane surface is highly compressible [27].  

Compressible cakes exhibit different dewatering behaviour to incompressible cakes and it is important 

to consider this compressibility in modelling.  Further details on the compressible cake filtration model 

used in this study are provided in Section 8.3. 

8.2.4 Resistance of biofilm or gel layer 

Various studies have reported the development of a biofilm layer or a gel layer between the 

membrane surface and the cake layer over long periods of operation.  This layer is composed of both 

microorganisms that adhere to the membrane surface and the extracellular polymers (EPS) that they 

produce [15].  Due to the low permeability of the gel matrix, this layer provides significant resistance to 

filtration, even at low solids concentration (high porosity) [68, 69].  Many of these components are also 

present in the filter cake and it is assumed that the dewatering properties of such a layer are comparable 

to the cake layer.  An empirical method for estimating the rate of growth of this biofilm layer is presented 

in Busch et al. [70], but no distinction is made in this work between biofilm and biofouling cake layers. 

8.2.5 Resistance of scaling and concentration polarisation 

Scaling and concentration polarisation can be important phenomena in microfiltration.  Scaling 

occurs when soluble inorganic components precipitate on the membrane surface.  This can be a major 

issue for industrial WWT, but generally not for municipal WWT.  It is rare that the concentration of 

inorganics is close to the solubility limit during municipal WWT [70].  Thus, the hydrodynamic 

resistance from scaling in municipal WWT is usually neglected. 

The concentration of dissolved and solid particles increases at the filter surface due to the rejection 

of these components.  The resulting concentration gradient promotes back diffusion away from the 

membrane, causing a resistance.  This diffusive process is important for particle sizes less than 0.1 µm 

[71].  However, hydrodynamic effects become dominant for larger particles.  As most solids in an MBR 

are above 1 µm (refer to Figure 8.15 in Appendix 8A) and the conditions are turbulent due to aeration, 

the effect of concentration polarisation is considered negligible  [42, 70]. 
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8.2.6 Effect of aeration intensity 

Air scouring has been demonstrated to have a significant impact on the development of the fouling 

layer as it can inhibit the transport of solids towards the membrane and potentially remove material from 

the filter surface.  The aeration intensity over the surface of the submerged membrane has been identified 

as a key operational parameter for the reduction of cake fouling [72, 73] and has been extensively used 

since the 1990s to mitigate cake fouling [74].  The increase of crossflow velocity has been shown to 

result in better fouling control [75].  However, a maximum aeration intensity is typically reported above 

which further increases does not result in improvements [76].  Despite this practical research, the 

fundamentals of the turbulent two-phase (gas/liquid) crossflow are not well characterised and are 

difficult to observe during experiments [74].  Consequently, empirical models are generally applied to 

model the effect of air scouring.  

8.2.7 Fouling layer removal 

The removal of foulants using backwashing or relaxation is less studied than the build-up of 

foulants, despite being equally important to the operation of MBRs.  Backwashing is a membrane 

cleaning process involving the return of clean water back through the membrane to remove the cake that 

has adhered to the membrane surface.  Relaxation is a gentler cleaning process where filtration is 

temporarily stopped to allow the cake to ‘relax’, which facilitates the removal of the cake via shear 

forces from air scouring.  The optimal relaxation times reported by Christensen et al. [58] vary from 

0.2 – 4 minutes depending on the sludge, with no observable influence from the average operating flux. 

The dependence of reversible fouling on sludge properties indicates the importance of understanding 

the individual sludge behaviour for determining the rate of removal during relaxation.  The mechanism 

for removal is the shear force exerted on the fouling layer by the rising bubble swarm for air diffusers.  

Studies into bubble swarm rise in a non-Newtonian fluid in a flat sheet membrane system estimate that 

the shear force fluctuates between 1.6 and 3.2 Pa [77].  As wastewater sludges exhibit a yield stress that 

is dependent on the solids concentration and temperature, it seems reasonable that fouling layer removal 

can be linked to the sludge rheology [78].  The authors are unaware of any fundamental models proposed 

to model fouling layer removal during relaxation. 
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 COMPRESSIBLE CAKE FILTRATION MODELLING 

8.3.1 Membrane bioreactor operating cycle 

MBRs are batch-operated units that require wasting of excess sludge, relaxation/backwashing, as 

well as integrating intermittent gas sparging and less frequently chemical treatment of the membranes. 

The general operating cycle indicated by Figure 8.2 is representative of the flat-sheet MBR at Victor 

Harbor, South Australian, the source data from which is used in our modelling (a plant description is 

given later in the methods section).  The first stage involves application of a differential pressure head 

to cause permeation across a filtration membrane (refer to Figure 8.2(a)) for a specified period, tF.  The 

wastewater is fed to the MBR at a nominally constant solids volume fraction, φ0, and variable flux, q(t).  

The flux is influenced by the TMP, which is provided by the hydrostatic head and dependent on the 

level in the membrane tank.  Figure 8.2 defines q(t) as both the feed and filtrate fluxes, but this is not 

necessarily the case for real systems.  However, they may be assumed to be equal for model purposes. 

Figure 8.2: Schematic of membrane bioreactor operating cycle, including the (a) variable flux filtration; (b) relaxation 
and; (c) chemical/physical cleaning. 

A relaxation phase is initiated periodically to reduce the impact of fouling (see Figure 8.2(b)).  

This relaxation phase involves the release of the differential pressure by closing a valve on the filtrate 

line to halt the filtration process, whilst air blowers are set to maximum.  As the fill pumps are still 

engaged, the level of sludge in the vessel increases during the relaxation phase.  This level increase is 

generally small as the plant is hydraulically linked and filtration continues in a parallel membrane tank.   

The length of this relaxation period, tR, is specified by operators.  An air sparge cycle is initiated less 

frequently, which involves maximising the air blower speed for an extended period.  The sparging 

process is designed to prevent clogging of the air diffusers.  There is no differentiation made between 

the sparging and relaxations phases in this model.   
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Sludge is wasted periodically to maintain the desired sludge age. Sludge wastage is accounted 

for through the mass balance, based on the wastage flux, qw, and the solids volume fraction of the waste 

activated sludge, φw.  The overall solids mass balance is 

∫∫∫ −
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where φ(z) and q(t) are the solids volume fraction profile above membrane surface and variable 

flux, respectively.  Further, h0 is the distance between the membrane and the wall of the reactor. 

The build-up of irreversible fouling and / or macroscopic fouling (with cotton and grit) can also 

cause major operational issues.  Thus, a chemical or physical cleaning phase is often used (refer to 

Figure 8.2(c)).  This involves removal of the membrane modules or the use of a chemical “clean-in-

place”. The time involved for this chemical clean operation is denoted, tCIP.  Consequently, the total 

cycle time, tTOT, is given by Eq. (8.5). 

CIPRFcTOT tttnt ++= )( , (8.5) 

where the relaxation cycle is repeated nc times (see Figure 8.2(a) and (b)) before chemical cleaning 

is required. 

8.3.2 Compressibility of bio-fouling layers 

The effect of the compressibility of fouling layers on MBR operation is important to capture in 

any MBR model.  A differential pressure is applied that overcomes the hydrodynamic resistance from 

the membrane and the compressible fouling layer.  The resistance of the fouling layer is dependent on 

its concentration.  Thus, if a fouling layer is highly compressible, the concentration at the membrane 

surface is high and so is the resistance.  An increasingly higher pressure is required to overcome this 

resistance, resulting in an increasing concentration in the fouling layer and higher resistance.  The ability 

to accurately decouple the contributions of the membrane resistance and pore blocking from the 

compressible cake fouling can help to optimise relaxation and cleaning sequences.  This is only possible 

through an understanding of the compressible behaviour of the fouling layer. 

The compressibility and permeability of the fouling layer varies with operating conditions, 

including but not limited to solids residence time (SRT) and hydraulic residence time (HRT) [8, 17].  

The compressibility can be quantified by the compressive yield stress, Py(φ), also referred to as the 

compressive strength.  This describes the solids concentration that can withstand further compression at 

an applied differential pressure.  During the filtration process, the cake fouling layer exhibits a solids 

concentration profile [10], where the resistance to filtration (or permeability) is dependent on the local 

concentration.  This results in different local resistances.  This local concentration dependent resistance 

can be quantified using the hindered settling function, R(φ).  The complex interplay between the 
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compressibility and permeability can be modelled using the compressive rheology approach that uses 

Py(φ) and R(φ) to model the filtration process. 

8.3.3 One-dimensional filtration model 

A schematic for the modelling of cake filtration processes in the MBR is shown in Figure 8.3. 

This is indicative of the flat-sheet membrane configuration at Victor Harbor WWTP13.  The 

simplification of the problem to one-dimension (1D) means that the framework developed for piston-

driven filtration with membrane resistance, Rm, can be used [79].  The Cartesian coordinate for height, 

z, is zero at the membrane surface.  The applied pressure (TMP), ∆P(t), is dependent on the time, t.  At 

z = 0, the membrane surface and irrecoverable fouling component provide resistance.  The second 

region, 0 < z < zc(t), increases in height with filtration time as fouling layers develop at the membrane 

surface.  For low feed solids concentrations, the top of the forming cake, zc(t), is at the gel point, φg, and 

the solids pressure is zero.  For feed solids concentrations above φg, zc(t) is defined as the plane where 

φ  = 1.01 φ0 to avoid a discontinuity in the modelling.  Between this plane and the wall of the vessel, h0, 

the sludge remains at the initial concentration.   

Figure 8.3: Schematic of one-dimensional filtration in membrane bioreactor.  Region (1): membrane, z = 0; Region 
(2): fouling layer, 0 < z < zc(t); Region (3): suspension at initial concentration, zc(t) < z < h0.  At zc(t), Ps = 0. 
For cases with low feed solids concentrations (φ0 < φg) and at zc(t), φ = φg. For cases with high feed solids 
(φ0 > φg) and at zc(t), φ  = 1.01 φ0.

Using the compressive rheology theory, a 1D volume and momentum balance [80] around the 

solid and liquid phases during filtration yields the following governing equation; 
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13 It is noted that this configuration is different from the market leading system, which uses hollow fibre 
membranes.  Modelling of such a system may require derivation of governing equations in radial coordinates. 
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where gravitational acceleration is assumed to be negligible. The diffusion term in this 

convection-diffusion equation, D(φ), is known as the solids diffusivity.  This term combines the material 

properties for compressibility and permeability into a single term that indicates the dewaterability of the 

material (see Eq. (8.7)).  Higher solids diffusivities indicate better dewaterability. 
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The initial conditions at the start of operation are 
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, (8.8) 

As the flux is variable, according to Darcy’s Law, the pressure drop across the membrane and 

irrecoverable fouling is also variable.  A constant value for resistance of the membrane and the 

irrecoverable fouling component, (Rm + Rf,irr), incorporating pore blocking is used to account for this 

pressure drop.  The solids pressure at the membrane, Py(φ(0,t)), is the applied pressure, ∆P(t), minus the 

pressure drop across the membrane caused by (Rm + Rf,irr) [81, 82].  When Py(φ), ∆P(t), (Rm + Rf,irr) and 

q(t) are all known, the solids concentration at the membrane is determined using Eq. (8.9). 

)()()()),0(( , tqRRtPtP irrfmy +−∆=φ . (8.9) 

The concentration gradient at the membrane surface is calculated from Eq. (8.10). 
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This equation assumes that all solids are rejected at the membrane, hence the solids velocity is 

zero.  The solids concentration of the feed is assumed to be constant, which provides a boundary 

condition at the feed plane (φ(h0,t) = φ0). 

The rising bubble swarm from air diffusers exerts a shear stress on the fouling layer.  This applied 

shear governs the irreversible and reversible fouling build-ups.  The accumulation and removal of the 

fouling layer in this work is modelled based on the shear stress of the wastewater.  Typical surface shear 

stresses can vary between 0-3 Pa, based on measurements from a hollow fibre membrane configuration 

[83].  Complete modelling of the simultaneous shear and compression requires a two- or three-

dimensional approach.  However, a pseudo one-dimensional (1D) approach is used in this work to 

reduce complexity and computational time.  The vertical shear stress profile is assumed constant and 

the average shear stress is estimated to be 2 Pa.  If this stress is greater than the shear yield stress, τy(φ), 

then the material is removed from the fouling layer and at this point; φ = φbulk. 

The average volume fraction, φave, in the entire device is given by a global volumetric balance 
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This global volumetric balance is used as an iterative step in the numerical simulation.  The initial 

and boundary conditions allow the governing dewatering equation (see Eq. (8.6)) to be solved with a 

4th-5th order adaptive Runge-Kutta numerical algorithm (also used in [84, 85]). The numerical outputs 

from the model are ∆P(t) and φ(z,t), which are calculated for inputs of h0, φ0, Py(φ), D(φ) and q(t). 
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 MATERIALS AND METHODS 

8.4.1 MBR plant description 

The immersed flat-sheet MBR at Victor Harbor WWTP, South Australia, is currently one of the 

largest MBRs in Australia for the treatment of municipal wastewater.  The 5.1 ML/day MBR plant was 

designed, built and is operated by TRILITY on behalf of SA Water.  The membrane modules are 

comprised of panels that are 6 mm thick, 1 m tall and 0.4 m wide, providing 0.8 m2 of surface area per 

panel.  The pore size of the membrane is 0.4 µm, and the membrane channel thickness is 7 mm.  The 

operating conditions are summarised in Table 8.3. 

Table 8.3: Operating conditions at Victor Harbor MBR 

Parameter Symbol Units Value 

Instantaneous flux q L m-2 h-1 1 – 35 

Transmembrane pressure TMP kPa 0.4 – 10 

Solids retention time SRT d 26 

Hydraulic retention time HRT h 23.6 

Food/microorganisms ratio F/M kgCOD kgMLSS-1 d-1 0.75 

Operating temperature T °C 15 - 25 

Operating pH pH 7 – 7.7 

Air flow rate m3 h-1 per module 780 

Relaxation frequency tF min 60 

Relaxation duration tR min 4 

The control of the operating flux is based on the level of the membrane tank, with a level set point 

of 5 m.  Thus, the filtration is variable-rate and variable-pressure.  The flux follows the diurnal pattern 

of influent flows into the WWTP.  The main set of operating data, including flux, TMP and MLSS, 

which are presented in this study was collected between 27 November 2016 and 4 December 2016.  The 

membranes had been chemically cleaned one-month prior (on 18 October 2016 for one membrane tank 

and 25 October 2016 for the other).  The critical flux for this feed was not determined experimentally. 

A likely value for the critical flux is 20 LMH based on fouling literature [66].  Hence the system is 

mainly operated below this critical flux but there are periods of super-critical operation. 

8.4.2 Analytical methods 

A mixed liquor sample was collected from the bioreactor tank during normal operation on 30 

November 2016.  The samples were immediately transferred to the laboratories at The University of 
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Melbourne and stored at 4°C prior to analysis and dewatering tests.  The tests were conducted within a 

week of sampling. The sludge properties and operating conditions are summarised in Table 8.4. 

Table 8.4:  Sludge properties for Victor Harbor MBR sample 

Parameter Symbol Units Value 

Average biomass concentration MLSS gMLSS L-1 13 

Solids density ρs kg m-3 1518 

Volatile suspended solids VSS kgVSS kgTSS-1 68 

Gel point φg vol% 1 

Mean floc size D[4,3] µm 41 

Whilst fundamental issues with measurement of particle size distribution for sludge flocs are 

acknowledged [86], the data from a Malvern Mastersizer is provided in Appendix 8A.  Microscope 

images of flocs are also provided in Appendix 8A.   

8.4.3 Dewaterability characterisation 

A series of laboratory dewatering tests were performed to measure the dewaterability of the sludge 

sample [28].  The dewatering tests included gravity batch settling in a measuring cylinder [87], analytical 

centrifugation in a LUMiFuge [88, 89] and constant pressure filtration in a custom filtration rig [90].  

The analysis method outlined in Stickland et al. [28] and Skinner et al. [91] was used to extract and 

validate the compressibility and permeability of the sample. 

8.4.4 Numerical solution of MBR model 

The sample dewatering properties (Py(φ), D(φ)), and operating parameters (q(t), φ0, h0, Rm, tF, tR, and 

tCIP) were used as inputs into the variable-pressure, variable-rate filtration model.  The numerical 

solution for TMP and solids concentration profiles were output.  The parameter values are indicated in 

Table 8.4.  The membrane resistance plus irreversible fouling, Rmp, was determined from the chemically 

cleaned membrane permeability to be 8 × 108 Pa s m-1 and the mixed liquor solids concentration was 

0.83 vol% (13 g/L), and accounting for the prevention of solids reaching the membrane by air sparging, 

φ0 was assumed to be 0.0083 vol%. 
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 RESULTS AND DISCUSSION 

8.5.1 Full-scale MBR operating data results 

Operating data, including flux, TMP and tank level, was periodically recorded by the plant control 

system and the results for seven days of operation presented herein.  The TMP and filtrate flux exhibit 

a diurnal pattern that corresponds to the peak morning and evening inflows (see Figure 8.4). Further 

operating data indicating plant inflow and air blower speed are provided in Appendix 8B.  

 

Figure 8.4:  Operating data for two membrane tanks from a full scale MBR showing (a) variable-rate; (b) 
transmembrane pressure; (c) total resistance of membrane, blocked pores and filter cake and; (d) level in 
membrane tank.  The daily oscillations reflect the diurnal pattern of wastewater inflow to the plant, resulting 
in a total tank level change of order 30 cm. 
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The TMP follows a similar trend to the flux, which is expected from Darcy’s Law.  The periods 

where the total resistance (∆P/q) increases correspond to the times of lowest flux (and pressure head).  

There are more intricate patterns in the data at shorter time-scales, although these cannot be discerned 

in Figure 8.4.  On closer inspection, the data roughly oscillates with a period of approximately one hour, 

which is the duration of one filtration cycle followed by a short relaxation period (see Figure 8.5).  Over 

this period, there is a large change in the flux and TMP, but a small change in the total resistance.  The 

increased fouling resistance generally drives decreases in flux at constant pressure, and increases in 

TMP at constant flux, but these two parameters remain strongly coupled.  The relatively small change 

in total resistance (generally less than 10%) indicates that only a small amount of cake is built up and 

then removed during each cycle.  

Figure 8.5: Operating data from a full scale MBR on an hourly time scale showing the relationships between (a) flux 
and membrane tank level, and; (b) total resistance to filtration and transmembrane pressure.  The 
oscillations reflect the hourly membrane relaxation cycles. 

The control scheme specifies that the flowrate to the membrane tank is based on the level in the 

tank.  During relaxation, the filtration stops but the tank continues to be fed resulting in a raised level. 

This causes an increased pressure head and consequently flux immediately after relaxation ends. The 

higher flux reduces the level and frequently overshoots the set point of 5 m.  The extremely strong 

correlation between the level and the TMP, and the level and the flux (Statistical hypothesis test, p-

value = 10-120 and 10-150, respectively) strengthens the hypothesis that the level of the wastewater in the 

tank is driving the periodic behaviour.  As a result, small changes in the level (of order 10 cm) can result 

in flux changes from 5 to 20 LMH.   
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The total resistance remained relatively constant over the recorded week, consistent with sub-

critical flux operation.  This indicates that fouling mitigation strategies at the Victor Harbor MBR are 

conservative and effective in preventing fouling accumulation.  The baseline resistance of the membrane 

plus the irrecoverable component of the fouling at the time of measurement was 8 × 108 Pa m-1 s-1, where 

Membrane Tank 3 had recently been cleaned and Membrane Tank 4 had been cleaned a week prior (see 

Figure 8.6).  The increased resistance at low TMP and higher appears to follow a trend, as shown in 

Figure 8.6, resulting in a minimum value at around 2 kPa. 

Figure 8.6: One week of operating data from a full scale MBR showing the relationships between the total resistance 
to filtration and transmembrane pressure (primary axis), as well as flux and transmembrane pressure 
(secondary axis). Membrane Tank 3 and Membrane Tank 4 were previously chemically cleaned 32 and 40 
days prior, respectively.  

This trend in resistance indicates that there is scope for optimisation of the current operation. 

The total resistance significantly increases for fluxes below 2 kPa.  Consequently, by fine-tuning the 

level control to ensure the pressure head range is maintained between 2 and 6 kPa, the fouling resistance 

can be minimised.  The non-linearity of the TMP versus flux relationship is also observed in other studies 

[30, 92], which has been attributed to the irreversible component of the fouling [93].  The slope of q(∆p) 

increases over time as more material builds up on the filter surface, as demonstrated by the data from 

Membrane Tank 4, which had one more week of irreversible fouling build-up than Membrane Tank 3. 

Furthermore, this agrees with the observation of hysteresis loops by Howell et al. [92] during their 

variable-rate, variable-pressure filtration experiments.   
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8.5.2 Pore-blocking model comparison 

From a fundamental level, this relationship between TMP and total resistance cannot be 

predicted by the variable-rate, variable-pressure pore blocking models [60].  The hydrodynamics at full 

scale are much more complex than dead end filtration and the blocking laws cannot be used to extract 

parameters with high levels of correlation (see Figure 8.18 in Appendix 8C).  Using the most 

conservative values for pore-blocking model fitting parameters, the predicted relationship between 

TMP, flux and total resistance is shown in Figure 8.7. 

Figure 8.7: Pore blocking model predictions for complete pore blocking (CPB), standard pore blocking (SPB), 
intermediate pore blocking (IPB), and cake filtration (CF) showing the relationships between the total 
resistance to filtration and transmembrane pressure (primary axis), as well as flux and transmembrane 
pressure (secondary axis). 

The model predictions are based on best fits to f(RT) versus V for the four mechanisms.  The 

TMP is then predicted based on a sinusoidal fit to the operating flux data, where f(RT) = c1 V + c2 and 

∫=
t

dttQV
0

)( . (8.12) 

The pore blocking models are unable to capture the complex behaviour of the fouling resistance 

at shorter times.  As pore blocking is generally assumed to be irreversible, the total resistance is always 

increasing with filtrate volume, and time.  In contrast, the operating data indicates that the total resistance 

can decrease and increase cyclically.  Furthermore, it is expected that the influence of pore blocking 

mechanisms will decrease as an external fouling layer continues to be deposited [26]. 

As the pore blocking models cannot capture the filtration behaviour, a more complex approach 

that considers the compressible nature of the fouling layer is required.  The pore blocking models are 
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unwieldy for prediction of filtration behaviour with varying flux and feed concentration.  The 

compressible cake filtration model developed for this study provides the flexibility to model such 

situations and incorporate aspects of membrane resistance and pore blocking resistance.  This 

compressible cake filtration modelling requires an understanding of the permeability and 

compressibility of the fouling layer.  A characterisation of these dewatering properties for a sample from 

the Victor Harbor MBR was performed using lab-scale dewaterability tests.   

8.5.3 Material dewaterability characterisation 

The sludge sample from the Victor Harbor MBR exhibited extreme compressibility and low 

permeability.  The compressive rheology material properties are shown in Figure 8.8. 

Figure 8.8: (a) Compressive yield stress, Py(φ), (b) Hindered settling function, R(φ), and (c) Solids diffusivity, D(φ),
all as a function of solids volume fraction for a MBR sludge. Data points are from filtration, centrifugation
and gravity settling tests (Py(φ)) and gravity settling and filtration tests (R(φ)).  The curve fits are best fits
to the Py(φ) and R(φ) data.
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The compressive strength can be fit with a power law functional form and an interpolating 

function is required for the permeability data.  The permeability data suggests that a Richardson-Zaki 

relationship is another possible curve fit option as the data is almost linear on a log-log plot.  The solids 

diffusivity is non-monotonic (peak around 2.5 vol%) with solids volume fraction, which has been 

observed for other sewage sludge samples.  The shear yield stress is assumed to be a factor of 10 smaller 

than the compressive strength, based on previous data described in Lester et al. [94].  It is noted that the 

maximum pressure differential in the studied system is approximately 10 kPa so it is not required to 

perform filtration tests at pressures above this value.  However, it is recommended to perform the tests 

at the widest range of pressures that are possible as this provides the most complete compressive strength 

curve and allows modelling of scenarios in which the TMP is increased. 

8.5.4 Material characterisation integrity check 

An important stage of dewaterability characterisation is the validation of the extracted material 

properties.  This process involved the simulation of the original filtration experiment and comparison of 

experimental data with the simulation predictions (see Figure 8.9). 

Figure 8.9: Dewaterability parameter integrity verification involving the re-prediction of laboratory filtration data 
using functional forms of Py(φ) and R(φ) for a MBR sludge. 

More filtration tests were performed, but only five runs are shown for clarity.  The simulation 

shows good agreement with the experimental results, suggesting that the dewatering properties are 

representative of the sample.  These material functions are an accurate representation of the 
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compressible behaviour of the fouling layer in dead-end filtration.  This provides confidence that they 

can be used in the full-scale MBR model for simulation of compressible cake filtration behaviour. 

8.5.5 Compressive rheology model comparison 

The longer time-scale diurnal flux pattern and the shorter time-scale periodic oscillation due to the 

backwash are too complex to capture with a simple functional form.  Instead, a cubic-spline interpolation 

method was used to fit the flux data [95, 96].  This curve fit is indicated in Figure 8.10(a).  The TMP 

variation was predicted based on the membrane resistance (incorporating irrecoverable pore blocking 

resistance) and compressible cake filtration resistance.  The model result for one day of operation are 

shown in Figure 8.10. 

Figure 8.10: Transmembrane pressure operating data and model predictions for full-scale membrane bioreactor showing 
(a) operating flux with curve fit, and; (c) operating TMP with model prediction.

The model can qualitatively capture the TMP response and total resistance changes.  Exact 

agreement with operating data is not expected as the model is unable to capture the complex 

hydrodynamic effects from the membrane cassette orientation and the air sparging.  Note that this 

simulation started one month after membrane clean.  It was assumed that there was a layer of irreversible 

fouling at the membrane surface, which approximates the initial conditions at the start of the simulation.  
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This layer was assumed to be at constant concentration, φirr, where Py(φirr) = ∆pmax.  The thickness can 

then be determined from the difference in pressure drop between the initial measured TMP, ∆pTOT,0, and 

the pressure drop due to the membrane (and irrecoverable fouling) 

mTOTirr Rqpp 00,0, −∆=∆ , (8.13) 

This matches the initial total resistance from the operating data with the simulation and provides 

a baseline resistance for the remainder of the simulation.  The spikes in TMP predicted by the model are 

a result of not accurately simulating the removal of materials from the filter surface during the relaxation. 

The ability to adequately predict TMP variation indicates that they assumption that the main resistance 

to flow through the membrane comes from the compressed fouling layer and the membrane, and that 

the gas sparge derived shear flow does not scour this layer of high hydraulic resistance. 

The model prediction is also able to capture the mechanism of resistance increase at low flux 

and low-pressure head.  This non-monotonic behaviour is demonstrated in Figure 8.11. 

 

Figure 8.11:  Compressive rheology model predictions showing the relationships between the total resistance to filtration 
and transmembrane pressure (primary axis), as well as flux and transmembrane pressure (secondary axis) 
for the simulation of operation of membranes at Victor Harbor MBR. The simulation is based on an 
interpolation to the flux in Membrane Tank 4. 

The observed minimum in the resistance-TMP data can be related to the extreme compressibility 

of the cake fouling, which results in the peaked D(φ) curve.  At low TMP (and consequently low solids 

concentration), most of the fouling layer is at solids concentrations less than the peak in solids 

diffusivity.  D(φ) and consequently the flux are extremely low, which results in a large recorded value 
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for the resistance.  As the pressure increases, D(φ) also increases by several orders of magnitude and the 

flux improves significantly.  This flux increase is non-linear with applied pressure, which is reflected 

by the decrease in resistance.  At higher pressures, the TMP versus flux relationship approaches linearity 

before D(φ) declines significantly.  Hence, the flux responds slowly to increases in TMP at pressures 

above 2 kPa, and the resistance appears to increase.  Of course, there is accumulation of material at the 

filter surface resulting in hysteresis.  There is a steady increase in resistance over many cycles as the 

irreversible fouling not removed by relaxation continues to accumulate.  Note that this explanation 

discounts the influence of elastic expansion of the solids network as the TMP decreases, which may help 

to explain the cyclic nature of this relationship despite some hysteresis. 

The reducing pressure dependence of the flux at high applied pressure is also influential in issues 

with the specific resistance to filtration (SRF).  The SRF measurement is based on the flux of filtrate at 

an applied pressure.  However, a maximum flux is achieved for pressures above a critical pressure, 

above which the flux is essentially pressure-independent.  This is due to the extreme compressibility of 

sewage sludges and the increased pressure caused compaction of the network and a subsequent increase 

in hydrodynamic resistance.  This critical pressure was reported to be 2 kPa for a waste activated sludge 

[97].  This effect is expected for materials with peaks in D(φ) at low solids concentration. 

8.5.6 Sludging phenomena 

The fouling layer is always in a state of dynamic change due to the continual accumulation and 

then removal of material during the filtration and relaxation cycles. The conservation of mass modelling 

allows a quantitative description of the accumulation of material at the filter membrane.  The modelling 

of the transient nature of the fouling is important for this case where the filtration cycle is 60 minutes 

and potentially more important in hollow-fibre systems, which are backwashed every 10-15 minutes to 

remove the cake layer.  The solids concentration profiles at the filter surface can be used to predict when 

the filter cake bridges the gap between the flat sheets and sludging becomes an issue.  This is especially 

the case for fast-filtering and low compressibility sludges that rapidly form a large cake.  This 

phenomenon is strongly dependent on the permeability and compressibility of the fouling layer.  The 

solids concentration profile after 10 minutes, 30 minutes, two hours and eight hours of operation are 

presented in Figure 8.12 indicating a maximum concentration of cake on the membrane surface of 

4 vol%. 
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Figure 8.12: Mass and momentum balance numerical solutions for the solids volume fraction profile above the filter 
surface after (a) 10 minutes, (b) 40 minutes, (c) 2 hours, and (d) 24 hours. 

The predicted solids concentration at the membrane is considered an underestimate because the 

model assumes any irrecoverable fouling is internal to the membrane.  This gives a lower bound for the 

membrane solids concentration.  The upper bound can be calculated by considering the case with no 

irrecoverable fouling, i.e. a clean membrane with only cake fouling.  In this case, at maximum pressure 

head (9.6 kPa) the pressure differential across the membrane is 1.6 kPa and across the cake is 8 kPa.  

This gives a solids concentration at the membrane of 10 vol% (φ = Py
-1(∆P)).  The reality is likely to be 

between these bounding values. 

This understanding of the build-up of solid material at the surface, coupled with the geometry 

of the membrane cassette, can indicate when material will be forced to “clog” the channels.  The distance 

between flat sheets at Victor Harbor is 7 mm and the concentration profile indicate a layer build-up of 

6 mm in a day and slow increase thereafter.  The modelling suggests it will take less than a month to 
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completely fill the channel between flat sheets.  In a similar situation to a fixed-cavity filter press, the 

material can undergo further compression, or it is forced into the membrane channels, where sludging 

becomes a major issue. In the real case, the build-up is slower than the model suggests due to the model 

not accurately capturing the effect of aeration.  This is inferred from the observation that sludging has 

not been an operating issue at Victor Harbor WWTP.  The model suggests that sludging would be more 

of an issue for a faster-filtering and less compressible sludge. 

8.5.7 Ragging phenomena 

Another key fouling issue on-site was the formation of long cotton braids or “ragging”.  This 

macroscopic fouling mechanism is not addressed in this fundamental study, but several operational 

strategies have been used at Victor Harbor to mitigate cotton accumulation are outlined.  The most 

effective strategy was the installation of a side-stream with self-cleaning baleen filters to continuously 

remove the cotton fibres.  The principal is to remove the fibres before they can agglomerate and cause 

issues at the membrane surface.  However, this produces an additional waste stream that is difficult to 

manage.  The issue of ragging remains a significant problem area in membrane utilisation for water 

recycling.  There is scope for more research in this space, which would have important practical 

outcomes. 

8.5.8 Long-time operation 

Analysis of the long-term operation of the MBR indicates the importance of the irreversible build-

up of the fouling layer.  Long-term fouling under sub-critical flux operation is often attributed to the 

accumulation of organic macromolecules in the pores and / or on the membrane surface resulting in the 

progressive increase of total resistance, which is indicated by Figure 8.13.  As the relative effect of pore-

blocking is expected to decline with time, the data suggest that the build-up of an external fouling layer 

is causing the increase in total resistance (see Figure 8.13).  Note that the data was collected from an 

operational MBR so it was not possible to investigate the formation of a gel layer at the membrane 

surface. 
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Figure 8.13:  The relationship between total resistance and transmembrane pressure (Membrane Tank 4) showing the 
increase in overall resistance with long term operation of the MBR. 

The average slope of the positive portion of the RT(q) relationship increases with time (see 

Figure 8.19 in Appendix 8D).  This supports the argument that the irreversible component of the fouling 

is a compressible external fouling layer.  Compressible fouling layers will exhibit higher resistances at 

higher applied pressures and this effect becomes more pronounced as a larger layer accumulates.  The 

total resistance gradually rises after an initial delay period of one-two weeks following a routine 

chemical cleaning.  The average resistance approximately increases by approximately 50% over the first 

40 days and then doubles over the following 40 days.  Monitoring of the overall resistance provides an 

indication of the efficiency of the filtration process.  The overall resistance approximately triples over 

the year of operation between chemical cleaning cycles (see Figure 8.14).  Thus, for the same applied 

pressure head, the flux is reduced to one-third of the flux following cleaning.  

 

Figure 8.14:  The long-term fouling effects demonstrated over several cleaning cycles 
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The data shows that the resistance for the irrecoverable fouling (i.e. fouling remaining after 

chemical or physical cleaning) does not increase significantly on this annual time scale.  The baseline 

resistance of the membrane plus irrecoverable fouling is almost constant at 8 x 108 Pa m-1 s-1 after the 

four cleaning cycles shown.  This quantitative understanding of the relative magnitude of each the 

different resistances can help to detect when membrane cleaning is required and indicate the effectively 

of the chemical or physical clean. 

8.5.9 Optimisation 

The main biofouling mitigation strategy used at Victor Harbor WTP is to operate the membranes 

at low flux and low TMP.  If the population in the area continues to increase, then additional strain will 

be placed on plant capacity and this strategy may no longer become viable.  Hence, it is important to be 

able to optimise operation of membranes.  The model allows scenario analysis that would provide 

operational strategies into the future. 

8.5.10 Model limitations 

The model can adequately predict the TMP variation despite being based on several assumptions 

that deviate from standard operation, including; 

• Simplifying the three-dimensional (3D) system by approximation as a pseudo 1D model 

• Neglecting the effects of combined shear and compression 

• Approximating tangential flow to be perpendicular in the fouling layer region 

• Assuming that consolidation of the fouling layer is irreversible, and no elastic re-expansion occurs 

The pseudo 1D model allows for reasonable simulation computational times, but it removes the 

ability to model the two-dimensional (2D) phenomena in the MBR.  Sludge is fed into the reactor at h0, 

which is the distance between the membrane and the wall of the reactor.  This neglects the fact that the 

feed is a point source and makes the simplifying assumption that the feed is at a plane at z = h0.  The 

gravitational effects are also considered negligible in this 1D approach and variations in the level cannot 

be modelled. 

The effect of combined shear and compression requires a two- or three-dimensional approach, 

however this multidimensional treatment of particulate network behaviour has not been developed [98].  

The 1D model is used because the theory has been developed and validated, a computationally feasible 

algorithm can be implemented, and the aspect ratio is large.  A two-dimensional model would include 

local radial concentration gradients and allow for a point source feed.  A three-dimensional model would 

account for the configuration of membranes into bundles or cassettes and the effect of the feed and 

filtrate pipework, reactor shape and scouring operations. 
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The actual system operates based on gas sparged derived tangential flow, rather than the 

simplified perpendicular flow assumed by the model.  This tangential flow is important for the removing 

the upper region of the fouling layer and slowing the accumulation of material at the filter surface.  

However, as a significant fraction of the hydraulic resistance to filtration occurs in the thin film, or 

‘skin’, close to the filter surface, which reduces the impact of the tangential flow. 

The model does not incorporate the visco-elastic behaviour of the solids network in the cake 

fouling layer.  It is assumed that the consolidation of the fouling layer is irreversible.  However, these 

fouling layers have been shown to be highly elastic [99].  Incorporating such elastic behaviour renders 

the governing equation intractable, so this phenomenon is acknowledged but not included in the model. 

Further work is required to extend the application of the modelling to the market leading MBR 

configuration, which uses cylindrical hollow fibre membranes. As the cake height in these set-ups can 

become comparable to the curvature of the membrane, a radial coordinate system may be required for 

accurate modelling.  The development of the model in radial coordinates would allow for more universal 

application of this work to the modelling of immersed MBR systems.  However, the 1D model presented 

in this study offers a first pass approximation prior to the development of a model using radial 

coordinates.    
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 CONCLUSIONS 
This study analysed the variable-rate, variable-pressure filtration behaviour in a full-scale MBR, 

considering shear effects and the compressible nature of the fouling layer.  A method for analysis of the 

impact of fouling development was developed based on raw data and without the need for model 

interpretation.  This analysis presents the total resistance of the system and allows comparison with the 

base-line data from immediately after chemical cleaning.  This analysis demonstrated the importance of 

optimising the level control, which drives changes in the TMP, and consequent large fluctuations in 

flux.  The data indicate that there is an optimal height for reducing the resistance to filtration. 

Whilst pore-blocking models are important in assessing initial fouling behaviour, they are unable to 

explain the long-term filtration behaviour in this variable-rate, variable-pressure system.  The pore-

blocking models do not contain the flexibility to be quantitatively predictive of MBR filtration 

behaviour. 

The compressible dewatering properties of the fouling layer can describe the phenomena observed 

in the full-scale MBR.  The RT(TMP) shows a non-monotonicity that is predicted for an extremely 

compressible cake fouling layer.  The increase in the slope of RT(TMP) with time indicates that cake 

compressibility becomes increasingly important at longer times when more material accumulates at the 

filter surface. 

The small increase in resistance over the periods between relaxation indicates the slow formation of 

a fouling layer.  Most of this fouling layer is removed as there is minimal increase in resistance over a 

series of cycles.  However, the irreversible nature of the fouling layer is observed during longer-term 

operation, because a clear increase in overall resistance is shown over the year between chemical cleans.  

The shear behaviour of the fouling layer can be used to explain this slow accumulation over time. 

We developed a compressible cake filtration model with the flexibility to predict variable-rate, 

variable-pressure filtration.  This model was used in conjunction with full dewaterability 

characterisation of a sludge sample from the plant to predict full-scale operation.  The model predictions 

were compared with operating data at various stages of the year of operation showing reasonable level 

of agreement.  The determination of the fouling layer solids concentration profile can assist to predict 

the onset of sludging problems.  The operating issues around issues of ragging are discussed, but this is 

not the focus of the current study.  However, ragging continues to be a major issue at the plant. 

This model uses a pseudo 1D approximation to reduce the computational demand of simulations, 

but a more complex 2D approach would provide greater scope to model complex hydrodynamics in the 

MBR.  However, the operating data from the Victor Harbor MBR demonstrates the importance of 

accurate modelling of the compressibility of the fouling layer during variable-rate, variable-pressure 

filtration.  
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NOMENCLATURE 
List of abbreviations, symbols and definitions used in this chapter. 

Abbreviations Units Definition 
1D One-dimensional 
2D Two-dimensional 

cBOD Carbonaceous biological oxygen demand 
CIP Clean-in-place 

CLSM Confocal laser scanning microscopy 
F/M [kg cBOD/kg microbes] Food to microorganism rato 
HRT [days] Hydraulic residence time 
LMH [L m-2 hr-1] Typical unit of flux measurement 
MBR Membrane bioreactor 
MLSS [g L-1] Mixed liquor suspended solids 
SRF [m kg-1] Specific resistance to filtration 
SRT [days] Solids residence time 
TMP [Pa] Transmembrane pressure 
WAS Waste activated sludge 
WWT Wastewater treatment 

WWTP Wastewater Treatment Plant 
Symbols Units Definition 

A [m2] Filter membrane area 
c [kg m-3] Weight of solids per unit volume of filtrate 
Ci [-] Pore blocking model fitting parameter 

D(ϕ) [m2 s-1] Solids diffusivity 

D[4,3] [µm] Mean floc size (De Brouckere 
mean diameter) 

h, h(t) [m] Height 
k [varies] Resistance coefficient 
n [-] Pore blocking coefficient 
nc [-] Number of cleaning cycles 

p-value [-] Statistical significance testing 
Py(ϕ) [Pa] Compressive yield stress 
p, ΔP [Pa] Applied differential pressure 

Q [m3 s-1] Filtrate throughput 
q [m3 m-2 s-1] or [m s-1] Filtrate flux 
qi [-] Flux functional form fitting parameter 

R(ϕ) [Pa s m-2] Hindered settling function 
Rc [Pa s m-1] Filter cake resistance 
Rm [Pa s m-1] Membrane resistance 
RT [Pa s m-1] Overall (total) resistance 
T [°C] Temperature 
t [s] Time 
tR [s] Relaxation time 
tF [s] Filtration time 
V [m] Specific filtrate volume 
z [m] Cartesian distance coordinate 
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Greek Letters Units Definition 
αm [kg m-1] Specific cake resistance (mass basis) 
φ [v/v] or [vol%] Solids volume fraction 
η l [Pa s] Dynamic viscosity of fluid 
Δρ [kg m-3] Density difference 
ρ l [kg m-3] Liquid phase density 
ρ s [kg m-3] Solid phase density 

Subscripts Units Definition 
0 Initial 

ave Average 
B Backwash 
c Cleaning 
F Filtration 
f Fouling 
g Gel point 
I Integer 
l Liquid, liquor or fluid 

m Membrane 
R Relaxation 
s Solids 

T, TOT Total 
w Relating to the waste activated sludge 
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Appendix 8A: Sludge properties 
The sludge morphology has an impact on the dewatering behaviour. Microscope images were 

collected of the sludge flocs and the particle size distribution was measured using the Malvern 

Mastersizer (see Figure 8A.15). 

 

Figure 8A.15:  (a) Microscope image of sludge morphology and (b) particle size distribution of MBR sludge from Victor 
Harbor WWTP 

The specific resistance to filtration (SRF) changes with applied pressure were also determined, 

as shown in Figure 8A.16, which also demonstrates the compressibility of the fouling layer. 

 

Figure 8A.16:  Specific resistance to filtration versus applied pressure for a MBR sludge  
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Appendix 8B: Additional operating data 
Additional data from the operation of the Victor Harbor provides further information about the 

trends observed for flux and TMP. During periods of low plant inflow (overnight), the level in the 

membrane tank decreases and consequently the pressure head and flux reduce (see Figure 8.17(a)). On 

a shorter timescale, the filtration and relaxation cycles influence the level, as indicated by the blower 

speed in see Figure 8B.17(b). 

Figure 8B.17: Operating data from a full scale MBR showing the links between (a) plant inflow (into a balance tank) and 
level in the membrane tank; and (b) blower speed and level in the membrane tank.  The daily oscillations 
reflect the diurnal pattern of wastewater inflow to the plant, resulting in a total tank level change of order 
30 cm. 
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Appendix 8C: Long-term pore blocking modelling 
The values for the pore blocking modelling that was presented in Figure 8.7 were obtained from 

the long-term data shown in Figure 8C.18.  

 
Figure 8C.18:  Check of the linearity of the plots of (a) RT(V) for incompressible cake filtration, (b) RT-1/2(V) for standard 

blocking, (c), RT-1(V) for complete blocking, and (d) ln(RT(V)) for intermediate blocking.  The conservative 
values from the linear fits were used for the model predictions 
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Appendix 8D: Long-term effect of compressibility 
The effect of compressibility as the fouling layer develops over a long period of operation is 

shown in Figure 8D.19.  The slope of resistance versus TMP is increasing with time indicating that a 

slightly thicker compressible fouling layer has developed. 

Figure 8D.19: The positive section of the total resistance versus transmembrane pressure after 4, 40 and 360 days of 
operation. 
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CHAPTER 9: CONCLUSIONS 
   Two of the biggest challenges to the chemical engineering profession over the next decade 

will be the search for truly sustainable feedstocks, and disposal of the ever-increasing 
quantities of domestic wastewater produced by urban societies.” Herve Paillard (The 
Chemical Engineer, 2016) 

CONCLUSIONS 
The achievements of previous generations of engineers, scientists, entrepreneurs and leaders in 

developing wastewater treatment systems and infrastructure to safely dispose of our faecal waste has 

had an enormous impact on our quality of life.  We can now live in large cities without major water and 

sanitation issues, although for many in the world, this is still not the case.  Nevertheless, the game has 

changed.  It is not acceptable to simply dispose of our wastewater.  We are becoming increasingly aware 

of the need to develop sustainable practices to; 

• Recover water

• Utilise the nutrients

• Harness the bio-chemical reactions

This study probes one fundamental aspect of these sustainability issues; separating out the 

liquid component from the solid component in an efficient and economical way.  This enables cheaper 

water recycling, and more effective sludge dewatering to achieve biosolids with lower moisture 

contents. 

A literature review of the status of laboratory dewaterability testing, data analysis and 

solid-liquid separation modelling was performed to highlight the state-of-the art in dewaterability 

characterisation.  The dewatering behaviour of biological sludges is complex.  It is more nuanced than 

methods that produce a single number, such as SRF and CST, are possibly able to capture.  The review 

identified gravity settling, centrifugation and filtration methods to measure the permeability and 

compressibility of samples as a function of the solids volume fraction.  These methods were unified 

into a comprehensive methodology for characterising dewaterability of highly compressible 

suspensions.  This unified dewaterability characterisation method, based on the compressive rheology 

framework, presents a complete methodology for using lab-scale dewaterability tests to predict 

operation of solid-liquid separation processes for the first time.  The validity of the new method was 

tested and it was shown to be robust in cases that traditional approaches fail. 

The unified dewaterability characterisation method forms the basis for answering the research 

questions identified in Chapter 1.  There are several assumptions and approximations used during the 
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characterisation process that require validation.  This validation process was shown to be crucial to 

accurate dewatering characterisation.  The integrity check used in this study was to input the material 

properties into models for gravity settling, centrifugation and filtration, and simulate the original 

experiments from first principles (without fitting parameters).  A good agreement between simulation 

and original data was considered validation of the characterisation.  In general, there were significant 

difficulties with the validation of centrifugal settling data.  One of the main issues is the assumption 

that the effect of sample container walls on the settling of the suspension is negligible.  This assumption 

was revisited in this study. 

What are the effects of the sample container walls during analytical centrifugation tests? 

Wall effects during centrifugation can have a strong impact on dewaterability characterisation 

and subsequent full-scale predictions.  These wall effects are evident in the equilibrium solids 

concentration profiles from equilibrium centrifugation at a range of increasing rotation speeds.  For a 

sewage sludge sample conditioned with lime, the wall effects appear stronger at the top of the sediment 

bed than the base.  A novel method was developed that corrects for the influence of such wall effects 

on the measurement of the compressive strength.  Additional data was collected for a model mineral 

suspension (industrial calcite) where wall effects were indicated by regions of constant solids 

concentration in the solids bed.  This suggests that the friction at the wall can support the suspension 

from further compaction.  Finally, experimental data was collected to explore the impact of sample 

container walls on transient settling, but further data analysis and method development is required. 

Can the dewaterability of extremely compressible materials truly be quantified? 

The dewaterability of extremely compressible materials can be quantified using the unified 

dewaterability characterisation methodology and predictions from a model of a filter press.  The 

dewatering properties, extracted from lab-scale dewatering tests, need to be fully validated and predict 

the original filtration tests results to a high level of accuracy.  The validated properties can then be used 

as inputs to a previously developed model of a constant pressure plate-and-frame filter press.  This 

enables realistic comparison of the sludges at the same feed concentration of 1 vol%, and the same 

operating conditions, such as a pressure of 300 kPa, cavity width of 1 cm and handling time of 1000 s.  

The results from this quantification of wastewater sludge dewaterability show a strong decreasing 

correlation between the volatile suspended solids (VSS) and dewaterability.  VSS is an indicator of the 

extent of digestion, and a surrogate for extracellular polymeric substances (EPS), which is known to be 

the main cause of poor dewaterability in sludges.  The results show quantitatively that increasing the 

digestion time, or extent, improves the filterability of sludges.  Note that this work was completed before 

the investigation into wall effects, hence lab-scale centrifugal settling test data was not used in this 

work. 
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Can non-linear transmembrane pressure (TMP) rise during constant rate filtration be predicted for an 

extremely compressible biofouling layer in a dead end, high flux microfiltration system?  

The highly compressible nature of biofouling can help to explain the non-linear TMP rises 

observed during constant rate filtration.  A one-dimensional filtration model was developed to predict 

the development of biofouling during operation of a dead-end microfilter operated at high flux (the 

maximum transmembrane pressure of 160 kPa).  The inputs to the model are the material-dependent 

properties relating to compressibility and permeability, the solids concentration within the microfilter, 

and the operating flux.  The model predicts the local solids concentration profile as the biofouling layer 

builds above the membrane.  An incompressible fouling layer, which is the usual assumption in such 

modelling, would give a linear TMP rise.  In contrast, the compressible model suggests that rapid non-

linear TMP rise is expected for an extremely compressible fouling layer.  The model predictions were 

compared to operating data from a pilot-scale ceramic microfiltration device for production of recycled 

water from MBR effluent and showed good agreement, indicating the validity of the model to this niche 

MBR application.  The results demonstrate that incorporating a compressible fouling layer is necessary 

to predict plant data and that there is generally no need to invoke additional mechanisms, such as partial 

coverage or pore blocking. 

What factors are required to model and optimise variable-rate, variable pressure MBRs? 

The compressibility, permeability and elasticity of the fouling layer are required to model and 

optimise variable-rate, variable-pressure MBRs.  Another one-dimensional filtration model was 

developed to predict the development of biofouling during this more complex MBR operating 

procedure.  The same model inputs are required for the constant-rate case, except that a variable TMP 

is specified and more stringent conditions on the elasticity are required due to declining TMP.  The 

model predicts the local solids concentration as a function of height above the membrane, where some 

material is removed by shear forces.  The model prediction is compared to pore-blocking models, which 

are the more prevalent form of modelling in the MBR literature.  The results show that the compressible 

filtration modelling more accurately represents the observed flux response to changing TMP than pore 

blocking models.  Finally, the work uses data from a full-scale variable-rate, variable-pressure MBR to 

suggest a model-free method for analysing fouling development and assessing the effectiveness of 

cleaning operations. 

KEY AREAS OF BENEFIT 
This research benefits the wastewater treatment sector of the water industry. It was aimed at 

understanding the effects of biofouling on membrane processes and thus impacts the operation of 

membrane bioreactors, microfilters, ultrafilters, belt press filters and other filtration operations. This 
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has implications for existing wastewater treatment, as well as potable reuse of wastewater into the 

future. 

MAJOR OUTCOMES 
This work has provided a complete method for characterising the dewaterability of extremely 

compressible particulate suspensions, such as wastewater treatment sludges. A quantitative assessment 

of the filterability of wastewater treatment sludges indicates that the sludges show significantly different 

filtration behaviour depending on the biological component of the biofouling layer. This improved 

understanding of the fouling layer filtration behaviour allows more accurate modelling of filtration 

processes in advanced wastewater treatment devices, such as the MBR. The development of a 

mathematical model for a MBR provides a method for predicting the output rate of purified water for 

given operating pressures and membrane configurations. The results give insights into the best 

optimisation protocols for membrane utilisation in water recycling. It also demonstrates that current 

understanding of the operation of these devices has been severely limited by previous notions of 

incompressible cake filtration and that, by considering the compressible nature of biofouling layers, a 

more accurate representation of the physical process is possible. 

MAIN ASPECTS OF NOVELTY 
A quantitative understanding of the relationship between the extent of digestion and the 

dewaterability of bio-sludges has not previously been demonstrated. This allows, for the first time, plant 

managers to perform the economic evaluation of sludge retention time in digestion compared with the 

subsequent costs of sludge dewatering. This work also provides a first principles model of MBRs that 

allows the prediction of membrane size and unit throughput.  This model has systematically 

demonstrated the effect of biofouling compressibility and permeability on TMP rise during constant 

rate filtration for the first time, showing that an understanding of fouling compressibility can help to 

predict the onset of rapid non-linear TMP rise. 

 FURTHER WORK AND FUTURE DIRECTIONS 

9.5.1 Dewatering characterisation software 

The dewatering characterisation software used to implement the unified dewatering 

characterisation method is a living piece of software that can be continually updated.  It is currently 

robust for most samples, but there are significant functionality improvements that can be made.  Further, 

this software can be improved as advancements and breakthroughs continue to be made.  Finally, the 

usability and user interface aspects are another potential area for major improvement. 
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9.5.2 Wall effects during transient settling 

The large amount of experimental data for transient solids concentration profiles during gravity 

and centrifugal requires further analysis and comparison to model predictions.  The compressive 

rheology model can be used to predict the transient concentration profiles (without wall effect 

correction) for comparison to the experimental data.  The model of transient centrifugation that 

incorporates wall effects is currently incomplete and not provided in this work. 

9.5.3 Shear yield strength from equilibrium centrifugation 

The shear yield stress estimates from equilibrium centrifugation tests are two orders of 

magnitude larger than measurements using a rotational rheometer.  The two potential explanations that 

were proposed include (a) bridging of particles across the cuvette gap, and (b) the combined effect of 

shear and compression.  These two explanations, in addition to an examination of other possibilities, 

require further investigation before the equilibrium centrifugation method can be used to estimate shear 

yield strength. 

9.5.4 VSS and dewaterability (other dewatering equipment) 

The sludge dewaterability comparison indicates that is substantial variation for the lower final 

average cake solids at similar VSS.  This is unsurprising as the sludges come from a range of digestion 

scenarios.  A more systematic investigation of sludge from one source that has been digested to a range 

of VSS concentrations would provide quantification of the impact of reducing the VSS.  Additionally, 

the wastewater sludge dewaterability was quantified under a specific set of conditions that are 

representative of an industrial filter press.  This comparison can be performed at a different specified 

pressure, different initial solids concentration, or even using a model for a different dewatering device.  

It would be especially interesting to predict the throughputs for each sewage sludge in a thickener and/or 

a centrifuge and check whether the strong correlation between VSS and dewaterability also holds for 

these devices. 

9.5.5 Combined shear and compression in MBRs 

The constant rate microfiltration device modelled in Chapter 7 is in a dead-end configuration, 

with no air sparged over the membrane, hence shear is assumed negligible.  However, in many MBR 

applications, this is not the case.  A shear force is imparted by air diffusers onto the fouling layer to 

minimise the effect of the fouling.  Furthermore, the cross-flow arrangement also results in a shearing 

action.  The combined effect of shear and compression is not incorporated in any modelling, but it is an 

important consideration for future work. 
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9.5.6 Visco-elastic behaviour of fouling layer 

The flux decreases at Victor Harbour MBR as the pressure head is reduced due to a decrease in 

inflow rate.  This decline in flux and transmembrane pressure is an interesting challenge to model.  For 

the case of constant-rate filtration, it was assumed that compression is irreversible.  However, other 

studies have indicated that the compression of biofouling layers is partially reversible and visco-elastic 

behaviour is exhibited.  The ability to accurately capture this visco-elastic behaviour in the compressive 

rheology framework will help to model scenarios similar to the Victor Harbour MBR. 

OVERVIEW 
The primary objective of the research was to advance our fundamental understanding of 

wastewater dewatering processes, such that this knowledge of biofouling and sludge dewaterability can 

be used to reduce the cost of water recycling and sludge handling.  This project has (1) provided the 

first complete method for the dewaterability characterisation of extremely compressible materials, 

including sewage sludges and biofouling layers, (2) given the first quantitative assessment of the effect 

of the extent of digestion on the dewaterability, and (3) modelled constant rate filtration processes, 

especially MBRs, to be able to optimise the operation of such devices. 
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