
 

  

 

Aalborg Universitet

Numerical Modelling of Flow and Settling in Secondary Settling Tanks

Dahl, Claus Poulsen

Publication date:
1995

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):
Dahl, C. P. (1995). Numerical Modelling of Flow and Settling in Secondary Settling Tanks. Aalborg: Hydraulics &
Coastal Engineering Laboratory, Department of Civil Engineering, Aalborg University.  (Series Paper; No. 8).

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            ? Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            ? You may not further distribute the material or use it for any profit-making activity or commercial gain
            ? You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: April 24, 2017

http://vbn.aau.dk/en/publications/numerical-modelling-of-flow-and-settling-in-secondary-settling-tanks(fae4cf70-a86a-11da-8341-000ea68e967b).html


Numerical modelling of flow and 
settling in 

secondary settling tanks 

Influent 

Remculat10n Flow 

PH .D thesis, ATV project EF-359 

Aalborg University - Denmark 
Department of Civil Engineering 

• 

Claus Dahl 

Effluent 

I. Kruger Systems AS 
November 1993 



Numerical modelling of flow and 
settling in 

secondary settling tanks 

PH .D thesis, A TV project EF-359 

Aalborg University - Denmark 
Department of Civil Engineering . 

Claus Dahl 

I. Kruger Systems AS 
November 1993 



Printed in Denmark by 
REPRO, I. Kriiger AS, January 1995 
1sim 97-90034-0&2 



• 

PREFACE 

The present thesis has been prepared to fulfil one of the requirements for 

the Danish Ph.D. degree stipulated by the executive order of December 
11, 1992 from the Danish Ministry of Education. The study was carried 

out as an industrial (Ph.D.) project with Professor Torben Larsen and 

Lecturer Ole Petersen as supervisors and was financially supported by 

ATV and I. KrOger Systems AS. 

I would like to express my gratitude to Aalborg 0st wastewater treatment 

plant, to the Lynetten wastewater treatment plant and Slag else wastewa

ter treatment plant for their participation in the measurements. 

I wish to thank my supervisors and the other members of my support 

group, Professor Poul Harremoes, Product Development Manager Keld 

Nymann Jensen, R&D Manager Erik Bundgaard, and Engineer Bente 

Nielsen for scientific guidance throughout the whole process. 

I would also like to express my gratitude to Bodil Jensen for typing the 

thesis and correcting my written English and Marianne Beckmann for 

performing of the drawings. 

Copenhagen, 8th November 1993 

Claus Dahl 



CONTENTS 

PREFACE 

CONTENTS 

RESUME 

ABSTRACT 

1 .INTRODUCTION 1 

2 . STATUS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 
2. 1 Numerical modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 

2.2 Present design practice . . . . . . . . . . . . . . . . . . . . . . . . . 4 

2.2 .1 Design practice . . . . . . . . . . . . . . . . . . . . . . . . . . 4 

2.2.2 Geometric configuration and machinery . . . . . . . . . 10 

3. SYSTEM ANALYSIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 6 

3 .1 Flow and sludge transport . . . . . . . . . . . . . . . . . . . . . . . 1 6 

3.2 Transient load . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 
3.3 Activated sludge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 

3.3.1 Activated sludge floes . . . . . . . . . . . . . . . . . . . . . 21 

3.3.2 Activated sludge in suspension . . . . . . . . . . . . . . . 26 

3.4 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 

4. THE NUMERICAL MODEL AND CALIBRATION STRATEGY . . .. 34 

4. 1 Mathematical model . . . . . . . . . . . . . . . . . . . . . . . . . . 34 

4. 1 . 1 Hydrodynamic . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 

4.1.2 Transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 

4. 1.3 Turbulence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 

4. 1 .4 Flocculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 

4 .1.5 Solution method . . . . . . . . . . . . . . . . . . . . . . . . . 39 
4.2 Calibration Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 

4.2.1 Verification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 

4.2.2 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 

4.2.3 Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 

5. BASIC MEASUREMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 

5.1 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 

5.1.1 Measurement of sludge concentration . . . . . . . . . . 42 

5.1 .2 Measurement of mean horizontal flow velocity . . . . 45 

5.1.3 Measurement of retention time . . . . . . . . . . . . . . . 46 

5.2 Settling and flocculation measurements . . . . . . . . . . . . . 46 
5.2.1 Free settling regime . . . . . . . . . . . . . . . . . . . . . . . 47 

5.2.2 Hindered settling . . . . . . . . . . . . . . . . . . . . . . . . . 51 

5.3 Density of suspension . . . . . . . . . . . . . . . . . . . . . . . . . . 52 



5.4 Microscopic examination . . . . . . . . . . . . . . . . . . . . . . . . 52 

6. MODEL TANK MEASUREMENTS AND SIMULATIONS ....... 54 

6. 1 Measurement configurations . . . . . . . . . . . . . . . . . . . . . 54 

6.2 Measurement procedures . . . . . . . . . . . . . . . . . . . . . . . 59 
6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 

6.3.1 Results of basic measurements . . . . . . . . . . . . . . . 61 

6.3.2 Result of model tank measurements . . . . . . . . . . . 66 

6.4 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72 

6.5 Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 

6.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 

7. FULL SCALE MEASUREMENTS AND SIMULA TIONS . . . . . . . . 83 
7 .1 Lynetten wastewater treatment plant . . . . . . . . . . . . . . . 83 

7 . 1 . 1 Outline of the settling tank . . . . . . . . . . . . . . . . . . 83 

7 .1.2 Results of basic measurements . . . . . . . . . . . . . . 87 

7 .1.3 Results of full scale measurements . . . . . . . . . . . . 92 

7.1 .4 Simulation, comparison and validation . . . . . . . . . . 97 

7.2 Slagelse wastewater treatment plant . . . . . . . . . . . . . . 1 03 

7 .2.1 Outline of the settling tank . . . . . . . . . . . . . . . . . 1 03 

7 .2.2 Results of basic measurements . . . . . . . . . . . . . . 106 
7.2.3 Result of full scale measurements . . . . . . . . . . . . 111 

7 .2.4 Simulation, comparison and validation . . . . . . . . . 117 

7 .3 Conclusion on validation . . . . . . . . . . . . . . . . . . . . . . . 11 9 

8. IMPROVEMENT OF A SECONDARY SETTLING TANK USING 

THE NUMERICAL MODEL . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 22 

9. FINAL DISCUSSIONS AND CONCLUSIONS . . . . . . . . . . . . . . 126 

LIST OF SYMBOLS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 28 

LIST OF REFERENCES .. .. . ... .. .. ... . .... . .... . ...... 130 

Appendix 1: Hydrodynamic, turbulence and flocculation theory 

Appendix 2: Numerical solutions 



RESUME 

Denne afhandling omhandler udviklingen af en numerisk model til 

simulering af efterklaringstanke. lndledningsvis er beskrevet status for 

udviklingen inden for numeriske modeller for efterklaring og den nuvceren

de designpraksis. Resultatet af denne statusbeskrivelse er et behov for 

videre udvikling for at indf0re numeriske modeller i design af efterklarings

tanke og hermed forbedre efterklaringstanke i fremtiden. 

I en systemanalyse er de styrende fysiske processer i efterklaringstanke 

prcesenteret og diskuteret. Processerne er str0mnings- og slamtransport

processer, aktive slamflokkes specifikke egenskaber samt processer for 

slam i suspension. Pa baggrund af systemanalysen opstilles en syntese for 

udviklingen at den numeriske model. Syntesen indeholder en beskrivelse 

at de n0dvendige modelvariable for at inddrage alle styrende fysiske 

processer i den numeriske model. De basale antagelser for den numeriske 

model er ligeledes beskrevet i syntesen. 

De i syntesen udpegede modelvariable er indf0rt i den matematiske 

formulering af den numeriske model via fire undermodeller for henholdsvis 

str0mning, turbulens, transport og flokkulering. Herudover beskrives 

strategien for verificeringen, kalibreringen og valideringen af den nume

riske model. I den matematiske formulering opstar sammenhcenge mellem 

modelvariablerne, som skal fastlcegges enten via direkte malinger eller via 

kalibrering . De udviklede malemetoder for maling af sedimentation af slam 
i fri og hindret sedimentation, flokkulering og densititen at suspensionen 

prcesenteres. 

Et modeltankmaleprogram udviklet til kalibrering og validering af den 

numeriske model beskrives. De malte resultater viste god overensstem

melse med beskrivelsen af de styrende fysiske processer i systemanaly

sen. Parametre i modelbeskrivelsen at en Bingham plastik suspension 

kalibreres ved en sammenligning mellem modelsimuleringer og modeltank

malinger. Der er en god overensstemmelse mellem de simulerede og malte 

resultater . En validering af den numeriske model er udf0rt ved sammenlig

ning at modelsimuleringer fra den kalibrerede model med nye modeltank

malinger med nye begyndelses og randbetingelser, og ogsa her er der en 

god overensstemmelse. 

Til den endelige validering at den numeriske model sammenlignes 

modelsimuleringer med fuldskalamalinger pa efterklaringstanke fra to 

forskellige spildevandsrenseanlceg. Modelsimuleringerne kan kun simulere 

storskalabevcegelserne, men ikke de rigtige vcerdier for a lie modelvariabler

ne. Alligevel er den numeriske model anvendt til unders0gelse af cendrede 

udl0bsrender i en eksisterende efterklaringstank og viste en relativ 

forbedret udl0bskvalitet 



ABSTRACT 

This thesis discusses the development of a numerical model for the 

simulation of secondary settling tanks. In the first part, the status on the 

development of numerical models for settling tanks and a discussion of 

the current design practice are presented. A study of the existing 

numerical models and design practice proved a demand for further 

development to include numerical models in the design of settling tanks, 

thus improving the future settling tanks. 

The prevailing physical processes in secondary settling tanks are 

presented and discussed in a system analysis. These processes are the 

flow and sludge transport processes, the specific characteristics of 

activated sludge floes and processes for sludge in suspension. The 

outcome of this analysis is a synthesis of the development of the 

numerical model presenting the model variables required to allow the 

physical processes to be included. Furthermore, some of the basic 
numerical model assumptions are described in the synthesis. 

The mathematical formulation of the numerical model includes the 

necessary model variables pointed out in the synthesis and is organised 

as four submodels for hydrodynamic, turbulence, transport and 

flocculation. A strategy for the verification, calibration and validation of 

the numerical model is described. The mathematical formulation establish 

some relationship between model variables which must be found either by 
direct measurement or calibration. The procedures developed for basic 

measuring of settling of sludge in free and hindered settling regimes, 

flocculation and density of suspension are presented. 

For the calibration and validation of the numerical model, a model tank 

measurement was developed. The model tank measurements showed an 

agreement with the description of the physical processes in the system 

analysis. By calibrating parameters in the model description of a Bingham 

plastic suspension, the numerical model simulated the model tank 

measurements with a reasonable agreement. By comparing model 

simulation from the calibrated model with new model tank measurements 

the numerical model is validated and the model proved to be quite 

accurate in terms of measurement prediction. 

The numerical model is then validated by comparing the model simulations 

with measurements from full scale settling tanks at two different 
wastewater treatment plants. The model simulation can predict the large

scale motion in the settling tanks but cannot predict the correct value of 

all the model variables. Despite the problems with model simulation of full

scale settling tanks, the numerical model is used to improve an existing 

settling tank by increasing the outlet area. 
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INTRODUCTION 

Settling by gravity of suspended solid which is heavier than water, is one 

of the most common processes in wastewater treatment. Settling tanks 

are used for primary settling of raw wastewater and secondary settling of 

activated sludge suspension from an activated sludge process. Secondary 

settling tanks are usually the last treatment step before discharge of the 

treated wastewater to a recipient. The quality of the treated wastewater 

must meet official standards which for most recipients are very high. 

Therefore, the function and reliability of secondary settling tanks must 

meet these standards for every load of the wastewater treatment plant. 

Loads of treatment plants are transient due to variation in water consump

tion during a day and wet weather loads. 

The present design practice for secondary settling tanks is based on one

dimensional approaches where experience and measurements are used for 

empirical solutions. In this design practice, the main emphasis is on the 

hydraulic load and the settling properties of the sludge. Other physical 

processes which are important to settling tanks, e.g. flocculation, 

turbulence and rheology of suspension are not used in the immediate 

design practice. Furthermore, in the design practice the empirical solutions 
are limited to a certain normal variation in the operation of settling tanks. 

This thesis attempts to develop a numerical model where all the prevailing 

physical processes for the flow and sludge transport in secondary settling 

tanks are included in the numerical model. By means of the numerical 

model the effect of each physical process and other operational variations 

can be examined. The numerical model can thus be used to predict the 

effect of modifications, to improve the performance of existing settling 

tanks and to develop a new design practice for settling tanks. 

The development of the numerical model was done in the following steps: 

First, in chapter 2 the status of numerical modelling of settling tanks and 
the present design practice are described. Chapter 3 describes, a system 

analysis where the physical processes in settling tanks are presented and 

discussed and a synthesis for the development of the numerical model is 

presented. Chapter 4 describes the mathematical formulation of the 

numerical model divided into 4 submodels for hydrodynamic, turbulence, 

transport and flocculation. Furthermore, the model formulation is verified. 

Basic measurements for measuring relationships between model variables 

were developed and are described in chapter 5. The instrumentation used 

for measuring velocities, sludge concentration and tracer concentration is 

also described in chapter 5 . Model tank measurements were developed for 

calibration and validation of the numerical model and are described in 
chapter 6. Finally, the numerical model was validated for measurement in 
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full scale settling tanks in chapter 7, and chapter 8 describes an attempt 

to improve of a settling tank by using the numerical model. The closing 

chapter contains a summary of the work and the conclusions that emerge 

from this thesis. 
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2.1 

3 

STATUS 

Numerical modelling 

The present understanding of the hydraulic and solid transport characteris

tics in secondary settling tanks began with the work of Camp (1946) and 

Larsen (1977) who identified the different processes in settling tanks by 

an intensive literature and field study. Furthermore, Larsen (1977) 

described an attempt to develop a 2-dimensional mathematical models on 
settling tank behaviour. A further experimental investigation of settling 

tank behaviour was made by Lumley (1985), Lumley and Horkeby (1988) 

and Lumley and Balmer (1990) who presented a description of the 

important processes in different parts of settling tanks. Also dynamic 

changes of suspended solids (SS) concentration in effluent and return 

flow and sludge accumulation in settling tanks were studied by Lumley 

and Balmer (1987) and Lumley et al. (1988). 

In the area of numerical modelling of settling tanks lmam and 

McCorquadale (1983) and lmam et al. (1983) presented a 2-dimensional 

model with a constant eddy viscosity model to describe the turbulence 

and a transport/dispersion model to describe dissolved matter. lt was 

found that a more precise prediction of the turbulence was needed to 

predict the dispersion of dissolved matter. The 2-dimensional models were 

improved by Celik et al. (1985), Stamou et al. (1989) and Adams and 

Rodi (1990) under professor W. Rodi at the University of Karlsruhe. These 

results showed that a K-€ model could predict the turbulence field in 

settling tanks much better than a constant eddy viscosity models. 

The solid transport/dispersion was described in Stamou et al. (1989) as 

non-flocculable solids with constant settling velocities for different 

fractions of the solid. This description of settling of solids was valid for 

settling in e.g . primary settling tanks. To describe the settling of 

flocculable activated sludge, hindered settling and hereby variation in 

settling velocities depending on the suspended sludge concentration were 
introduced by Laroc et al. (1983) and Dahl et al. (1990) . 

Dahl et al. (1990) also introduced processes such as rheology of activated 
sludge suspension and the influence of density difference on the 

turbulence levels in the model. With these processes a steady sludge 

blanket could be simulated. In Krebs ( 1991) the flow field in settling tanks 

was described and several attempts to increase the efficiency of a settling 

tank by changing the flow field were discussed. 

At present, none of the mentioned models are at a stage where they are 

used in the practical design of settling tanks. 
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Present design practice 

The secondary settling tanks described in this section are the most 

commonly used horizontal flow settling tanks, either rectangular or 

circular, in activated sludge treatment plants, see Fig. 2 .1. Other settling 
tanks like vertical flow settling tanks "Dortmund tanks" and lamella 

settling tanks are not described. 

0 

.. ·-·-·-------·-·---·-·-· ... - ·-----·----

2.2.1 

Fig . 2 .1 . Rectangular and circular, horizontal flow settling tanks. 

Design practice 

The following description gives an example of Danish design practice and 

is based on internal notes in Kruger (Kruger, 1993). 

Today, wastewater treatment plants must comply with strict effluent 

requirements even during transient loads. Treatment in the secondary 

settling tanks is the last process in many treatment plants before 

discharge into the recipient. Therefore, requirements with respect to the 

functions and reliability of settling tanks are high, which must be 

considered in the design practice. The processes in the two tank types, 

rectangular and circular, are very similar. Thus the present design prac

tices are similar for both tank types. 
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Process design parameters 

As the first step, the design parameters surface area, depth and return 

sludge flow are found . 

The external conditions affecting these parameters are 

Hydraulic conditions 

Sludge conditions 

Effluent qual ity requirements 

Hydraulic conditions 

Naturally, the hydraulic conditions must be considered when designing the 

settling tanks. The hydraulic loading over a given period on a treatment 

plant may differ considerably from plant to plant. A large number of 

variables can affect the hydraulic loading . 

Combined/separate sewer system 

Seasonal, weekly and daily load variations 

Wet weather load 

Infiltration in sewer system 

Storage capacity of the combined sewer network 

In very few places, load measurements are available from hour to hour for 

a period of several years. If such measurements are available, the data 

can be treated statistically resulting in commulated tractile distribution and 

histograms of the load. In other cases, EDP models can be used to 

simulate the sewer system using rain events for several years. Further

more, these model simulations are able to take new planned parts of the 

sewer system into account. 

On the basis of the known hydraulic conditions, the maximum dry and 

wet weather load conditions are found for the commulated tractile to be 

used depending on the chosen reliability . 

The maximum dry weather load is typically an 80% commulated tractile 

of the total load. The maximum wet weather load is typically 1.5 times 

but always below twice the maximum dry weather load . The effluent 

requirement for maximum wet weather load is up to 5 mgSS/1 higher than 
for maximum dry weather load . Both loads are used in the design practice 

and the largest settling tank found w ith these loads are used. 
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Sludge conditions 

The characteristics of the sludge separated in the settling tank must be 

considered. These characteristics are assumed to vary like the hydraulic 

load from one treatment plant to another depending on 

Wastewater characteristics 

Biological treatment 

In order to include different types of sludge in the design practice, the 

following parameters are used to characterize the sludge 

Sludge volume index (SVI) 

Suspended sludge concentration (SS) 

In the design practice, SVI and SS are some of the basic parameters for 
calculation of surface area, tank depth and return flow. Depending on the 

wastewater characteristics and the treatment processes, SVI is chosen in 

the order of 120 - 200 ml/g . On the basis of the SVI found, a SS 

concentration in the process tank is chosen. As a design rule, SVI *SS in 

the magnitude of 600 mill is chosen. 

Effluent quality requirements 

When designing secondary settling tanks, the SS concentration and the 

phosphorus concentration effluent demand, typically 20 mgSS/1 and 1-1.5 
mgP/1, respectively, must be considered. Depending on the dissolved 

phosphorus concentration and the phosphorus in the SS, the settling 

tanks must either be designed to meet the demand of 20 mgss/1 or the 

phosphorus demand resulting in SS < 20 mg/1. 

An effluent concentration at 20 mgss/1 is close to the practical limit of a 

settling tank performance, so if the effluent must contain less than 20 
mgss/1, further treatment such as filtration is recommended . If filtration 

is used, settling tanks are designed for an effluent quality of 25 - 30 

mgss/1. 

Process design 

Once the external conditions affecting on the process design parameters 

are described, the process design can be determined by means of the 

following calculations: 

Return sludge flow 
Surface area 

Sludge storage capacity, depth 
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where the sludge storage capacity needed gives the depth of the settling 

tank. In the process design, EDP models are used as a design tool. These 
models are developed as dynamic flux-theory models with empirical model 

descriptions based on experimental results especially from ATV (1988, 
1991 ). Dynamic flux-theory models can be used to design settling tanks 

of a chosen length of wet weather loads, depending on the hydraulic 

conditions. 

Return sludge flow 

The return sludge flow is calculated from a mass balance, in which the SS 

concentration in the return flow depends on the following : 

SS concentration in influent 

Sludge volume index (SVI) 

Sludge blanket height 
Sludge concentration time (t.,) 

Short circuit n 

The problem of calculating the SS concentration in the return f low is 
solved empirically as described in Bilmeier (1988). The SS concentration 

at the bottom of the tank SSb is calculated by using t., and SVI in the 

empirical equation. 

ss = 1 000. 3.[f; 
b SVI 

(2. 1) 

The short circuit factor n is calculated from an estimated recirculation 

factor Rt by the empirical equation. 

o = 0.35 + 0.23 ln(RJ (2 .2) 

Eq . (2.2) is valid for settling tanks without inlet baffles to control the 

influent. For settling tanks with inlet baffles eq. (2.2) is changed to 

0 = (0.35 + 0.23 ln(RJ) · (100 - BF}/100 (2.3 ) 

where BF is a factor typically at 80% for a good inlet design . Then the SS 

concentration in the return flow ss. is calculated from equation (2.4) 

where ssp is the ss concentration in the process tanks. 
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ss, = o · ssp + (1 - o) · ssb (2.4) 

A new R is found from the mass balance described as. 

(2.5) 

If R defers from f\, a new calculation of SS, is made using Rt = R. Then 

a new R is calculated. This procedure is continued until R == f\. 

Surface area 

One of the best known process parameters is the hydraulic surface load 

defined as HOB = 0/A. For calculation of the necessary surface area A 

the following parameters are used : 

0 influent 

0 return flow 

SS influent (SSP) 

SVI 
SS effluent (SS

8
) 

The surface area is calculated using the empirical theory from (Billmeier 

1988) giving equation (2.6) and using a mass balance. 

Q HOB=-
A 

100 · H ~ SSe 
SSP · SVI · (1 +R) . 3.15 

(2.6) 

where H is the total tank depth and SSe is the maximum effluent SS 

concentration. The equation is valid for SVI in the magnitude of 80 - 225 

only. 

Sludge storage capacity, depth 

In order to design the settling tank depth, the necessary sludge storage 

capacity must be calculated. Sludge storage is necessary under wet 

weather loads in order to increase the SS concentrations in the return 

flow and to keep the sludge in the treatment plant. If the settling tank is 

designed correctly, a steady state will appear between the increased 
influent SS mass and the SS mass in the return flow without any sludge 

escape from the settling tank. The sludge storage capacity is calculated 
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by means of the mass balance including the calculation of the return 

sludge concentration in a dynamic algorithm with small time steps. When 

calculating the sludge storage, the mean SS concentration is assumed to 

be equal to the influent SS concentration. The SS concentration in the 

influent is equal to the SS-concentration in the process tanks. 

Under wet weather loads, the SS concentration in the process tanks 

decreases due to the sludge storage capacity in the settling tanks. This 

storage can be up to 20% of the total SS mass in the process tanks, 

depending on the duration of the wet weather load. The sludge storing in 

the settling tanks affects the capacity of the biological treatment and 

must be considered when designing the entire treatment plant. The depth 

H is chosen in the magnitude of 3 - 5 m with 4 m as the recommended. 

His the total depth combined by the depth of 4 zones seen on Fig. 2.2. 

Depth 

H 

Inact ive 

Separation 

Sludge Storage 

Thickening 

Sludge Concentration 

Fig. 2.2. Different zones in secondary settling tank. 

The inactive zone depth H1 is always 0.5 m. The separation zone depth 

H2 is calculated from the empirical equation. 

0.3 . Q . (1 +R) 

A . (1 SSP · SVI) 
1000 

(2.7) 

The sludge storage zone depth H3 is calculated by the following equations. 

(2.8) 
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SLUDGEBCC H3 = ___ __::::.;~ 
ss~ ·A 

(2.9) 

where SLUDGEacc is the amount of sludge to be accumulated in the 

settling tanks under wet weather load. SLUDGEacc is calculated as the 

amount of sludge lost in the process tanks SLUDGEP and the amount of 

changed accumulation of sludge in H4 SLUDGEH4 • 

(2.1 0) 

The thickening zone depth H4 is calculated from the equation. 

Q · (1 +ffl · (1-0) · SS8 • f8 

H4 = SS ·A 
B 

(2. 11) 

and 

On the basis of the found process design parameters of the return sludge 
flow, surface area and settling tank depth, the geometric configuration 

and machinery can be selected. 

Geometric configuration and machinery 

In connection with the process design of the settling tank the geometric 

configuration and machinery ofthe settling tank must be determined. The 

process design is based on the assumption that an optimum solution 

should be found. 

The following areas of a settling tank are described. 

Inlet arrangement 

Outlet arrangement 

Scum removal 

Sludge collection system 

These areas are different in rectangular compared to circular settling tanks 

and are described separately for the two tank types. 
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Rectangular settling tank 

Based on the found surface area A in the process design, the tank length 

and width are decided within the following ranges. 

5 < length< 7 
width 

assuming a max. length of 45 m for line scrapers and 50 m for chain 

scrapers. The length should not be less than 30 m and the width chosen 

between 4 and 8 m. The depth H of the settling tank was found in the 

process design. 

Inlet arrangement 

In the rectangular settling tank normally used, the influent is introduced 

directly above the return sludge pit. This might result in a high, short 

circuit flow if the influent arrangement is not designed correctly. The inlet 
arrangement, in which the influent is baffled away from the return sludge 

pit, is shown in Fig. 2.3. 

Influent 

Sludge pit 

Baffles 
______. 

.,.__ __ ::-----. 
Concentro ted Sludge . ~ ... ·. : . · .... · .. · ............. . . . . . . . . . . . . . . . . . . . . ... · . . . ............. · .· ..... · .·. 

Fig. 2.3. Influent arrangement in rectangular settling tanks. 

Baffling is important in rectangular settling tanks, in which the influent 

enters the settling tank over a board and falls down towards the sludge 

pit due to downward velocities and high density. This downward flow is 

changed with the baffling. 
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Effluent arrangement 

In rectangular settling tanks, effluent weirs are placed at the most 

optimum spot without any extra cost because the maximum width is 8 m. 

Typically, the effluent weirs are placed in the outlet end of the settling 

tank, which explains the name used for this part of the settling tank. 

Nevertheless, the concentration of effluent weirs close to the end wall has 

proved to decrease the efficiency of the settling tank. The reason for this 

is rise of the sludge blanket caused by the high velocities over the effluent 

weirs affecting the pressure balance in the flow field known as the 

Bernoulli effect. Therefore, effluent weirs are spread over a larger surface 

area. See Fig. 2.4. 

Floating sludge weir 
~ 

End wall 

Effluent weirs 

Fig. 2.4. Exampel of placement of effluent weirs. 

In rectangular settling tanks, the scum on the water surface is removed 

by a special weir placed at the water surface in front of the effluent weirs, 

see Fig. 2.4. If chain sludge scrapers are used, the scum is transported 

towards the scum weir. If no system for collection of scum is present, the 

effluent quality will decrease due to increased SS concentration of 

typically 5 - 10 mgss/1 and in some cases even more. 

Sludge collection systems 

The purpose of the sludge collection system is to transport the concen

trated sludge on the tank bottom to the process tanks. This can be done 

in several ways either by scrapers transporting the sludge towards a 

return sludge pit or through suction direct from the tank bottom. In 

principle, the most commonly used scrapers can be designed in two ways, 

as chain scraper, see Fig. 2.5.a, or as line scraper, see Fig. 2.5.b. 
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- 0 

Chain Scraper -

Line Scraper 

--

Fig. 2.5 . Scraper for rectangular settling tanks. 

Circular settling tanks 

The calculation of the diameter D of a circular settling tank is based on 

the process design surface area . For practical reasons D ~ 10 m. The 

tank depth found in the process design is defined at 2 /3 of the radius. 

Inlet arrangement 

The influent enters the circular settling tank through a vertical inlet pipe 

and falls downwards due to density differences between the influent and 

the surrounding suspension. Baffles are installed to prevent the downward 

flow from reaching the return sludge pit. See Fig. 2.6. 



Scum board 
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Baffle 

I (<!---'\ =i 
Baffle T '-

}; .. ~?]J~~:~~~~~~t/~~ Sludge 
/ ' 

- Influent 

Fig . 2 .6. Inlet arrangement for circular settling tanks. 

Outlet arrangement 

To reduce constructional costs, the effluent we1r 1n circular tanks is 

normally placed near the outer wall. This means a risk of resuspended 

suspended solids in the effluent caused by that reason described 

previously. If the effluent weir is placed near the end wall, experience 

shows that effluent must pass from the centre side only, as shown in Fig. 

2.7 . 

Effluent we1r End wall End wall 

Scum board Ef fluent we1r 

Fig. 2 .7. Outlet arrangement for circular settling tanks. 

Both solutions from Fig . 2.7 are used, and they have almost the same 

effect. 
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In addition, Fig . 2.7 shows the most simple solution to prevent scum in 

the effluent. Just in front of the effluent weirs a scum board is placed. A 

more efficient and expensive solution is to install a scum scraper and a 

sludge pit on the scraper bridge, and pump the scum away from the 

sludge pit. See Fig. 2.8 . 

sludge scraber 
Floating Sludge pit I 

Fig. 2.8. Sludge scraper with scum removal system. 

Sludge collection system 

Sludge collection systems in circular settling tanks can also be designed 

either as scrapers or suction devices. Fig. 2.8 shows a single scraper. The 

scrapers can either be a single scraper as in Fig. 2.8, a one and a half or 

a double scraper depending on the sludge collection needed. 
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SYSTEM ANALYSIS 

Secondary settling tanks are usually the final treatment of the 

wastewater, where activated sludge generated by activated sludge 

processes in the biological treatment of the wastewater are separated 

from the clean water. See Fig. 3.1. 

... 
Biological 
Treatment 

~~ 

Activated Sludge 
4 kg SS/m 3 .. ... 

I. 

Recircu lation Sludge 

Effluent 
0 02 kg SS/m3 

,;: 
... 

Secondary Settling Tank 

10 kg SS/m 3 ~'Waisted Sludge for Treatment 
10 kg SS/m 3 

Fig. 3.1. Secondary settling tank in a wastewater treatment plant. 

The settling tank receives the influent activated sludge suspension and 

must provide a effluent quality which meets official standards and a highly 

concentrated sludge to return to the activated sludge processes and to 

waste sludge for further treatment. 

A more detailed analysis of the physical processes affecting the flow and 
sludge transport in a settling tank and the characteristics of activated 

sludge are described in the following. 

Flow and sludge transport 

To get a view of the secondary settling tank, Fig. 3.2 can be considered 

as a longitudinal cross section of a rectangular settling tank or a cross 

section of a circular settling tank where the inlet is in the centre . 
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Influent Ef fluent 

Turbulence 
Baffles Shear 

Inactive 

3-5 m 

30-50 m 

Recirculation Flow 

Fig. 3 .2. Physical processes in a secondary settling tank. 

Fig. 3.2 displays the physical processes which are significant to the 

function of the settling tank according to Larsen ( 1977), Lumley and 

Balmer (1990), Dahl et al. (1990) and Petersen (1992). 

In the following , these physical processes are described in different zones 

of the settling tank. Lumley and Balmer (1990) suggested a division in 7 

zones where the zones are chosen according to a difference in sludge 

concentration and zones where physical processes predominate. 

Influent zone 

The influent zone is characterized by a weakly 3-dimensional (30) flow 
and a high level of turbulence and mixing due to the high energy in the 

influent. The energy in the influent consists of kinetic energy and potential 

energy caused by density differences between the influent and the 

surrounding suspension. Differences in sludge concentration induces the 

density differences. Kinetic energy starts to transform by dissipation into 
heat and by mixing into potential energy when turbulence as vertical 

mixing has to work against gravity (larsen, 1977). The potential energy 

in the influent creates the density current and draws a portion of the 
influent directly into the recirculating flow causing short circuiting. The 

short circuiting is limited by inlet baffles to direct the influent away from 

the withdrawal zone. 

Flocculation changes dynamically the size distribution of the dispersed 

particles and floes. The flocculation responds to variations in turbulence 

levels and concentrations and forms dispersed particles and floes in a 

wide size range, giving a range of settling velocities. The turbulence in 
this zone thus affect the flocculation. 
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Density current 

The creation of a density current above the sludge blanket as a horizontal 

flow makes the flow in a secondary settling tank a stratified flow 
phenomenon (Larsen, 1977), (Cordoba-Molina et al., 1979) and 

(OeVantier and Laroc, 1987). The density current is characterised by a 20 

flow and a relative constant velocity in the magnitude of 3-6 cm/s. An 

increase in hydraulic load does not increase the velocity but the height of 

the density current (Larsen, 1977). 

A large part of the sludge transport and settling in a settling tank takes 

place in the density current. At the top of the density current with low 

sludge concentration, each dispersed particle and floc settle separately 

with a settling velocity depending on the density, size and shape. 

Flocculation also effect the size range here due to turbulence. The part of 

the sludge with high settling velocities will settle out in the first part of 

the settling tank, while the part settling more slowly is transported 

through the settling tank by the density current. Sufficient time must be 

provided for the sludge to traverse the density current and settle out, be

fore the density current reaches the effluent end. 

At the bottom of the density current where the sludge concentration is 
higher, the vertical differences in density interact with turbulence as 

vertical mixing has to work against gravity which increases the dissipation 

of turbulence. This may be one of the processes behind the formation of 

the sludge blanket. The vertical mixing nevertheless resuspend sludge 

from the sludge blanket into the density current and works against 

settling. 

Effluent zone 

In the effluent zone the effluent is drawn towards the effluent weirs with 

relatively high vertical velocities. To provide a high effluent quality the 

vertical velocities must not exceed the separate floc settling velocities and 

draw the sludge with the effluent. As mentioned previously, the sludge 

must settle out of the density current before the effluent end to prevent 

the withdrawal. But the dispersed particle and floes with the lowest 

settling velocities often remain in the density current and can make the 

effluent quality critical. 

Inactive zone 

As a result of the stratification, the inactive zone is created. This zone 

may occupy a substantial volume of the settling tank depending on the 

sludge blanket height. The flow field is a slow 20 return flow toward the 

inlet end . 
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Upper sludge blanket zone 

Activated sludge separated from the density current settles out on top of 

the accumulated sludge. The sludge accumulates until a concentration is 
reached where contact is made between the floes. This concentration 

often defines the sludge blanket interface. The upper sludge blanket zone 

contains a sludge buffer, which means that the zone height rises and falls 

with the sludge blanket. The buffer zone is designed to allow accumula

tion of an amount of operating sludge, so that the effluent concentration 

is not affected by nominal sludge blanket levels. The compression of the 

sludge in the upper sludge blanket zone is affected by the sludge settling 

characteristics, the sludge blanket height and the retention time in this 

zone. 

Changes in the rheology characteristics are one of the reasons for rela

tively low velocities under the sludge blanket interface and the flow is 

mainly laminar due to the increased dissipation of turbulence and the 

stable vertical density gradients. 

Lower sludge blanket zone 

The activated sludge thickens in the sludge blanket, so it accumulates at 

higher concentrations on the settling tank bottom. In experiments reported 

by Lumley (1985) it is observed that the iso-concentration line around 10 
kgss/m3 was almost stationary in different tests, while the iso-concentra

tion line at 3-5 kgss/m3 varies with the sludge blanket height. lt is this 

stationary zone which is the lower sludge blanket zone. In this zone 

sludge collection systems are transporting the sludge either mechanically 

toward the sludge pit or by hydraulic suction devices out of the settling 

tank. Sludge transport in the sludge blanket can also be performed by a 

hydraulic flow induced by the overall flow field. 

Withdrawal zone 

The thickened sludge which is transported towards the sludge pit either 

mechanically or hydraulically, is mixed with the short circuited influent in 

the withdrawal zone. From sludge concentration measurement by Lumley 

( 1 985) it is seen that the sludge concentration in the recycle and the 

concentration on the edge of the sludge pit are approximately similar. This 

indicates that the mixing of the thickened sludge and the influent takes 

place outside the sludge pit. This mixing decreases the efficiency of the 

settling tank . 
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Transient load 

With the understanding from the previous description of a secondary 

settling tank, the following will describe how critical conditions can occur 

in settling tanks under transient loads. Transient loads on wastewater 
treatment plants during wet weather affect the secondary settling tank 

after a short delay caused by the fact that the flow first has to run 

through the previous parts of the treatment plants. 

At wet weather loads mass transfer of sludge to the settling tank 

increases to a level typically beyond the capacity of the settling tank. The 

sludge blanket height responds to such an increasing sludge load and 

starts to rise (lumley and Balmer, 1987). Increased accumulated sludge 
and sludge blanket height can affect the effluent quality. With a higher 

sludge blanket the effective pressure in the sludge network matrix 

increases. The increased effective pressure increases the compaction rate 

near the tank bottom, resulting in a higher concentration in the return 

flow. This process depends on the retention time of the sludge in the 

sludge blanket part and the effective pressure during the retention time. 

Increased sludge accumulation is not the only condition to be considered 
under wet weather loads. Increased hydraulic loads will increase the 

turbulence in the entire settling tank and affect the sludge floc size 

distribution and the settling characteristics of the sludge (see section 

3.3.2) leading to less efficient settling of the sludge and higher sludge 

blanket height. An increased turbulence level will also increase the 

hydraulic dispersion of the sludge. 

The density current height increases with increased hydraulic loads, which 

makes the distance the settling sludge has to traverse before reaching the 

sludge blanket longer. If sufficient time for traversing the density current 

is not available before the density current reaches the effluent end, the 

higher velocities near the effluent weirs will increase the size of selective 
withdrawal of highly concentrated suspension from the sludge blanket. 

Activated sludge 

Below a more detailed description of the highly cohesive organic material 

activated sludge is presented. This section is divided into two subsec

tions, one describing characteristics of activated sludge floes themselves 

and one the characteristics of activated sludge in suspension . 
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Activated sludge floes 

Activated sludge floes consist of bacteria, dead organic and inorganic 

material formed by bioflocculation and a bacterial structural network 
(Andreasen et. al, 1990), (Li and Ganczarczyk, 1986) and (Parker et al., 

1972). Bioflocculation is accomplished by exopolymer bridging, created 

from exopolymer secretion from the bacteria. The bacterial structural 

network is provided by filamentous microorganisms, acting as a backbone 
for attachment of bacteria, dispersed particles and for the structural inte

grity of the floes. Besides the activated sludge floes, a ciliate protozoa 

community is present in activated sludge, which feed upon bacteria and 

dispersed particles (Esteban et al., 1 991). 

Li and Ganczarczyk ( 1986) reported that 13 physical characteristics of 

activated sludge floes have been studied. These characteristics and their 

interdependent relationship are listed in Table 3. 1. 
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Can be d~rive<l 

from 

Directly charact~ristics Can innu~nce other 

No. Param~t~r measured Deri\'ed of characteristics of 

Size Ye~ Yes Surf ace area Surface area 
Settling vcl<>~:i ty Volume 
Volume Sculing velocity 

Dcn,ity 

Strength 
Water rclea'.: 
Porosity 

2 Surf ace area Ye~ Yes Size Volume 
Volume 

3 Volume No Yes Size Surfac~ an:a 

Surface ar~a 

4 Shape No No Surface: area 
Volume 
Strength 
Seuling vcltx:ity 

5 Filament num- Yes No Size 

ber and Scu ling velocity 

length Density 
Strength 
Surface: area 

6 Settling Yes No Dcnsity 

velocity 
7 Dens ity Yes Yes Size Pnmsity 

Settling velocity Water content 

8 Strength No Yes Size Size 
Water re lc:a't: 

9 Porosity No Yes Den,ity Water content 
Pore radius 
Tonuo~ity 

10 Water content No Yes Density Porosity 
Water relea>e 

11 Water release Yes No Water content 

12 Pore radius No Yes Surface area 
Porosity 

13 Tonuosity No Yes Porosity 

Table 3.1 . Physical characteristics of activated sludge floes and their 

interdependence (Li and Ganczarczyk, 1986). 

From table 3.1 it appears that the settling velocity is closely related to the 

density and the size of the sludge floes, which according to table 3.1 can 

be deduced from the settling velocity. Therefore the following description 

of physical characteristics of activated sludge floes will concentrate on 

the sludge floc size, flocculation and density. A description of the sludge 

floes settling velocities is found in section 3.3.2. 

Activated sludge floes sizes 

Owing to the way in which they are formed sludge floes have irregular 

shapes. Therefore, they can be described in different ways, e.g. longest 
dimension, shortest dimension, perimeter and breadth and height. When 
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looking at measurements of activated sludge floc sizes, it is necessary to 

note the used definition (Li and Ganczarczyk, 1986). 

From flocculation theory, flocculation and disintegration rates are affected 
by Brownian diffusion for interparticle collisions, laminar and turbulent 

fluid shear and different settling velocities of particles and floes (Q'Melia, 

1985). In Li and Ganczarczyk (1986) and Parker et al. (1972) the effect 

of flocculation and disintegration rates on dispersed particle and floc sizes 
were described more practically, to depend on the processes turbulence 

level, sludge component (bacteria, dead organic and inorganic material) 

and sludge concentration. The effect of these processes on the dispersed 

particle and floc sizes are described in the following. Turbulent eddies 

induce surface erosion of dispersed particles on sludge floes when the 

maximum surface shearing stress exceeds the shear strength of the exo

polymer bridge bonds attaching the dispersed particles to the floc surface 

(Parker et al., 1972). Turbulent eddies can also induce disintegration of 
activated sludge floes . In Parker (1970) it was found that the rate of 

surface erosion was influenced by small eddies in the viscous dissipation 

subrange. Because of the nature of turbulence the large scale motion is 
passed on to smaller scale and finally down to the viscous dissipation sub

range (Rodi, 1984). The rate of erosion on activated sludge floes is 

therefore affected indirectly by the large scale motion. 

In the viscous dissipation subrange turbulence energy is lost into heat. 
Camp and Stein (1943) described all the energy lost as heat by the 

velocity gradient at one point Gp by 

(3.1) 

where ci>P is the work of shear per unit of volume per unit of time at the 

point and 11 is the dynamic viscosity. For flocculation a root mean-square 
(rms) velocity gradient Gm for a volume is found to be directly proportional 

to flocculation (Camp and Stein, 1943). 

(3.2) 

where ci>m is the mean of ci>P in the volume. A more conventionally used 

rms velocity gradient is presented in Parker et al. ( 1972). 

G = ~ (3.3) 
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where E is the energy dissipation per unit of mass per unit of time and v 

= pip the kinematic viscosity. 

Parker et al. (1972) measured the dispersed particle and floc size 

distribution in a laboratory experiment at specific turbulence levels. See 

Fig. 3 .3. 
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Fig. 3.3. Floc size distribution at G = 79 s·1 (Parker et al., 1972). 

Fig. 3.3 shows a bimodal division, i.e. the sludge floes with filament 

network and the dispersed particles. A large fraction of the sludge floes 

is eroded because the size of the floes is larger than the viscous dissipa

tion subrange. There are two reasons why the floes are maintained. 

Firstly, the flocculation rate is higher than the breakup rate and secondly, 

the presence of a filament network giving the floes a stronger shear 

strength (Parker et al., 1972). The importance of filamentous bacteria for 

the activated sludge floc size is illustrated in Fig. 3.4. 
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Fig. 3.4. Floc types for different filament levels (Palm and Jenkins, 

1980). 

Fig. 3.4 illustrates how these three types of sludge floes, i.e. bulking 

sludge, 'ideal sludge' and pin-point sludge, can be viewed in terms of the 

relation between the filamentous and the zoogloeal (flocculating) 

organisms present. Ciliate protozoa's ability to feed on bacteria and 

dispersed particles is found to stimulate the flocculation (Esteban et al. , 

1991), and accordingly, the floc size is increased. 

The activated sludge concentration can affect the sludge floc size in two 
ways. With an increased concentration, the average floc size increase due 

to increased opportunities for collision between particles. At a high 

concentration, two other phenomena, squeeze and split, occur, and the 

average floc size decreases (Li and Ganczarczyk, 1986) and (Javaheri and 
Dick, 1969). Li and Ganczarczyk (1991) have examined the distribution 

of sludge floes sizes on different quantities for five conventional 

wastewater treatment plants. See table 3.2. 
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Distributions 
Size, 
#'m By number By area By volume By mass 

<2 30-80% <2% Negligible 2-8% 
2-16 17-70% 1-8% Negligible 5-28% 

16-128 1-4% 20-70% 10-80% 50-80% 
128-256 <1% 5- 50% 10-70% 5-25% 

>256 Negligible 0-50% 0-60% 0- 30% 

Table 3.2 Distribution of activated sludge floc sizes on different quan

tities. 

From Table 3 .2 it is seen that the sludge floes ( < 2 pm) with small 

settling velocities amount to 2-8 % of the total mass. With an influent 

concentration in the magnitude of 3-5 kgss/m3 and a demand for effluent 

concentration in the magnitude of 15-20 gSS/m3
, a sufficient part of 

these small floes has to settle in the secondary settling tank in order to 

give a good effluent quality. 

Density 

The individual activated sludge floc settling velocity increases with an 

increased floc density (Li and Ganczarczyk, 1986). According to 

measurements carried out by Dammel and Schroeder (1991) floc density 

varies between 1.02-1 .06 g/ml for seven activated sludge treatment 

plants and with little variation over time at each treatment plant. This 

indicates that the floc density depends on the wastewater characteristics 

and the treatment process. 

The results from studies of the relationships between the floc size and the 

floc density show that the floc density decreases with increased floc size. 

This indicates an increased porosity of the floc w ith increased f loc size (Li 

and Ganczarczyk, 1986). 

Activated sludge in suspension 

In this section, the characteristics of activated sludge in suspension will 

be described with respect to the settling and the rheology of the suspen

sion. Normally, the settling is divided into three categories: free settling, 
hindered settling and compaction, depending upon the sludge con

centration. 
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Free settling 

Free settling occurs at low sludge concentrations, where each floc and 

dispersed particle settle with their individual settling velocity. The 
individual settling velocity is mainly related to characteristics such as floc 

size and floc density which is described in section 3.3.1. The relationship 

between individual floc settling velocity and the floc size was measured 

by a multi-exposure photographic method by Li and Ganczarczyk (1987) 
with the results ·as shown in Fig . 3.5. 
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Fig. 3.5. Relationship between individual floc settling velocity and 

floc size (Li and Ganczarczyk, 1987). a. cross-sectional 

diameter, b. longest dimention. 

The correlation coefficient is calculated to be 0 . 75 for the cross-sectional 

diameter and 0.90 and 0.88 for the longest dimension size scale for linear 
and power function, respectively. One of the uncertainties of the pho

tographic sizing method is that the irregular floes are seen from one side 

only. From Fig. 3.5 it appears how important floc size is for the settling 

of activated sludge and thus for the capacity of a secondary settling tank. 

Hindered settling 

At an increasing concentration, free settling gradually changes to hindered 
settling . According to Mandersloatet al. (1986), who examined solid-liquid 

separation, this will happen when the volumetric concentration of the 

solid is (cfl > 0.15). The volumetric concentration cfl is defined to have a 

value between 0 and 1 with cfl = 0 for clean water and cfl = 1 for the 

highest suspended solid concentration which can be obtained under 

settling and compaction. 

As the sludge concentration increases, settling velocities are influenced 

by both direct and indirect (i.e. hydrodynamic) interaction among the 

sludge floes. The effect of hydrodynamic interaction can be taken into 

account by using cfl of the sludge (Buscall and White, 1987). 
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The effect of direct interaction is working in two ways. Direct interaction 

affects the size distribution of floes and thus the volume concentration of 

the sludge and it allows energy to be stored in a particle network matrix 

by means of potential energy and to create a particular pressure. More 

correctly it is an effective pressure. The particular pressure affects the 

force balance of the whole suspension (Buscall and White, 1987). Cali

brated relationships for the hindered settling velocity and the volumetric 

sludge concentration according to the Ritchardson and Zaki expression are 
reported for specific activated sludge by Lavelle (1978) and Laroc et al. 

( 1983) with power coefficients a at 4. 65 - 4. 7 . 

(3.4) 

where V 6 is the hindered settling velocity, V 0 is the free settl ing velocity 

and a is a constant. 

Other investigators, Pitman ( 1984), Daigger and Roper ( 1985), Koopman 

and Gadee (1983), Wahlberg and Keinoth (1988) and Rachwal et. al 
(1982) have found good relationships between settling velocities in 

hindered zone and sludge concentration with the following expression first 

presented by Vesilind (1968). 

(3.5) 

where a and a are constants and a= f(SVI) in some cases and C is the 

sludge concentration. a and a have to be measured for each type of 

sludge. These relationships are compared with settling velocity measure

ments at different SVI's and are in most cases found to give a good 

prediction of the hindered settling velocity. Wahlberg and Keinoth (1988) 

tried to set up an expression for all SVI's (e.g. stirred, deluded and not 

stirred), but only succeeded in setting up one expression for each kind of 

SVI. 

In case of a high filament level in the activated sludge where extended 

filaments reach out of the floes 'bulking sludge' see Fig. 3.4, a network 

matrix is created at low concentrations in which the distance between the 

floes is larger than for 'ideal sludge', Fig. 3.4. This results in a lower 

settling velocity at a specific sludge concentration. The network matrix 

between sludge floes in the hindered settling zone creates a situation 

where floes and particles are captured in the network matrix. As shown 

in Table 3.2, 2 - 8% of the total mass have sizes below 2 Jlm and have 

therefore low settling velocities. A large part of these, 2 - 8% of the total 

mass, w ill be captured in the network matrix and filtrated out of the 
suspensions. This filtration is important for a good effluent quality. 
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Compaction 

At high sludge concentrations where ~ ..... 1 , the thickening of sludge is no 

longer referred to as settling but as compaction of sludge as there are no 

flow velocities. The compaction is induced by the effective pressure from 

the upper layers of sludge, separating water from the suspension 

(Mandersloat et al., 1986). 

In the compaction regime, a high filament level will reduce the effective 

pressure due to lower concentrations in the upper layers of sludge, and 

the compaction will be less efficient. 

Rheology of activated sludge suspension 

At high sludge concentrations in the sludge blanket the rheology of the 

suspension changes and is found to be Bingham plastic or pseudoplastic 

with yield strength as well as thixotropic (Dick and Ewing, 1967), (Wood 

and Dick, 1975) and (Campbell and Crescuolo, 1982). See Fig. 3.6. 

Shear 
stress 

Rate of shear 

Shear 
stress 

Thixotropic 

Time 

Note: Shear rate constant 

Fig. 3 .6. Definition of rheology characteristics of activated sludge. 

The reported pseudoplastic characteristic is caused by measurement 

errors in the commercial viscometer (Dick and Buck, 1985). Furthermore, 

Dick and Buck ( 1985) demonstrated that settling occurs during thixotropic 
measurements by means of commercial viscometer. Previous reports of 

pronounced thixotropic changes in activated sludge may therefore, at 

least partly, be due to settling (Dick and Buck, 1985). In equation 3.6. the 

mathematic description of Bingham plastic is seen. 

(3.6) 
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where r is the yield strength or critical shear stress and lJ is the plastic 
y 

viscosity. Measurement of activated sludge rheology in Dick and Buck 

(1985) is shown in Fig. 3 .7. 
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Fig. 3.7. Rheology data of Bingham plastic activated sludge (Dick and 

Buck, 1985). 

Wood and Dick (1975) measured rheology characteristics of various types 

of activated sludge with different characteristics ranging from Zoogloeal 

(flocculating) sludge to stiff branched filament sludge. These measu

rements show large differences in sludge yield strength and plastics 

viscosity of the various types of sludge dependent upon sludge concentra

tions. According to Campbell and Crescuolo (1982), the use of reported 

rheology data is extremely risky unless complete details of the test proce

dure are available as well . The reason for this is the strong dependence 
of the rheology data on the viscometer operation. 

Another approach for describing the rheology of an activated sludge 

suspension is to describe the kinematic viscosity v as a function of only 

the sludge concentration. An equation is presented in Bokil and Bewta 
(1972). 

V = 
3,273 • 10°·132C 

p 
(3.7) 

where C is the concentration in kgSS/m3 and p is the density of the 

suspension in kg/m3
• 

Synthesis 

From sections 3 .1-3.3 it appears that the secondary settling tanks form 
a complex system with a number of processes to be considered. This 

section describes what must be included in a numerical model which can 

simulate a secondary settling tank. 
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In section 3.1 secondary settling tanks are described as a mainly 2 

dimensional flow system with weakly 3 dimensional flows typically near 

the inlet. A geometric configuration of the numerical model as 2 dimen

sional is expected to give satisfactory simulation due to the mainly 2 
dimensional flow. The hydraulic and sludge load on a settling tank can 

accordingly to the description in section 3.2. change widely. The 

numerical model should therefore be a non-steady model which could 

simulate these transient loads. 

A settling tank can be approached as either a two-phase system with the 

water and the suspended sludge as the two phases or as a one-phase 

system with transport/dispersion of the suspended sludge. From section 

3.1 settling tanks are known to be a stratified flow phenomenon. 

According to Svensson (1985) it is extremely difficult to develop 

numerical models for two phase systems of stratified flow with settling. 

Therefore, the secondary settling tanks is approached as an one-phase 

system. 

To describe the physical processes in the settling tank, a set of variables 

is necessary. These variables are described by either transport equations 
or equations of state linking the variables to each other. The following 

main variables are included in the numerical model. 

u.v 
p 

p 

Velocity components 

Pressure 

Turbulent eddy viscosity 

Concentration variables 

rms velocity gradient 

Density 

Kinematic viscosity 

For simulation of 2 dimensional mean flows the two velocity components 

U and V, one for each cartesian direction, and the pressure Pare used as 

variables. The mean flow can be induced both hydraulic and by the sludge 

collection system. 

The turbulent flow in part of the settling tank is simulated by a turbulent 

eddy viscosity vt. vt can be modelled by different models either a constant 

vt model, a one parameter k-1 model and a two parameter k-E model (Rodi, 

1984). k is the kinetic energy, I is the length scale of the turbulent motion 

and E is the dissipation rate of k. In section 2. 1 it is argued that the k-E 

model is the best model to predict vt in settling tanks and the k-E model 

is therefore used. 

From Fig. 3.3 it is seen that there is a wide range of floc sizes and a 

bimodal distribution in dispersed particles and floes. This phenomenon 
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depends on the suspended sludge concentration and the fluctuating 

velocity gradient described by the parameter G. To describe this kind of 

system a multi fraction model can be used as described in von 

Smolockowski ( 1 91 6, 1918), where the dispersed particles and floes are 

divided into several fractions according to their sizes and a description of 

the interactions between these fractions is made. This approach require 

a detailed knowledge of the flocculation and disintegration processes, 

which is not available with the present knowledge of the sludge character
istics, thus a more simple approach is used here. A two fraction model is 

used by Parker et al. (1972) on activated sludge and by 0degaard (1979} 

and Caillaux et al. (1992} on other materials. With this simplification, 

turbulence level and dispersed particle and floc concentration is assumed 

to affect the system as shown in Fig. 3 .8. 

Dispersed 
Particles 

Fig. 3.8. The two fraction simplification of the flocculation, disinte
gration and settling of dispersed particles and floes. 

The arrows in Fig. 3.8 indicate that the concentrations and the free 

settling velocity changes for different values of the variables. In this 

system the variables are the concentrations for the dispersed particles CP 

and floes et and therms velocity gradient G. G describes the effect of the 

turbulence on flocculation and disintegration. The dispersed particles are 

described as non-settleable and the floes to have only one free settling 
velocity. The description of sludge floc settling in hindered and 

compaction regimes are included in the transport/dispersion description of 

cf. 

The stratified flow in settling tanks due to different sludge concentrations 

is included in the numerical model by the density variable p which is a 

function of the sludge concentration. 
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The rheology of activated sludge suspension is in section 3.3.2 described 

as Bingham plastic. In the numerical model the Bingham plastic character

istic is implemented by the kinematic viscosity v which is affected by the 

sludge concentration and the velocity gradient. With the variables 

described, the physical processes described in sections 3.1 - 3.3 are 

included in the numerical model. 
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THE NUMERICAL MODEL AND CALIBRATION STRATEGY 

The development of the numerical model to simulate secondary settling 

tanks is based on the results of the system analysis described in section 

3.4. With the description of the necessary variables in the numerical 

model to describe all the physical processes in settling tanks this chapter 

describes the necessary assumptions for development of the numerical 

model and the mathematical formulation of the model. Furthermore , the 

used cal ibration strategy for the model is described. For a more detailed 

description of the formulation of the mathematical model, see appendix 

1 . 

Mathematical model 

The following sections present in short the governing differential equa

tions on which the numerical model is based. The numerical model 

contains 4 separate models i.e. a hydrodynamic model, a transport model, 

a turbulence model and a flocculation model which are described 

separately. 

Hydrodynamic 

For the governing hydrodynamical equations the basic assumptions and 

the used physical law's can be listed as: isotropic and incompressible 

fluid, Newtons 2nd law, Boussinesq's approximation that assume that the 

variation in density are small compared to the absolute value and finally 

the eddy viscosity concept. The governing hydrodynamical equations for 

a turbulent, stratified and Newtonian fluid are shown in tensor notation. 

Continuity equation: 

(4 . 1) 

Momentum equation: 

(4.2) 

Here U denotes a velocity component, Pis the pressure, vis the kinematic 

viscosity, vt is the turbulent eddy viscosity, p is the density, p, is the 

reference density, g is the gravitational acceleration, x is the cartesian 

spatial coordinate, t is time and i and j are tensor indices. In (4.2) the 

parameters v, p and vt have to be quantified. 
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The Bingham plastic stress relation is included in the equation for a 

Newtonian fluid (4.2) with a description of vas a function of the velocity 

gradient and suspended sludge concentration. The mathematical 

description of shear stress for Bingham plastic fluid is shown in equation 

(4.3) and for a Newtonian fluid in equation (4.4). 

dU; 
.. = 't +TJ

y dx. 
J 

(4.3) 

where T is the shear stress, Tv is the critical shear stress and fJ is the 

plastic viscosity. 

(4.4) 

where J1 is the dynamic viscosity. 

In equation (4.3) Tv and fJ are functions of the suspended sludge concen

tration. Fig. 3 .9 showed some measured relationships for different 

activated sludge which showed specific relation for each sludge. The 

equations of state for €v and fJ are therefore only presented in general 

here. 

(4.5) 

TJ = f(C) (4.6) 

where C is the sludge concentration. From equation (4.3) and (4.4) an 

equation for J1 was found to include the Bingham plastic expression in the 

Newtonian expression. See equation (4. 7). 

(4.7) 

where Y is the velocity gradient from the k-€ model, see equation (4.16). 

With v = pip the expression for Bingham plastic is included in the model 

formulation. 

The density of the suspension p depends on the actual mixing of water 

and sludge each with their own density, where the mixing is described by 

the concentration of sludge C in the suspension. The equation of state 

linking p and C is therefore assumed to be a linear relation as shown in 

general in (4.8). 

p p, + ex ·C (4.8) 



4.1 .2 

36 

where a: is a constant depending on the actual density of the sludge 

which changes for different sludge as described in section 3.3.1. 

The eddy viscosity "t is described by a turbulence model, which is 

discussed in section 4.2.3. 

Initial and boundary conditions 

As initial conditions the model variables U; and P was zero. For wall 

boundaries the U; component perpendicular to the wall is zero and the 

parallel component is found by using logarithmic velocity law for t he 

viscose sublayer at the wall. At free water surface symmetry cond itions 

is assumed and only the perpendicular U; component is zero. 

For the influent and recirculation flow boundaries the perpendicular U; 

component is equal to the influent and recirculation flow velocities and P 

is calculated from the velocities. In the effluent boundary P is zero and the 

perpendicular U; component is calculated by the continuity equation. 

T ransport 

For the transport/dispersion Fick's 1st law combined with the 

conservation of mass yield the transport/dispersion equation. The 

transport/dispersion of the suspended sludge is described by the trans

port/dispersion equation where it is assumed that the sludge follows the 

flow except for transport processes described in the source terms. 

(4.9 ) 

The source term S is used to describe the transport by settling of the 

suspended sludge. An equation is used for each of the two variables the 

non-settleable dispersed particles CP and the settleable f loes Ct. For CP the 

source term S is equal to zero and for Ct the source term S is incl uded as 

(4. 1 0) 

where v is the settling velocity equal to the hindered settling velocity v. 

in the hindered and compaction regimes and equal to the free settling 

velocity V 0 in the free settling regime. Also for v. and V 0 is shown general 

equations due to their dependence of the actual activated sludge. From 

sections 3.3 and 3.4 it is seen that 
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(4.11 ) 

V0 = f (C,G) (4.12} 

where G is the rms velocity gradient. The source term Sp,t describes the 

change in concentration for the actual variable either dispersed particles 

or floes due to flocculation and disintegration. For dispersed particles Sp.f 

= Sp and for floes Sp,t = S1• Sp and S1 are described for the flocculation 

in section 4 .2.4. 

Initial and boundary conditions 

The initial condition for the variable C is equal t o the influent sludge 

concentration . For wall and free surface boundaries the trans

port/dispersion is zero and for recirculation flow and effluent boundary the 

transport follows the flow. The influent concentration is used as influent 

boundary. 

Turbulence 

In section 3.4 the k-E model is chosen as the turbulence model. The 

assumption for the k-E model is that the eddy v iscosity concept can be 

used. The equations for a complete k-E model are: 

(4 .13) 

(4. 14} 

(4.15} 

(4 .16) 

(4.17) 

where k is the kinetic energy, Pk is the production of k, Gk is the buoyancy 

production/destruction of k, E is the dissipation rate of k and c"' a k, ae c,,, 
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c 2e c 3€ are constants. From extensive experiments, values of the 

constants in the k-€ model have been found . The values are shown in 

Table 3.1. 

ell c,E c2( ak a( at c3E 

0.09 1.44 1.92 1.0 1.3 1.0 0.8 

Table 3.1 . k-E model constants (Rodi , 1984). 

Initial and boundary conditions 

The initial condition for k and € is equal to the influent condition where k 

and E are calculated from the influent velocity. For wall boundary the 

equations for k and € presented in appendix 1 is used. K and € is 

calculated from the local resulting friction velocity Ut. At the free surface 

the boundary cond itions for k is a symmetry condition and for € the wall 

boundary condition . 

Flocculation 

The basic assumption for flocculation is to consider the sludge as a two 

fraction system. The two fraction systems for flocculation and disintegra

tion of dispersed particles and floes are described by the rate of 

flocculation Rt and the rate of disintegration RP as shown in equation 

(4.18) and (4.19) (Parker at al., 1972). 

(4.18) 

(4.19) 

where 

(4.20) 

is the rms velocity gradient, KA, Ks are constants and Ct, Cp are concentra

tions of floes and dispersed particles, respectively. 

From equation (4.18) it is seen that Rt is dependent of CP, Ct and G. This 

shows that the value of each of these variable affect flocculation equally. 

From equation (4.19) is seen that RP is dependent of only C1 and G with 

a exponent rate at 2 for G. Therefore, CP did not affect the disintegration 

of floes while G have a higher effect on disintegration than flocculation. 
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The flocculation and disintegration balance between dispersed particles 

and floes is found in all points and the source terms SP and St for the 

dispersed particles and floes, respectively is found as shown in equation 

(4.21) and (4.22) and included in the transport/dispersion equations as 

shown in section 4.2.2. 

(4.21) 

S, = R,- Rp (4.22) 

Solution method 

The numerical models is made as an extension to the PHOENICS program. 

PHOENICS stands for Parabolic, Hyperbolic Or Elliptic Numerical Integra

tion Code Series and is a code which simulates fluid flow, heat transfer, 

chemical reactions and related phenomena (Spalding, 1989). The use of 

PHOENICS gives a well documented computer code with several 

specialised features for development of a numerical model of settling 

tanks. Furthermore, PHOENICS gives the flexibility of extending the code 

as requested. The numerical solution used is described in detail in appen

dix 2. 

The numerical grid sizes shall be set to a size where the numerical model 

can simulate all the different hydraulic and sludge processes. This means 

that the grid sizes are chosen as large as possible, to limit the computa

tion time, but without effecting the solution. Due to the mainly horizontal 

flow, the grid sizes can be larger in the horizontal direction than in the 

vertical direction. In horizontal direction the grid size is between 0 .2-2.0 

m and for the vertical direction between 0 .05-0.1 m . 

The accuracy of the numerical model depended on the accuracy of the 

model description of each physical process. All the model descriptions of 

physical processes shall therefore have the same accuracy to obtain the 

best possible numerical model. 

Calibration Strategy 

The purpose of this section is to describe how the numerical model is 

verified, calibrated and validated by different steps as described in the 

next chapters. By verification of the numerical model is meant a control 

of the different model descriptions of physical processes by comparing 

with analytical and known solutions. Calibration of the numerical model 
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means changing the value of parameters to obtain the best possible 

likeness between model simulations and measurements. Finally, validation 

means comparing model simulations w ith new measurements with new 

initial and boundary conditions. First, the parameters in the model 

formulation which are measured directly and the parameters which are 

found by calibration of the model are described. 

From section 4 .2 several general equations for the Bingham plastic 

characteristic, the density differences, the settling velocities and the 

flocculation and disintegration rates are seen. For these equations the 

relationship between variables is found either by measurements or 

calibration. In chapter 5 the different measurement procedures are 

described which are developed in order to measure these relationships. 

For the relationship between the sludge concentration and parameters in 

the Bingham plastic description of the suspension, a measurement 

procedure is not developed for direct measurements. Therefore, it is 

necessary to calibrate these parameters. 

Verification 

The numerical model described in this chapter is a further development of 

a model presented in Dahl et al. (1990) and is to some extent developed 

in parallel with a model presented in Petersen (1992). The verification of 

the numerical models, formulation of the mean flow, buoyancy and 

turbulence are presented in Dahl et al. (1990) and Petersen (1992). By 

comparing measurements and simulations of a channel flow, the model 

predicted a logarithmic velocity profile well. Also the profiles for the 

turbulence model parameters k, E and vt is predicted well by the model. In 

different stratified flows the simulation of turbulence mixing is found to 

be in agreement with measurements. For the model simulation of 

buoyancy a front driven by buoyancy case is simulated an the model 

predicted the buoyancy well. The verification of the model formulation of 

the transport by settling is shown here. A 1-dimensional case with a 

constant settling velocity for all sludge concentrations and non-turbulence 

is used . A uniform sludge concentration is the initial condition, and as the 

settling starts, the height of the sludge blanket shall fall linearly due to the 

constant settling velocity. In Fig . 4.1 the settling system and the 

simulation results are presented and compared with the expected height 

of the sludge blanket. 
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3 

As seen on Fig. 4 . 1 the sludge blanket height is predicted well by the 

numerical model. For the flocculation model the verification concerned the 

conservation of sludge mass despite of the changing between the two 

sludge fractions. A conservation of sludge mass is found. 

Calibration 

In chapter 6 a model tank experiment is presented. The model tank was 

developed for providing measurements of the physical processes present 

in settling tanks under controlled conditions. The used instrumentation is 

presented in chapter 5 . The idea is to calibrate the numerical model with 
these measurements. For the model simulation, relationships between 

model variables was measured according to the measurement procedures 

described in chapter 5 and then included in the model formulation. With 

the calibration the last parameters in the model formulation is found. 

Validation 

The numerical model is first validated by comparing new model tank 

measurements with model simulations. Second chapter 7 presents the 

validation of the numerical model on full-scale measurements at two 

wastewater treatment plants. The two treatment plants differed in 

characteristic of activated sludge and settling tank geometry. For model 

simulation, relationship between model variables was measured at each 
treatment plant by the measurement procedures presented in chapter 5. 

The instrumentation of the full-scale measurements is also seen in chapter 
5. Finally, chapter 8 describes the improvement of a secondary settling 

tank by using the numerical model. 
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BASIC MEASUREMENTS 

In this chapter, the basic instrumentation used for both measuring of 

relationships between model variables, model tank measurement and full 

scale measurements are described. Furthermore, a descriptions of the 

measurement procedures for measuring relationships between model 

variables are presented. 

Instrumentation 

This section describe the instrumentation used for measuring the sludge 

concentration, the mean horizontal flow velocity and retention time for a 

tracer. 

Measurement of sludge concentration 

To measure the sludge concentration, an optical turbidity meter, type 

OSLIM was used. See Fig. 5.1 . 
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Fig. 5 .1. Optical turbidity meter type OSLIM, Delft Hydraulics. 

The principle of this instrument is to pump the suspension through the 

sensor shown in Fig. 5 .1 b where absorbtion of the light caused by the 

suspension is measured. The signal from the sensor is sent to an amplifier 

shown in Fig. 5 .1 a from which the measuring interval can be controlled. 

The measurements are operated from a pc, which also controls the 

measuring procedure. The output signal is in the range of 1 - 10 volt 

proportional to the turbidity. In the measurements one measurement 

consisted of averaging 1 0 measurements per second in 1 0 seconds equal 
to 1 00 measurements. 

A calibration curve between volt and sludge concentration was made each 

day. Suspensions with different concentrations were pumped through the 
sensor giving a voltage. The suspended sludge concentrations in these 

samples were then measured in a laboratory by filtration. To check the 
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calibration measurements were performed occasionally on one of the 

known samples during a day. 

In the model tank and the measurements of free settling velocity and 

flocculation each sample was pumped directly from the measuring point 

through the sensor. In the full scale studies batch samples were drawn 

with the sampler shown in Fig. 5.2 with 0.25 m between each sample. 

The samples were afterwards circulated through the sensor and a sludge 
concentration profile determined. 

·, 
.-.. . -

Fig. 5.2. Sampler for taking batch samples in full scale settling tanks. 
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Measurement of mean horizontal flow velocity 

An OTT Velocity Sensor NAUTILUS C2000 was used for measuring the 

horizontal mean velocities. The sensor is a electromagnetic induction 

sensor measuring one velocity component. The velocity is measured each 

second and can be averaged immediately for a period of 5 - 60 seconds 

in order to measure a mean velocity. Fig. 5.3 shows the sensor and the 

electronic box in which the velocity and the average are calculated . In the 
measurements an average period at 30 seconds was used . 

-------

Fig. 5.3. OTT Velocity Sensor NAUTILUS C2000. 
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Measurement of retention time 

To measure the retention time was used a fluorometer which was placed 

between the effluent weirs. As tracer was used rodamin WT which is 

known not to be absorbed to sludge floes (Stamou and Adams, 1988). In 

Fig. 5.4 the fluorometer is shown. The measurements were controlled 

from a pc where all the measurement results were stored. 

Fig. 5.4. Flourometer. 

Settling and flocculation measurements 

In this section the procedures for measuring the settling and flocculation 

of sludge are described . The settling and flocculation was measured using 
settling columns . 
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The purpose of the measurements was to estimate settling velocities in 

the regimes, free and hindered settling. In the settling columns the sludge 

concentration and G are the variables in the free settling regime and only 

the sludge concentration in the hindered settling regime (see equations 
(4.11) and (4.12)) . By measuring the settling velocities directly, the effect 

of other independent parameters known to affect the settling velocities, 

e.g. filament level, sludge floc size and floc density discussed in section 

3.3 are taken into account. Different settling columns were used for each 

regime. 

In the free settling regime the flocculation and disintegration between 

dispersed particle and floes were also examined. The relationship is 

dependent on the concentrations of dispersed particle and floes and G 

(see equation (4.16) and (4.17)). 

Free settling regime 

In this measurement procedure, settling velocities, flocculation and 

disintegration are measured for different low sludge concentrations, where 

no sludge blanket interface occurs in the settling column, and for different 

turbulence levels. The turbulence is induced by a grid of bars constructed 

with a distance of 1 0 cm between the bars in all directions. The grid is 

moved up and down in the suspension within a distance of 1 0 cm in order 
to induce turbulence. The experimental set-up is shown in Fig. 5 .5. 
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Fig. 5.5. Settling column for measuring free settling velocities, floccu

lation and disintegration. 
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To describe the turbulence in the settling column for different frequencies 

of the stirring, measurements were made to describe the turbulence 

parameters G and vt as functions of the mean velocities of the grid. The 

parameter G is known from section 3.3.1 to be the scale which describes 

the turbulence effect on flocculation and disintegration of dispersed 

particles and floes. With the definition of 

G = ve/v (5.1) 

where E is the dissipation of turbulent kinetic energy and v is the kinetic 

viscosity an experiment was made to find the energy lost from a uniform 

flow passing one grid plane with a known velocity. The energy lost can 

be set equal to E which describes the dissipation of turbulent kinetic 

energy into heat. With known values of E for different flow velocities the 

relationship between G and the flow velocities is found. In Fig . 5.6 the 
experimental set-up is seen in a flow channel. 

7///T/T/T/T/T//T/T//7 

Fig. 5.6. One grid plane placed in a uniform flow field. 

By measuring the angle a for different flow velocities and knowing the 

mass of the whole system E can be calculated. The force balance for the 

grid is seen in Fig. 5.7 with m as the mass of the grid, gas the gravita

tional acceleration and A the area of the grid. 
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F=tgO<·m·g 

m·g 

Fig . 5 . 7 . Force balance for the grid. 

Knowing the force used for lifting the grid system to the measured height, 

the dissipation of energy per unit time to provide this force is F · V. With 

E as the dissipation of energy per unit time per unit mass. 

F·V (5 .2) E =--
M 

where M is the mass of the volume flowing through A per time. G is then 

calculated from equation (5.1) with vat 20°C as presented in Fig . 5 .8. 
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In Fig. 5.8 it is seen that the relationship is approximately linear within the 

interval of G from 0 - 13 s·1 with the expression in equation (5 .3). 

although theoretically G = K · V 312
• 

G = 3.71 - V (5.3) 
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A tracer experiment was carried out in order to find the relationship 

between the diffusion coefficient vt and the mean velocity of the grid. As 

tracer a weak salt solution was used which was poured into the bottom 

of the column initially filled with clean water. The salt concentration was 

measured at the water surface in the column. The experiment is modelled 

in a one-dimensional numerical transport/dispersion model. By changing 

vt in the model simulation until the simulations are equal to the measured 

results, vt is found. The relationship between the vt and the mean 

velocities of the grid is found to be 

vt = - 1.0·10-5 + 3.989·10-5 · V (5.4) 

with V in cm/sand in the range of 0.6- 3.6 cm/sand vt in the range of 

1.35. 1 o-s - 1.16 . 10-4 m2 /s. 

For each measurement in the column, an initial sludge concentration and 

a turbulence level is chosen. Due to the grid, a special device is used to 

ensure a uniform suspension as initial condition. See Fig. 5 .9. 

,_ .. 
- o-

0 

0 

0 

1 m 0 

0 

0 

0 

0 

0,4 m 

-r-.... 

Cl ea 

High Concentration 
Suspension 

n Water 

Fig. 5.9. Device for creation of a uniform concentration as initial 

condition in the column. 
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To obtain a uniform concentration a small amount of a suspension with 

high concentration is distributed vertically through holes in the pipe in 

"clean" water and thus mixing a suspension with the chosen initial 

concentration. This procedure can be used with the grid in the column. 
After the mixing the grid movement is started and the sludge concentra

tion is measured continuously at a fixed point e.g. 70 cm from the water 

surface. The sludge concentration is measured with the instrument 

presented in section 5.1.1 . When the measured concentration changed, 
it indicated that 

v. · t"' H I 
(5.5) 

where V; is the settling velocity for a fraction of the sludge, t is the time 

from the measuring start and H is the height from the measuring point to 

the water surface. Knowing t and H, V; is found. This means that the 

distribution in free settling velocities for the sludge can be found from the 

changes in the measured concentrations at the measuring point. 

After the settling, the fraction of the sludge which is non-settleable is 
defined as the dispersed particles and the settleable sludge as the floes in 

the two fraction flocculation and disintegration model. The distribution 

between the two fractions depends on the initial sludge concentration and 

the turbulence level. 

In these measurements, the measured settling velocities is a result of two 

processes, the settling and the dispersion due to turbulence. To separate 

these processes a 1-dimensional numerical model of the settling column 

is used. With the known turbulent eddy viscosity the settling velocity is 

calibrated so that the simulated sludge concentration in the measuring 

point have the best possible agreement with the measured concentrations. 

Furthermore, the flocculation and disintegration model is included in this 

numerical model and the constants KA and K8 from equation (4.16) and 

(4.17) is calibrated by comparing simulations with the measurements of 

the distribution between the two fractions. 

The relatively big volume used in the settling column is chosen to reduce 

the influence of sampling on the settling. Due to the low sludge concen

trations, settling velocities are relatively large during these measurements 

and the column have to be high to give time for measuring the velocities. 

Hindered settling 

Settling velocity in the hindered settling regime was measured by follow

ing the depth of the sludge blanket interface in a stirred settling column 

for different sludge concentrations (White, 1976). See Fig. 5.1 0. 
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1 rpm 

- Water Surf ace 

- Sludge Blanket 

0,6 m 

v 0,1 m 
"' X 

Fig. 5.1 0. Settling column for measurement of hindered settling vel

ocities. 

A suspension with the desired sludge concentration is mixed and the 

suspension is poured in the settling column. The depth of the sludge 

blanket interface is measured and the time registered. From these 

measurements the maximum settling velocity of the sludge blanket 

interface is calculated . This settling velocity is defined as the settling 

velocity for the initial concentration. Based on several experiments with 

different initial concentrations, the relationship is found between the 

concentration and the hindered settling velocity. 

Density of suspension 

The density of the suspension was measured with pycnometer glasses 

and the sludge concentration was measured by filtration. The measure

ments were carried out with sludge concentrations covering the concen

tration field in secondary settling tanks (i.e. 0 - 15 kgss/m3
) 

Microscopic examination 

From a microscopic examination of the activated sludge, different qualitat

ive characteristics of the specific activated sludge can be determined. An 
examination shows the presence of characteristics like filament organ-
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isms, ciliate protozoal communities and finally floc firmness and shapes. 

These data were a support for the validation of the other measurement 

data from the specific activated sludge. 



6. 

6.1 

54 

MODEL TANK MEASUREMENTS AND SIMULATIONS 

The purpose of the model tank measurements is to provide measurements 

of the physical processes present in settling tanks for comparison with 

numerical model simulations in order to calibrate the numerical model. 
With the calibrated numerical model a validation of the model is presented 

by comparing model simulations with model tank measurements with new 

initial and boundary conditions. 

The model tank was set-up at Aalborg 0st wastewater treatment plant to 

ensure an influent suspension of activated sludge direct from an aeration 

tank at a full scale wastewater treatment plant. Aalborg 0st is a 177.000 
PE wastewater treatment plant with mechanical, biological organic and 

nutrient, and chemical treatment. 

Measurement configurations 

The configuration of the model tank measurements consists of the model 

tank, a pipe system to provide the influent and a pump system to remove 

the effluent. A schematic drawing of the system together with a photo

graph is seen in Fig. 6.1 . 

Clean 
Water 
Influent 

Activated Sludge From Aerator 

Inlet Board 

3 m 5 m 7 m 

Measurement Stations 

1,5 m 7,5 m 

r.==:±::=: Effluent 

0,9 m 

0,1 m 
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Fig. 6.1. Configuration of model tank. 

The influent from the aeration tank is provided by three siphon conduit 

systems which is possible due to the water surface of the model tank 

being built 1 m below the water surface in the aeration tank. Once the 

siphon conduit systems is filled, the influent is controlled by valves placed 
at the model tank. The influent can be varied at the interval of 0 - 40 1/s. 

A picture of the siphon conduit system is shown in Fig. 6.2. 
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I 

I 
I 

Fig. 6.2. Siphon conduit systems. 
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A siphon conduit systems was used to avoid destructions of the sludge 

floes before settling in the model tank. In order to change the influent 

sludge concentration, a pump system was made to pump "clean" water 

from the outlet of the wastewater treatment plant back to the inlet of the 

model tank. The "clean" water flow is also controlled by a valve. In an 

inlet zone of the model tank, the "clean" water flow and the activated 

sludge flow are mixed to the desired flow with the desired sludge 

concentration. In Fig. 6.3 the inlet of clean water can be seen between 

the valves from the siphon conduit systems. 

Fig. 6.3. Inlet of clean water. 

Fig. 6.4 shows an inlet zone in which the influent is mixed and made into 

a uniformed flow owing to porous walls. 
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- . 

Fig. 6.4. Inlet zone with porous walls. 

Downstream, after the porous walls, inlet boards can optionally be 

installed to control the influent. Between the inlet and outlet zones in the 

model tank, there is approximately 7 .5 or 7.9 m as measuring area depe

nding on the use of inlet boards. Downstream, after the measurement 
area there is an outlet compartment where the flow enters through a 1 0 

cm opening at the bottom of the outlet board. From the compartment the 

effluent is pumped back to the aeration tank. The effluent is controlled by 

a valve as shown in Fig 6.5 and adjusted to match the desired influent to 

keep the same water depth during each measurement. 
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.. , -

--~- . ·.: .. ...,.......... .;.~ ... ~- .... .. ' 

·--
Fig. 6.5. Outlet flow pump system. 

As a special arrangement, a wagon was placed on top of the model tank 

on which the measurement instruments can be placed and transported 

along the model tank, see Fig. 6.6 in the following subsection. From the 

picture in Fig. 6.1 three windows can be seen at the side of the model 

tank. These windows were placed close to the measurement stations 

described in following subsection. 

Measurement procedures 

With the described model tank measurement configuration in section 6. 1, 

it is possible to control the flow through the model tank, the sludge 

concentration of the influent and the geometry of the inlet with boards. 
12 different measurements were made with a combination of the control 



60 

parameter as shown in the matrix in Table 6.1. MLSS is the sludge 

concentration in the process tanks and the numbers in the table are the 

measurement numbers combined by the date of the measurement and a 

number. 

SS influent = % MLSS 

a, a2 a3 
with inlet boards 15069201 12069201 11069201 

without inlet boards 09069201 05069202 05069201 

SS influent = MLSS 

a, a2 a3 
with inlet boards 16069203 16069202 16069201 

w ithout inlet boards 19069201 18069202 18069201 

Table 6.1. Matrix of model tank measurements. 

As influent sludge concentration two different concentrations were 

chosen. The two concentrations were MLSS and half of MLSS. With 

MLSS at approximately 4 .3 kgss/m3 the typical concentration levels in 

wastewater treatment plants were covered. Three different influent were 

used to cover the transient hydraulic loads in settling tanks. Typically, the 
maximum velocity in settling tanks is in the magnitude of 3-6 cm/s 

(Larsen, 1977). With the used influent the maximum velocity was about 

1 0 cm/s which shows that the velocity in settling tanks is covered and in 

some cases exposed in the model tank measurements. 

By dividing the measurements into two series, one with and one without 

inlet boards, different flow fields were investigated . In the measurements 

without inlet boards, the influent was spread over the entire cross section 
of the model tank, due to the porous walls. These measurements were 

made especially to calibrate the numerical model description of the 

Bingham plastic suspension characteristics. In the measurements with 

inlet boards, the boards created a 1 5 cm high influent jet placed just 

above the middle of the total model tank height. 

Each measurement began with setting the desired influent and influent 

sludge concentration by the valves on the inlet pipes. The flow was calcu

lated from the elapsed time for rising the water surface 1 0 cm. With the 

chosen influent and sludge concentration, the measurement began with 

an empty tank and was filled up by the influent. When the water depth 



6.3 

6.3.1 

61 

reached 1 m, the effluent equal to the influent was started. From this 

point, profiles of mean horizontal velocities and sludge concentrations 

were measured in station 3, 5 and 7 m (see Fig. 6.1.) according to a 
specific measuring procedure. The aim was to measure as many profiles 

as possible within the duration of the measurements. The porous walls 

were the critical point to the duration of the measurements because they 

were filled with screenings and needed cleaning. 

The instruments used for measuring profiles of the sludge concentration 

and the mean horizontal velocity is described in sections 5.1.1 and 5.1.2, 

respectively. For each profile measurement, the concentration and velocity 

profiles were measured as close in time as possible. 

Results 

Results from the measurements described in section 6.1 are presented 

and discussed in this section. In section 6.3.1 the results from the 

measurement of relationship between model variables are presented and 

in section 6.3.2 the results from the model tank measurements. 

Results of basic measurements 

Free settling 

The measurement set-up for measuring free settling velocities and 

flocculation in a settling column is presented in section 5.2.1. In the 

model tank measurements the flocculation and disintegration between non 

settleable dispersed particles and settleable floes were not examined. This 

was due to the effluent at the bottom of the model tank which gave no 

natural effluent sludge concentration for settling tanks. In Fig. 3 .8 in 

section 3.4 the free settling velocity is described as depending on both, 
the sludge concentration and the turbulence level. The influence from the 

turbulence level was excluded because of the minor interest in flocculation 

and the low concentration zones. In Fig. 6.6 the calculated settling 

velocities are seen for fractions of the initial sludge mass for one of the 

measurements. 
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Initial concentration 0.32 kgSS/m3 
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Fig. 6.6. Results from one settling column measurement in free 

settling regime. 

The result in Fig . 6.6 showed a variation in free settling velocity for the 

sludge floes. Nearly 1 5% of the total initial sludge mass settles faster 

than the approximate 80% of the sludge which settles with nearly the 

same velocity. Finally, 5% is found to have lower settling velocities and 

is defined as the non-settleable dispersed particles. Fig. 6. 7 shows the 

measured mean free settling velocities for the different initial sludge 

concentrations. 

Mean velocities depending on SS cone. 
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Fig . 6. 7. Mean settling velocities of different initial sludge concen

trations. 

The variation in initial concentration shows that the highest settling 

velocities is found for a concentration in the range of 0.15 - 0.2 kgss/m3
• 

For the low concentration a lower settling velocity is found. This is 

expected to be a result of decreased flocculation rate due to decreased 
opportunity for collision between the sludge floes, as described in chapter 

3. In a measurement with initial concentration at 0.34 kgSS/m3 hindered 
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settling occurred at the measurement point. The decreased settling 

velocities for the highest initial concentrations are therefore expected to 

be effected by a gradually change to hindered settling. 

Hindered settling 

In order to find the settling velocity in the hindered settling regime as a 

function of the sludge concentration, settling column measurements were 
made with the measurement procedure described in section 5.2.2. In Fig. 

6.8 results of one column measurements are presented. 
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Fig. 6.8 . Hindered settling column measurement for SS = 3.9 kg 

SS/m3
• 

Fig. 6.8 shows how the settling velocity increases until a maximum 

settling velocity is reached and then continues to decrease. lt is this 

maximum settling velocity which is defined as the settling velocity of the 

initial sludge concentration. The result of the measurement of the settling 

velocity in the hindered settling regime is presented in Fig. 6.9 . 
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Fig. 6.9. Settling velocity depending on the sludge concentration in 

the hindered settling regime. 
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The concentrations shown in Fig. 6.9 reached up to 15.5 kgSS/m3
• For 

higher concentrations the measurement procedure could no longer be used 

owing to the sludge blanket interface was no longer a uniform horizontal 

interface but was effected by the walls and the stirring bars in the 
column. 

With the results for settling velocities in free and hindered regimes a 

model description for the numerical model is found. A free settling 

velocity at 0.00185 m/s for a concentration at 0.15 kgSS/m3 is used. Fig. 

6.10 presents the measured settling velocities for different concentrations 

compared with the model description from equation (6.1 ). 
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Fig. 6.1 0. Numerical model description of settling velocities com
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v = 1.85·10-5 + 2.0 ·10-3 · (1-4.17·10-2 ·55)6·
7 0 -3.5 kg 5Sfm3 

v = 1.63·10-3-7.0·10-5·552 3.5-16.0 kg 5S/m3 

v = 1.63·10-3 + (16.0-55 )· 2.66·10-{)) 16.0-29.0 kg55/m 3 (6.1) 

Density of the suspension 

The density of the suspension as a function of the sludge concentration 

was measured several times before and during the model t ank measure

ment period. Fig . 6.11 shows the result of one measurement and the line 

for an assumed linear dependency between the density and the concentra
tion. For measuring density of suspensions with high sludge concentra

tions difficulties occurred with air bubbles in the suspension. Therefore, 

the measurement for the highest concentration in Fig. 6.1 1 is not included 

in the linear approximation to the measurements. 
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Fig. 6 .11. Density as a function of sludge concentration 19.6.92. 

Table 6.2 shows the slopes for the linear approximations to the results of 

the different measurements. lt can be seen that there are no significant 

changes in the results over a period of nearly a month so that the relation
ship is expected to be constant for the model tank measurement period. 

Table 6.2. 

Date Slope 

11 .5.92 0.55 

20.5.92 0.55 

19.6.92 0.53 

Measured slopes for the linear dependence between the 

density and sludge concentration. 
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With the measurement results in Table 6.2 the following equation of state 

is used as the model description in the numerical model. 

p=p,+0.54·SS (6.2) 

where p is the density of the suspension p, is the reference density and 

SS is the sludge concentration. 

Microscopical examination 

Under the microscopical examinations of the activated sludge, several 

different filamentous microorganisms are found in a number, characterised 

as 3-4 in the Eikelboom index. The Eikelboom index is between 0 - 4 

where 0 is for activated sludge without filamentous microorganisms and 

4 is for a very high number of filamentous microorganisms (Eikelboom and 

van Buijsen, 1981 ). Furthermore, the sludge floes are found to be weak, 

rounded and agglomerated in structure and medium and large in size. The 

sludge volume index SVJ is found to be about 160. The characterisation 

of the activated sludge described above shows a somewhat poor sludge 

for settling due to a high filamentous index, but looking on the SVI a high 

value but still normal. In the future discussion of the measurement results, 

the high level of filamentous microorganisms shall be remembered due to 

its effect on the settling and rheological characteristics of the activated 
sludge. 

Result of model tank measurements 

From the measurement program which includes 1 2 different measure

ments, 4 measurements are chosen for presentation here. Different con

figurations of the measurement variation parameters, inlet geometry, 
sludge concentration and influent were used in the 4 measurements. The 

measurement conditions and results are presented in Fig. 6.12- 6.15. In 

enclosure 1 the rest of the measurement results are presented. In Fig. 

6.12-6.15 the mean horizontal velocity and sludge concentration profiles 

are seen in three different measurement stations at two different times in 

the measurements. 
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Fig. 6.13. Model tank measurement without inlet boards. Flow 5.4 
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Fig. 6.14. Model tank measurement with inlet boards. Flow = 5.2 

1/s and influent SS = 2.0 kgSS/m3
• Starting time: 12.57. 
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Fig. 6.15 . Model tank measurement with inlet boards. Flow = 12.0 

1/s and influent SS = 4.4 kgSS/m3
• Starting time: 12.57. 
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From the results in Fig. 6.12- 6.15 it appears that the sludge concentra

tions in the density current decreases from station 3 to station 7 due to 

settling . Furthermore, the height of the density current decreases, and the 

maximum velocity increases. Approximately two hours later, the height 

of the accumulated sludge have increased, but the changes of the density 
current are the same. Another characteristic phenomenon is the high 

velocity gradient at the bottom of the density current and the very low 

velocities below. The physical explanation of this is the Bingham plastic 
characteristics of the activated sludge. 

From the system analysis in section 3.1 it is known that the density 

current height depends on the flow, and that the maximum velocity is 

almost the same for different flows. Comparing the measurements shown 

in Fig. 6 .12 and Fig. 6.13 it is seen that the density current height from 

Fig. 6.12 is almost double the density current height from Fig. 6.13. 

Furthermore, the maximum velocity increased from station 3 to station 7 

in both measurements, and the maximum velocity is almost the same. 

This shows an agreement between the measurement results and the 

system analyses. 

Owing to the higher influent sludge concentration in Fig. 6.12, the rise of 

the density current due to accumulation of sludge is small. This means 

that the initial mass of sludge in the model tank give a sludge profile, 

where the concentration equal to the influent concentration is close to the 

height of the final steady state solution. Nevertheless, the sludge 

accumulates at higher and higher concentrations under the density 

current. 

The measurements in Fig. 6. 14 and 6. 15 included inlet boards, which 

especially have an effect on the measurement in Fig. 6.14 with low 

influent concentration. The inlet was between 50 - 65 cm above the 

bottom of the model tank, and looking at the profiles in the first plot from 

station 3 it is seen that the bottom of the density curve have gone down 

to 20 cm above the bottom. At station 5 the density current raises to 35 

cm and in station 7 fall again to 20 cm. This dynamic movement of the 

density current can be explained as a construction of the buoyancy forces 
and the Bingham plastic characteristic of the suspension. After accumu

lation of more sludge, the height of the density current become more 

steady. In Fig. 6.15 there is no special effect of the inlet boards and size 

of the density current owing to the initial condition for accumulated 

sludge like in Fig. 6.13. The measurement results presented here show 

the reaction when changing the initial and influent conditions and 

represent most of the effects found in the total measurement program. 
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Calibration 

With the measured relationships between model variables included in the 

model formulation, the numerical model is calibrated by comparing model 

simulations with model tank measurements. In section 3.4 is described 
that the model formulation of the Bingham plastic characteristic is 

necessary to calibrate. The model formulation is as follows 

(6.3) 

where T is the shear stress, Tv is the critical shear stress, I] is the plastic 

viscosity, Y is the velocity gradient and Y * is the velocity gradient of the 

previous time step. Tv and I] are functions of the sludge concentration. 

The calibration curves used in the model simulation for comparing with 

the measurement 19069201 are shown in Fig. 6.16. The curve for I] is 

reported by Dick and Buck (1985) while the curve for Tv is changed in the 

cal ibration. 

0. 
I I 

0.1 

I i l ! l7 ! T ! 

I ! t I I V I i L I I ! 

i I ! i i ! i i I 
I 

I l i I I I 1/ ' 
~ 0.045 0. 

()< E o. 
0; 
~ 0.035 

.03 .. 
~ t:; 0.025 

15 

.... 1 0 
Cl) 0,0 

.01 ~ 0 

~ 0.005 

0 

I 
I I I 

I 
I 
I l i j ! 

I I 
1 I i I 11 i 1 I 

I l I ! I ll ! i 
! I 

I 
I i i 17 I 

I j ! I 
j ! i y l \ ! I 

' I ' I /l I i ; I 
! ' I 

I i ' V I I I I ' ' I I 

I 
I ! / I I i ! ' I 

0 t 2 3 • 5 S 7 8 9 tO 

SS concerrtration [kgSS!m3 1 

08 

07 

.06 

os 

04 

0. 01 

I I 

I I i l i i/1 
i i 

I ! j i i V i 
I I i I I ! / l ! 
! ! i I 

! ! /( ! ! 
I f i I y I I I 
I i I 

I y i i I I 
I i 

I i"/P' i 
I ! 1 i i 

' ..1.--l-" ' . ! I i 
I I I 1 i 

I 

o 2 • e a 10 12 ' " te ta 20 

SS concerrtration {kgSS/m3 1 

Fig. 6.16. Calibration curves for Tv and !]. 

The steep slope for the curve of Tv for high concentration is necessary to 

establish a steady sludge blanket and a high velocity gradient at the 

bottom of the density current as is shown in the measurements. Fig. 6.17 

shows the simulation results compared with measurement 19069201. 
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Fig. 6.17. Simulation results compared with measurement 

19069201. 

Fig. 6.17 shows that the model simulates well the steady sludge blanket 
and the high velocity gradient at the bottom of the density current in the 

three different measurement stations. In Fig. 6.1 the location of the 

measurement stations is seen. In station 7 the simulated velocities in the 
sludge blanket are higher than the measured velocities, and the simulated 

sludge concentration in the sludge blanket get too small. Both the 

simulated and measured profiles displays that the sludge concentrations 

at the bottom of the density current is slightly higher than the influent 

concentration. The vertical location of the density current is well predicted 

in all stations and the numerical model is found to simulate the model tank 

measurement 19069201 well. 

Measurement 19069201 had an influent concentration of 4.0 kgSS/m3
• 

To fit the simulation to the measured results for measurement 05069201 

with an influent concentration of 2.0 kgSS/m3 a new calibration curve for 

Tv is needed. The two different calibration curves for rv are shown in Fig. 

6.18. 
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As seen from Fig. 6.18, the slope of the curves increases rapidly near the 

influent concentration for the two measurements, respectively. An 

explanation to this needed change in calibration for different influent 

concentration can be the thixotropic characteristic of sludge suspension. 

For a thixotropic suspension the critical shear stress Tv changes when the 

suspension is exposed to different shearing rates. As mentioned previous

ly, the sludge concentration in the bottom of the density current with high 

shear stress is near the influent concentration. The shear stress in the 

density current therefore affected suspensions with different sludge 

concentrations in measurement 19069201 and 05069201. This can be 

a reason for the needed change in calibration, but it is not necessarily the 

only one. The exact explanation is not found, but the calibration from Fig. 

6.18 is used in the further numerical model simulation. Fig. 6.19 shows 

the simulation results compared with measurement 05069201. 
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Fig. 6.19. Simulation results compared with measurement 

05069201 . 

The overall picture of the flow in measurement 05069201 is similar to 

that described for measurement 19069201. In station 3 the simulated 

velocity profile have either a higher placed density current or a more 

narrow density current with higher velocities when compared with the 

measured profiles. These differences can be due to problems with the 

initial conditions and inlet boundary in the simulation. For stations 5 and 

7, the simulations fit the measurements well, but for station 7 it appears 

that the maximum velocity is highest in the measured profile which can 

be due to three-dimensional effects near the outlet for this high flow 

measurement. 

Validation 

This section describes the validation of the numerical model by comparing 

model simulations with new model tank measurements. The only change 

in the model formulation is a new inlet geometry and a new influent and 

influent sludge concentration. Fig. 6 .20 shows the measured results 

compared with simulated results for measurement 15069201 . The inlet 
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Fig. 6.19. Simulation results compared with measurement 

05069201. 

The overall picture of the flow in measurement 05069201 is similar to 

that described for measurement 19069201. In station 3 the simulated 
velocity profile have either a higher placed density current or a more 

narrow density current with higher velocities when compared with the 

measured profiles. These differences can be due to problems with the 

initial conditions and inlet boundary in the simulation. For stations 5 and 

7, the simulations fit the measurements well, but for station 7 it appears 

that the maximum velocity is highest in the measured profile which can 

be due to three-dimensional effects near the outlet for this high flow 

measurement. 

Validation 

This section describes the validation of the numerical model by comparing 

model simulations with new model tank measurements. The only change 
in the model formulation is a new inlet geometry and a new influent and 

influent sludge concentration. Fig. 6.20 shows the measured results 

compared with simulated results for measurement 15069201. The inlet 
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was here a slot between 50 and 65 cm above the bottom of the model 

tank. 
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Fig . 6.20. Simulation results compared with measurement 

15069201 . 

From the first measurement series it is seen that the density current in 
station 3 had decreased in height compared to the inlet due to the 

negative buoyancy. The density current then rising approximately 15 cm 

to station 5 and finally decreasing in station 7 due to the effluent at the 

bottom of the model tank. lt appeared that the simulation results did not 

have the same change between the measurement station as the measured 

results. For the second series, the model tank have a higher content of 

sludge, and the comparison between measurement and simulation have 

a better agreement. The reason for the missing changes in the simulation 

result can be due to the Bingham plastic model description. The simulated 

results compared with measurement 16069202 is seen in Fig. 6.21. 
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Fig. 6.21. Simulation results compared with measurement 

16069202. 

Especially for this measurement a difference is seen between the 

simulated and measured sludge concentration profiles. The measurements 

in the first series shows a concentration equal to the influent concentra

tion in most of the density current. This is not the case for the simulated 

results. An explanation can be that the numerical model is more sensitive 

to backward velocities at the top of the model tank, and in some cases 

therefore predict a too high zone of backward velocities. This causes 

increased mixing with influent and decreases the concentration in the 

density current. 

In enclosure 2 model simulation compared with the other measurements 

is presented. Despite the good model predictions of the measurements 
there were 2 measurements, 11069201 and 16069201 for which no 

good model prediction is found. These measurements were both for initial 

condition with inlet boards and the highest flow rates. The measurements 
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shows a large eddy in the inlet zone with forward velocities at the top and 

backward velocities at the bottom of the tank. See enclosure 1 . This large 

motion the model simulation is not able to predict. The flow rate in both 

measurements can be considered as beyond the maximum flow rate 

expected in secondary settling tanks. Therefore, the problem with a model 

prediction of these measurements is not considered as critical. 

Discussion 

Basic measurements of relationship between, settling velocities and 

suspension density depending of the sludge concentration were made. 

From the calibration and validation of the numerical model in section 6.4 
and 6.5, the comparison between model simulations and model tank 

measurements shows that the basic measurement procedures provided 

results which gives a good model prediction of the settling of sludge and 

buoyancy. 

The microscopical examination of the activated sludge shows a high level 

of filamentous microorganisms with an Eikelboom index at 3 - 4. From 

chapter 3 filamentous microorganisms are known to influence the settling 

and the rheology of the activated sludge. For the settling is seen good 

settling characteristics despite of the high index, and for the rheological 

characteristics a very steady sludge blanket interface is seen as expected 

with a high level of filamentous microorganisms. 

The calibration of the numerical model is made by comparing model 

simulations with model tank measurements and changing the relationship 

between the critical shear stress rv and the plastic viscosity fJ dependence 
of the sludge concentration. These parameters are calibrated to give the 

best agreement between simulation and measurements. The calibrated 

numerical model predicts the measurements well despite of the specialised 

calibration where the influent sludge concentration is included in the 

calibration of Tv depending on the sludge concentration. 

In the validation of the numerical model, where the model simulation is 

compared with new measurements, the numerical model predicts the 
measurements well. This means that the calibrated numerical model can 

simulate dynamic changes where the sludge accumulated in the model 

tank increases during a measurement and can simulate different inlet 

geometries and different hydraulic and sludge loads. 
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FULL SCALE MEASUREMENTS AND SIMULATIONS 

The purpose of the full scale measurements was to provide measurements 

for validation of the numerical model for full scale settling tanks. In the full 

scale measurements, different loads were used, some with steady and 

some with unsteady conditions. To examine the flexibility of the model, 

two different wastewater treatment plants were chosen. The first was the 

Lynetten wastewater treatment plant of 1 mill. PE which is a mechanical 

and biological treatment plant without denitrification and phosphorus 

removal. The second was the Slagelse wastewater treatment plant of 

125,000 PE which is a mechanical, biological and chemical treatment 

plant with both removal of nitrogen and phosphorus. In section 7 .1 the 

Lynetten measurements and the model simulation are described. lt 

includes a description of the measurement set-up, the measurement 

procedures, basic measurements and full scale measurement results and 

finally model simulation and validation. A similar description for Slagelse 

is presented in section 7 .2. 

Lynetten wastewater treatment plant 

This section describes the measurements carried out in one of the 

secondary settling tanks at the Lynetten wastewater treatment plant. 

Outline of the settling tank 

The secondary settling tank is 60 m long, 8 m wide and 3 m deep, with 

weir scrapers. Fig. 7.1 shows the settling tank. 
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Influent 

Effluent 

3 m 1,4 m I 

5 m 9 m 
X 

60 m 

Fig. 7.1. Secondary settling tank, Lynetten. 

Fig. 7 .1 shows that the influent is guided by baffles to prevent the 

influent from going down directly into the recirculation pit . At the outlet 

end of the tank the water is drawn from the tank at the surface of the last 

9 m by effluent weirs. The recirculation flow is pumped out of the tank 
from the recirculation pit. 

In the measurements, the settling tank was simplified to a two-dimension

al system which means that measurements were taken only in the middle 

of the tank on a line from the inlet to the outlet end. On this line 4 

measurement stations were established by bridges over the settling tank 

as seen on the photo in Fig. 7 .2. 
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_.... _____ iiiiiiiiiiiiiiilioi 

Fig. 7 .2. Bridges over settling tank, Lynetten. 

The distance between the bridges is shown in Fig. 7.3. The 1st bridge 

was placed close to the inlet baffles for measuring the influent there. The 

4th bridge was placed just before the effluent weirs and the 2nd and 3rd 

bridges in between. 

Distance From Inlet 
2,5 m 14,5 m 29,5 m 49 m 

u u u u 

Fig. 7 .3. Distance between measurement section. 
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The measurements carried out from the bridges were profiles of the mean, 

horizontal velocity and the sludge concentration. The measurement 

instruments and procedure were described in section 5.1. To measure the 

mass balance of sludge in the settling tank, sludge concentration was 

measured at the influent, recirculation flow and effluent. The recirculation 
flow was measured on-line in the pipe from the recirculation pump. The 

flow through the tank was calculated by integration of the measured 

velocity profiles. From a distribution channel 16 settling tanks are fed. To 
control the influent to each tank controllable inlet boards are present in 

each tank. See Fig. 7 .4 . 

.,, ---

Fig. 7.4. Photo of controllable inlet board. 

The influent could thus be controlled within a range which was large 
enough for the measurements decided upon. Furthermore, the 

recirculation flow could be controlled by a valve near the recirculation 

pump. 

Full scale measurement procedures 

Two different types of measurements were carried out in the settling 
tank. First, a steady measurement where the influent was kept as steady 

as possible. After a steady state condition was reached, velocity and 

sludge concentration profiles were measured from each bridge. After-
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wards, a tracer measurement was made as described in section 5.1.3. 
The second measurement type were unsteady. They started with a steady 

measurement and after the first profile measurements at each bridge, the 

influent was increased. Hereafter, the changes in the profiles at each 
bridge were followed. Furthermore, the sludge concentration in the 

influent, recirculation flow and effluent for the mass balances was 
followed during the whole measurement. 

A total of six different measurements, three steady and three unsteady, 

were carried out at Lynetten. Table 7.1 shows the influent and influent 

sludge concentration for each measurement, named with the date of the 

measurement. Furthermore, it must be noted that the slash means a 

change in influent. 

140493 

150493 

160493 

190493 

200493 

210493 

Table 7 .1. 

Influent Q m3 /h Recirc. flow 0, ss influent 

m3 /h kgSS/m3 

356/631 175 3.15 

498/908 147 3.00 

519 149 3.20 

414 147 2.60 

588 147 2.75 

596/1 060/459 140 2.96 

Flows and influent sludge concentration conditions for 

the Lynetten measurements 

Results of basic measurements 

With the measurement procedures described in section 5.2 basic 

measurement was carried out for measuring, free settling velocities and 

flocculation, hindered settling velocities, density of suspension and finally 

a microscopical examination. 

The measurement for examining the free settling velocities and 
flocculation at different turbulence conditions was used for two different, 

initial sludge concentrations and five different turbulence levels. An 

example of the results from one measurement is seen in Fig . 7 .5. The first 

graph is the direct measurement of the sludge concentration changes at 

one point and the second graph shows the differences in settling 

velocities. 
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Fig. 7 .5. a. Sludge concentration changes in one point of the sett

ling column. b. Percentage of initial sludge with settling 
velocities under a given velocity. 
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In Fig. 7 .5 two parameters can be seen directly. The first parameter is the 

mean free settling velocity defined as the velocity where 50% of the 

settleable part of the sludge is settled past the measuring point. The 

second parameter is the percentage of the sludge which is non-settleable 

within the duration of the measurement. From section 3.4 the settleable 

sludge is defined as the sludge floes and the non-settleable sludge at 

dispersed particles. Fig. 7. 6.a and b show these parameters for the 

different turbulence levels characterised by the parameter G and for the 

initial sludge concentration. 
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In Fig . 7 .6.a it is seen that the mean settling velocities are highest with 
a value of G at 2.5 and that the highest initial sludge concentration give 

higher mean settling velocities than the low concentration for all values 

of G. This means that the best floc settling occurs at G = 2.5 and that 

the sludge concentration influences the flocculation efficiency. Fig. 7.6.b 

shows that the percentage of the initial sludge which is non-settleable is 

to a great extent dependent on the turbulence level. 

The high turbulence levels with G > 2 only occur just at the inlet zone of 

the settling tank where free settling does not occur. Therefore, the 

description of free settling velocities is not modelled as depending on the 
turbulence levels but only depending on the sludge concentrations. As 
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settling velocities for 1 50 mgSS/1 and 250 mgSS/1 the velocities for G = 
1 at 0 .000375 m/sand 0.000725 m/s are used. 

In Fig . 7.6.b it is seen how the percentage of non-settleable sludge 

decreases with increased turbulence level. To determine the flocculation 

model to these results, a one-dimensional numerical model for simulation 

of the settling and flocculation measurement in the column is used. In the 

model simulation of the column measurement the measured mean settling 
velocities for each measurement are used. Either 35% or 45% of non

settleable sludge are used as initial condition for the measurement with 

150 mgSS/1 or 250 mgSS/1, respectively . These values is the measured 

or expected values for G = 0. 

The constants KA and K8 in the flocculation model are then calibrated to 

fit the percentage of non-settleable sludge at the end of the measure

ments. Fig . 7 . 7 shows the simulated results compared with the measured 

results w ith the calibrated constants at KA = 1.5 • 1 o-3 and K8 = 1.0 • 1 o
s 
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Fig. 7. 7. Simulated percentage of non-settleable sludge for dif

ferent G compared with measurements for two initial 

sludge concentrations. 

The measurement result for G = 0 for the initial concentration at 250 

mgSS/1 is expected to be an error so the selected initial condition in the 

simulation is chosen to give the best adjustment to the other measured 

results. Despite this difference the simulated result shows the same 

decreasing percentage of non-settleable sludge for increased G value as 

the measured results. 

For the hindered settling regime nine measurements are carried out with 

different initial sludge concentrations. In Fig 7.8 the measured settling 

velocities is shown for different sludge concentrations. Furthermore, the 

measured free settling velocities and the description used in the numerical 

model are shown. 
Settling velocities vs. SS con. 

o~_t~j_~~~~~~~~~ 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

SS concentration [kgSS/m3] 

j • Measurements - Model description 

Fig. 7 .8. Measured settling velocities depending on sludge con

centrations and model description used. 
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The model description seen in Fig . 7.8 is constructed by a curve fitting in 

two intervals 0 - 1.5 kgSS/m3] and 1.5 - 16.0 kgSS/m 3
• 

The relationship between the sludge concentration and the density of the 

suspension was measured twice. Fig. 7.9 shows one of the measurement 

results with a slope of the linear approximation at 0 .30 where the second 

measurement shows a slope at 0.33. 

...... 
(') 

.§. 
0> 
~ 
c:: 
.2 
"' c:: 
Q) 

0.. 
'2 o; 
0 
-~ 
"' c:: 
Q) 

0 

1002 

1001.5 

1001 

1000.5 

1000 

999.5 

999 

998.5 

998 
0 

Density of suspension vs. SS cone. 
I I ! I ' I i j / 

i 
I 

I 
I I I /: "' 

I I i 

~ ' 
i i I 
I I 

! / I 
! 

i 
I 

' ! 
i 
I v ! 

J 

I 
I 

I 
I 

! 

1/ I 
I I I I 

/ I I 

I 
I i I i 

I I I I 
I ! I l 

I I ! i 
2 4 6 8 10 12 

SS concentration {kgSS!m3] 

I "' Slope 0.30 j 

Fig. 7. 9 . Relationship between sludge concentration and the densi

ty of the suspension. 

Enclosure 3 includes the results from the microscopical examination 

presented. As can be seen from the measurement report there are very 

few filament microorganisms characterised as 1 on the Eikelboom index 

which also can be seen on the photo. The floc structure can be 
characterised as weak and rounded with small floes. Another characteris

tic is many free cells. The sludge is settling well but the supernatant is 

unclear owing to many small floes and free cells. 

Results of full scale measurements 

From the six different measurements on the secondary settling tank at 

Lynetten two is chosen to be presented here. The two measurements are 

one steady and one unsteady. The results from the four other measure

ments are presented in enclosure 4. Fig. 7 . 1 0 presents the results from 

measurement 150493. 
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Fig . 7.1 0. Mean horizontal velocities and sludge concentration pro

f iles for measurement 150493. 
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Fig. 7 .10 shows the profiles from the 4 bridges at two different t imes 

each. The measuring time is presented in the legends of each profile . For 

the velocity measurements from the first bridge the instrument, which is 

a one-direction instrument, had trouble measuring in the highly turbulent 

regime w ith velocities downwards towards the recirculation zone. Thus, 

the velocity profiles from bridge 1 are often incorrect for large parts of the 

profile. Otherwise, one can see a similar picture of the relationship 

between the velocity and sludge concentration profiles as for the model 
tank measurements described in chapter 6. For the first steady state 

conditions at the measuring stations, the amount of accumulated sludge 

is low so that no sludge is found at bridge 4 . 

The second series of profiles from each bridge was measured at a 

different period of time after an increase in the influent. At the time 10.30 

the influent was increased by lowering the inlet board. The amount of 

accumulated sludge then started to increase as shown in Fig. 7.10 and 

the velocity profiles followed the sludge concentration profiles. Especially, 

at the measuring station 4 a large difference is seen in accumulated 

sludge, from none to a level where the density current reaches the water 

surface. Fig. 7.11 shows the development in the effluent and recirculation 
sludge concentrations during the measurement. 
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Fig. 7 .11 . Effluent and recirculation sludge concentrations. 

As seen from Fig . 7.11 , the effluent concentration is very high at the end 

of the measurement. Furthermore, the demand to the effluent concentra

tion at 25 mgSS/1 is exceeded twice during the measurement. At the time 

10.45 no specific reason is found owing to the low accumulation of 

sludge at the time. But for the time 13.00 it is a result of the higher 

hydraulic load and sludge accumulation as seen in the second series of 

profiles. 
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The whole measurement shows how an increase in the hydraulic load will 

increase the sludge accumulation in the settling tank. In this case, the 

load was too high and a high amount of sludge started to escape from the 

settling tank. Fig . 7 .12 shows the profiles from the steady measurement 

160493. 
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Fig. 7 .12. Mean horizontal velocities and sludge concentration pro

files for measurement 160493. 

The profiles in Fig. 7 .12 also show the typical relationship between the 

velocity on concentration profiles. The sludge settles out of the density 

current and just before the effluent weirs , almost all sludge have settled 

towards the sludge blanket. Table 7 .2. shows the measured effluent and 

recirculation sludge concentration. 

Time Effluent kgSS/m3 Recirculation kgSS/m3 

9 .35 0.030 14.26 

11.15 0 .025 14.25 

Table 7.2. Effluent and recirculation sludge concentrations. 
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The steady state conditions can be seen in these measured concentra

tions. After measuring the steady state condition a tracer measurement 

followed in order to measure the retention time. The measured concentra

tions are averaged to give a more smooth curve as seen in Fig. 7.13. 
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Fig. 7 .13. Retention time curve for measurement 160493. 

The retention time curve is shown with normalised time (tiT) as the x-axis 

and normalised concentration (C/C0 ) as the y-axis where T is the mean 

retention time and C0 is the concentration for full mixing. Due to a loss of 

tracer through the recirculation flow C0 is calculated by a integration of 

the measured concentrations in the effluent. The retention time curve 

describes the flow field in the settling tank by some key parameter which 

can be compared w ith modelling results. The following key parameters are 

found and the values for measurement 160493 are shown in Table 7.3. 

• (tiT), 

• (t/Tlso 

• (t/T)max 

• (C/C0 )max 

Table 7.3. 

initial arrival time 

time when 50% of the tracer has passed 

arrival time for (C/C0 lmax. 
maximum normalised concentration 

(tiT); (t/Tlso (t/Tlmax (C/Colmax 

0.096 0.203 0.134 6.40 

Key parameter from retention time curve for measure

ment 160493. 

From Table 7 .3. it is seen that low values of (t/T), and (t/Tlmax indicate 

short circuiting through the settling tank which is known to be caused by 
the density current. 
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The mean flow velocity for travelling the 60 m long settling tank at the 

time (t!Tl; can be calculated to 6.25 cm/s. Comparing this velocity with 

the velocities measured in the density current in Fig. 7 .12, it is seen that 

the velocities are almost the same. The high (C/C0 lmax value also indicates 
a high degree of short circuiting and the relatively low (t/T)50 value 

indicates a low degree of mixing through the tank. 

Simulation, comparison and validation 

The geometry of the settling tank at Lynetten is modelled with the 

description shown in Fig. 7 .14. 

Influent Effluent 

t ____ _ 
~--------------

8 affles 
t t t 

Scraper 

t t 
- -

Recirculation 

Fig. 7 .14. Model description of settling tank geometry. 

Fig. 7 .14 shows that the influent comes from the overflow of the inlet 

board and is guided by the baffles. The effluent is drawn of at the surface 

in the effluent end. For the scrapers, no specific knowledge is found for 
the flow field created by the scrapers. The scraper nevertheless transport 

sludge from the whole settling tank bottom towards the recirculation pit. 

The scrapers are modelled by increasing the velocity linear from zero at 

the effluent end towards the recirculation zone, which created a uniform 

vertical velocity in the settling tank towards the scrapers. At the 

recirculation zone, the recirculation flow is drawn of. With this model 

geometry and the basic measurement results described in section 7 .1.2 

the inlet condition for the flocculation model is needed. From Das et al. 
(1993} it is found that the percentage of dispersed particles to secondary 

settling tanks varies between 0.07 - 3. 71 percent of the sludge in 15 

different treatment plants. A mean value of 1.5 percent is used as the 

inlet condition in the model simulations. As a beginning the Bingham 

plastic calibrations from the model tank simulations are used. Fig. 7.15 

shows the flow field and concentration field regarding a simulation of 

measurement 160493. 
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In the flow field it is seen how the influent jet falls down towards the 

bottom and the recirculation flow owing to buoyancy effects. The influent 

jet erodes down in the sludge blanket and is divided in a short circuited 
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flow towards the recirculation zone and the main flow through the settling 

tank. This main flow reached an established sludge blanket and is directed 

towards the surface. In the flow towards the surface the velocities 

decreases, and the viscosity increases due to the Bingham plastic 

description and amplified the velocity decreasing. Several attempts are 

made by changing calibration parameters and the description of the 

scrapers, but the results are the same. Despite the mentioned problem, 

the model simulation showed the characteristic steady sludge blanket and 
high velocity gradient to the density current. In the density current it is 

seen how the sludge concentration decreased along the tank due to 

settling. Backwards velocities are seen in the effluent end of the tank. 

Another approach for modelling the rheology of the suspension is made 

by describing the kinematic viscosity vas a function of only the sludge 

concentration as described in equation (3.7) in section 3.3. 

Equation (3. 7) is used with the constant at 0.132 as seen and with 

constants at higher values. The best prediction is reached with a constant 

at 0.28. In Fig . 7.16 the flow and concentration fields are shown. 
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Fig . 7 .16. Simulation results for measurement 160493 using equa

tion 3 .7 . a. Flow field. b. Concentration field with 1 

kgSS/m3 iso-concentration curves for the interval 0 - 1 6 

kgSS/m3
• 

Fig . 7. 1 6 shows a creation of a density current above a steady sludge 

blanket and backwards velocity at the surface in most of the settling tank. 
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This flow field have much more likeness to the measurement results 

shown in Fig. 7. 1 2 than the simulation results in Fig. 7. 15. The flow field 

differs from the measurement results by the velocities in the density 

current and in the backward flow. The maximum velocity in the simulation 
of the density current is approximately 4 .5 cm/s where the maximum 

measured velocity is approximately 7.5 cm/s. Furthermore, the simulated 

density current is higher than the measured. These differences result in 

more t ime in the simulation for the sludge to settle in the first part of the 
settling tank. Therefore, the accumulation of sludge become too high 

predicted in the first part and too low in the effluent end of the tank. An 

attempt is made to increase the velocities in the density current by 

limiting the description of rheology changes to suspension w ith sludge 

concentration higher than the influent concentration. This results in a 

simulation of the density current with a viscosity equal to pure water. 

These changes have now affect on the prescription of the density current. 

Due to the described problems with the prediction of velocities and 

accumulation of sludge in the tank, the measurement results are not 

compared with simulation results for different measurements. Despite the 

problems with the model simulation, the model results from the simulation 

in Fig . 7.16 for the low concentration of the sludge, non-settleable 

dispersed particle concentration and the eddy viscosity vt are presented 

in Fig. 7 .17. 
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Fig. 7.17 a. Settleable sludge with 0.05 kgSS/m3 iso-concentration 

curves. b. Non-settleable sludge with 0.01 kgSS/m3 iso

concentration curves. c Eddy viscocity iso-curves. 

Looking at the concentration field for the settleable sludge, it is seen that 

the effluent concentration is between 150 - 200 mgSS/1. This high 

effluent concentration is not seen in the measurement and can indicate 
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that the settling velocities for low concentrations are too low in the model 

description of the settling. Fig. 7.17 shows how the concentration of non

settleable dispersed particles in the effluent is between 1 0 - 20 mgSS/1. 

With an influent concentration of non-settleable dispersed particles at 48 

mgSS/1 some of the dispersed particles flocculated with the settleable 

sludge. As regards the eddy viscosity describing the turbulence, higher 

values are seen at the inlet and recirculation zones. Lower values are 

found in the density current and the backward flow, and the turbulence 
disappears in the sludge blanket due to density gradient effects on the 

dissipation of turbulence. 

The numerical model simulations shows results for the different model 

variables which have good likeness with the measured results and the 

description of processes in the system analysis. Nevertheless, the model 

simulations can not predict the correct values for all the variables. 

Slagelse wastewater treatment plant 

This section describes the measurements carried out on one of the 

secondary settling tanks at Slagelse wastewater treatment plant. 

Outline of the settling tank 

The secondary settling tank is of a new design, 45 m long, 7 m wide 

and 4 m deep with weir scrapers. Fig. 7.18 shows the settling tank. 
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Influent 4,3m 4,3m 4,3m Sm 
X ,Y X X 1r 

Scum Weir Effluent 

Recirculation 

)( 3,5 m v 
?I 

45 m 

Fig. 7.18. Secondary settling tank, Slagelse. 

This settling tank is different from the settling tank at Lynetten in some 

areas. Especially, the Slagelse tank is not as long as the Lynetten tank, 

and the design of effluent weirs is totally different. The measuring 

stations were also established with bridges as seen in Fig . 7 .19 where the 

distance between the bridges is shown as well. 

, .... ...... ·~--
~········ · · ·· ····~ 

-~ : 

Fig. 7 .19. Bridges over settling tank, Slagelse. 
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From a distribution building 7 secondary settlings are fed. The influent to 

the measurement tank could therefore only be changed by blocking the 

influent to some of the other settling tanks. The recirculation flow is 

controlled by movable Thomson weirs as seen in Fig. 7.20. 

Fig. 7 .20. Control of recirculation flow by Thomson weirs. 

The control of the recirculating flow is on-line by measuring the water 

surface constantly and thus calculating the flow from a known formula. 

The Thomson weirs can then be moved until the wanted flow is reached. 

Due to problems with this on-line control, the Thomson weirs were kept 

at a steady position. This means that the recirculation flow changes 

during the measurements but an attempt was made to measure the mean 

flow for each measurement. Otherwise, the measurement configuration 

was similar to the Lynetten measurements. 

Full scale experimental procedures. 

At Slagelse there was a very transient load of the secondary settling tanks 

as can be seen in enclosure 5. The transient load was a result of the 

control strategy for the change between processes in the biological part 

of the treatment plant. Due to this transient load it was difficult to 

describe the hydraulic conditions in the settling tank. Therefore, no steady 

measurements followed by tracer measurements was carried out as at 

Lynetten. So only unsteady measurements were made at Slagelse, but 
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also here the transient load affected the measurements of the mean 

horizontal velocity profiles. This effect will be discussed later. The mass 

balance of sludge for the settling tank was followed during the measure

ments. To describe the mean influent for the measurement the measure

ments of the total flow to the treatment plant were used, which can be 

seen in enclosure 5 as well. At the distribution building where the flow to 

each settling tank could be controlled, a distribution factor to each tank 

was known. From these factors the flow to the measurement settling tank 
could be calculated. Table 7.4 shows the influent and influent sludge 

concentrations and the recirculation flow for each measurement which 

was named by the date of the measurement. 

030593 

040593 

050593 

060593 

Table 7.4. 

Influent 0 Recirc. flow o. ss influent 

m3 /h m3 /h kgSS/m3 

56/96 114 (5.5) 

70/205 33 5.5 

67/205 33/147 5.4 

70/416/93 154 5.3 

Flow and influent sludge concentration conditions for the 

4 measurements. 

Due to measurement error the influent sludge concentration for measure

ment 030593 was not measured. With the steady concentrations for the 

other measurements a concentration at 5.5 kgSS/m3 was expected. 

Results of basic measurements 

With the measurement procedure described in section 5.2 basic measure
ments were carried out for measuring free settling velocities and 

flocculation, hindered settling velocities, density of suspension and finally 

a microscopic examination. 

To examine the free settling velocities and flocculation, measurements 

were made with two different initial sludge concentrations and five 

different turbulence levels. Fig. 7.21.a shows the direct measurement of 

one measurement of the sludge concentration changes at the measuring 

point, and Fig. 7.21.b shows the differences in settling velocities . 
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Fig. 7. 21 . a. Sludge concentration changes in one point of the sett

ling column. b. Percentage of initial sludge with settling 

velocities under a given velocity. 

The two parameters, the mean free settling velocity and the percentage 

of non-settleable initial sludge can be found from the results in Fig. 

7.21 .a.b. From section 3.4 the settleable sludge is defined as the sludge 

floes and the non-settleable sludge as dispersed particles. Fig. 7 .22.a and 

b. shows these parameters for the different turbulence levels, 

characterised by the parameter G, and the initial sludge concentration. 



Free settling velocities for diff. G 

0+---r-~---+--~--~--r-~---+--~~ 0 2 3 4 5 6 7 8 9 10 
G {Is} 

, .......... S$=0.150 (kgSS /m3] -=- SS-0.250 {kgSS/m3] I 

% non settleble SS for different G 

;g 
0 

~ 20,+---~~+---+-~T---+---+-~~~+---+---
{5 
c: 
(!) 

~ 15 

"' i 10+---+---+-==+===*===+---+---+-~~--+---J 
Q) 

"' g 5+---~--+---+---+---+---+---+---+---+-~ 
c: 

0+---+---+---+---+---+---+---~--~--~~ 
0 2 3 4 5 6 7 8 9 10 

G {Is} 

, _ SS=O. 150 (kgSS/m3) - SS-0.250 {k gSS!m3) I 

108 

Fig. 7 .22. a. Mean free settling velocity for different turbulence 

levels. b. Percentage of non-settleable sludge for different 
turbulence levels. 

In Fig. 7.22 it is seen that the measurement with low initial sludge 

concentration and G = 1 0 is missing due to errors in initial concentra

tions. Fig. 7 .22.a shows that the mean free settling velocities decreases 

with high turbulence levels and that the measurements with the higher 

initial concentrations shows the highest mean settling velocities. The 

percentage of non-settleable sludge seen in Fig. 7.22.b shows only small 

variations for different turbulence levels but a dependence on the initial 
concentration. 

The high G value only occurs in the influent zone of the settling tank so 

the free settling velocities are only modelled as depending on the 
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concentrations with G = 1. The settling velocities are then 0.000775 m/s 
for 150 mgSS/1 and 0.0017 m/s for 250 mgSS/1. 

The parameters KA and K8 in the flocculation model is found w ith the 

same one-dimensional model used for the Lynetten data . Fig . 7 .23 
presents the measured and calculated percentage of non-settleable sludge 

for different G values. 
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Fig. 7 .23. Percentage of non-settleable sludge for simulation com

pared with measurement. 

The calibration constants are found to be KA = 6.0 · 1 0 4 and K8 = 

1.0·10"6 • 

In the hindered settling regime 14 measurements were carried out with 

different initial sludge concentrations. Fig. 7.24 shows the measured 
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settling velocities for different concentrations. Furthermore, the measured 

free settling velocities and the used relationship in the numerical model are 

shown. 

Settling velocities vs. SS con. 
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Fig. 7 .24. Measured settling velocities depending on sludge con

centrations and used model description. 

The relationship between the density of the suspension and the sludge 

concentration was measured and the results are seen in Fig. 7 .25. 

Density of suspension vs. SS cone. 
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Fig. 7 .25. Relationship between density of suspension and sludge 

concentrations. 

The model description of this relationship is constructed linear with the 

density of clean water as reference density and a slope for the relationship 

at 0.39 found in the measurements. 

In enclosure 3 the results from the microscopical examination are 

presented. There is a normal number of filamentous microorganisms 
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characterised by an Eikelboom index of 2. The sludge floes are of normal 

sizes with filamentous microorganisms in the floes and with a firm but 

irregular structure. Comparison of these characteristics with the free 

settling and flocculation measurement results shows that the filamentous 
microorganisms give the floes a higher shear strength than is seen for the 

Lynetten measurements resulting in higher settling velocities due to larger 

floes. But still, the floc sizes also depends on the turbulence level. 

Result of full scale measurements 

Two of the four measurements in the secondary settling tank at Slagelse 
are presented and discussed here. In enclosure 6 the results from the 

other measurements are presented. Fig. 7 .26 shows the profiles of the 

mean horizontal velocities and the sludge concentration for measurement 

040593. The profiles are shown at different times in the measurement 

and at the four measurement stations shown in Fig. 7 .19. 
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Owing to the previously mentioned transient load in the settling tank, 

changes in the flow field sometimes occurred when measuring a velocity 

profile. An example is the first profile from measurement station 3 where 

the flow decreased during the measuring so that an integration of the 
velocity profile gives a negative flow. Sometimes, the f low almost 

disappeared as seen in the last profile in station 4. 

Despite these changes in the velocities, the measurements are very much 

like the Lynetten measurements w ith the density current and the steady 

sludge blanket and backward velocities above the density current. 

Furthermore, the increased accumulation of sludge in the settling tank is 

seen with the increased hydraulic load . Fig. 7 .27 shows the changes in 

the effluent and recirculation sludge concentrations during the measure-

ment. 
Outlet suspended solid concentration 
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Fig. 7 .27. a. Effluent sludge concentrations during measurement 

040593. b. Recirculation sludge concentration during 

measurement 040593. 
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The effluent concentration is very low during the whole measurement and 

shows a good effluent quality despite the increased accumulation of 

sludge. From the recirculation concentrations an increased concentration 

is seen owing to the increased accumulation of sludge but only little 

variation after the increase. Fig. 7 .28 shows the measured profiles from 

measurement 050593 . 
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Fig. 7.28 . Mean horizontal velocities and sludge concentration pro

files for measurement 050593. 
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Measurement 050593 differs from measurement 040593 by a higher 

accumulation of sludge in the settling tank for initial condition. The 

explanation of this higher accumulated sludge is a decreased recirculation 

flow in the night between measurement 040593 and 050593. Fig. 7.29 

shows the effluent and recirculation sludge concentrations for measure

ment 050593. 
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Fig . 7 .29. a. Effluent sludge concentration during measurement 

050593. b. Recirculation sludge concentration during 

measurement 050593. 

Also in measurement 050593 low effluent concentrations is seen during 

the entire measurement. The variations can be due to the transient load 

to the settling tank, but no immediate relationship can be identified. No 

explanation is found to the variation of the recirculation concentration. lt 

shall be noted that some measurements are lacking for the whole 

measurement due to concentrations exceeding the measuring range of the 

instrument used for sludge concentration measurements. 



7.2.4 

117 

Simulation, comparison and validation 

The model description of the geometry of the settling tank at Slagelse is 
as shown in Fig. 7 .30. 

Influent Effluent 

Scraper 

t t 
- -

Recirculation 

Fig. 7.30. Model description of settling tank geometry. 

For the calibration of the Bingham plastic model description, similar 

problems arose to the ones described in section 7.1 .4 regarding simulating 

the Lynetten tank. Therefore, equation (3. 7) with a constant of 0.28 is 

also used in the model simulation of the settling tank at Slagelse. Fig. 

7.31 and 7.32 show the simulation results for a simulation of measure

ment 050593 with the high flow condition. The sludge concentrations for 

the recirculation flow are 14.4 kgSS/m3 and for the effluent 0.06 kg 
SS/m3

• 
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Fig. 7.31. Simulation results for measurement 050593 with high 
flow condition. a. Flow field. b. and c. Settleable sludge 

with 1 kgSS/m3 and 0.05 kgSS/m3 iso-concentration 

curves, respectively. 
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Fig. 7.32. Simulation results for measurement 050593 with high 
flow conditions of a. Non-settleable sludge with 0.01 

kgSS/m3 iso-concentration curves. b. Eddy viscosity iso

curves. 

Fig . 7.31.a shows a density current, a steady sludge blanket and a 

backwards flow at the surface. Comparing the simulated velocities with 
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the measurements in Fig . 7 .28 shows higher measured velocities both in 

the density current and in the backwards flow. Similar to the Lynetten 

measurements there is no direct comparison between simulation and 

measurement results due to the difference in velocities. Fig. 7 .31 .b shows 

how the sludge concentration increases rapidly in the sludge blanket. 

Furthermore, it is seen how the flow towards the effluent weirs withdraw 

some of the sludge. Fig. 7.31.c shows how the withdrawal of sludge 

results in concentration of 50 - 100 mgSS/1 near the effluent weirs . Fig. 

7 .32.a shows how the concentration of non-settleable sludge decreases 
through the tank due to flocculation and gives only very low concentra

tions near the effluent weirs. From the eddy viscosity the higher values 

are seen above the sludge blanket near the effluent weirs and in the short 

circuit flow towards the recirculation pit. The eddy viscosity disappears 

in the sludge blanket due to the effects of density differences. 

Despite the mentioned simulation problems the simulation did show the 

correct large scale motions in the settling tank and correct behaviour of 

the model variables in each of the 4 different submodels. 

Conclusion on validation 

The Lynetten measurements consisted of the basic measurements, steady 

measurements with measurement of retention time and unsteady 

measurements where the effects of a change in the influent was 

measured. The full scale measurements, where profiles of the mean 

horizontal velocity and the sludge concentration are measured, shows that 

the expected relationship between these two profiles is similar to the 

model tank measurements. 

For the calibration of the rheology is first used the model tank calibrations 

for Bingham plastic characteristic . The Bingham plastic description proved 

unable to describe the mixing zone where the influent divides into the 

density current and a short circuit flow and where the scraper and the 

withdrawal to the recirculation flow, transports sludge from the sludge 
blanket towards the recirculation pit. A new approach where the viscosity 

of the suspension only depends on the sludge concentration shows a 
better description of the mentioned mixing zones. The calibrated model 

can not predict the exact values of the model variables in comparison with 

the measurements, but can predict the large scale motion and shows the 

expected behaviour for each of the 4 submodels. 

In the Slagelse measurements problems arose with regard to the transient 

load of the secondary settling tanks. Therefore, the measurements w ere 

only unsteady where the effect of a change in the influent was followed 

and also here the transient load affected the quality of the measurements. 
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In the simulation of the measurements at Slagelse, the numerical model 

is calibrated with the same approach as for Lynetten. Similar to the 

simulation of the Lynetten measurements, the model can not predict the 

exact values of the model variables for the measurements at Slagelse. But 

the full scale motion can be predicted to some extend. 

The validation of the numerical model to full scale measurements shows 

that the combination of an advanced numerical model, basic measure

ments and full scale measurements results in a model which can describe 

the different processes in a settling tank. The description of the different 

processes shows the right pattern, but is not precise enough to give the 

correct values of the model variables. 
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IMPROVEMENT OF A SECONDARY SETTLING TANK USING THE 

NUMERICAL MODEL 

In this chapter the numerical model is used to examine the effects of 

changes in a settling tank on the efficiency of the tanks. Despite the 

problems with the model simulation described in chapter 7 the settling 
tank at Lynetten is used as an example. The initial conditions is the same 

as the conditions used for simulation of the settl ing tank at Lynetten 
except for the effluent weirs which are extended to the double length. 

The effluent weirs are thus placed over the last 1 8 m of the settling 

tanks. The new simulation results are shown in Fig. 8 .1 and Fig. 8 .2 and 

the effluent concentration is found to be 0 .167 kgSS/m3 and the 

recirculation concentration is 13.0 kgSS/m3
• 
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Fig. 8.1. a. Flow field. band c. Settleable sludge with 1.0 kgSS/m
3 

and 0.05 kgSS/m3 iso-concentration curves, respectively. 
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Fig. 8.2. a. Non-settleable sludge with 0.01 kgSS/m3 iso-concentra

tion curves. b. Eddy viscosity iso-curves. 
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The main result is a small improvement of the effluent quality of 0.012 

kgSS/m3 which is equal to a 7% improvement. This improvement is a 

result of small flow velocities towards the effluent weirs due to a larger 

area with effluent weirs. Fig. 8 .1.a shows the larger area from the flow 

field . Otherwise the changes are very small. A numerical model can thus 

be used to examine different kinds of changes in a settling tank. 
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FINAL DISCUSSIONS AND CONCLUSIONS 

The aim of the present work was to develop a numerical model for 

simulation of secondary settling tanks. The numerical model comprises 4 

submodels which describe the prevailing processes pointed out in the 
system analysis: hydrodynamic, turbulence, transport and flocculation in 

settling tanks. The most general conclusions that emerge from this study 

can be summarised in the following way: 

• In the existing design practice of secondary settling tanks many of the 

physical processes which are important to the flow and sludge 

transport in the settling tanks were not included directly. 

• Despite some problems with simulation of full scale tanks, the 

numerical model could be used for predicting a relative improvement 

of a settling tank by changing the effluent weirs. The existing 

numerical model can thus be used to examine relative changes, but 

not yet for actual design of secondary settling tanks. 

The more specific conclusions can be outlined in the following way: 

• The developed basic measurement procedures provided measure

ments of settling velocities, flocculation and density which gave a 

reasonably good model description of these physical processes. 

• In the results from the model tank and full scale measurements 

agreement with pictures discussed in the system analysis was seen 

for the large scale motions. The measurements showed the character

istic density current, a steady sludge blanket and countercurrent 

velocities above the density current. 

• Through a calibration of the parameters in the Bingham plastic model 

description, the numerical model simulated the model tank measure
ments with reasonable agreement. Also for the validation, in which 

the model simulation was compared with new measurement, the 

numerical model predicted the measurements reasonably well. 

• In the validation of the numerical model for full scale secondary 

settling tanks a poorer reproduction of the measurements was found 

by the model simulations. The model simulations could predict the 

large scale motion, but not giving the correct values for all the model 

variables. The critical point in the numerical model was found to be 

the model description of the Bingham plastic suspension. 
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Visions 

In order to use the numerical model for predicting the effect of modifica

tions to improve the performance of existing settling tanks and for 

developing new design practices for settling tanks, it is necessary to 

improve some model descriptions. 

• Especially the model description of the Bingham plastic characteristic 

can be improved to enable the numerical model to better predict the 

large scale motions. A better large scale prediction is fundamental to 

improve the numerical model 

• Furthermore, an improvement of the measurements and model 

description of flocculation and settling still remain, both in the free 

and hindered settling regimes. The physical effect of the sludge 

collection system on the flow field near the bottom of the settling 

tank is not described well in the literature. Therefore, the present 

description of scrapers can therefore be improved, when more 

knowledge is available. 
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Symbol 

. * y 

K 

A 

J1 

p 

n 
T 

Unit 

m2/s 

kg/s 

m2/s 

m2 /s 

kg/m3 

kg/m3 

N/m3 

N/m2 

m2/s3 

kg/ms 
m3/m3 

kg/ms3 

kg/ms3 

m2 

kg/m3 

kg/m3 

kg/m3 

kg/m3 

m 

Description 

Instantaneous value 

Time average value 

Fluctuation value 

Measured angle or constant 

Kronecker delta 

Plastic viscosity 

Velocity gradient 

Velocity gradient at last time step 

von Karmans's constant 

Molecular diffusion coefficient 

Dynamic v iscosity 

Kinematic viscosity 

Eddy viscosity 

Density 

Reference density 

Turbulent Pradtl number for matter 

Turbulent Pradtl number for kinetic energy 
Turbulent Pradtl number for dissipation 

Short circuit factor 

Shear stress 

Critical shear stress or yield strength 

Dissipation 

Bingham plastic viscosity 

Volumetric concentration 

128 

Work of shear per unit of volume per unit of t ime 

Mean of ~p in a volume 

Area 

Dissolved substance concentration 

Floc concentration 
Dispersed particle concentration 

Tracer concentration for full mixing 

Empirical constant in 1-eqn. turbulence model 

Empirical constant in 2-eqn. turbulence model 

Dissipation generation constant, do. 

Dissipation decay constant, do. 

Richardson constant, do. 

Diameter 

Roughness parameter 

Root mean-square (rms) velocity gradient 
Buoyancy production/destruction rate of k 

Velocity gradient at one point 
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Gm s_, Mean of GP in a volume 
g m/s2 Gravitational acceleration 
H m Height 

HOB m/h Hydraulic surface load 

Tensor indices 

Tensor indices 

KA Flocculation constant 

Ks Disintegration constant 
k m2/s2 Turbulent kinetic energy 

L m Length scale 

MLSS kgSS/m3 Suspended sludge concentration in process tank 
p N/m2 Pressure 
pk m2/s3 Production rate of k 

0 m3/h Flow rate 

0, m3/h Recirculation flow rate 

R Recirculation factor 

Rt kgSS/m3s Flocculation rate 

Rp kgSS/m3s Disintegration rate 

s kgSS/m3s Source term, settling 

sf kgSS/m3s Source term, flocculation of floes 

sp kgSS/m3s Source term, flocculation of dispersed particles 

ss kgSS/m3 Suspended sludge or solid concentration 

SVI mllg Sludge volume index 

T s Mean retension time 

t s Time 

ta s Averaging time 

te s Sludge concentration time 

u m/s Velocity component in numerical model 

uf m/s Resultant friction velocity 

U; m/s Cartesian velocity component 

ures m/s Resultant velocity parallel to the bottom 

V m/s Velocity component in numerical model 

v m/s Velocity scale 

V m/s Settling velocity 

V; m/s Settling velocity for the i'th fraction of the sludge 

vo m/s Settling velocity in free settling regime 

vs m/s Settling velocity in hindered settling regime 

X m Cartesian space co-ordinate 
y m Distance from wall to first grid point 

y* Dimensionless wall distance 
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A.1.1 

1 

APPENDIX 1 

Hydrodynamic, turbulence, transport and flocculation theory 

The following appendix describes the theory behind the governing partial 

differential equation for the numerical models. The used equations are a 

result of the choices for the numerical models described in section 3.4. 

Hydrodynamic and transport models 

First, the governing equations for the mean flow quantities are presented. 
For the conservation of mass a continuity equation is formed presuming 

that mass and velocity are continuous functions in space and time. For a 

field volume and incompressible fluid the density is constant and the 

conservation of mass is reduced to conservation of volume. In tensor 

notations the equation yield . 

Continuity equation (Mass conservation): 

aD. 
-'=0 
ax; 

(A 1.1) 

Here D, denotes the instantaneous velocity component and X; is a 

cartesian spatial coordinate . An equation for conservation of momentum 

can be found by applying Newton's 2nd law on an elementary volume of 

fluid. Assuming that the fluid is isotropic and incompressible and using 
Boussinesq's approximation, that assume that variation in density are 

small compared to the absolute value the equation yield. 

Navier-Stokes equations (Momentum conservation): 

aD; u· aD, 1 aP c!O, P-p, 
-+ r;;::=----+v--+g,-
at axj p, ax, axp~ p, 

(A 1.2) 

t denotes the time, p, is the reference density, pis the local density, Pis 

the instantaneous pressure and g; is the gravitational acceleration compo

nent. Combining Fick's 1st law and the conservation of mass for an 

elementary volume of fluid yields an equation for conservation of concen

tration. 



Transport/dispersion equation (Concentration conservation): 

at +U ac ='A if-6 +S 
at 'a~ axp~ 

2 

(A 1.3) 

where C is the instantaneous species concentration, A is the diffusivity 

and S is a source term for e.g . settling. 

Most flows of practical interest are influenced by turbulence. In theory 

equation (A 1.1) - (A 1.3) form a close set and are able to describe all 

details of the turbulent motion. But in practice, computer storage capacity 

and available computer simulation time is at present far from what is 

necessary for the use of these exact equations to describe turbulent 

motion. The reason is that turbulent motion contains motion in a very 

small scale, typically 1 o-3 of the extent of the flow domain. To set-up a 

numerical grid to cover these small turbulent motions is totally unrealistic. 

Another approach is therefore needed to describe turbulent motion (Rodi 

1984). 

In order to reduce the amount of information a statistical approach is 

called for and the instantaneous values of 0., P and C are separated into 
I 

mean jj., P and C and fluctuating u';, p' and c' quantities. 
I 

(A 1 .4) 

Equation (A 1.4) has been developed with the assumption of isotropic 

turbulence. The mean quantities are defined as shown for i]. 
I 

(A 1 .5) 

and the time mean of the fluctuation is zero by definition. 

(A 1.6) 

where the averaging time ta is long compared to the time scale of the 

turbulent motion. 

Inserting (A 1 .4) in (A 1.1) - (A 1.3) using the average from (A 1.5) and 

(A 1.6) gives the following equations. 



Continuity equation: 

au. _1=0 
ax, 

Momentum equation: 

au, au, 1 aP a ( au, -~-~) p-p, -+U-=----+- v--U·U· +g~ I I I I at a~ p,ax1 axi axi p, 

Transport dispersion equation: 

3 

(A 1.7) 

(A1 .8) 

(A 1.9) 

Where U;, P and C now are the mean quantities. These equations are also 

exact as no assumptions are made, but they do no longer form a closed 

I I I 1 
set of equations due to unknown correlations u,ui and U;C . The quantity 

-~ -, 

u, ui becomes either normal stresses when (i = j) and shear stresses 

when (i :F j). These stresses are called Reynold-stresses. Similar to a 

laminar flow Boussinesq assumed in analogy with Newton's formula for 

viscous shear, that a linear relation exists between the turbulent stresses 

and the mean velocity gradients. For general flow situation this eddy 

viscosity concept gives. 

-~-~ ( aU1 au.) 2 -u1u-=vr -+- 1 --k·o .. 1 ax. ax. 3 " I I 

(A 1.1 0) 

where "t is the turbulent eddy viscosity, k is the kinetic energy and o;i is 

the Kronecker delta (o;i = 1 fori = j and oij = 0 for i * j). The second term 

on the right side of (A 1 .1 0) is included to make the expression applicable 

also to normal stresses. The first term on the right side of (A 1.1 0) yield 

for normal stresses (one direction as an example). 

a aU1 
U· =-2v-

1 r ax 
1 

(A 1.11) 

The sum of the all normal stresses are zero to satisfy the continuity 

equation (A 1.7) . However, by definition all normal stresses are positive, 

and the sum is twice the kinetic energy. 
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(A 1.12) 

In order to ensure this definition, the second term on the right hand side 

in (A 1 .1 0) is included. Nevertheless, this term can be absorbed by the 

pressure gradient term with the pressure at P + o/3 k. Therefore, with the 
assumption in (A 1.1 0) the unknown Reynolds stresses are reduced to one 

unknown parameter the eddy viscosity "t· 

The shear stresses Tin turbulent motion is for both laminar and turbulent 
sheer stresses from (A 1.8) equal to 

au, - ,-, 
't=J.L--pU·U · 

ax ' 1 
j 

(A 1.13) 

where J1 is the dynamic viscosity. The laminar sheer stresses are negligible 

to turbulent sheer stresses in turbulent flows except from the viscose 

boundary layers. But in a description of a Bingham plastic suspension, the 

laminar sheer stresses excite the turbulent sheer stresses in some cases. 

Both sheer stresses are therefore taken into account in the following 
equation. By including (A 1.1 0) and (A 1.11) in (A 1. 7)- (A 1.9), the follow

ing equations w ith only the mean quantities are formed. 

Continuity equation 

Momentum equation 

Transport/dispersion equation 

Turbulence model 

au. 
-'=0 
a xi 

(A1.14) 

(A 1.15) 

(A 1 .16) 

With (A 1.14) - (A 1 .16) the eddy viscosity "t is the only parameter to be 

determined to close the set of equations. "t is in turbulence models used 
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as the parameter for the turbulent motion. The eddy viscosity vt is in 

contrast to the molecular viscosity v not a fluid property but depends 

strongly on the state of the turbulence and may vary considerably over 

the flow field. The close analogy between the laminar and turbulence 

stresses which is the basis of the eddy viscosity concept has been 

criticised for the physical differences. Further, it is important to note that 

turbulence models do not describe the details of the turbulent fluctuations 

but only the average effects of these terms on the mean quantities. 

Nevertheless, the eddy viscosity concept has proven to give good results 

for various kinds of flows because vt as defined in equation (A 1 .1 0) can 

be determined to good approximations. 

The eddy viscosity vt is proportional to a velocity scale V and a length 

scale L characterising the large scale turbulent motion. 

V-L (A 1.17) 

Actually, it is the distribution of these scales which can be approximated 
reasonably well in many flows. As the turbulence model, the k-E model is 

chosen due to its ability to describe the transport/dispersion of the turbu

lent motion. The kinetic energy of the turbulent motion (per unit masse) 

k is from (A 1 . 1 2) seen to be a natural scala for the turbulent fluctuations 

where 

(A 1.18) 

Including (A 1. 17) in (A 1 .18) the following relations occur in the eddy 

viscosity relation. 

(A 1.19) 

where c'JJ is an empirical constant. 

For turbulent motion the large eddies interact with the mean flow and 

thereby extracting kinetic energy from the mean motion and feeding it into 

large scale turbulent motion. The eddies can be considered as vortex 

elements which stretch each other. Due to this, energy is passed on to 

smaller and smaller eddies until viscose forces became active and dissi

pate the energy into heat. This process is called energy cascade. The 

dissipation rate of turbulence E is therefore depending on the large scale 

motion although dissipation takes place in the smallest eddies. The dissi

pation process is usually modelled by the expression 
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(A 1.20) 

By including (A 1.20) in (A 1.19) theE is included in the eddy viscosity rela-

tions by 

(A 1.21 ) 

where cjl = c'JJ · c0 is empirical constants. Equation (A 1 .2 1) forms together 

with transport/dispersion equations for k and E based on Naviere-Stokes 

equation the so called k-E turbulence model. 

(A 1.22) 

(A 1.23) 

where ak and a£ are empirical diffusion constants (Prandtl numbers) and 

c 1£ , c2£ and c3£ are empirical constants. Pk is the production of kinetic 
energy from the mean flow defined as: 

(A 1 .24) 

Gk is the production/destruction of kinetic energy from density differences 

defined as 

(A1.25) 

where g is the gravitational acceleration. To the standard k-E model the 

values of constants are shown in Table (A 1.1) (Rodi, 1984). 

CJJ c," c2c ak a" at c3c 

0.09 1.44 1.92 1.0 1.3 1.0 0.8 

Table A 1.1. Values of constants in the k-E model. 
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The values in Table A 1.1 have been found by calibration between a 

number of well-documented laboratory shear flows and model prediction 

to give the best overall agreement. 

Boundary equations 

For wall boundaries very steep gradients in velocity prevail in the viscose 

sublayer so that many grid points must be used for a proper solution. 
Furthermore, viscose effects are important in this layer so that high 

reynolds-number turbulence models as the k-E model are not applicable. 

By empirical laws the wall conditions can be connected to the dependent 

variables just outside the viscose sublayer. The universal law of the wall 

may be expressed as. 

u,es 1 
-=-ln{y* ·E) 

U, K 

(A 1.26) 

where ures is the resultant velocity parallel to the wall, uf is the resultant 

friction velocity, y* = (y • U1)/v is a dimensionless wall distance, K is the 

von Karman constant and E is a roughness parameter (E = 9 for hydraulic 
smooth walls) . 

In the sublayer local equilibrium prevails and the turbulence production Pk 

is equal to the dissipation E. The boundary equations for k and E is. 

Flocculation model 

k 1 
=-

uf2 r;;
yCIJ. 

(A 1.27) 

(A 1 .28) 

A two fraction flocculation model is chosen to describe the relationship 

between dispersed particles and floes. The flocculation rate Rt and the 
disintegration rate Rp are shown in equations (A 1 .29) and (A 1 .30) 

R, = KA . Cp . c, . G (A 1.29) 

(A 1.30) 
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where 

(A1.31) 

is the rms velocity gradient, KA and K8 are constants and C1, Cp are con

centration of floes and dispersed particles, respectively. The flocculation 

and disintegration balance between dispersed particles and floes is found 

in all points and the source terms Sp and St for the dispersed particles and 

floes, respectively is found. 

(A 1.32) 

(A 1.33) 

A transport/dispersion equation as (A 1 . 17) are used for each of the two 

fractions of sludge dispersed particles and floes. The source terms are 

included in these equations. 
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APPENDIX 2 

Numerical solutions 

This appendix describes the numerical solution used in the numerical 

model, developed in the program PHOENICS. When using PHOENICS, 

different numerical schemes can be chosen, but the default scheme gives 

the best solution with respect to fluid flow problems like secondary 
settling tanks (Spalding, 1989). The default scheme is the implicit Hybrid 

scheme, which will be described in the following using a one-dimensional 

conversion and diffusion equation as an example. 

Forms of discretisation 

First of all, this subsection describes the form or term used in the follow
ing subsections for discretisation, giving the equation 

d_(K~+S=O 
dx\ dx) 

Integration of (A2.1) over the control volume in Fig. A.2.1 gives. 

(Kd"[) - (Kt!I\ + f: Sdx = 0 
dX) 6 dx)w 

(A2.1) 

(A2.1) 

The discretisation of this equation with piecewise linear profile 

discretisation according to the grid in Fig . A.2 .1 gives 

(A2.3) 

where S is the mean of S in the control volume. 
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Control volume 

-~~~~~~'h'N'~,q..._-A -6..---

~ lo:w .1. lo:J~ _J 

Fig. A2. 1 . Grid point cluster for the one-dimentional problem (Patankar, 
1980). 

(A2.3) can be rearranged to the form used in the following section: 

(A2.4) 

(A2.4a) 

(A2.4b) 

(A2.4cl 

(A2.4d) 

Central difference scheme 

To illustrate the different discretisation schemes a one-dimensional con

version and diffusion equation is used . 

d ~ d<J>) -(pU<P)=- r-
dx dx 

(A2.5) 

Integration of (A.2.5) over the control volume shown in Fig . A .2 .1 gives 

the following: 

(p£J<P) -(p£J<P) =(r d<J>) -~r d<J>) 8 wdx dx 
8 w 

(A2.6) 

with piecewise linear profile discretisation 
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fe(cJ>E-cJ>P fJcJ>p-cJ>w) (A2.7) 
(o~6 (o~w 

where the factor % arises from the acceptance of the interface to the 

control volume being midway between the grid points. Another integration 

factor would otherwise be used. Two new symbols are defined to. 

F=pU 
r D=ox (A2.8) 

where F indicates the strength of the convection (or flow), whileD is the 

diffusion conductance. 

Using (A2.8) and rearranging (A.2.7) to the forms described in subsection 

A.2.1 the following set of equations occur for the central difference 

scheme. 

where 

F6 a..,.=D -
c 6 2 

By continuity Fe = Fw and ap = aE+aw (Patankar, 1980). 

Upwind difference scheme 

(A2.9) 

(A2.9a) 

(A2.9b) 

(A2.9d) 

The upwind scheme corrects a weak point in the central scheme with the 

assumption that the averaged property 4>e at the interface is the average 
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of q>E and q>P and propose a better description (Patanker, 1980). The diffu

sion terms are untouched. The value of q> at an interface is equal to the 

value of q> at the grid point on the upwind side of the face, which gives: 

(A2.10a) 

(A2.1 Ob) 

an equal for q>w· Note that F8 can be both positive and negative due to the 
definition depending on the direction of u . Using the term [ A.B], which 

denotes the greatest of A and B (A.2.1 0) can be compressed to: 

(A2.11) 

and the discretisation equation for the upwind difference scheme 

becomes: 

(A2.12) 

where 

(A2.12.a) 

(A2.12.b) 

(A2.12.c) 

The construction of the upwind scheme results in a scheme where the 

fluid would not know anything about the volume which it is heading for. 

This gives a physical realistic solution, but not always as close to the 

exact solution as other schemes (Patankar, 1980). 

The hybrid difference scheme 

To describe the hybrid difference scheme, the new symbol P8 the Peclet 

number is defined by 

F P=-
9 D 

(A2.13) 
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The hybrid scheme is developed as a combination of the central difference 

scheme and the upwind difference scheme as will be shown. The whole 

idea is to create a scheme close to the exact solution for all P8 (Patankar, 

1980). The use of the dimension form aE/De as a function of Pe is shown 

in Fig. A .2.2, where the central difference scheme is used for- 2 s P8 s 
2 and the upwind difference scheme outside this P8 interval and with the 

diffusion set equal to zero (Patankar, 1980). 

4 

-s -4 -3 -2 -1 o 4 s 

Fig. A.2.2. aE/De as a funktion of P8 for hybrid difference scheme 

(Patankar, 1980). 

The three lines in Fig. A.2.2 describing the hybrid difference scheme can 

be described by: 

For P8 < -2 

For -2 :S P8 :S 2 

For Pe > 2 

aE 
-=-P D 9 

9 

(A2.14) 

(A2 .15) 

(A2.16) 

The discretisation equation for the hybrid differences scheme becomes: 

(A2.17) 

where 

(A2.17a) 
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(A2.17b) 

(A2.17c) 

Fig. A.2.3 shows how the hybrid difference scheme makes a close 

description of the exact solution for all P0 and therefore becomes a very 

stable scheme. 

.p 

1.2 ), 

1.0 

0.6 

0 .4 

0 .2 

0.0 

-0.2 

- 10 

Centrel difference \ 

Upwind 

Exact 
(llso power law) 

- 5 0 

p 

5 10 

Fig . A.2.3 q>P predicted by different schemes for a range of P8 (Paran

kar, 1980). 

From Fig. A.2.3 is also seen that the hybrid difference scheme uses the 

most exact parts of the central and upwind difference scheme (Patankar, 
1980). 
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