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EXECUTIVE SUMMARY 

BACKGROUND AND MOTIVATION 

Head loss data for wastewater treatment sludge is not available in standard design tables 

and is therefore mostly estimated. The more highly concentrated the sludges becomes, the 

more non-Newtonian the flow behaviour is and the higher the pressure drop or energy 

required to transport the sludge. There is still no widely accepted design correlation of 

sludge viscous properties as a function of solids content, causing frustration to design 

engineers who, in the absence of obtaining costly rheological data, have to make estimates 

which could compromise efficient design of pump and pipe systems. 

 

RATIONALE 

The measurement of the flow behaviour of non-Newtonian fluids such as sludge, also called 

rheology, is not a simple matter. Wastewater treatment sludges due to their non-Newtonian 

behaviour do not have a simple constant viscosity and therefore require more complex 

modelling. 

 

This has been researched world-wide but because the properties of sludges vary so much 

from plant to plant, there has not been much success in presenting pressure loss 

predictions. A number of researchers have tried to relate the rheological parameters to 

sludge solids concentration. When combined, a wide scatter of results is obtained. 

 

The complication is that unless the measurements are done with similar equipment, either 

tube viscometers or rotary viscometers with the same geometries, it is difficult to compare 

results. This group prefers tube viscometry as it resembles a pipeline and actual head losses 

are measured. A test rig with reasonable sized pipe diameters (maximum pipe diameter of 

63 mm ID) was designed and constructed to determine the pressure drop versus flow rate 

relationships. The test rig was shipped to Sweden where a range of sludges were prepared 

from different processes for testing pump performance and rheology by Haldenwang and co-

authors. Tests were also conducted in South Africa (Cape Flats WWTP) which resulted in a 

correlation relating sludge viscous properties to solids concentration based on results 

obtained from two continents. This model needs further validation. The existing dataset from 

which the model was derived needs to be populated with sludge data from more treatment 

facilities using the same equipment as used by Haldenwang and his team. 
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Measurement of the sludge rheology in-line and real-time has been attempted by many with 

varied success. The Flow Process and Rheology Centre at CPUT in collaboration with their 

Swedish partners at the Swedish Institute of Food and Biotechnology, SIK in Goteborg, have 

developed and patented a system using ultrasound velocity profiling and pressure drop 

measurements to achieve this.  

 

The addition of real-time, in-line viscometry measurements will reconcile the difference that 

exist between rotational and tube viscometry which caused the delay in the development of 

a more widely accepted model. 

 

The more the sludge is thickened to reduce water, the more non-Newtonian the sludges 

become and the more important it is to gain an understanding of the flow properties of these 

sludges. 

 

PROJECT OBJECTIVES 

The aims of the project were 

• To expand the existing sludge database obtained from tube viscometer 

measurements to validate/improve, if necessary, the pressure drop-flow rate 

predictions developed and published previously. 

• Rheology will not affect pumping operations  

• Rheology will quantify variation of these properties which will affect pumping 

operations. 

• To test the application of the in-house developed UVP viscometer over a range of 

sludge concentrations. 

 

METHODOLOGY 

The selection of suitable waste water treatment sites in and around CT where high 

concentration sludges are available was key to the successful completion of the project. A 

meeting was arranged with the City of Cape Town to obtain permission and the WWTP at 

Potsdam was suggested as an option. Two BTech students then investigated the suitability 

of several sites in terms of sludge concentrations available and space for the portable tube 

viscometer. Three sites were identified: Potsdam, Melkbosstrand and Wesfleur. 

 

The portable tube viscometer consisting of a recirculating pipe loop with 50 mm and 63 mm 

ID tubes was used for all the flow tests. A 4 x 3 inch centrifugal pump with a variable speed 

drive was used to control the flow rare? Flow rates were measured with a magnetic flow 
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meter and pressure drop with differential pressure transducers. Calibration tests were done 

with water and the measured data in both pipes was compared with Colebrook-White 

equation for determining head losses in straight pipes in turbulent flow. 

 

A test consisted of recirculating the sludge in the pipe loop and taking pressure drop and 

flow rate measurements in the three pipes with different diameters. From this a flow curve for 

each sludge concentration was constructed. 

 

The flow curves, or rheograms, were obtained using the Rabinowitch-Mooney method. The 

rheograms were then used to determine the rheological parameters namely yield stress and 

Bingham viscosity.  

 

Three waste water treatment plants, Potsdam, Melkbosstrand and Wesfleur in the Western 

Cape were identified where thickened sludges could be obtained. Sludge and process water 

were collected from Melkbosstrand and Wesfleur and all tests were conducted at Potsdam 

since there was enough space for the experimental setup. 

 

Additional sludges from Wellington, Paarl and Stellenbosch WWTPs were tested in a smaller 

tube viscometer rig for consultants, who required the data for the design of a pipeline. 

Permission was obtained from Drakenstein Municipality (the client) to use the data in this 

report.  

 

For the final objective an in-house developed Ultrasound Velocity Profile system combined 

with pressure drop (UVP-PD) system was used to determine the rheology of three sludges 

from Potsdam in-line and in real time. These results were compared with those obtained 

from the tube viscometer.  

 

 

RESULTS AND DISCUSSION 

The envisaged scope of experimental work was achieved and overall 21 sludges from six 

WWTPs were tested.  

 

Rheological characterisation of viscous WWTP sludges 

The original scope was to rheologically characterise sludges from three WWTPs. Sludges 

were obtained from Potsdam, Wesfleur and Melkbosstrand WWTPs with solids 

concentration varying between 2% and 7.8%. The tube viscometer data of wall shear stress 
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versus shear rate was produced for each sludge and the Bingham yield stress and viscosity 

were derived. 

 

In addition, four sludges from Wellington, Paarl and Stellenbosch WWTPs were tested. The 

concentration of these sludges was lower, ranging from 3% to 4.7%. 

 

Testing of the UVP-PD system 

During May 2014 the portable tube viscometer was taken to Potsdam and the UVP-PD 

system with a new non-invasive sensor unit was used to test three secondary sludges from 

the filter belt press. The rheology obtained from the UVP-PD system was compared with that 

obtained from the tube viscometer and for all three sludges the results were excellent. 

 

CONCLUSIONS 

The rheological properties of 21 sludges from six WWTPs in the Western Cape were tested 

ranging in solids concentration between 2% and 7.8%. Most tests were done in tube 

viscometers which are really small pipelines. The sludges tested comprised of primary and 

secondary as well as filter bed sludge.  

 

The rheological properties of these sludges were over a wide range, with Bingham yield 

stresses varying between 1 Pa and 34 Pa and the Bingham viscosity from 0.005 to  

0.079 Pa.s. 

 

The effect on pressure drop predictions is significant as can be seen in Figure 43.The data 

was combined with that previously published by Haldenwang et al. (2010) and new 

predictions for both Bingham yield stress Figure 43 and Bingham viscosity Figure 44 were 

compiled. The data can only be predicted in a range of +/- 60% certainty.  

 

It was envisaged that the results would be closer grouped because of the fact that all the 

tests were done in the same tube viscometer. This was however not the case and again 

shows how complex sewage sludges are. The rheological parameters such as Bingham 

yield stress and viscosity cannot only be linked to concentration. There are many other 

factors that influence the behaviour of these sludges, such as the process, flocculation pre-

shear history, etc. 

 

This again confirms the fact that when designing pipelines to transport viscous sludges, 

great care should be taken when estimating the rheology of such sludges. This will become 

more and more important as plants are trying to increase concentrations in the processes 
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and the viscous properties increase. It will take further work before more accurate 

predictions will become available due to the complex nature of sewage sludge. 

 

A new UVP-transducer which can measure non-invasively through a stainless steel pipe was 

tested with sludges for the first time. The UVP-PD system was successfully tested with three 

concentrations secondary sludge and the results were compared with the tube viscometer. 

The fact that one can now determine the rheology of sludges in-line and in real-time, has 

huge potential for process control in the waste water treatment industry. 

 

RECOMMENDATIONS FOR FUTURE RESEARCH 

The feasibility of using the UVP-PD system for measuring the rheology of sludges in-line has 

been proven. This has huge potential for optimisation of polymer dosing if one can link the 

rheological parameters of the sludge to the optimum polymer concentration.  

 

The more sludge rheology data is made available, the more accurate pipeline pressure drop 

predictions will become. With the UVP-PD system this becomes now easier as the time 

taken for testing is much shorter and we have built a much smaller portable rig which could 

be used in future. 

 

It is important to continue work towards identifying the critical physical and biological 

parameters in addition to concentration that will enable the development of a suitably simple 

model for prediction of sludge rheology.  
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NOMENCLATURE 

A Area (m2) 

B Roughness function 

dx Representative particle size (m) 

D Internal pipe diameter (m) 

f Fanning friction factor (-) 

F Force (N) 

g Gravitational acceleration (m/s2) 

He Hedström number (-) 

hf Frictional head (m) 

K Fluid consistency index (Pa.sn) 

K' Apparent fluid consistency index (Pa.sn) 

k Hydraulic roughness (m) 

L Length of pipe or test section (m) 

n Flow behaviour index (-) 

n' Apparent flow behaviour index (-) 

∆p Differential pressure between 2 measuring points (Pa) 

Q Volumetric flow rate (m³/s) 

r Localised distance along radius of pipe or concentric cylinder (m) 

rplug Plug radius (m) 

R Internal pipe radius (m) 

Rc Radius cup (m) 

Rb Radius bob (m) 

Re Reynolds number (-) 

ReMR Metzner and Reed Reynolds number (-) 

Re2 Slatter Reynolds number (-) 

Rer Roughness Reynolds number (-) 

u Localised linear velocity at (r) value (m/s) 

V* Shear velocity (m/s) 

V Velocity, mean velocity (m/s) 

y Distance from pipe wall = R-r (m); denotes dependent variable 
γ  Shear rate (1/s) 

λ Lambda friction factor (-) 

µ Dynamic viscosity (Pa.s) 

δ Ratio between cup and bob radius 

ρ Density (kg/m3) 

ω Rotational speed (Rad/s) 

τw Wall shear stress (Pa) 

τy Yield stress (Pa) 
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1 INTRODUCTION AND OBJECTIVES 

Head loss data for wastewater treatment sludge is not available in standard design tables 

and is therefore mostly estimated. The more highly concentrated the sludges becomes, the 

more non-Newtonian the flow behaviour is and the higher the pressure drop or energy 

required to transport the sludge. There is still no widely accepted design correlation of 

sludge viscous properties as a function of solids content, causing frustration to design 

engineers who in the absence of obtaining costly rheological data, have to make estimates 

which could compromise efficient design of pump and pipe systems. 

 

The measurement of the flow behaviour of non-Newtonian fluids such as sludge, also called 

rheology, is not a simple matter. Wastewater treatment sludges due to their non-Newtonian 

behaviour do not have a simple constant viscosity and therefore require more complex 

modelling. 

 

This has been researched world-wide but because the properties of sludges vary so much 

from plant to plant, there have not been much success in presenting pressure loss 

predictions. Some have tried to relate the rheological parameters to sludge solids 

concentration (Mori et al., 2006 and Seyssiecq et al., 2003). When combined, a wide scatter 

of results is obtained. 

 

The complication is that unless the measurements are done with similar equipment either 

tube viscometers or rotary viscometers with the same geometries it is difficult to compare 

results. This group prefers tube viscometry as it resembles a pipeline and actual head losses 

are measured. A test rig with reasonable sized pipe diameters (maximum pipe diameter of 

63 mm ID) was designed and constructed to determine the pressure drop versus flow rate 

relationships. The test rig was shipped to Sweden where a range of sludges were prepared 

from different processes for testing pump performance and rheology (Haldenwang et al., 

2010). Tests were also conducted in South Africa (Cape Flats WWTP) which resulted in a 

correlation relating sludge viscous properties to solids concentration based on results 

obtained from at least 2 continents. This model needs further validation. The existing dataset 

from which the model was derived needs to be populated with sludge data from more 

treatment facilities using the same equipment (Haldenwang et al., 2012). 

 

Measurement of the sludge rheology in-line and real-time has been attempted by many with 

varied success. The Flow Process and Rheology Centre at CPUT in collaboration with their 

Swedish partners at the Swedish Institute of Food and Biotechnology, SIK in Goteborg, have 
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developed and patented a system using ultrasound velocity profiling and pressure drop 

measurements to achieve this. (Kotzé et al., 2008; 2012 and Kotzé and Haldenwang, 2008). 

The addition of real-time, in-line viscometry measurements will reconcile the difference that 

exist between rotational and tube viscometry which caused the delay in the development of 

a more widely accepted model. 

 

The more the sludge is thickened to reduce sludge/solids handling cost, the more non-

Newtonian the sludges become and the more important it is to gain an understanding of the 

flow properties of these sludges. 

 

The aims of the project was 

• To expand the existing sludge database obtained from tube viscometer 

measurements to validate/improve if necessary the pressure drop-flow rate 

predictions developed and published previously 

• To measure the pressure drop versus flow rate on the waste water plants in existing 

pipes as well as the concentration of the sludges to independently test the design 

protocol developed. 

• To test the application of the in-house developed UVP viscometer over a range of 

sludge concentrations. 

 

2 LITERATURE 

When one deals with the design of pipe and pump systems for the transport of water there 

are many handbooks dealing with this and every pump manufacturer will have pump 

performance curves available.  

 

Designing pipe and pump system to transport viscous fluids is however a much more 

complex issue as one deals with viscous fluids with complex flow behaviour which also often 

varies considerably over time. The tool that is used to determine the flow behaviour of such 

complex fluids is rheology. 

 

In this section some basics of pipe flow, a short introduction to rheology and models used 

will be given as well as appropriate Reynolds numbers used for pressure drop predictions.  

 

2.1 Fundamentals of liquid pipe flow 

Osborne Reynolds was the first to define flow regimes for liquids as laminar, transitional and 

turbulent. In laminar flow the viscous forces are dominant and in turbulent flow the inertial 
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forces. The Reynolds number (Re) which is a ratio of inertial to viscous forces can be shown 

as follows: 

 

μ
ρVD=Re  (1) 

 

with ρ being the density, V the bulk velocity, D the pipe diameter and µ the dynamic 

viscosity. The laminar region is generally defined by a Reynolds number Re<2100 and the 

turbulent region Re>4000. In between these two regions is the unstable transition zone. 

For laminar flow of a Newtonian fluids, in a circular tube using a force balance the shear 

stress at the wall is as follows. 

 

L
PD

w 4
Δ=τ . (2) 

 

With ∆P being the pressure drop over a pipe length L 

The Fanning friction factor f is defined as follows: 

 

22 2
)/(2

V
LPD

V
f w

ρρ
τ Δ== . (3) 

 

In the laminar flow region the relationship between the Fanning friction factor and Reynolds 

number is as follows. 

Re
16=f  (4) 

 

Often the Lambda (λ) friction factor is used and the relationship is: 

 

Re
64=λ  (5) 

 

The friction head loss/m for laminar flow can be expressed by the Darcy-Weisbach equation 

as follows. 

 

gD
fV

L
h f

2
4 2

= . (6) 
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For turbulent flow there are a number of friction factor Reynolds number equations available 

such as the Blasius, Chezy, Manning and Colebrook-White. 

The Blasius equation is valid for smooth pipes from transition to a Reynolds number of  

100 000, (Douglas et al., 1985) 

 

25.0Re
079.0=ƒ  (7) 

 

Colebrook and White combined the laminar and turbulent flow equations of Prandtl and 

Nikuradze into the following form (Featherstone and Nalluri, 1995). The relationship between 

friction factor and a roughness ratio was defined as k/D. 

 











+−=

ƒ
.

D.
k  

ƒ 4Re
512

73
log2

4
1

 (8) 

 

Equation (8) can be transposed to yield an equation in terms of velocity: 

 



















+−=

L
h

g D D

 μ,
D,

k 
L

h
g D V

f

f

2

512
73

log22  (9) 

 

The Moody diagram has been extensively used to determine friction factors for pipes of 

different roughness in both laminar and turbulent flow. An example is shown in Figure 1. 
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Figure 1 Moody diagram 

 (www.wikimedia.org/wikepedia/commons/8/80/Moody_diagram.jpg) 

 

2.2 Fluid behaviour – Newtonian and non-Newtonian 

When a thin layer or fluid is sheared between two parallel plates a distance dy apart and 

force F is applied this force will be balanced by the opposite internal friction. (Figure 2). For a 

Newtonian fluid in laminar flow the total shear stress is equal to the product of the viscosity 

and the shear rate of the fluid.  

 

 

 

 

Figure 2 Schematic representation of one directional shearing flow 

 

 F

x

y

dy

dVxSurface Area A
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The mathematical relationship is given in Eqn. 10 with the first subscript in τ andγ indicating 

that the direction is normal to the shear force and the second refers to the fluid flow direction. 

(Chhabra and Richardson, 2008).  

The constant of proportionality µ is the coefficient of dynamic viscosity. If a fluid is a 

Newtonian fluid it obeys this relationship which was first described by Sir Isaac Newton in 

1687 (Barr, 1931).  

 

yx
x

yx γμ
dy

dV
μτ

A
F

=






−==  (10) 

 

If this relationship is not linear then the material is called a non-Newtonian fluid. This also 

refers to relationships where the line does not go through the origin which makes the 

classification of non-Newtonian fluids very difficult.  

Some of these relationships are depicted in Figure 3. Note that the flow behaviour depicted 

is only for time independent fluids. 

 

 

Figure 3 Rheological models 

 

There are many models used to rheologically classify slurries and sludges. Only three will be 

given as these are the most popular to describe waste water sludges.  
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Pseudoplastic or shear-thinning model 

The characteristic of these fluids is an apparent viscosity which decreases with increase of 

shear rate. 

 

n
w γKτ =  (11) 

 

If n < 1, the fluid exhibits shear-thinning behaviour. 

If n > 1, the fluid exhibits shear-thickening or dilatant behaviour. 

If n = 1, the equation reverts back to the Newtonian equation with K=μ  

(Chhabra and Richardson, 2008). 

Viscoplastic flow behaviour 

When the fluid has a yield stress the fluid will not flow before the internal yield stress has 

been overcome by externally applied stresses. There has been much debate over whether 

the yield stress is real but for engineering design it is a reality which has to be dealt with and 

this includes viscous waste water sludges. 

 

The following two models include a yield stress and they are the Bingham plastic model 

 

γKτ yw +=τ  (12) 

 

and the Herschel-Bulkley or yield-pseudoplastic model 

 

n
yw γKτ +=τ

 
(13) 

 

If τy = 0, equation 12 reverts to the pseudoplastic equation. 

If n = 1, equation 12 becomes the Bingham equation. 

If n = 1, and τy = 0, equation 12 describes the Newtonian flow equation. 

 

2.3 Viscometry 

To rheologically characterise non-Newtonian fluids traditionally either rotary viscometers or 

tube viscometers have been used. Recently, in-line real-time measurement of rheological 

properties has become possible using an Ultrasound Velocity Profiling and Pressure Drop 

(UVP+PD) technique.  
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Rotary viscometry 

Rotary viscometers have various configurations and the main types are controlled shear rate 

and controlled shear stress instruments. Both these can be fitted with different geometries 

such as parallel plate, cone and plate, and concentric cylinder systems. The torque applied 

to rotation is related to shear stress and the speed of rotation to shear rate. A few measuring 

systems are shown in Figure 4. 

 

The concentric cylinder system has a truncated cone at the lower end to minimise end 

effects (Metzger, 1998). 

 

For the Cylinder measuring system, the representative shear stress (τ) and the shear rate  

(γ ) is as follows according to Metzger, 1998: 
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b

c

R
R

 δ = , and cL= the resistance coefficient for the frontal area correction. This is 

found empirically. This measuring system was used in this work. 

 

 

 

Figure 4 Rotational viscometer measuring systems 
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Tube viscometry 

A tube viscometer is a miniature pipeline and therefore geometrically similar. For this reason 

some authors prefer these for non-Newtonian slurries (Wilson et al.,1996 and Slatter, 1994). 

In rotary viscometers lower shear rates can be obtained. Our group has been using tube 

viscometers extensively. 

 

In a tube viscometer the relationship between wall shear stress τw, the volumetric flow rate Q 

and the shear stress τ is as follows: 

 

( )dττfτ
τRπ

Q wτ

w
=

0
2

33
1

 (15) 
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 is equal to the pressure drop per unit length of tube. 

The shear stress at any radius r is: 







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L
pΔrτ

2
 (16) 

A plot of  3πR
Q

  vs τw will give a unique line for a given material for all values of R and 







−

L
pΔ

   (Chhabra and Richardson, 2008). 

As the values if 8V/D are wall shear rates for Newtonian fluids, these pseudo shear rates 

have to be transformed to true shear rates(γ ). 

 

According to Chhabra and Richardson, 2008 a flow curve of unknown form (Eqn. 11) will 

yield after some manipulation the following: 
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This equation exists in various forms one being the Rabinowitsch-Mooney equation: 
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Where  

 

( )( )D
Vd

)τd(
n w

8log
log=′  (19) 

 

This was used to transform the tube viscometer pseudo shear rates to true shear rates.  

 

Ultrasound Velocity Profiling and Pressure Difference (UVP+PD) technique 

 

Ultrasonic Velocity Profiling (UVP) is originally a medical technique for measuring an 

instantaneous velocity profile in liquid flow along the pulsed ultrasonic beam axis. The 

instantaneous velocity profile is obtained by detecting the relative time lags between pulse 

emissions echoed by particles contained in the fluid as a function of time. The technique was 

first used for general fluid flow measurements by Takeda, 1991; 1996. 

 

When combining the UVP technique with pressure difference, in-line rheological parameters 

of opaque fluids with suspended particles can be determined. The UVP+PD method is 

described in detail by Wunderlich and Brunn 1999; Wiklund et al., 2007 and Kotzé et al., 

2008. 

 

With this technique the shear rate distribution is obtained from the measurements of flow 

profiles and the shear stress distribution from pressure difference measurement over a set 

distance in the pipe, similarly as in tube viscometry. However, an important advantage is that 

the UVP+PD technique gives the complete multipoint flow curve at one flow rate, thus 

making it possible to instantaneously visualise and measure flow behaviour (profiles) and 

fluid properties (rheology). 

 

Measurements can be made non-invasively, in real-time, even for opaque and concentrated 

suspensions. This makes this uniquely applicable to process monitoring with potential in 

varied industrial applications such as paper pulp, foods, drilling fluids, waste water sludges 

and mineral suspensions to name a few. 
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The equation for the Herschel-Bulkley model (Eqn.12) and wall shear stress (Eqn. 2) can be 

combined and integrated to determine the radial velocity, shear rate and viscosity profiles in 

a pipe (Kotzé et al., 2008). 
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Rplug is correlated to the yield stress as follows: 
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R y
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2
=  (23) 

 

The shear rate and viscosity at the pipe wall are given by 
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A theoretical flow profile is fitted to the measured UVP profile and with the pressure drop 

measurement the rheological parameters are determined. A schematic of this is given in 

Figure 5. 
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Figure 5 UVP-PD data processing structure (adapted from Wiklund et al., 2007). 
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The Flow Process and Rheology Centre at CPUT and their Swedish Partners at SIK – The 

Swedish Institute for Food and Biotechnology, Gothenburg, Sweden, have developed the 

UVP+PD system over many years from a research to a stable industrial system. A spin-off 

company, preliminary called Flow-Viz, is currently pending (registration of company planned 

for October 2014). Patent applications for the Flow-Viz technology has been filed in the US, 

European Union, Japan and South Africa. The patent applications are currently in the final 

stages and full protection expected during 2014. 

 

2.4 Rheological characterisation of sludges 

One of the oldest references to the use of tube viscometers was the work of Babbitt and 

Caldwell (1939). They describe a tube viscometer with pipes from 25-75 mm diameter. Since 

then a number of researchers have used real pipe lines or tube viscometers to determine the 

rheology of sludges (Babbitt and Caldwell, 1940; Michaelson et al., 1982; Carthew et al., 

1983 and Murakami et al., 2001). As these tests are not easy to conduct because of the 

scale of experiment many researchers prefer rotary viscometers. We believe however that 

for pipeline pressure drop predictions, rheological characterisation is better done in a 

geometrically similar device such as a tube viscometer.  

 

There is no agreement between researchers on which rheological model best characterises 

sludges. Babbitt and Caldwell, 1939 testing in a tube viscometer used the Bingham model. 

Carthew et al., 1983 testing raw sludges and using a tube viscometer also used the Bingham 

model. Honey and Pretorius, 2000 using a rotary viscometer and testing activated sludges 

used the pseudoplastic model. Murakami et al., 2001 tested digested biosolids, thickened 

and waste activated sludges in a tube viscometer and preferred the pseudoplastic model. 

Using a rotary viscometer and characterising activated sludges Mori et al., 2006 used the 

yield pseudoplastic model. 

 

The most popular models used for sludges are the pseudoplastic, Bingham plastic and yield 

pseudoplastic. 

 

Haldenwang et al., 2012 used tube viscometer data from tests done at a WWP in Stockholm 

Sweden and Cape flats to propose a relationship between sludge concentration and the 

Bingham plastic yield stress and viscosity which can be used in the prediction of pipe line 

pressure drop. This relationship is depicted in Figure 6. 
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Figure 6 Relationship between sludge concentration and Bingham plastic yield stress and 

viscosity (Haldenwang et al., 2012) 

 

One of the objectives of this work was to further populate this database with data obtained 

from local WWTPs.  

 

2.5 Non-Newtonian Reynolds numbers 

Several non-Newtonian Reynolds numbers have been proposed over the years to 

accommodate the different rheological models. Only two will be described in this report the 

first being the Metzner and Reed, 1955 and second the Slatter and Lazarus, 1993 Reynolds 

number.  

 

Metzner and Reed were the first to propose a non-Newtonian Reynolds number for 

pseudoplastic fluids and ReMR is given as: 

 

 
8

 = 1

2

−′

′′−

′ n

nn

MR  K
DVρRe  (26) 

 



15 

For a power law fluid the values for n′ and K′ (and K and n in Eqn. (10)) are constant and are 
(Skelland, 1967): 
 

n'n =  (27) 

n)'n4/)1'n3((K'K +=  (28) 

 
For Bingham plastic fluids n′ and K′ are given by Skelland, 1967 as: 
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For Herschel-Bulkley fluids n’ and K’ are given by Desouky and Al-Awad, 1998 as: 
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with 

)]/(][n/)n1[(3 yww1 τττλ −++−= (33)

( )ywww2 nn2)n1(2 ττττλ +++=  (34)
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For Herschel-Bulkley model fluids the following Reynolds number Re2 was proposed by 

Slatter and Lazarus, 1993. This is similar to the Clapp Reynolds number reported by 

Torrance, 1963 but now including a yield stress. 
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This Reynolds number can also be used for pseudo plastic (τy=0) and Bingham plastic (n=1) 

model fluids. 
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2.6 Laminar flow 

For laminar flow in pipes Govier and Aziz, 1972 developed the following equation for 

Herschel-Bulkley fluids. This can easily be adapted for Bingham fluids by equating n=1. If 

the rheological parameters are known then the velocity for a specific wall shear stress can 

be determined. 
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2.7 Turbulent flow 

There are several turbulent models available in the literature for different rheological models 

but only two will be presented that both are relevant for Bingham fluids. 

 

Torrance turbulence model 

Torrance, 1963 developed for yield-pseudoplastic fluids a turbulent pipe flow model which he 

derived from the Newtonian turbulent model. He used a value of 0.36 n for the Von Karman 

constant which means that it depends on the viscous characteristics of the fluid. The 

average turbulent velocity for smooth pipe flow is as follows. 
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With the shear velocity ∗V  

 

αsin*
hgRV =  (39) 

 

Slatter turbulence model 

Slatter, 1994 includes particle roughness effect in his model. He formulates a roughness 

Reynolds number that takes the rheology and representative particle size of the solids into 

account. For the slurries tested he found the d85 the most representative. 

His roughness Reynolds number is as follows: 
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For smooth wall turbulent flow when Rer ≤ 3.32 the average velocity is 
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For fully developed rough wall turbulent flow when Rer > 3.32 the flow velocity is: 
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The transition from smooth wall to rough wall turbulent flow is assumed to be abrupt. The 

rheological parameters are taken into consideration by this model. 

 

2.8 Transition flow 

This is the unstable region between laminar and turbulent flow. For water this is between 

2100<Re<4000. When dealing with non-Newtonian fluids, for both Metzner and Reed, 1955 

and Slatter and Lazarus, 1993 Reynolds numbers, transition is assumed to occur at 

Re=2100. 

 

 

3 EXPERIMENTAL PROCEDURES 

The experimental work described consists of three phases. For Phase 1 which was 

completed in 2013 the rheological characterisation was done mainly in the portable tube 

viscometer. Phase 2 consisted of comparing data obtained with the ultrasound velocity 

profiling and pressure drop system (UVP-PD) with those of the portable tube viscometer was 

done in 2014. Five more sludges were tested as part of a report done for consultants with 

the clients being the Drakenstein municipality. Two sludges were tested with a rotary 

viscometer and the other three with a small tube viscometer.  
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3.1 Portable tube viscometer 

This tube viscometer was designed and built in-house at the FPRC and has been used for 

tests both locally and in Stockholm Sweden. It has been designed to fit into a 6 m container 

for easy transport. 

 

The test rig consists of a 1/100 L tank feeding an ITT Flygt 4.2 kW 4/3 submersible 

centrifugal pump (impeller diameter 153 mm) fitted with an ABB variable speed drive. The 

tube viscometer consists of three tubes of 63.8, 52.2 and 26.8 mm ID pipes. High and low 

range differential pressure transducers are fitted to each pipe and flow rates are measured 

with a 50 and 25 mm magnetic flow meters. From the pressure drop and flow rates in the 

different pipes flow curves are established and the laminar flow data is then used to 

establish the rheological parameters. The schematic of the test rig is shown in Figure 7. 

 

 

 

 

Figure 7 Portable tube viscometer 

 

To calibrate the tube viscometer water tests were conducted. The pressure drop and flow 
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and velocity are compared with the wall shear stress derived from the Colebrook-White 

prediction of friction factor for turbulent Newtonian flow (Chhabra and Richardson, 2008). 

The calibration curves for the tube viscometer are depicted in Figure 8 and Figure 9. The 

Colebrook  White equation (Equation 8) was predict the friction factor f. Pressure drop over 

using two different pipe sections for each pipe were used using 2 differential pressure 

transducers (DPT).The results show that over the flow rates used the maximum deviation 

from the prediction is within +/- 10% as shown by the broken lines. The only exception is the 

high flow rates for one DPT in the 63 mm pipe. 

 

 

Figure 8 Water test comparison with Colebrook-White equation for 63 mm pipe 
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Figure 9 Water test comparison with Colebrook-White equation for 75 mm pipe 

 

3.2 UVP+PD system 

The UVP+PD system which has been developed by CPUT and SIK was used. Some of the 

theory is described in Section 2.3. 

 

A new in-line fluid characterisation system and method for complex industrial fluids and 

suspensions, known as Flow-Viz, has been developed at CPUT and SIK. The Flow-Viz 

system is now made commercially available through a pending spin-off company, temporarily 

named “Flow-Viz AB”. The patent pending system allows continuous, non-invasive flow 

visualization and rheological characterization of complex, non-Newtonian industrial fluids in-

line, in real time under true processing conditions. 

   

However, the Flow-Viz system is a new enhanced multi-datapoint version that does not only 

use volumetric flow rate measurement to get the average shear rate. Instead it uses a pulsed 

ultrasound method that allows true multi-point measurements i.e. to determine instantaneous 

velocity profiles (velocity distribution) in real-time. The instrument is thus not limited to shear 

thinning fluids and provides on a continuous base, complete  viscosity vs. shear rate 

distributions, i.e. flow curves and rheograms as well rheological model parameters (such as 

the flow index, n, and consistency index, k).  
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Measurements are done non-invasively through industrial grade stainless steel pipes under 

realistic field conditions. The method is also non-destructive, thus not affecting the current 

flow and the system gives no additional pressure drop. The Flow-Viz method can be used for 

process monitoring and control and for continuous evaluation and optimization of industrial 

processes. The Flow-Viz system is packaged inside a sensor unit that is attached in-line with 

the current pipe plus an electronics box with user-friendly control software. Every part of the 

method has been improved and optimized with over 10 years of research, resulting in a 

unique solution. No similar solution exists on the market. Figure 10 shows the prototype 

version used during the August 2014 tests.  

 

  

Figure 10 The prototype version of the Flow-Viz system (left: electronics box; right: non-

invasive sensor installed in the flow loop) 

 

Flow-Viz capabilities: 

● Profiles measured in all fluids, one exception of air needed in system. 

● Completely non-invasive (no energy losses) 

Measured parameters (real-time, continuous data): 

● Flow Visualisation (Velocity profile, complex flow measurements) 

● Doppler spectrums (Measurement confidence, artefacts, wall positions) 

● Rheology (Viscosity, yield stress, fitted rheological parameters, etc.) 

Pressure ports 

Sensor unit 
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● Sound speed (concentration of solids, air in system, cleaning cycle monitoring) 

● RF echo plots (liquid displacement, viscous fingering, cleaning cycle) 

● Volumetric flow rate (integration of profile, accurate reading) 

● Pressure drop variation (differential pressure) 

● Temperature    

The next generation / commercial version of the Flow-Viz system 

 

The first industrial version Flow-Viz 1.0 system based on the UVP+PD-combination is now 

available. All aspects have been carefully optimised; the sensors, the signal processing and 

the algorithms. This result is an effective method, able to: 

• Produce and visualise complete flow profiles in high resolution 

• Describe in detail how the flow behaves (rheology) 

• Visualise and characterise non-Newtonian liquids in complex geometries (pipe bends 

and pumps) 

• Continuously measure the flow in real-time (it only takes a few milliseconds to send a 

pulse, receive it and analyse it) 

• The Flow-Viz method can handle all types of liquids, emulsions and suspensions 

(except distilled water since there are no particles that can echo the pulses). It can 

even handle non-transparent liquids and liquids with very high particle 

concentrations, e.g. cement based grouts. The method is not suitable for gas/steam 

due to the relatively low velocity of sound in gas/steam. 

 

The industrial version of the Flow-Viz 1.0 system consists of three components: 

• Sensor unit – contains measuring section, including ultrasound transducers and 

pressure sensors. A wide range of sensor units are available to cover different pipe 

sizes, from 10 mm up to 150 mm pipes or larger. 

• Operator’s Panel – pulser-receiver, DAQ, signal conversion modules, power supply 

and master PC. 

• Software – data acquisition, signal processing, visualization and post processing of 

data. 

 

The components are packaged into a sensor unit, which is installed/attached in-line with the 

pipe, plus an operator’s panel. The sensor unit does not affect the current flow. The 

equipment can be packaged in a way to endure harsh weather conditions to be used outside 

all year round. The equipment will be modularised, allowing different versions of the product 

aimed at different types of applications. The equipment is designed to comply with hygienic 
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design criteria as well as different IP- and EX- classifications. More detailed information can 

be found in Appendix B. 

 

 

 
 

Figure 11 The industrial version of the Flow-Viz system (more information is available in 

Appendix B or on www.flow-viz.com) 

 

Major improvements with next generation / commercial version of the Flow-Viz system 

• More than 10 times spatial resolution (small pipes, highly detailed flow 

measurements) 

• High refresh rate (fast, transient flow measurements) 

• New user interface (simple and easy to visualize measurements) 

• New sensor unit technology (integrated, minimize signal artefacts) 

• New operators control panel (integrated touch screen, 4-20 mA outputs, etc.) 

• Access to RF data, simultaneous sound speed monitoring (detailed flow images, high 

sample rate) 

• Sing-around ToF measurements (volume flow rate, self-calibration) 

 

3.3 Rotary Viscometer 

The rotary viscometer used was an Anton Paar MC-1 rheometer with a cup and measuring 

cylinder attachment. The viscometer can measure both torque and speed. From the torque 

measurement the shear stress is derived and from the rotational speed the shear rate. The 

diameter Rc of the cup is 50 mm and the radius of the measuring cylinder is 46 mm. 

Therefore the gap is only 2 mm. A schematic of the measuring system used is depicted in 

Figure 12. 
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Figure 12 Rotary viscometer measuring system. 

 
The MC1 was calibrated using a Newtonian calibration oil. The measured viscosity of this 

test oil was within 5% of the specified viscosity. The viscosity versus shear rate curve of the 

calibration oil is given in Figure 13 and shows a constant viscosity over the shear rate used 

in the tests. The viscosity value obtained was 3.7% higher than that given by the suppliers of 

the oil (0.488 vs 0.47 Pa.s)  

 

 

Figure 13 Viscosity versus shear rate curve of calibration oil 
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3.4 Small tube viscometer 

Due to problems with the rotary viscometer where grit in the sludge jammed the bob a small 

tube viscometer situated in the FPRC laboratories at CPUT in Cape Town was used. The 

tube viscometer comprises 13 and 16 mm ID tubes fitted with pressure sensors, and a mass 

flow meter which also measures the in-line density. The sludge is recirculated with a 

progressive cavity, positive displacement pump fitted with a variable speed drive and 

pressure drop (Pa/m) and flow rate (L/s) measurements are taken over a suitable range of 

flow rates. A schematic of the tube viscometer is shown in Figure 14. The advantage of this 

small loop is that only about 40 L of fluid is required. The disadvantage is that the minimum 

shear rate is not very low due to the small size of the tubes. 

 
 

 
 

Figure 14 Small tube viscometer (FPRC laboratories) 

 

4 RESULTS, TREATMENT OF RESULTS AND DISCUSSION 

4.1 Sludges tested 

The sludges tested as part of this project are from Potsdam, Melkbosstrand and Wesfleur 

WWTPs in Cape Town. The tests were all conducted at Potsdam and the sludges from 

Melkbosstrand and Wesfleur were transported by truck to Potsdam. 

 

A schematic process flow diagram of the WWTP at Potsdam is given in Figure 15. Sludges 

were sampled at the filter belt press where the filter cake originated from both primary and 

secondary sludges. Primary sludge from the belt press dewatering process contains 25-30% 

solids concentration, also known as dry cake. 

 

Secondary sludge from belt press dewatering process contains 12-15% solids concentration, 

also known as dry cake. These sludges had the highest concentration and were then diluted 

with effluent to lower concentrations for testing.  
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Figure 15 Potsdam WWTP – process flow diagram 

 

The Melkbosstrand WWTP is situated at Melkbosstrand road in Cape Town on the West 

Coast. A schematic process flow diagram is given in Figure 16.  At Melkbosstrand low solid 

concentrated sludges from bioreactors were found and high concentration sludges of more 

than 10% are found on sludge drying bed. This sludge was transported to Potsdam for 

testing. 
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Figure 16 Melkbosstrand WWTP – process flow diagram 

 

The WWTP at Wesfleur is situated at Dassenberg road in Atlantis on Cape Town’s west 

coast. The process is the same as in Melkbosstrand as shown in Figure 16. The drying bed 

sludges were transported to Potsdam where they were tested in the tube viscometer. 

 

4.2 Tube viscometer test results 

The tube viscometer conducted at Potsdam in 2013, are depicted in the following section.  

During this period 14 concentrations of sludge from Potsdam, Melkbosstrand and Wesfleur 

were tested. For the flow curves as shown in Figure 17-Figure 30, the relationship between 

wall shear stress (τw)and shear rate ( ) is depicted. The wall shear stress is obtained from 

the pressure drop measurement by (Eqn.2) and the pseudo shear rate (8V/d) from the flow 

rate measurement. To obtain the true shear rate ( ) the Rabinowitch-Mooney (Equation 17) 

is used. A mathematical fit through the data will describe the relationship between wall shear 

stress (τw) and shear rate ( ). The Bingham model (Eqn.12) was used to describe this 

relationship. The slope of the fit is the Bingham viscosity (k) and the y-intercept is the value 

of the Bingham yield stress (τY). With an increase in concentration the values of yield stress 

and viscosity increase resulting in an increase in pipe-flow resistance. The values of 

concentration, Bingham viscosity and Bingham yield stress of the Phase 1 results of 

Potsdam, Wesfleur and Melkbosstrand WWTP sludges are presented in.Table 1 
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Table 1 Summary of rheology results – tube viscometer 

 

Phase 1 sludges. Aug 2013 

Potsdam, Wesfleur & Melkbosstrand 

Solids 

Concentration 

% 

Bingham yield 

stress 

Bingham 

viscosity 

 
τy(Pa) K (Pa.s) 

Potsdam secondary sludge PD 1 3.47 8.6 0.026 

Potsdam secondary sludge PD 2 3.73 4.2 0.028 

Potsdam secondary sludge PD3 4.13 9.6 0.032 

Potsdam primary sludge PD 4 3.59 3.7 0.006 

Potsdam primary sludge PD 5 3.89 2.9 0.017 

Potsdam secondary sludge PD 6 3.69 8.2 0.022 

Potsdam secondary sludge PD 7 4.66 13.8 0.047 

Potsdam secondary sludge PD 8 5.80 34.3 0.055 

Melkbosstrand drying bed sludge MB 1 4.92 16.7 0.046 

Melkbosstrand drying bed sludge MB 2 4.15 10.9 0.022 

Melkbosstrand drying bed sludge MB 3 3.32 2.7 0.027 

Wesfleur drying bed sludge WF 1 6.99 13.7 0.041 

Wesfleur drying bed sludge WF 2 7.78 27.0 0.079 

Wesfleur drying bed sludge WF 3 6.03 11.1 0.024 

 

Figure 17 Potsdam WWTP secondary sludge 1 (PD 1 – 3.47%) Flow curve 
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Figure 18 Potsdam WWTP secondary sludge 2 (PD 2 – 3.73%) Flow curve 

 

Figure 19 Potsdam WWTP secondary sludge 3 (PD 3 – 4.13%) Flow curve 
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Figure 20 Potsdam WWTP secondary sludge 4 (PD 4 – 3.59%) Flow curve 

 

Figure 21 Potsdam WWTP secondary sludge 5 (PD 5 – 3.89%) Flow curve 
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Figure 22 Potsdam WWTP secondary sludge 6 (PD 6 – 3.69%) Flow curve 

 

Figure 23 Potsdam WWTP secondary sludge 7 (PD 7 – 4.66%) Flow curve 
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Figure 24 Potsdam WWTP secondary sludge 8 (PD 8 – 5.8%) Flow curve 

 

 

Figure 25 Melkbosstrand WWTP Sludge 1 (MB 1 – 4.92%) Flow curve 
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Figure 26 Melkbosstrand WWTP Sludge 2 (MB 2 – 4.15%) Flow curve 

 

 

 

Figure 27 Melkbosstrand WWTP Sludge 3 (MB 3 – 3.32%) Flow curve 
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Figure 28 Wesfleur WWTP sludge 1 (WF 1 – 6.99%) Flow curve 

 

Figure 29 Wesfleur WWTP sludge 2 (WF 2 – 7.78%) Flow curve 
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Figure 30 Wesfleur WWTP sludge 3 (WF 3 – 6.03%) Flow curve 
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measurement of sludge rheology using the Flow-Viz system and comparing these with the 

results obtained with the tube viscometer. 

 

Three concentrations secondary sludge obtained from the filter belt press at Potsdam were 

used. The tube viscometer tests were done as described in Section 3. For each of the three 

sludges the UVP results and the fitted velocity profiles are depicted in Figure 31, Figure 33 
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Table 2 Summary of rheology results – comparison between UVP-PD system and tube 

viscometer 

 

Potsdam  

Secondary sludges 

May 2014 

Concentration (%) 
(previously tested 
Potsdam sludge) 

 

Yield stress 
τy(Pa) 

Bingham 
viscosity 
K(Pa.s) 

Yield stress 
τy(Pa) 

Bingham 
viscosity 
K (Pa.s) 

UVP-PD UVP-PD Tube Visco Tube Visco 

Sludge PD 9 4.6 21.65 0.037 20.38 0.042 

Sludge PD 10 3.6 7.82 0.021 8.34 0.024 

Sludge PD 11 3.3 5.29 0.019 4.98 0.021 

 

 

 

 

Figure 31 UVP measured data and fitted velocity profile for sludge PD9 
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Figure 32 Potsdam secondary sludge PD9 Comparison of rheology- UVP with tube 

viscometer 

 

Figure 33 UVP measured data and fitted velocity profile for sludge PD10 
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Figure 34 Potsdam secondary sludge PD10 Comparison of rheology- UVP with tube 

viscometer 
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Figure 35 UVP measured data and fitted velocity profile for sludge PD11 

 

 

Figure 36 Potsdam secondary sludge PD11 Comparison of rheology- UVP with tube 

viscometer 
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The main objective of this part of the project was to compare the UVP+PD results with those 

obtained from the tube viscometer over a range of concentrations. There was a problem 

obtaining the sludge concentrations for the three sludges. Even though the rheological 

parameters were significantly different, concentrations of 3.94, 3.89 and 4.01 were obtained 

for sludge PD9, PD10 and PD11. From the flowcurves, it is clear that these sludges matches 

PD7, PD6 and PD2 which results in concentrations of approximately 4.6% for PD9, 3.5% for 

PD10 and 3.3% for PD11. This is in our opinion a reasonable assumption. This data was not 

used to populate Figure 43 and Figure 44. 

 

The maximum difference between the values obtained by the tube viscometer and the UVP 

system for yield stress is 6% and for the viscosity 12%. The comparison is very good 

especially since the tube viscometry takes 30-60 minutes to complete whereas the UVP 

measurement is taken over a very short time (less than one minute) at one flow rate.  

 

This comparison also verifies that the UVP+PD system and method (Flow-Viz) is an 

accurate technique for rheological characterisation of wastewater. The in-line rheology is of 

much more use as it is an instantaneous flow characterisation.   

 

4.4 Tube and rotary viscometer data done for Drakenstein municipality 

The following data sets are included to expand the database. These tests were done for a 

pipeline design project and the Drakenstein Municipality gave us permission to include these 

in the report. Primary and secondary sludges were sampled at Wellington Paarl and 

Stellenbosch WWTPs. The flow curves are presented in Figure 37, Figure 38, Figure 39 and 

Figure 40. A summary of the rheological parameters is given inTable 3. The tests for 

Wellington sludges 1 and 2 were done in a rotary viscometer and the others in the small tube 

viscometer.  

 

Table 3 Summary of rheology results for Wellington, Paarl and Stellenbosch sludges 

 

Description Solids 

Concentration (%) 
Yield stress 
τy(Pa) 

Bingham 
viscosity 
K(Pa.s) 

Well 1 Waste sump sludge  4.65% 8.34 0.01 

Well 2 Waste sump sludge  3.24% 7.36 0.011 

Well 3 Waste sump sludge 3.1% 0.91 0.005 

Paarl 1 Primary sludge 3% 1.1 0.008 

Stell 1 Primary sludge ? 12.63 0.032 
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Figure 37 Wellington waste sump sludge (secondary) (Well 1 – 4.65%, Well 2 – 3.24%)  

Flow curve, Tests done with rotary viscometer 

 

 

Figure 38 Wellington primary sludge (Well 3 – 3.1%) – Small tube viscometer 
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Figure 39 Paarl primary sludge (Paarl 1 – 3%) – Small tube viscometer 

 

 

Figure 40 Stellenbosch primary sludge (Stell 1) – Small tube viscometer 
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5 DISCUSSION 

Figure 41 presents a comparison of all the flow curves, representative of the pressure drop 

data, obtained for all sludges tested. Small changes in concentration can result in a 

significant increase in the wall shear stress. For example, at a shear rate of 300 1/s, the 

difference between the lowest and highest wall shear stress is 50 Pa, the lowest which will 

be nearly Newtonian at 5 Pa and the highest at 55 Pa. The difference in solids concentration 

is approximately between 3.5% and 8%. 

 

 

Figure 41 Summary of all the flow curves (Phase 1) 

 

The increase of yield stress with increase in concentration is well known for sludges and 

mineral tailings. In both it has been recorded that at a certain concentration the yield stress 

will increase drastically (Mori et al., 2005; Foster, 2002: Zhou et al., 1999). This has a great 

influence on the pumping predictions for pipeline design.  

 

Figure 42 shows a plot of Bingham yield stress versus solids concentration to determine the 

critical solids concentration for sludge in the Western Cape.  Data from Paarl and Wellington 

sludges were also incorporated.  
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Figure 42 Effect of solids concentration on Bingham yield stress 

 

Apart from a few anomalies, two distinct trends were observed. Firstly, a difference is 

observed between primary and secondary sludge from Potsdam. The primary sludge has 

lower yield stresses at the same concentrations than the secondary sludge that was diluted 

from the filter belt press. The sludge from the drying beds from Melkbosstrand showed 

similar behaviour to the Potsdam sludge. The Paarl primary sludge, Wellington waste sump 

sludge and the Wesfleur drying bed sludge followed a similar trend to that of the Potsdam 

primary sludge. The Wesfleur drying bed sludge trends offer higher critical concentrations 

(7.5%) compared to the trend obtained by the Potsdam secondary sludge (5%). The critical 

concentration is important as this is the point after which the yield stress increases 

exponentially.  

 

The critical yield stress corresponding to the critical concentrations is approximately 17 Pa. 

Beyond this point, minor changes in concentration will result in significant increases in the 

yield stress and subsequent pumping requirements. Unfortunately there are not sufficient 

data in the high concentration range. However, greatly scattered results are common with 

wastewater sludge and trends should be verified. Furthermore, the floc structure should be 

evaluated in addition to the concentration to have a better understanding of the behaviour of 
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wastewater sludge as a function of concentration. These rheological parameters will be 

compared with previous results to ascertain if a universal model can be established for 

predicting rheological parameters with solids concentration.  

 

5.1 Combining all the tube and rotary viscometer data 

If all the rheological parameters of the sludges tested as in Table 1 and Table 3 are 

combined with that published by Haldenwang et al., 2012, the relationship between Bingham 

yield stress and concentration is as given in Figure 43 and the relationship between 

Bingham viscosity and concentration is given in Figure 44. 

 

 

Figure 43 Relationship between Bingham yield stress and sludge concentration: combined 

current and Haldenwang et al., 2012 data 
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Figure 44 Relationship between Bingham viscosity and sludge concentration: combined 

current and Haldenwang et al., 2012 data 

 

The relationships between Bingham yield stress and concentration as well as Bingham 

viscosity and concentration are not better than that proposed by Haldenwang et al., 2012.  

 

However, more local data has been made available. This relationship can be used to predict 

pressure drop for sludges in pipelines. 

 

6 CONCLUSIONS 

The rheological properties of 21 sludges from six WWTPs in the Western Cape were tested 

ranging in solids concentration between 2% and 7.8%. Most tests were done in tube 

viscometers which are really small pipelines. The sludges were primary and secondary 

diluted from a filter belt press, secondary sludge diluted from a drying bed and from a waste 

water sump. 

 

The rheological properties of these sludges varied hugely with Bingham yield stresses 

varying between 1 Pa and 34 Pa and the Bingham viscosity from 0.005 to 0.079 Pa.s. 
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The effect on pressure drop predictions is significant as can be seen in example shown in 

Appendix A. 

 

The data was combined with that previously published by Haldenwang et al., 2010 and new 

predictions for both Bingham yield stress Figure 43 and Bingham viscosity Figure 44 were 

compiled. Using the new predictions developed the data can only be predicted in a range of 

+/- 60% certainty. 

 

The effect of rheology on the prediction of pipeline pressure drop is shown in an example for 

4% sludge (Appendix). This shows clearly that head loss can be greatly under-predicted if 

the rheology of the sludge is not known. Therefore extreme care must be taken when 

designing long pipelines transporting viscous sludges. 

 

It was envisaged that the results would be closer grouped because of the fact that all the 

tests were done in the same tube viscometer. This was however not the case and again 

shows how complex sewage sludges are. The rheological parameters such as Bingham 

yield stress and viscosity cannot only be linked to concentration. There are many other 

factors that influence the behaviour of these sludges, such as the process, flocculation pre-

shear history, etc. 

 

This again confirms the fact that when designing pipelines to transport viscous sludges great 

care should be taken when estimating the rheology of such sludges. This will become more 

and more important as plants are trying to increase concentrations in the processes and the 

viscous properties increase. It will take some time before more accurate predictions will 

become available due to the complex nature of sewage sludge.  

 

A new ultrasound transducer which can measure non-invasively through high grade 

stainless steel pipes has been tested with sludges for the first time. The Flow-Viz system 

(UVP+PD) was successfully tested with three concentrations secondary sludge and the 

results were compared with the tube viscometer. The fact that one can now determine the 

rheology of sludges in-line and in real-time, has huge potential for process control in the 

waste water treatment industry. Furthermore, the Flow-Viz system can accurately measure 

volumetric flow rate and monitor the flow regime of sludge transportation, e.g. the transition 

between laminar and turbulent flow can be visualised and identified. By monitoring the actual 

flow profile of the fluid inside the pipe the user has access to more information that can be 

used to gain a better understanding of these complex flows. 
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7 RECOMMENDATIONS 

It is recommended that rheology be tested if sludge is available when scale up is required. 

When sludge is not available at the time of design, the models developed in this work can be 

used as an estimate, but an allowance of 60% should be included to account for variability.  

 

The more sludge rheology data is made available the more accurate pipeline pressure drop 

predictions will become. A large sludge rheology database will facilitate more accurate 

pipeline pressure drop predictions for efficient and sustainable design of waste water 

treatment systems. With the Flow-Viz system this becomes now easier as the time taken for 

testing is much shorter and we have built a much smaller portable rig which could be used in 

future. 

 

A detailed study of floc structure formation and its effects on the rheological behaviour of 

sludge at the same concentration is required for microstructural control of rheology. In the 

absence of such understanding, monitoring of the sludge in-line in real time becomes 

essential.  

 

The feasibility of using the Flow-Viz system for measuring the rheology of sludges in-line has 

been proven. This has huge potential for optimisation of polymer dosing if one can link the 

rheological parameters of the sludge to the optimum polymer concentration. This should be 

investigated. 

 

The study of non-Newtonian fluid mechanics and rheology is not that well known and more 

students should be exposed to this field of study at universities. 
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APPENDIX A: PIPELINE PRESSURE DROP PREDICTION EXAMPLE 

The effect of the significance of the variation of sludge rheology is illustrated by the following 

example. 

A 10 km pipeline with an inner diameter of 250 mm is required to transport a sludge with 

concentration of 4% by weight. What would the pressure drop be? 

From Figure 45and Figure 46one can extract for the minimum and maximum values of yield 

stress and viscosity for a 4% sludge. These values are depicted in Table 4. 

 

 

Figure 45 Estimate of maximum and minimum values of Bingham yield stress for a 4% 

sludge 
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Figure 46 Estimate of maximum and minimum values of Bingham viscosity for a 4% sludge 

 

 

Table 4 Rheological parameters used for pipeline pressure drop predictions. 

 

Description Solids Concentration 

(%) 
Yield stress 
τy(Pa) 

Bingham 
viscosity 
K(Pa.s) 

WWTP sludge (Max rheology) 4 % 10 0.042 

WWTP sludge (Min rheology) 4 % 3 0.006 

    

 

The system curves for water and 4% sludge at maximum and minimum rheological 

parameters in laminar and turbulent flow for a 10 km 0.25 ID pipeline is shown in Figure 47. 

The effect of rheology on the head, both in laminar and turbulent flow, is obvious. Even for 

the minimum rheology of the 4% sludge the increase in head at 40 l/s is from 24-57 m.  

 

The max difference is between the water and the max rheology data at 40 l/s which is from 

24-208 m. This shows clearly that extreme care must be taken when predicting head loss in 

pipelines when viscous sludges are transported. It is important that the rheology of the 

sludges be measured accurately. A summary of the results is shown in Table 5. 
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Table 5 Effect of 4% sludge rheology pipeline pressure drop predictions (Example). 

 

Description Pt Lam/Turb Head loss (m) Power (kw) 

Water 40 l/s A Turbulent 24 9.5 

Water 70 l/s D Turbulent 74 51 

4% Sludge (min rheology) 40 l/s B Laminar 57 23 

4% Sludge (max rheology) 40 l/s C Laminar 208 82 

4% Sludge (min rheology) 70 l/s E Turbulent 97 67 

4% Sludge (max rheology) 70 l/s F Laminar 227 157 

 

 

 

Figure 47 System curve for 4% sludge pipeline pressure drop prediction. 
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APPENDIX B: FLOW-VIZ SYTEM 
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Fluid Visualization & Characterization System 

Brochure

Multipoint measurements are made in-line and in real-time 
 
Visualize complete flow profiles in high resolution 
 
Characterize in detail the flow behaviour and fluid properties (rheology) 
 
Applicable to opaque, non-Newtonian industrial fluids & suspensions 
 
Non-invasive & hygienically safe 
 
Flow-Viz software – complete on-line and off-line data processing 
package 
 
Provide continuous feedback to your process for enhanced efficiency & 
productivity 

Key Features 

Easy-to-use 

Operator’s control 

In-line, non-
invasive sensor 

unit
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 Product Benefits & Features 

REAL-TIME MONITORING   Monitor dynamic process live with continuous  
      feedback and visualization. 

PROCESS INTEGRATION   Link user requirement parameter outputs to your 
      process, 4 - 20 mA, 0 – 10 V DC. 

NON-INVASIVE SETUP  Non-contact installation for full hygienic and  
  industrial compliance. 

MULTIPLE MEASUREMENTS Measure several properties simultaneously, no  
 need for multiple measuring tools. 

ZERO DOWNTIME    Continuous monitoring of complex flow and  
      processes with no interruptions. 

CUSTOM SOLUTIONS   Custom modification and system design for your 
      process and user application. 

ECONOMY & ENVIRONMENT Knowing necessary fluid properties will give you 
more control, less waste and enhanced product 
quality. 

Real-time monitoring/measurement of fluid flow, 
rheology and transient processes makes it possible 
to adjust parameters directly while processing is 
taking place. As the system allows measurements 
at several points, it is possible to optimise the 
processes and increase production rates. 
Continuous measurement makes it possible to 
follow product changes, pasteurization, 
crystallization processes, CIP cleaning etc. in real-
time. Measuring directly in-line provides new know-
how about the product and the process. This offers 
a greater understanding of product features and 
how these are affected by the processes. Product 
quality can be optimized and novel products can be 
developed. Increased productivity and reduced 
water and energy consumption result due to more 
rapid product changes, more efficient washing, 
reduced wastage and optimized heat treatment 
processes. Inaccurate and time-consuming 
sampling and off-line sample analysis are now 
eliminated. 

Features
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Applications Examples 

Other Applications: 

Beverages 

Cosmetics 

Explosive emulsions 

Applications 

Wastewater 

and more … 

Grout suspensions of up to 0.4 water / 
cement ratio were rheologically characterized 
in-line and in real-time. This information will 
ensure that correct flowability of grout is 
achieved in order to completely seal cracks 
and crevices in e.g. tunnels. 

Food processing  

Rheological characterization was achieved 
for tempered and un-tempered chocolate 
suspensions. By monitoring the viscosity the 
degree of temper can be determined in-line 
and in real-time. 

Paper Pulp 

The Flow-Viz system was used to measure 
velocity profiles and complex rheological 
properties, such as yield stress, directly in-line 
in highly concentrated paper pulp 
suspensions. The yield stress could be 
determined directly from the obtained plug 
radius, R*.  

The Flow-Viz system was successfully 
evaluated in concentrated, non-Newtonian 
mineral suspensions. For example, 
bentonite 10% w/w with a yield stress of 80 
Pa was successfully characterized. 
Bentonite is typically used as a drilling mud. 

Biochemicals 

Concentrated mineral suspensions 

Construction industry  
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The Flow-Viz system uses an Ultrasonic Velocity 
Profiling (UVP) technique in order to measure an 
instantaneous velocity profile in a fluid containing 
particles across the ultrasonic beam axis. Newly 
designed sensor technology is used in 
transmitting and receiving mode to measure 
velocity profiles in pipe flow through stainless 
steel. A pressure difference measurement is used 
in combination with the velocity profile to 
determine shear viscosities and rheological model 
parameters. In parallel with obtaining radial 
velocity profiles, a data acquisition module 
continuously monitors the pressure and 
temperature (or other user selectable channels) 
and therefore is able to accurately visualize the 
flow, determine the flow-rate, rheological 
properties and concentration of solids, all in real-
time. Specific measured parameters set by the 
user can be linked to an output analog signal and 
fed back in order to control and optimize a 
specific process.  
 

System Overview 

Electronics Architecture

Operator’s 
Panel  

 

Software & 
Electronics

How it works 

Feedback 
to 

Process 

In-line  
Sensor Unit 

The system consists of two main parts: pulser-
receiver and the mainboard. These are physically 
separated featuring a more compact 
measurement unit. The pulser-receiver is used to 
control and optimize the acoustic measurements 
(velocity profiles). The mainboard features the 
analog and digital data acquisition module (DAQ), 
high speed DSP (digital signal processor), FPGAs 
(field programmable gate arrays) and main 
communications board. Communication between 
both parts (and control computer) uses a Fast 
Ethernet network. An advanced, shielded power 
supply provides stable and efficient power to the 
system in order to ensure no loss of data and 
protection against electromagnetic noise and/or 
power spikes. 
 

A fast DSP and FPGA is implemented within the 
acquisition part, combined with a special buffer 
system and fast A/D converters. The latter allows 
fast processing of large data sets, permitting the 
handling of large velocity profiles at high sampling 
rates and monitoring of fast transient flows. 

Analog & Digital I/O
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Measurements 

Measurement Outputs 

VELOCITY PROFILE & SPECTRAL IMAGES 
 
SHEAR VISCOSITY / SHEAR STRESS VS. SHEAR RATE (FLOW CURVE) 
 
YIELD POINT & PLASTIC VISCOSITY 
 
VOLUMETRIC FLOW RATE 
 
TEMPERATURE 
 
DIFFERENTIAL PRESSURE 
 
RHEOLOGICAL MODEL PARAMETERS (OPTIONAL MODELS) 
 
ACOUSTIC PARAMETERS (VELOCITY OF SOUND & ATTENUATION GIVING E.G. 
SOLIDS %) 
 

 Services Available 

TECHNICAL SUPPORT 
 
APPLICATION SUPPORT 
 
INSTALLATION AND SETUP 
 
HARDWARE SUPPORT 
 
MAINTENANCE 
 
SOFTWARE UPDATES 
 
GUARANTEED WARRANTY 
 
TRAINING AND COURSES 
 

 

Talk to us about a 
solution for your process
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Specifications 

Technical Specifications 

Parameters Specifications Comments 

Instrument   

  Velocity Measurement Range 0.1 m/s – 3 m/s Bulk velocity 
  Temperature Measurement Range -40°C to 150°C See operating temperature 
  Pressure Measurement Range 0 – 2.55 bar See operating pressure 

  Media 
Compatible with flow 
element material 

 

  Accuracy   
      Flow ± 5% of true value Media dependent 
      Temperature ± 1°C  
      Pressure ± 0.5% of span  
Distance from instrument to pipe < 3m Can be extended 
Enclosure Stainless steel, IP66 IP67 pending 
   

Flow Element (Sensor Unit)   

  Material of Construction 316L stainless steel  

  Operating Pressure < 40 bar 
Flange / tri-clamp 
connection: per rating 

  Operating Temperature -40°C to 140°C  

  Pipe Diameters (DN) 
12.5 mm – 150mm  
(1/2” – 6”) 

Inquire for application 
sizes outside the range 

  Process Connections Tri-Clamp / Flange  (ANSI or DIN) 

  Flow element length 1m 
Allow 10 nominal 
diameters in flow direction 

Enclosure Stainless steel, IP66 IP67 pending 
   

Electronics (Control Panel)   

  Processor 
Intel Dual Core I7 1.5 
GHz Upgrades are available to 

fit customer need 
  Memory 2 GB DDR3 
  Storage USB FLASH  
  Remote Control Interface Ethernet 100 base-T  (RJ-45 remote connector) 

  Display 
19”, 1280x1024 
DVI/USB 

Multi-touch display 

  AC in 110 / 240 V 60/50 Hz  
  Operating Temperature -25°C to 60°C



 

 

7 Company pending

Parameters Specifications Comments 

Electronics (Ultrasonics)  

Number of Tx / Rx channels (3-
wire) 

2 Non-simultaneous 

  Transducer impedance 50 ohm  
  Emission voltage 30 – 250 Vp-p Application dependent 
  Frequency range Tx/Rx 0.5 – 7 MHz Application dependent 
  Rx amplification 7 – 55 dB Linear in dB 
  Switch between single ended &  
balanced transducers 

 Switch via zero resistor 

  Two analog outputs (Tx & Rx)  After amplification 
  Clock frequency 45 - 150 MHz Adjustable 
  Time of flight measurements  Automatic switching 
  Buffer memory 64 Mb  

Tx memory (for AWG) 
4096 word, 14 bit 
digital to analog 
conversion 

 

  DDS to configure sinusoidal 
signals 

 Optionally windowed 

  Demodulation  RF to IQ format  
  FFT of IQ signal  On board processing 
  Two debug modes   
  Power section synchronization   
  PRF output connection   
  Acquisition time window output   
  Time Gain Compensation (TGC)   

TXRAM upload for AWG   

  FFT mean extraction  
Real-time velocity 
estimation 

   
   
   
   
   
 

 

Technical Specifications 

Specifications 
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Division Headquarters 
Structure and Material Design 
SP Technical Research Institute of Sweden 
P.O. Box 5401, SE-402 29 Göteborg, Sweden  
Tel: +46 (0)10 516 66 68, +46 (0)70 26 87 94  
E-mail: johan.wiklund@sik.se 
 

Flow-Viz AB is a pending spin-off company by the 
Swedish Institute for Food and Biotechnology (part 
of the SP group), Sweden, Gothenburg, and the 
Cape Peninsula University of Technology, Cape 
Town, South Africa. The Flow-Viz logo is a 
registered trademark of Flow-Viz AB, Sweden. The 
contents of this publication are presented for 
informational purposes only, and while every effort 
has been made to ensure their accuracy, they are 
not to be construed as warranties or guarantees, 
express or implied, regarding the products or 
services described herein or their use or 
applicability. We reserve the right to modify or 
improve the designs or specifications of such 
products at any time. Flow-Viz AB does not 
assume responsibility for the selection, use or 
maintenance of the product / system. 
Responsibility for proper selection, use and 
maintenance of the Flow-Viz AB product / system 

Flow-Viz AB Technical Instruments 

Flow Process & Rheology Centre 
Cape Peninsula University of Technology 
P.O. Box 652, Cape Town 8001,  
Western Cape, South Africa 
Tel: +27 (0) 21 460 3049, +27 (0) 21 460 3512  
E-mail:  kotzer@cput.ac.za 

haldenwangr@cput.ac.za 

www.flow-viz.com

Contact Details 

201©



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


