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ABSTRACT

The rheological characteristics of sludge affect transportation, treatment and the disposal processes involved in sludge
system design and management operations such as dewatering, including flocculation and filtration. The concentration

of solid matter in the sludge has an effect on rheological parameters such as yield stress and viscosity. These rheological
properties of sludge are almost exclusively obtained today using commercially available instruments, such as conventional
rotational rheometers or tube (capillary) viscometers. Since these methods are time-consuming and unsuitable for real-
time process monitoring, the ultrasonic velocity profiling coupled with pressure drop (UVP+PD) methodology becomes
very attractive for in-line flow behaviour monitoring for quality control and process optimisation. The main objective of
this research work was to evaluate the UVP+PD technique in a concentrated sludge as found in a wastewater treatment
plant. A portable pump test rig with tube viscometer fitted with a UVP+PD system was used to determine the rheological
parameters. Conventional UVP installation techniques were tested as well as a new delay line UVP transducer. The results
obtained from different installation techniques and transducers are compared. Finally, rheological parameters obtained

using UVP+PD compared within 15% of that obtained using the tube viscometer. The results showed that UVP+PD is
a feasible and promising technique for in-line real time flow visualisation and rheological characterisation for treated
wastewater sludge which, when used as in-line process control, could lead to significant savings in chemicals and will

optimise processes producing drier sludges and filter cakes.
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NOTATION
A total area, (m?)
D pipe inner diameter, (m)
K fluid consistency index, (Pa-s")
L unit length, (m)
n flow behaviour index, dimensionless
Q volumetric flow rate, (£/s)
r radial position, (m)
R pipe radius, (m)
v velocity, (m/s)
AP pressure drop, (Pa)
R, Reynolds number, dimensionless
Rp,ug Plug radius, (m)
\% bulk velocity, (m/s)
Greek letters
T shear stress, (Pa)
T, yield stress, (Pa)

y shear rate, (2/s)
INTRODUCTION

When sludge suspensions increase in solids concentration they
become non-Newtonian in behaviour. Rheology is a tool used
for characterising the hydrodynamics of such materials and has
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been successfully applied in the wastewater treatment industry,
from optimising process parameters of plants to excess sludge
treatment processes (Seyssiecq et al., 2003). Seyssiecq et al.
(2003) give an extensive overview of research conducted on the
rheological characterisation of wastewater treatment sludges.
Different models used for characterisation of sludges, such as
power law, Bingham, Herchel-Bulkley, Casson, etc., are listed
and rheological properties are linked by various authors to
physico-chemical parameters of suspensions or to operating
parameters such as mixing.

In dewatering operations the main objective is to produce
the driest sludge at the optimum chemical conditions, which
is most often a water-soluble organic polyelectrolyte usually
termed a polymer. The flow properties and variability, mixing
intensity, and time allowed for mixing all effect the optimal
dosing of the flocculation process (Dental et al., 2000).

Ormeci (2007) links the optimal sludge dewatering opera-
tion, in terms of polymer dose and mixing intensity, to the
rheological properties of wastewater sludge, and a reduction
of 50% polymer consumption was achieved with the oft-line
methods used for both conditioned and unconditioned sludges.
Wang and Dentel (2011) investigated the effect of polymer doses
and mixing intensity on the rheology of anaerobic digested
sludge. The effect of addition of polymers could be distin-
guished from the rheograms. According to Abu-Orfand Dentel
(1999), whose investigation attempted linking the rheologi-
cal characteristics to the control of sludges conditioned with
polymers, this is a complex process where mixing parameters
have a substantial effect. The previous authors all used oft-
line rheometers to establish the rheological properties of the
sludges. The early work of Lotito et al. (1997), who tested the
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rheology of waste-activated, raw mixed, anaerobically-digested
and mechanically-dewatered sludge, clearly showed the diffi-
culties of the application of rotational viscometers. They identi-
fied the major obstacles when using rotational viscometers as
aggregate particles which form and could settle at times, the
time-dependent structure generated and the lack of reproduc-
ibility. This could be a reason why, after so much rheological
work has been done to date and has confirmed that rheology is
an important parameter, the successful introduction of rhe-
ology as a basis for control systems in wastewater treatment
works has not been realised. In a very recent review of optimal
sludge management in wastewater treatment, Tang and Zhang
(2014) state that measuring the yield stress and fluid viscosity
are both essential for successfully controlling the dewatering
process. Currently these are measured off-line, and even with
these traditional off-line systems large savings in polymer dos-
ing were reported by Ormeci (2007).

Ultrasonic velocity profiling (UVP) was originally devel-
oped as a medical technique for measuring an instantaneous
velocity profile in blood flow along the ultrasonic beam axis.
The UVP technique for determining a one-dimensional velocity
profile in fluid flow was introduced for general fluids by Takeda
(1991, 1996). The UVP technique and its applications in aca-
demia and industry are now well described in several scientific
publications (see Jensen, 1996; Povey, 1997; Powell, 2008). UVP
has previously been used in sewage applications for determin-
ing flow rates and concentrations of suspended particles (tur-
bidity measurements), e.g., see Abda et al. (2009) and Schmitt
et al. (2010). However, these studies were based in large open-
channel geometries in sewer networks and in-line rheology was
not part of the objectives. The UVP technique can, however, be
combined with pressure difference (PD) measurements in order
to obtain in-line rheological parameters of opaque fluids with
suspended particles, usually referred to as the UVP+PD meth-
odology (Wunderlich and Brunn 1999; Wiklund et al., 2007;
Kotzé et al., 2008). It is based on the traditional tube viscom-
etry concept where the shear rate is obtained from the meas-
urements of the volumetric flow rate and the shear stress at the
wall is obtained from simultaneous measurement of the pres-
sure difference over a fixed distance. The UVP+PD method and
similar methods for determining the rheological parameters of
a suspension or emulsion are already known and are described
in several publications (Wunderlich and Brunn 1999; Dogan et
al., 2005; Pfund et al., 2006; Wiklund et al., 2007; Birkhofer et
al., 2008; Wiklund and Stading, 2008; Fock et al., 2009; Wassell
et al., 2010; Wiklund et al., 2010; Kotze et al., 2008, 2012). The
UVP+PD methodology allows measurements not possible with
commercial off-line rheometers such as radial velocity profiles
and yield stress directly in-line and under dynamic process
conditions. Furthermore, it has advantages over commercially
available process rheometers and off-line instruments in being
non-invasive, applicable to opaque and concentrated suspen-
sions and to monitoring processes in real-time. It has been
evaluated for several potential industrial applications includ-
ing, e.g., paper pulp, foods, transient flows and model mineral
suspensions.

The objective of this research work was to evaluate the
UVP+PD technique for in-line rheology measurement of waste-
water sludge. The main problem when using UVP with complex
industrial fluids such as sludge is the attenuation of ultrasound
energy that prevents velocity measurements of the fluid flow-
ing in the pipe. This problem can be solved by introducing
new ultrasound transducers as well as using different meth-
ods for installing the transducers onto the pipe test section.
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Conventional UVP installation techniques were tested as well
as a new delay line UVP transducer. The results obtained from
different installation techniques and transducers are compared,
and, finally, rheological parameters obtained using UVP+PD
were compared to those obtained using tube viscometry.

Theoretical considerations

This section briefly describes non-Newtonian flow and the
associated rheological parameters that were used to character-
ise the sludge tested in this work.

The equation for the Herschel-Bulkley model is as follows:

- \n
T=7,+ K(y)
where:
K, nand 7 are the consistency index, flow behaviour index

and yield s{ress, respectively (Chhabra and Richardson,
2008).

o)

These parameters can be obtained by using a curve-fitting
procedure. Eq. (1) can be integrated to give the velocity (v)
profile across the pipe radius:
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where:
R, is the plug radius and is related to the fluid yield stress
according to:
2Lz,
Rplug = 7 (3)

The Herschel-Bulkley model can easily be modified to describe
the power-law and Bingham plastic models (Chhabra and
Richardson, 2008). The identification of the transition between
laminar and turbulent flow is of great importance because the
fluid flow behaviour changes fundamentally at the transition
zone. Slatter and Lazarus (1993) formulated a Reynolds number
(Re,) for non-Newtonian pipe flow (assumed plug-flow):

8pV2
r+ K(%) @
D
Note that in order to calculate rheological parameters all
velocity profiles were measured in laminar flow. Equation (4)

was used as an indication of the flow regimes in which tests
were conducted in this work.

Re, =

MATERIALS AND METHODS
Material

During this study one sludge concentration of 6.3% w/w was
tested at the Zeekoeivlei Wastewater Treatment Plant in Cape
Town. This fluid suspension was a mixture of thickened pri-
mary and waste-activated sludge; see Haldenwang et al. (2012).

UVP+PD flow loop and tube viscometer

The pipe rig consisted of 3 polyvinyl chloride (PVC) pipes
with inner diameters of 63.2, 52.8 and 22.5 mm and was used
for tube viscometry tests. The wall shear stress data were
obtained from pressure drop measurements (DAP/4L) and the
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nominal wall shear rate from flow rate measurements (§V/D),
corrected for by the Rabinowitch-Mooney factor. Procedures
and methods for obtaining accurate in-line experimental

data as well as post-data analyses are discussed in detail by
Chhabra and Richardson (2008). The pipe rig was fitted with a
thermocouple (accuracy £1°C) and a 50 mm electromagnetic
flow meter (Krohne Optiflux 4000). Pressure measurements
were conducted using differential pressure transducers (Fuji
Electric) with maximum ranges of 0-6 kPa and 0-130 kPa and
an accuracy of £0.25%. The complete pipe viscometer setup is
described in more detail in Haldenwang et al. (2010, 2012).

A UVP flow adapter was installed in-line in the 52.8 mm pipe
for UVP measurements in the sludge. Figure 1 shows a sche-
matic diagram of the flow loop and the flow adapter installed
in the pipe rig.

UVP+PD experimental setup and methodology

In this work a commercial UVP instrument (UVP-DUO-MX,
Met-Flow SA, Lausanne, Switzerland) was used for velocity
profile measurements. A new transducer, which incorporates
a delay line, was used for velocity profile measurements. The
delay line is a material optimised for beam forming that con-
tains the near-field distance. This delay line is fixed ahead of
the transducer and is flush with the pipe wall, thus making it
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possible to have the focal point (position where sound energy
is highest) of the ultrasonic beam at the wall interface (see
Wiklund et al., 2010; Kotzé and Haldenwang, 2011; Kotzé et al.,
2012, 2013). Standard transducers with a central basic fre-
quency of 2 and 4 MHz were chosen in order to obtain a good
compromise between spatial resolution, which is due to their
short wavelength, and penetration depth (less attenuation).
Doppler, immersion-type standard ultrasonic transducers (TN
and TX-line, Imasonic, Bensancon, France) were used for com-
parison with results obtained using the delay line transducers.
A special flow adapter cell made from stainless steel
was designed for in-line measurements of velocity profiles.
Ultrasonic transducers (TDX) were installed at 20° with respect
to the lateral direction (see Fig. 2) and in direct contact with
the fluid to avoid attenuation and reflection of the pressure
wave. To avoid measurements where the ultrasonic sound wave
is irregular, the standard transducers were also pulled back
creating a cavity equal to the transducer near-field distance
(~17 mm) between the transducer surface and actual pipe wall
interface (focal point at pipe wall). This transducer installation
has previously been described in Wiklund et al. (2007) and the
same setup was used in Kotzé et al. (2008, 2012). Figure 2 shows
a schematic diagram of the flow adapters with standard and
delay line transducers. Two transducers are installed at oppo-
site positions to one another in order to determine the velocity

581



Figure 3
Non-invasive transducer installation set-up using PVC housing block

of sound in the fluid by using time-of-flight measurements
(see Povey, 2007). However, unfortunately it was not possible
to measure the velocity of sound in this work due to the high
attenuation of the ultrasound wave.

It should be noted that the flow adapters were only designed
for use with 4 MHz transducers. The 2 MHz transducer has
larger sensor dimensions (outer diameter 16 mm) and could
not be installed into the flow adapters with housing diameters
of 8 mm. Instead, the 2 MHz transducer was installed non-
invasively at the outer pipe wall and using acoustic coupling gel
in order to ensure that there was no air between the transducer
and pipe surface. Figure 3 shows the transducer installed at
an angle (20°) using a specially designed PVC housing block.

In this setup the measurements were done completely non-
invasively (ultrasound wave through the PVC pipe wall into the
sludge suspension) and provided another form of feasibility test
in the sludge suspension.

The UVP+PD technique

The UVP+PD methodology consists of several components,
starting with an instrument designed to measure profiles
using a pulsed ultrasonic technique. Accurate ultrasonic
transducers, flow adapters for transducer installation, pres-
sure sensors, and data acquisition schemes, as well as software
development and data processing, are required for this in-line
rheometric method. Regardless of the actual set-up (experi-
mental flow loops and ultrasound equipment), the UVP+PD
methodology requires several processing steps; see e.g. Kotzé
etal. (2012). A flowchart of the data acquisition and pro-
cessing steps involved in an in-line rheometer based on the
UVP+PD methodology is given in Fig. 4. More information
on the UVP+PD methodology and experimental setup can be
found in Wiklund et al. (2007), Wikund and Stading (2008),
Kotzé et al. (2008, 2012) and Norton et al. (2011). Firstly, in-
phase and quadrature-phase (IQ) data (demodulated echoes)
and pressure measurements are captured using a data acquisi-
tion interface. It is also possible to include extra sensor out-
puts, e.g., temperature, flow rate and density. A velocity profile
for each IQ dataset is calculated using velocity estimation
algorithms and then the average is determined. The number
of profiles averaged depends on the application and fluid
characteristics. From the velocity profile measurement the
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UVP+PD data processing structure (adapted from Wiklund et al., 2007)

flow rate can be calculated by integration as well as rheologi-
cal parameters by using the pressure drop data. The rheologi-
cal parameters are obtained by a least squares curve-fitting
procedure using rheological models (Eq. (1)). Finally, results
can be plotted as rheograms (shear stress vs. shear rate) or
flow curves (viscosity vs. shear rate).

The processing steps may, of course, vary from one appli-
cation to another, depending on what kind of information the
operator/user wants in each particular situation.

RESULTS AND DISCUSSION
Velocity profile measurements

An average velocity profile was calculated from 100 measured
profiles in order to minimise the standard deviation of the
measurement and the total measurement time was approxi-
mately 100 ms. It was found that the sludge attenuated the
ultrasonic energy significantly. For this reason a compromise
between spatial and time resolution had to be made. In this
case it was decided to optimise the spatial resolution but at

a loss of time resolution. The spatial resolution is defined as
the distance between velocity data points along the measure-
ment distance or pipe diameter and the time resolution is

the amount of time taken for one velocity profile measure-
ment. Table 1 depicts the UVP parameter settings and test
conditions. The number of ultrasound (US) repetitions was
increased to 512 pulse repetitions which increased the time
between consecutive measured profiles (one velocity profile
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TABLE 1
UVP parameter settings and test conditions
Velocity US Voltage Number of Number of US Sound speed
resolution (V) cycles/pulse repetitions (m/s)
(mm/s)
16.14 150 512 1500
Reynolds Pressure drop Volume flow rate Concentration Temperature
Number (Pa) (Q) (8/s) (%) (°C)
320 2500 2.21 6.3 20.2
14
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Figure 5
Velocity profiles measured in 6.3% w/w wastewater using

different ultrasound transducers

is determined after 512 repetitions). The number of US cycles
per emitted pulse could be kept to 2 cycles per pulse, thus
keeping the spatial resolution (0.37 mm) at a maximum. The
US input voltage was also set to the maximum value of 150
V in order to increase the signal strength and to minimise
the effect of ultrasound attenuation and absorption. Figure 5
shows velocity profile measurements in 6.3% w/w wastewater
for the two standard transducers (2/4 MHz) and delay line
transducer (4 MHz).

The velocity profile measured using the 2 MHz standard
transducer (triangles, Fig. 5) was significantly distorted across
the entire pipe radius (compared to the profile measured using
delay line transducer, diamonds, Fig. 5). However, the result
also indicates that it is possible to measure through solid mate-
rial layers (in this case PVC pipe material). Distortion of the
velocity profile could be due to ultrasonic beam refraction and
absorption that causes errors in parameters such as the Doppler
angle and sound speed. Furthermore, physical changes of the
ultrasonic beam can occur when measuring through material
layers and could cause increased sample volume dimensions
and thus more errors are introduced due to increased averaging
effects; see, e.g., Messer and Aidun (2009). Despite the distor-
tion of the non-invasive velocity profile measurement, it can
still be observed that the ultrasound beam was able to penetrate
to the pipe radius (26.4 mm), which is encouraging for future
improvements to this non-invasive transducer setup. Since this
profile contains distorted velocity data close to the pipe wall
(profile gradient) and beyond the plug radius, it was decided
not to use this result for determining rheological properties of
the sludge suspension.

Due to the attenuating properties of the sludge suspen-
sion, it was not possible to measure velocity profiles using a
standard transducer (circles, Fig. 5). According to the acoustic
measurements of the different transducers (Kotzé et al., 2013),
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density changes

Figure 6
Fluid particles settling inside cavities with standard transducer
installation set-up (From Kotzé et al., 2013)

the standard transducers generated more acoustic energy than
when compared to the delay line transducer. However, due to
the cavity between the transducer surface and pipe wall, which
was filled with the sludge suspension, most of the energy was
absorbed before the ultrasonic pulse could propagate across the
pipe diameter. This is illustrated in Fig. 6.

Although good qualitative velocity profiles could be meas-
ured using the delay line transducer, it was still not possible
to penetrate beyond the pipe radius. Furthermore, the delay
line material absorbs ultrasonic energy and prevents meas-
urements in larger pipe diameters in attenuating fluids. As a
result the velocity of sound could not be measured in-line and
can cause errors in flow rate monitoring and visualisation.
New transducer development is required so that maximum
energy transfer into the fluid medium is achieved. Another
important limitation is that, currently, the transducer instal-
lation (delay transducer setup) is not non-invasive. This means
that the transducer front will be subjected to harsh industrial
conditions and the surface could wear over time which will
influence measurements. The non-invasive transducer set-
up yielded a distorted profile; however, the results showed
potential for future improvements. The non-invasive set-up
was installed onto a PVC pipe and ultimately a set-up capable
of measuring through steel would be required for successful
implementation within industrial conditions.

Comparison of UVP+PD and tube viscometry

An experimental (symbols) velocity profile along the pipe
diameter for the sludge suspension (6.3% w/w) measured by the
in-line UVP+PD method is shown in Fig. 7. These are repre-
sented by the theoretical profile (curve) obtained by fitting the
experimental data and pressure drop using the Bingham plastic
model (Eq. (1)) with the values of Kand 7_(listed in Table 2).
The flow behaviour index (n) for a Bingham plastic fluid is
equal to 1 and was constant during the fitting procedure. The
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TABLE 2
Rheological parameters obtained from least-squares fitting
procedure
Rheometric K n T, R?
method (Pa-s) - (Pa) -
UVP-PD 0.0441 1 20.45 0.97
Tube viscometry | 0.0429 1 17.36 0.96

flow is laminar, since the value of the Reynolds number (Re,) is
equal to 320 (Table 1), validating the use of the theoretical point
velocity distribution equations (Eq. (2)).

Rheological results for the sludge suspension are depicted
in Fig. 8. From Fig. 8 it can be observed that results are in good
agreement (within 15%) with each other across the whole shear
rate region (100 to 1 000 s™).

The rheological parameters (K, n and 7)) determined by the
two in-line methods are depicted in Table 2. When observing
the estimated yield stress values, one can see that the results
obtained from the two rheological methods are in agree-
ment within £15% when compared to one another. Also, the
high estimated yield stress value of the investigated fluid is an
indication of the highly viscous structure of this highly concen-
trated sludge suspension.
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CONCLUSIONS AND RECOMMENDATIONS

This article presents the UVP+PD methodology for in-line
rheological characterisation of wastewater sludge. Feasibility
tests were carried out and were achieved by using delay line and
standard transducers as well as different installation techniques.
It was possible to measure detailed flow behaviour in real-time
for a viscous wastewater sludge, for the first time. Industrial
fluids, such as sludges, exhibit wide particle-size distributions,
large particle sizes and very high viscosities. These industrial
fluids cause strong attenuation of the ultrasound energy, which
can significantly distort velocity profiles measured with the UVP
technique or even make it impossible to conduct flow measure-
ments at all with, e.g., optical techniques. Initial results obtained
in a concentrated sludge suspension showed that UVP is a feasi-
ble and promising technique for flow visualisation and rheologi-
cal characterisation in the wastewater engineering or treatment
industry. Rheological parameters obtained from the velocity
profile measurement using the delay line transducer showed
good agreement with tube viscometry (within 15%). Currently
there is no in-line measuring system commercially available that
can measure the rheology in real time.

A new advanced ultrasonic sensor capable of complete
non-invasive and accurate measurements is needed in order
to completely implement the UVP+PD in a robust industrial
application. The application of this technology in the waste-
water sludge environment to measure the rheology in-line and
in real-time has huge potential to improve process control as
rheological parameters can be linked to, e.g., polymer dosing
for sludge dewatering. This could lead to large savings due to a
reduction in the use of polymers and the optimisation of filter
belt presses and centrifuges which will lead to more consistent
and higher solids concentration filter cakes.
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