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ABSTRACT

The main objective of this study was to investigagrheology of mixed primary and secondary
sludge and its dependency on solid content anddeatyre. Results of this study showed that
the temperature and solid concentration are cripiaeameters affecting the mixed sludge
rheology. It was found that the yield stress insesawith an increase in the sludge solid content
and decreases with increasing temperature. Théodieal behaviour of sludges was modelled
using the Herschel-Bulkley model. The results eftfodel showed a good agreement with
experimental data. Depending on the total solidexanthe average error varied between 3.25 to
6.22 %.
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1. Introduction

Sewage sludge, the solid residue of municipal weetkr treatment process, is a mixture of
about 20 % solids and 80 % liquid part. The treditpebr is released directly to aqueous
environment while solids are removed for disposawmped to sludge treatment line.

There are three main types of sewage sludges: prionaaw, secondary and anaerobically
digested sludges. Primary sludge contains the sefpdrated from sewage flowing to a
wastewater treatment plant. Secondary sewage skaigains solid and micro-organisms which
are produced within the treatment plant. Digestedge is a form of primary and secondary
solids, stabilised through anaerobic fermentation.

Sewage sludge is a complex material and partiguthfficult to characterise (Seyssiecq et al.,
2003). It can be generally described as a watsedauspension containing suspended particles,
fibrous material and dissolved substances. Theachenistics of the sewage sludge vary
depending on the wastewater source, treatment ggpckemical additives like polymers and
mechanical operations like thickening. All thesetdas will influence the fluid behaviour and
sludge handling (Koseoglu et al., 2012; Seyssi¢ed, €2003).

The safe, efficient and economical transfer of ggnsludge in wastewater treatment plants and
in sludge treatment facilities is of great impodenFor that reason, mechanical and fluid
dynamic characteristics of sludge must be deterthifbese rheological characteristics are
essential in the design of different industrialgasses due to their importance in heat and mass
transfer calculations (Bandrés et al., 2009). Téreyalso important in sewage sludge
management, not only as designing parametersnsgaating, storing, landfilling and spreading
operations, but also as controlling parameter inyrieeatments, such as stabilisation and

dewatering (Lotito et al., 1997). Appropriate traant of wastewater as a result of an efficient



design would help in environment protection andsereation (Asadi et al., 2012). Design and
operation of wastewater treatment plants beneafihfaccurate knowledge of the hydrodynamic
functioning of the associated plant such as putmgat exchangers and operations. .Accurate
prediction of the flow behaviour of these enginegiydrodynamic processes requires the
rheological characteristics of the sludge as ifjBaudez et al., 2011; Eshtiaghi et al., 2012).
Basically, rheology of municipal sludge is defifgdits viscous characteristics which can be
determined by the relationship between shear rateshear stress. Sewage sludges are non-
Newtonian fluids, because the shear rate or thacitglgradient is not linearly proportional to
the shear stress (Dentel, 1997). This leads tadify in the rheological characterisation due to
the fact that sewage sludge is a complex matentilita rheological properties of cannot be
related to a single value of its viscosity (Seysgiet al., 2003). The rheological properties are
highly correlated with structural and surface chtastics of bioaggregates (Li & Yu, 2011).

A variety of methods and devices have been usetktsure the rheological characteristics of
sewage sludges. These have ranged from capillapnmaters (Behn, 1962; Slatter, 1997) to
rotational rheometers (Abu-Orf & Dentel, 1997; Bamet al., 2011; Behn, 1962; Forster, 1982;
Lotito et al., 1997; Mori et al., 2006; Tixier dt,&2003). Each type provides slightly different
information and has different advantages and desaidhges and there does not appear to be any
clear-cut criterion for choosing which type is leetbr more appropriate (Forster, 2002).

As stated before, sewage sludge rheology has bemwmeasured but most of the literature
has concentrated on secondary or digested slutlyes. &Moeller and Torres characterised
rheological behaviour of primary and secondary gasdand correlate it with physico-chemical
sludge properties (Moeller & Torres, 1997). Theraa information available on rheological

properties of mixed primary and secondary sludderd is also very little information in the



literature about the impact of temperature on studhgology. Baudez et al. (Baudez et al.,
2013b) studied the impact of temperature on theldggcal behaviour of anaerobically digested
sludge. They found that both solid and liquid riegatal characteristics decrease with
temperature. Baudez et al. (Baudez et al., 2018a)faund that the decrease of viscoelastic
properties is proportional to the decrease of waszosity with increase in temperature due to
the effect of thermal motion. Manoliadis and Bishioygestigate the effect of temperature on the
rheological properties of sewage sludge and obdeavggnificant influence of temperature on
the viscosity of sludges (Manoliadis & Bishop, 1984

From a theoretical point of view, a wide varietynodbdels have been presented in literature to
describe rheological behaviour of sewage sludgest Mf the rheological models are based on a
simple power-law equation, the so called Ostwaldl@h@Behn, 1962; Lotito et al., 1997). The
other most common models are the Bingham modell{K&arakani et al., 2011; Sozanski et
al., 1997), the Herschele-Bulkley model (Eshtiagfhal., 2012; Slatter, 2008) and the Sisko
model (Baudez, 2008). The Herschel-Bulkley modabie to describe the sludge behaviour
under rest and flow conditions, the pseudoplastishear-thinning as well as the yield stress
characteristics.

The current study aimed to characterise the mixtfipgimary and secondary sewage sludge
taken from a wastewater treatment plant and ingatgithe effects of temperature and solid
content. This provides useful information on thealegical behaviour of the mixed sludge for
optimisation and design of sludge processing fieesli The sludge behaviour was fitted and

described using the Herschele-Bulkley model.



2. Methodology

2.1. Sudge sample

The sludge samples were a mixture of primary andregary sludges obtained from Rotorua
District Council wastewater treatment plant, Rotgmiew Zealand. The treatment plant
provides preliminary (screening and grit removpf)mary (sedimentation, concentration and
fermentation), and secondary (anaerobic fermemtatie-nitrification, aeration and clarification)
treatment of wastewater. Sludge from primary tresthand secondary treatment is dewatered
using filter belt presses to reduce sludge weightraake it easier to handle. This plant produces
25 ton of sludge per day including primary and seleoy sludges.

In this work the mixed sludge, which consisted @4 primary and 60 % secondary sludges,
were diluted with tap water to total solid conteotsl.3, 4.5, 4.9, 7.3 and 9.8 %. The total solid

contents of the samples were obtained by meartegjravimetric method.

2.1. Sudge characterisation

The composition of the mixed sludge were determimsdg™*C Nuclear Magnetic Resonance
(The Bruker Avance-400 NMR spectrometer, Germa8g)id/liquid state 13C -NMR is an
established semi-quantitative analytical technolfmyystructural elucidation of compounds and
requires no sample preparation.

Elemental composition analysis was also conduaethe sludge using an Atomic Absorption

Spectrometer (Varian Spectra AA 220FS).

2.3. Rheol ogy measurement



A controlled stress rheometer (Advanced RheomeR2090, TA Instruments Ltd) was used to
measure rheology of the sludge samples. The rhepwes fitted with a stainless steel parallel
plates geometry (60 mm diameter, 500 gap). Prior to measurements, a constant shegsstr
was first imposed in order to pre-shear the sluéigowed by the conditioning step, the flow
step was carried out by applying different sheagirag from 10 to 1000susing a logarithmic
ramp, in order to decrease the initial acceleragioth the effects due to instrument inertia. The
variations in torque behaviour around one compigtelution of the driver shaft was mapped
and used for subsequent real-time correctionsdridsts.

The flow curve measurements were performed at teatyres between 298.15 K and 328.15 K.
The temperature control system used a Peltier Riaieh provides temperature accuracy of +
0.1 K and a typical heating rate of 293.15 K/mins Iconfigured for parallel plates geometry

with rapid conduction of heat to the sample.

2.4. Rheological modelling

Sludges are mainly composed of water and the rengapart is made of organic matter and
bacteria which tend to aggregate forming flocs (@=et al., 2013a). Lower concentration of
sludges can be modelled as a Newtonian fluid. Newtonian fluid, shear stress (s linearly

related to the shear ratg){

T=uy 1)

where,u is the viscosity which is independent of the shiate and initial stress (yield stress) at a

given temperature and pressure. With higher conagon of solids, the sludge behaves as



Bingham plastic (Frost & Ovens, 1982; Guibaud et203; Sozanski et al., 1997) or Ostwald
pseudoplastic (Valioulis, 1980). Pseudoplastic beha can be represented by Ostwald model

(Behn, 1962; Lotito et al., 1997; Seyssiecq et241Q3):

T=ky" (2)

The Ostwald model is one of the most commonly espditions to represent the non-Newtonian
behaviour of sewage sludges. However the modebobnbe used when modelling the shear-
thinning zone of the rheogram of sludge suspensiangn an intermediate range of shear rates
(Mori et al., 2006).

Geinopolos and Katz (Geinopolos & Kaiz, 1964) agblihe Bingham plastic model for primary,

secondary and digested sludges and suggestedittgeslbehave like plastic material:

T=my+71, 3

wherer,, is the yield stress. Viscosity-type coefficiemy,is apparent viscosity correlated to the

shear stress/shear rate ratio.

The non-Newtonian fluid behaviour of sludges canléscribed by the Herschel-Bulkley model.
This model was introduced by Herschel and Bulkie$926 and allows studying the rheograms

on the complete range of shear rates investigated:

T=ky"+71, 4)



wherek andn are regarded as model factors.

The abilities of the Bingham (Eq. 3) and Herschellkiey (Eq. 4) models to show the sludge
behaviour before flow occurs (very low shear siemsd when it begins to flow (shear stresses
exceeding the yield) make these yield stress madete preferable. However, Bingham model
is not efficient in describing the overall rheologji profile of sludges, especially at higher solid
content. The Herschel-Bulkley model involves matgistable parameter and replaces the
plastic viscosity term in the Bingham model with@wver law expression. This enables the
model to describe the pseudoplastic, or shear-tigncharacteristics of sludge as well as the
yield stress.

Since the Herschel-Bulkley model is more efficiendescribing the sludge rheological
behaviour, especially in the upper or lower Newanniegion as well as the power law region,
this model was tested against the experimentalgkatarated in this work. In particular,
individual temperature and solid concentration expents were fitted using the Herschel—
Bulkley model (Eq. 4), yielding multiple yield st®r,,, and Herschel-Bulkley coefficients,
andn. The correlation was carried out over the tempeeatange 298.15-328.15 K and total
solid contents 4.3-9.8 %. The broad context of wosk is to provide an improved mechanistic

understanding of the rheology of a mixture of pmynand secondary sludges.

2.5. Satistical assessment

In this study, to assess the Herschel-Bulkley modidrms of predictive capability and to know
the extent to which it can be used with better jotexh quality of the mixed sludge rheology,
several statistical descriptors were calculatedthad values compared. The statistical

descriptors are the Index of Agreement (IA) showlmgoverall accuracy of the model,



Fractional Bias (FB) measuring tendency of the rhtmleards over or under-prediction,
Normalised Mean Square Error (NMSE) showing theaalyaccuracy of the model, Variance of
Geometric (VG) indicating systematic and randonorsirGeometric Mean Bias (MG)
identifying systematic errors and Regression Coiefiiit (R) describing the association between

measured shear stress and predicted results. Tdutat@n expressions for these descriptors are

given below:
—_ _ z:?’=1(Pi_5i)z
1A=1 2N, (Pi~E|+|E~E])? ©)
_ E-P
FB = 0.5(E+P) ()
NMSE = E=P° @)
EP
MG = exp(InE — InP) (8)
VG = exp[(InE — InP)?] 9)

whereE, P, E and P are experimentally measured shear stress, prddibar stress, average of

the entire experimental data set and average arhee prediction data set, respectively.

3. Results and discussion

3.1. Sudge characterisation

The NMR analysis showed that protein was the dontinanstituent in the sludge. The

carbohydrates were the second largest group ofrialafi@und in the sludge. These



carbohydrates consisted in a large part of celiylodhich most likely originated from tissue
paper.

Elemental composition analysis showed that carlmohoxygen are the dominant elements.
The compositions of sludge used in this study hosve in Figure 1 which is typical of the

Rotorua District Council wastewater treatment skudg

3.2. Rheol ogy measurement

With the purpose of meeting the laboratory safetyuirements, the sludges were sterilised at
110 °C for 20 min. To confirm that sterilisationshao significant impact on the sludge rheology,
shear stress was measured at different sheararadetemperature for the sterilised sludge with
4.3 % total solid content. As can be seen in Tablmparison between the viscosities of
sterilised and un-sterilised sludges revealedshalge viscosity changes slightly by autoclaving
the material. Since the average absolute percamgehis low (6.99 %) therefore in general the
effect of sterilisation can be neglected. The aye@bsolute change in viscosity at higher shear
rates (500 to 1000 was even lower (4.20 %). This means for sheasnaithin the range of
pumping or mixing the above assumption is moredvali

The flow curves for the mixed sludges with 4.3 18 % solid concentration at temperatures
ranging from 298.15 to 328.15 K are presented guf@ 2. The results revealed that shear stress
increases non-linearly with increase in shearaatbdecreases with increase in temperature.
When the sludges are heated, the cohesive forteed®the molecules reduce due to thermal
motion which eventually reduces the shear stredglars the viscosity of the fluid.

Dependency of shear stress on solid content isilalstrated in Figure 2. The figure shows that

shear stress increases with increase in the skmgecontent. This increase in shear stress with
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solid content was more obvious at higher sheasr#tés known that superficial groups
including proteins and polysaccharides are respts$or the rheological behaviour of sludge
(Forster, 1982). As the sludge polysaccharide aatkim content is increased (with increase in

solid content), the shear stress and viscosith@®studge also increased as evidence here.

3.3. Rheological modelling

Solid concentration was found to be a critical pagter in detrmining the rheological
characteristics of mixed sludge. Many authors tsfevn that the solid content is one of the
main parameters affecting the sludge rheology (&udbet al., 2003; Monteiro, 1997; Seyssiecq
et al., 2003; Slatter, 1997). Experimental ressitswed that temperature has significant effect
on the sludge rheology. The results of the Hersdéhdkley model are shown together with
experimental data in Figure 2. A reasonably goodeagent was observed between the model
output and the experimental data. Depending omnatfaé solid content and temperature, the
average error varied between 3.25 to 6.22 % ar?lt4.8.06 %, respectively.

As described earlier, the Herschel-Bulkley modsl the advantage of taking into account yield
stress {,). This term quantifies the amount of stress thatfluid may experience before it
yields and begins to flow. The mechanistic explimator this behaviour is the chemical
interaction and physical forces between the slymgacles or large molecules which create a
weak solid structure. To break this structure amdipce flow, a certain amount of stress is
required to. Once the structure has been brokerpdkticles move with the liquid under viscous
forces (Eshtiaghi et al., 2012). The data preseint€ayure 3 shows the dependency of the

mixed sludge yield stress on the solid concentnadiod temperature. As can be seen, yield stress

11



is in linear relationship with solid concentratiand exponential with the inverse of temperature.
The yield stress increases with increase in salittentration and decrease in temperature.

The dependency of the Herschel-Bulkley model coefiits on temperature is presented in
Figure 4. As can be seen the coefficiers in linear relationship with temperature. Thevpo

law coefficient,n, was kept constant within the temperature rangeder to obtain a better fit.

In addition, coefficient& andn, were found to be in logarithmic and power lavati@inship with

total solid content, respectively.

3.4. Satistical assessment

The results of statistical assessment are summdariseable 2. A good agreement between the
model and experimental results was achieved aatb®e total solid contents considered (1A
between 9.785E-01 and 9.993E-01). Comparison iteBdhat prediction overestimation
improves with increase in the sludges solid conféné highest overall accuracy in terms of
normalised mean square error (NMSE) was achievethéosludge with highest total solid
content (1.354E-03). A non-significant normaliseeam square error for all the sludges confirms
reasonable accuracy of the model. The values ahgee variance (VG) and geometric mean
bias (MG) revealed that the model was successfpitddict shear stress at different condition for

different solid contents in terms of systematic esmtlom errors.

4. Conclusion

It is important to identify the dominating rheologi characteristics of mixture of primary and

secondary sludges in order to improve and to utaleishe transport and treatment processes.

12



This study investigated the rheological behavidihis mixture. The Herschel-Bulkley model

was used to describe the rheological behavioutlamdnodel was in a reasonable agreement

with experimental data. Concentration and tempegatere found to have a significant impact
on the sludge yield stress and the model coeffisi@andn). It can be concluded that the

mixture of sludges exhibited a strong dependencgobd content and temperature.
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Figure captions

Figure 1. Elemental and solid state NMR composiéinalyses for Rotorua District Council
mixed sludge

Figure 2. Figure 2. Flow curves of sludges withed#nt total solid contents at various
temperatures
@)4.3%TS;(b)45%TS;(c)4.9%TS; (d) 7.3% (€)9.8% TS

Figure 3. Evaluation of the yield stress with @tat solid content and (b) temperature for the
mixed sludge system
Figure 4. Evaluation of the Herschel-Bulkley paréengewith temperature for the mixed sludge

system
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Table titles

Table 1. Comparison between the viscosities oflisted and un-sterilised sludges with 4.3 %
total solids at different shear rates and tempegatu

Table 2. Summary of model statistical assessment
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Table 1. Comparison between the viscosities oiliseed and un-sterilised sludges with 4.3 %

total solids at different shear rates and tempezatu

Absolute difference in viscosity (%)

Shear rate
(a/s) 298.15 303.15 308.15 313.15 318.15 323.15 328.15
K K K K K K K

10.00 10.94 11.48 10.09 8.76 8.21 5.38 4.08
12.59 7.95 8.31 7.41 6.31 5.49 2.58 1.82
15.85 10.28 10.73 6.05 5.15 411 1.16 1.41
19.96 7.59 7.89 7.29 6.22 5.35 2.43 3.50
25.12 7.81 8.12 8.30 7.14 6.38 3.49 5.40
31.63 7.80 8.12 8.29 7.13 6.37 3.48 4,72
39.82 7.97 8.30 9.15 7.92 7.24 4.38 7.61
50.13 9.23 9.64 10.54 9.24 8.66 5.84 6.56

63.11 10.68 11.14  12.13 10.79  10.20 7.43 7.56
79.45 1230 1271 14.11 12.85  12.25 9.54 11.27
100.00 1294  13.33 13.27 11.99 11.40 8.67 7.91
125.90 11.92 12.33 11.74 10.46 9.86 7.08 6.32
158.50 13.68 12.76 9.33 8.12 7.40 454 4.42

199.60 7.82 8.05 9.34 8.18 7.46 4.61 4.20

251.20 10.55 10.87 9.93 8.77 8.10 5.26 7.12

316.30 8.16 6.86 9.63 8.47 7.81 4.96 6.65

398.20 6.24 4.20 8.66 9.91 9.32 6.53 5.74

501.30 3.81 2.58 9.78 8.63 7.96 5.12 4.34

631.10 4.29 2.42 4.91 6.76 5.90 2.00 2.17

794.50 3.23 2.93 3.61 6.99 5.95 2.05 3.71
1000.00 3.36 3.15 3.85 2.86 2.63 2.76 2.07
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Table 2. Summary of model statistical assessment

TS 1A FB NMSE MG VG
(%) (1.000E+00} (0.000E+00j (0.000E+00§ (1.000E+00f (1.000E+00§}
4.3 9.785E-01 5.383E-03  3.439E-03  1.005E+00 1.008E+
4.5 9.923E-01 3.402E-03  2.305E-03  1.004E+00 1.008E+
4.9 9.921E-01 3.421E-03  5512E-03  1.008E+00 1.006E+
7.3 9.981E-01 2.271E-03  3.258E-03  1.005E+00 1.008E+
9.8 9.993E-01 1.832E-03  1.354E-03  1.002E+00 1.000E+

® Figuresin brackets are ideal values
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Figure 1. Elemental and solid state NMR compositinalyses for Rotorua District Council

mixed sludge
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Figure 3. Evaluation of the yield stress with @hat solid content and (b) temperature for the

mixed sludge system
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Figure 4. Evaluation of the Herschel-Bulkley partangwith temperature for the mixed sludge

system
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