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ABSTRACT

Sustainable sludge management is becoming a nssjoe ffor waste water treatment plants
due to increasing urban populations and tightenamyironmental regulations for
conventional sludge disposal methods. To addrassptioblem, a good understanding of
sludge behavior is vital to improve and optimize tturrent state of wastewater treatment
operations. This paper provides a review of theme@xperimental works in order for
researchers to be able to develop a reliable ctesization technique for measuring the
important properties of sludge such as viscosisldystress, thixotropy, and viscoelasticity
and to better understand the impact of solids aunagons, temperature, and water content
on these properties. In this context, choosing dperopriate rheological model and

rheometer is also important.

Keyword: Municipal Sudge, rheological models, yield stress, viscosity, thixotropy,

viscoel asticity, physico-chemical properties
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1. Introduction

Internationally, wastewater treatment plants aravisg to achieve a sustainable sludge
management strategy due to the legal banning o¥erdional sludge disposal methods
such as landfill. However, the rapid growth of urbpopulations has resulted in the
production of increasing volumes of sewage sludgeisting municipal wastewater
facilities are reaching capacity, requiring expansand upgrades to handle the additional
load that is anticipated in future. This means thahore concentrated and subsequently
rheologically complex sludge will be fed into sledtyeatment plants (Eshtiaghi, et al.,
2012a). Optimal and efficient design and operatbsludge treatment processes requires
accurate prediction of the hydrodynamic functionofiglifferent equipment such as pumps,
heat exchangers and mixing systems. Predictiorh@fcbrrect flow behaviour of these
engineering hydrodynamic processes requires aeckinawledge of the rheology of sludge
(Slatter, 2011, Ratkovich, et al., 2013; Esthtiaghal. 2012a, Baroutian et al., 2013).
Slatter (1997; 2001; 2003; 2004; 2008) has condistehown that sludge rheology plays a
fundamentally important role in analysing the hytineamic behaviour of sludge, as it
flows through the treatment process. Thereforetieibenderstanding of the flow properties
of sewage sludge is required in order to obtairfulg@rameters to improve the design of

sludge treatment processes and to ensure sus@aslabge management.

Recently, Ratkovick et al. (2013) presented theartgnce of activated sludge rheology on
pumping, mixing, bubble diameter, secondary settigdrodynamic, etc. In particular

Ratkovick et al. (2013) focused on the viscosityactivated sludge and compared the



921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

viscosity data published from different experiméset ups; this highlighted how changes
in experimental protocol would give different rasuand finding an absolute value for
viscosity is not possible. In the second part @ fraper, Ratkovich et al. (2013) explains

the correct procedure for modelling experimentaidia order to obtain a reliable result.

In this paper, we describe a general overview ef different rheological properties of
wastewater municipal sludge such as viscositydysttess, thixotropy, and viscoelasticity

as well as the commonly used rheometers.

2. Sludge rheology and rheological models

Rheology is the science that studies the deformadiod flow of matter. Dilute sewage
sludge behaves closely to a Newtonian fluid (Sa2©02) however, at higher solids
concentrations (3-10%) the behavior becomes nontdtean and for which the
rheological characteristics are highly dependentttan treatment process (Lotito et al.,
1997; Battistoni, 1997).
Figure 1: Rheological models (Linear axes)

The non-Newtonian rheological models more commaisigd to describe sludge behavior
in steady state laminar flow are the simple polaer-or Ostwald model (Eq. 1) (Kurath
and Larson, 1990; Moeller and Torres, 1997; Bougriaal., 2006; Terashima et al., 2009;
Wu et al., 2011), the Bingham model (Eq. 2) (Sokaatal., 1997; Guibaud et al., 2004,
Mu and Yu, 2006), the Sisko model (Eq. 3) (Moriagét 2006; Pollice et al., 2007), the

Herschel-Bulkley model (Eq. 4) (Slatter, 1997; Barid2001), the Casson models (Eq.5)
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(Chhabra and Richardson, 2008), the truncated ptame(Eqg.6) (Baudez, 2008; Eshtiaghi

et al., 2012b) and the Cross viscosity fluid maoded.7) (Sybilski, 2011; Eshtiaghi et al.,

2012b)
r=Ky" Eg. 1
T=1,+n Yy Eq. 2
r=n.,y+ Kym Eqg. 3
r=r,+Ky" Eq. 4
=T, +yncy Eq.5
L:(.L.)” Eq. 6
I Ve

_ Ko

= Eq.7
H 1+ Kp" q

Depending on the presence of a yield stress, thveplaw (or Ostwald model) (Eg. 1) and

Bingham are the most basic and common rheologioglets,

The Herschel-Bulkey fluid model is a general formBingham model; it is modified to
embrace the non-linear flow curve. The HerschekBy model describes sludge as a
shear thinning material and is most commonly ugsedharacterize concentrated sludge

(Baudez and Coussot, 2001; Baudez et al, 2011).
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Recently, Khalili Garakani et al. (2011) utilizedferent types of rheological models to

characterize activated sludge in a submerged typmbrane bioreactor and used the
Herschel-Bulkley model to describe the behavicaafvated sludge at high concentrations,
and the Bingham model to characterize dilute sluéddgo, they used the power law model

to describe the viscosity of sludge in the low shiaage.

Martin et al. (2011) further commented that the dgBiam model is suitable for
characterization of membrane bioreactor and anaeested sludge at intermediate to

high shear range.

The power law model fails at modeling the Non-Navido fluid behavior at high shear
rate where viscosity ultimately remains higher theater viscosity. This failure can be
rectified by using Baudez’'s model (2011) in whidte tHerschel-Bulkley and Bingham
models are coupled (Eq.8) to represent the behavistudge over the full range of shear

rates, where the apparent viscosity tends to aitigwalue i.e. plateau:

r=1,+(Ki™ +ay)y Eq. 8

where @, is a plateau viscosity of sludge, describing tmeotogical behavior of sludge at

high shear rates.
Several researchers have attempted to correlabe'imoand ‘K’ with solids concentrations

of sludge. For K’, the relationship had been described with a siinegl correlation
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proposed by Landel et al. (1965) (Eq. 9) or exptakfunction (Eq. 10) (Mori et al., 2006;
Moreau et al., 2009) and regression analysis (EdEhl12) by Lotito et al. (1997) and

Allen and Robinson (1990), respectively:

Tss )
K=n,1- Eq.9
”W( TSSmaxJ q
K =aexp(bx[TSS]) Eq.10

Where subscripiv refers to watera andb are empirical coefficients.
K= (a.TS5 +b).TS55+¢ Eq.11
K = a.T55° Eq.12

Wherea, b andc are correlation coefficients.

On the other hand,nf can be correlated to the total suspended solidh either a
polynomial (Eq. 13) (Slatter, 1997), linear (Eq) {Mori et al., 2006), power-law function
(Eq. 15) (Moreau et al., 2009) or regression amalffsg.16, and Eq.17) (Lotito et al. 1997

and Allen and Robinson, 1990, respectively):

m=bTSS +h, TSS+1 Eq. 13
m=a-(bx[TSS]) Eq. 14
m=a—(bx[TSY") Eq. 15
m= (a.TSS +b).TSS+¢ Eq .16
m = a.T55"% Eq .17
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where TSS is total solids concentration (g/L) wathb andc as the empirical coefficients.
The flow behavior index and flow consistency caaéint may not be readily used for
rheological characterization of sludge, but have/pd to be useful indicators of the sludge

behavior during rheological measurement.

However, Baudez et al. (2011) revealed similaritiethe rheological behavior of anaerobic
digested sludge at different solids concentratiopsieveloping a master curve on which
each single curve can be plotted. This means bepbwer-law index remains constant
over a wide range of solids concentration. Thesellt® were also obtained for highly
concentrated sludge from several origins (Baudei. €2006), pointing out that rheological
parameters are only dependent of two charactesjstiee yield stress and high shear

viscosity.

Based on a review paper by Seyssiecq et al. (2@B8)choice of rheological model is
shown to be subjective and highly dependent oretiperimental condition such as applied
shear stress or sheear rate range as well asftghedge. For concentrated suspensions, the
Ostwald or Bingham model, in general, were the ncostimon model used to describe the
rheological behaviour of sludge. Baudez (2002) étbtimat the behaviour of pasty sewage
sludge is highly dependent on hydrodynamic andigharinteractions. This is due to the
competition between these two interactions whedg&uis sheared; particle interactions
induce structure build-up (aging) whilst hydrodynanforces tend to resist particle
interactions and keep the structure in a brokete qi@juvenation). Baudez (2008) also

introduced a new technique to measure the duallabeal behavior of sludge using
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reconstruction of instantaneous velocity profilesdd on repetitive creep measurements.
He revealed that the sludge will only achieve hoemmys flow (following a truncated
power-model) once the shear rate and shear stredsgher than a critical value. As the
critical shear rate and shear stress are highlgrtignt on solids content, this implies that

thixotropy may be significant for thickened sludge.

The rheological data available in literature anelsgacomparable as there is no standard
protocol for characterizing the rheology of slud§ample handling and storage prior to
characterization have a significant impact on theology of sludge. Furthermore, time
dependent, thixotropic properties have eluded nreasent accuracy. Therefore, there is a
necessity for developing a standard protocol torasttarize the rheological behavior of

sludge so that consistent data can be reportettiature for comparison.

3. Commonly used rheometers for sludge characterization

The instrument used to measure the flow curve wdgd is known as a rheometer. At
present, among the commercial available rheometetational and capillary have been
used for sludge applications. The test for sludgearried out over a range of shear stresses
or shear rates that are mostly encountered inipeaat steady state flow. The rheological
information on sludge in laminar region is oftentrapolated by several orders of
magnitude to predict the behavior of sludge at hafiear region (turbulent regime).

Therefore, the accuracy of measurement is of utmgsbrtant.
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The papers reviewed in this work showed that th@&tiemal viscometer, particularly
concentric cylinder, has been involved in a widege of sludge charaterisation work for
various industrial applications. In the past, ntesearch focused mainly on identifying the
appropriate geometry for sludge measurement and etier associated with such
measurement (Seyssiecq, Ferrasse et al., 2003)helnactivated sludge process, the
secondary clarifier is recognised as the main &otitk and fulfils a triple-role as a
clarifier, sludge thickener and sludge storage z(MWeiss et al., 2007). Therefore, most
researchers have tended to sample sludge fronetdwemdary clarifier for rheological study.
They were utilising the rotational viscometer ftve trheological study of the activated
sludge process to develop a more effective anaisadtie sludge treatment system. Also,
rotational rheometers have been used widely foradterization of membrane bioreactor
sludge in order to improve the conventional acédatludge treatment process. Most of the
reseachers reported using either Brookfield or ldabjpe rotational rheometers with
similar model or geometries to characterise thegearch works. Despite the fact that
similar rheometers have been used, the resultaadreomparable. Ratcovich et al. (2013)
has presented an overview on the problems assdardth comparing activated sludge

rheological data due to the lack of measuremertbpod data.

This problem is further complicated by variations studge samples and its physico-
chemistry used among the reseachers and the tipexdent properties of sludge. This
makes it difficult to identify whether discreparcien results are due to the thixotropic
property of sludge, the origin of sludge or theefatts of the measuring process and

equipment. Because, measurement errors associdtedifferent inner cylinder design has

10
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not been examined properly. Although these desigessaid to overcome the wall or end
effects during the measurement. Therefore, it iparant to examine the physical
properties of sludge as well as identifying the anapiological components or the
associated interparticle interactions that areaesible for its rheological behaviour. This
information will be useful for developing models tuantify wall and end effects
associated with rotational rheometer and enchahee measurement reliability in

rheological study for sludge.

In the following section, an overview of the utdion of capillary and rotational
rheometers with their brand and geometry used lfiaige characterization is presented.
Table 1 in supplementary provides a summary of areke works utilized rotational

rheometers.

3.1. Capillary rheometer

The capillary or tube viscometer, also known asn@kt viscometer, employs a pressure
gradient to cause fluid to flow in laminar regidreameasured shear rate through a capillary
tube of known diameter and length (Figure 2). Ilthe most common instrument for the
fluid viscosity measurement due to its relative @ioity, low cost and accuracy (in the
case of long capillaries) (Chhabra and Richard@§8). Slatter (1997) and recently
Ratcovich et al. (2013) has reviewed the advantagesdisadvantages of using capillary
viscometer for sludge characterization. The priacgdvantages are mechanically simple
(similar geometry to pipe flow), high shear rangas be attained and enable measurement

of diameter dependent effect. On the other hareldikadvantages include larger sample

11
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volumes required, the same sample of fluid canmotsibbjected to sustained shear for
measuring time-dependent effects and the sampelgected to a varying rate of shear
over the tube cross section. Chhabra and Richar@8) added that cleaning could also
be a problem due to the small diameter of the tube.

Figure 2.Schematic of capillary rheometer (image courtesy to google)

3.1.1. End effect and wall slip

The two common sources of error associated witilaapdevices are so called end effects
and wall effects. For purely viscous fluid, thideet is usually neglected as long as the
length to diameter ratio (L/D) of the capillary &uls of the order of 100 to 120 (Nguyen et
al., 2007a). As for viscoelastic substances latgBr values are required and as of now
there is no conclusive estimate of the desirea ri@iguyen, et al., 2007a). On the other
hand, wall slip mechanism, which is commonly acedgbr a concentrated suspension, can
be explained by formation of a slip layer adjacenthe wall due to particle migration

(Baudez et al., 2007; Nguyen et al., 2007b). Thp phenomenon has been well

documented by others (Rosenberger et al., 200k et al., 2007; Paredes et al., 2011).

3.1.2. Overview of utilization of capillary rheometer for sludge

characterization

One of the earliest attempts to study the rheodgicoperties of sewage sludges using
capilliary rheometers was done by Babbit and Calld@839). However, their results were

not satisfacory due to the difficulties faced dgrithe measurement. These include
insufficicent sludge sample, clogging and veloatntrol by means of a valve. Notable

contributions from other reseachers in this aredude Brisbin (1957) using a capillary

12
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rheometer to correlate the rheological propertiesige with solids concentration, by
Sirman (1960) to characterize digested sludge. tBtladrya (1981) realized the
significance of the physico-chemical effect on thladge rheological properities and
utilized a tube viscometer to examine the effedieafiperature and solids concentration on
the sludge behaviours. Seyssiecq, et al. (2003 haknowledged some of the works done
on sludge characterization using a commerciallyilalvie capillary rheometer in their
review paper, notably anaerobic digested sludgeénr{B&962) and concentrated sludge
(Gasnier, et al., 1986; Hiemenz and Rajagopala®,7J19Most recently, the capillary
rheometer was used by Grant and Robinson (199®etsure the rheological properties of
filamentous broth, by Slatter (1997) to relate thgwal properties of sludge to operating
conditions in the sludge pumping process and ajs®ditou, et al. (1997) to study the

rheological and mechanical properties of pastygaud

Bache and Papavasilopoulos (2000) employed Ostwadmeter in their research to
analyze the viscosity of sludge in response of ipely conditioning and determine the
optimum polymer dosage required for dewateringiappbns. Ward and Burd (2004) used
modified Ostwald rheometer to perform viscosity sweaments on conditioned sludge

with different pHs and solids concentrations at’@00

A recent article by Pullum et al. (2010) questiorthd validity of tube viscometer in
examining the rheological properties of stable ‘logeneous’ suspension with coarse
particles. The experiment was carried out with Chtution and glass beads (~1mm) as

pure carrier fluid and coarse particle, respecyivel small and industralized pipes. Their

13
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result showed that the stratified bed flow effest Homogeneous suspension may be
negligible in tube capillary, but it dominated thensport pressure gradients in the
industralized pipe. Their work has also cast doulpisn the validity of capillary tube data

obtained with ‘normal’ slurry size distribution amdhether it can be used directly in system
design and process control for industrial scalea@y this phenomenon will also need to
be studied to examine the validity of tube viscanetlata for the rheological

characterisation of primary sludge, if the desi§high concentration pumping systems for

primary sludge is to be performed with any certaint

The most recent development of capillary rheomigehnnology in sludge application was
presented in an article in which Slatter et al.9@)9described a modified capillary device
called the Balanced Beam Tube Viscometer (BBTV)e Tdevice is composed of a
transparent tube of various diameters that conrtecteo pressure vessels located at the
either end of the beam. Compressed air with knowesgure enables sludge to flow
through the tube at a controlled rate. Mass indhd cell is registered over time, indicating
the flow transferred through the tube. The princgvantage of this device is that sludge
flow is not measured with a classical flow metet taiculated from the variations in mass
measured by simple weighing. Therefore the accuabygher than that of a conventional
flow meter and very low flow rates can be measuvddch overcame the earlier velocity
control issue by valve as depicted by Bobbit antdd@all (1936). Slatter et al. (1998)
improved the BBTV design to facilitate more accardesign of pipe and pumping plants
for non-Newtonian slurries. This improvement allawarge number of data points to be

collected in laminar and turbulent region and rignsition point to provide useful data for

14
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process design which cannot be done with convealtiaapillary tube viscometer.
However, the current design of BBTV is limited byaximum pipe diameter of 50 mm and
still had not overcome the limitations of the pms design, such as inability to measure
time dependency of materials and large sample wlisnrequired. Nevertheless, their
work was able to demonstrate that BBTV is a veesatnd reliable instrument for both
routine analyses and research work and can achieve accurate measurement compared
to typical tube viscometer. Most importantly, itshalso demonstrated the potential to be
adapted to enhance the accuracy and reliabilityHeological measurement of activated

sludge.

3.2. Rotational rheometer

The rotational rheometer with concentric cylindeometry has became widely accepted
and commercially available in recent years, andnilbst common class of rheometer used
in sludge rheology (Figure 3). This device relates measured torque to shear stress as
well as angular velocity to shear rate, therefonabées evaluation of the rheological
properties of sludge. Detailed theoretical analysidevelop basic equations for rotational
viscometry is available in standard texts sucthashy Van Wazer (1963).

Figure 3.Schematic of rotational rheometer with different geometry such as a) vane,
b) concentric, ¢) cone-plate, d) parallel plate, €) double concentric (image courtesy to

google)

The design of this rheometer offers unique featwoestudy the rheological property of

sludge, which is not available in other types oéammeter. These advantages include

15
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continuous operation to allow evaluation of timepeledent properties, small sludge
samples for testing, can be installed as benchnstpument and enables rheograms to be
obtained when directly linked to a PC (Dick and Bgyi1967; Slatter, 1997, Ratkovich et

al., 2013).

3.2.1. Gap size

Dick and Ewing (1967) and Dick and Buck (1985) hgwevided a comprehensive
equipment analysis and requirement for sludge eaipdin. Dick and Ewing (1967) noted
that narrow gap rotational rheometer was not slatdbr rheological measurement of
sludge since the gap size was much smaller comparee particle size in the suspension
being investigated. They have commented that tpesga must be at least 10 times larger
than particles in the sludge to ensure the devias sensitive enough to measure low
viscosity substance. On the other hand, a widewgapd contribute to the development of
turbulence which lead formation of strong centrdugction within the measuring gap.
Centrifuge action can cause the readings to ded#ly time and subsequently lead to
erroneous identification of time-dependent propeoty thixotropy (Slatter, 1997). To
minimize the effect due to centrifuge action, Chlaadind Richardson (2008) suggested that
the ratio of diameter of inner to outer cylindersnbe larger than 0.99. Seyssiecq, et al.
(2003) has discussed this issue in his revievepapd noted that the choice of concentric
cylinder geometry depended on the type of sludge dime is working with. Indeed, the
effect of measuring geometries on sludge rheolaag lleen demonstrated by Mori et al.

(2006). In their experiments, a rotational and oalgd stress rheometer with concentric

16
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cylinder (CC) (measuring gap: 1mm) and double cotige cylinder (DCC) (measuring
gap: 0.38 and 0.42 mm) were used to obtain the flowes for activated sludge, which
was composed mainly of macroflocs with mean diametel25um. The experimental
results indicate that the CC systems is suitahlecli@racterization of sludge whereas the
dimension of the DCC geometry are too small legdio blockage of flow as the

suspension is sheared.

3.2.2. Overview of utilization of the rotational rheometer for sludge
characterization

The Rotational viscometer has proven to be a use@lito obtain rheological properties of
sludge for process design and modelling as welbptimization. Most of reseachers
employed this type of rheometer to examine theuarfte of operating conditions and
physico-chemical properties on the viscosity of agevsludge (summary presented in the

Table 1 as a supplimantry material).

Several authors used a stress-controlled conceoygtinder rheometer — DSR200 to
evaluate rheological properties of anaerobic degestudge at various solids concentrations
(Esthiaghi, et al. 2012b) and temperature (Bawded., 2013b). The effect of measuring
geometries on the rheological behaviour of sludge meviewed by Seyssiecq et al. (2003),
Mori et al. (2008) and by Mori et al. (2006) usidifferent concentric cylinder geometries.
Laera et al. (2007) and Pollice et al. (2007) a#t asePollice et al. (2008) have employed
Rheotest 2.1, Haake Mendigen (GMBH) equipped wathcentric cylinder to examine the

rheology of bioreactor sludge at solids retentidimses of 20 days at 2G. Several
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researchers employed rotational rheometer in examirthe effect of pre-treatment and
polymer conditioning prior dewatering on the rheploof sludge. In the recent years,
influence of ultrasonification pretreatment on tnelogical features of sludge has been
widely studied with different types of rotationaheometer such as Brookfield type
rotational rheometer (Pham et al., 2009; Pham.e2@l0) and RS 300 stress-controlled
rheometer (Ruiz-Hernando et al., 2010). Kim et(2009) used a Brookfield type to
investigate the rheology of secondary sludge aftkaline pretreatment and hydrogen
peroxide oxidation to investigate the efficiencyeaich process for more effective excess
sludge reduction. Jolis (2008) and Verma et alO72) utilized rotational disk rheometer
and Brookfield type rheometer, respectively, to destrate that solids after thermal
hydrolysis pretreament, sludgeviscosity reduces #ralfraction of soluble organic matter
increases. Ayol and Dentel (2005), on the othedhanalysed the rheology of anaerobic
digested sludge after enzymatic treatment with aoBiield type rheometer to derive

parameters that may be used to characterise di#tyabd filterability dynamic.

The Rotational rheometer is also commonly usedHeological characterisation of sludge
samples obtained from different stages or procassdsidge treatment. Mu and Yu (2006)
used a shear controlled rotational rheometer terdete the characteristic of granular
sludge with average size of 150 to 250 um in amoup&naerobic reactor. Mu and Wang
(2007) utilized a rotational rheometer equippedhwiiouble gap measuring system to
determine surface characteristic of anaerobic daansludge in acidgenic fermentative
process. Fonts et al. (2009) employed a rotatiomabmeter for viscosity measurment as

part of their works to evaluate the physico-chemmjmaperties of pyrolysis liquid of

18



1251

1252

1253

1254

1255

1256

1257

1258

1259

1260

1261

1262

1263

1264

1265

1266

1267

1268

1269

1270

1271

1272

sewage sludges for possible energy applicationsxg/édad Dentel (2011) used Brookfield
rheometer equipped with ultralow adapter to deteerthe supernatant viscosity of raw
anaerobic digested sludge after centrifuge. Thie tgf viscometer was also used to
characterise sewage sludge and wastewater that meubated with different types of
fermenter. For instance, Verma, Brar et al. utdize Brookfield type viscometer to
characterisdrichoderma viride fermented starch wastewater (2006) and activdtethe
(2007b) as well agacillus Thuringiesis fermented primary secondary and mixed sludge
(60% primary, 40% secondary) (Brar, Verma et a0lQ02 Brar, Verma et al., 2008) to
evaluate the optimum operating condition and t¢ tiesir feasibility as potential growth
substance on the basis of process performance lmogy when compare to other
commercial medias. Recently, Seviour et al. (2008aployed a strained controlled
rheometer ARES with parallel plate to characteaisbic sludge of a lab-scale sequencing
batch reactor at different pH, temperature andaitentration based on storage modulus
(G') and loss modulus¥’) to demonstrate that the granules were hydrogéisngnakorn

et al. (2010) demonstrated that they were abldiliaaia stress controlled Haake rheometer
to evaluate the rheological properties of membitanesactor sludge during unsteady state
flow condition at 21C. The experiment showed that change in appliesstcould affect
the solubility of organic materials in sludge ahdrefore influence the solids behaviour of
sludge. Their work had highlighted the possibility improve the performance of
membrane bioreactor unit by modifying the presesfsgoluble microbial compounds i.e.

the microbial activity induced by the fermenter.
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1273 The Rotational rheometer can also be used to amalgsvaterability of sludge through
1274 rheological study. Hou and Li (2003) used a Broekifi rheometer to evaluate the
1275 feasibility of using rheological properties to asselewaterbility of inorganic water and
1276 organic activated sludge that were conditioned withash and polymer. They have
1277 concluded that both minimum viscosity and rheograeeks could be used to measure the
1278 dewaterability of inorganic water sludge, but not érganic sludge. Ormeci and Abu-Orf
1279 (2005) proposed a protocol to directly measureotrexall network strength of sludge using
1280 concentric cylinder rheometers to evaluate the teahility of wastewater sludge. Indeed,
1281 Ormeci (2007) has also reported the problem assaciaith the reproducibility of the
1282 measurement using concentric cylinder due to dilies to obtain representative sub-
1283 samples from well flocculated sludge in his workogtimize conditioning and dewatering
1284 process in wastewater treatment.

1285

1286 Several researchers employed this type of rheormetgtermine characteristic of sludge in
1287 menbrane bioreactor to evaluate the process peafurenand optimization. Chu, Wu et al.
1288 (2007) used a shear rate-controlled Brookfield aiseter to test the dewaterability and
1289 perform structural analysis on the sludge sampilenh fa pilot-scale membrane bioreactor
1290 and estimated the appropriate polymer dose priovatking to improve the process
1291 performance via hystersis loop test. Van Kaam e{24l08) used a Bohlin C-VOR 200
1292 Rheometer to perform viscosity and oscillation nieasient of mixed liquor. Ho and Sung
1293 (2009) used a Haake type viscometer to investigjate effect of solids concents and
1294 hydrodynamic conditions on microfiltratio (poreeiz 1 pum) of anaerobic digested sludge.

1295 Recently, Brannock et al. (2010) utilized a rotasibstress-controlled Haake rheometer to
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investigate mixing characteristic of full-scale mmane bioreactors and developed a
computational fluid dynamics model framework foolbgical wastewater treatment which
accounted for aerations, sludge rheology and getsaeif the reactor itself. The validity
of model has been verified with two full-scale mear® bioreactors and successfully
predicted the overall reactor residence time distron with high precision. Weiss et al.
(2007) used a rotational viscometer to perform ita+heology experiments to develop a
computational fluid dynamic model that predicted #edimentation of activated sludge in
a full scale flat bottom circular secondary clamifthat is equipped with a suction-lift sludge
removal system. The model prediction was showeafjtee well with the measured sludge
concentration profiles in the clarifier for two fdifent treatment plant loadings.
Efterkharzadeh et al. (2007) have employed a Hagleerheometer to obtain site-specific
sludge rheology data to upgrade the wastewatemissd system to handle higher solids
concentrations. The rheology data were used toapeep scale-up model for the digester
mixing system as well as develop a computationad ftlynamics model that can be used to
assess the effectiveness of mixing. The paper dsirated the benefits of analysing site-
specific sludge rheology for assessing the effécsalids concentration on the mixing

efficiency of anaerobic digester.

4. Viscosity

Viscosity is defined as the ratio of shear stresshear rate, which can be evaluated by
means of the flow curve. The more viscous and flesgble the fluid, the greater is the

viscosity (Ratkovich et al., 2013). This paramdtas been a fundamental measure for
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physical characteristic of sludge suspension regato deformation and flow properties.
Since sludge is non-Newtonian fluid as the visgoshianges with shear rate or applied
stress. Therefore, the term ‘apparent viscosityiged to describe this behavior. A non-
Newtonian behavior of sludge observed to be sheaning (Chaari et al., 2003), is
commonly characterized by a decreasing appareobsity over increasing shear rate, but

at extreme low and high shears rate exhibit Newtorbehavior. The resulting apparent

viscosities at low and high shear rate are knowzese shear viscositf,, and infinite

shear viscositys,,, respectively. Thus it is also valid to say tHs aipparent viscosity of

shear thinning fluid reduces from zero shear viggda® infinite shear viscosity with

increasing shear rate.

Several researchers chose to characterize sludgsdody based on limiting viscosity
(Tixier et al., 2003a; Pevere et al., 2006). Duemdn-Newtonian behavior of sludge, the
rheological property of sludge can be better dbedriby a single parameter of limiting
viscosity (Seyssiecq et al., 2003), which allowspar comparison of viscosity for different
sludge samples (Tixier et al., 2003a). Limit visgosorresponds to an asymptote value of
the viscosity-time curve at high shear rate whes dpparent viscosity becomes almost
constant. It can be interpreted as being the viscad sludge corresponding to the
maximum dispersion of floc under the influence béar rate (Tixier et al., 2003b). This
parameter has been employed to characterize a nange of sewage sludge, such as
anaerobic digested sludge (Battistoni et al., 1P¥ere et al., 2006; Pevere et al., 2007; Li

and Yu, 2011), aerobic sludge (Riley and Forstef12 Tixier et al., 2003b; Su and Yu,
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2005), bioreactor sludge (Abu-Jdayil, Banat et2010) and activated sludge (Tixier et al.,
2003a). Besides characterizing sludge, limit viggaserves as a good indicator of internal
resistance (Battistoni et al., 1993) of differengims (Tixierb et al. 2003a,b) for the same
treatment process. Several researchers have asopéed to use viscosity as means to

evaluate thixotropic properties of sludge (Baudez @oussot, 2001; Brar et al., 2005).

4.1. Effect of solids concentration on viscosity

For a suspension that is diluted enough and remég@vgtonian, the relationship between

viscosity and particle concentration can be deedrityy the Einstein equation:

1=, U+ 259) =q. 18
wheren is viscosity,/]), is the viscosity of the fluid phase agdis the particle volume

fraction. The equation assumes the solids suspenddtie fluid are spherical, non-

interacting, insoluble and rigid (Sanin, 2002).

The effect of solids content on the limit viscositysludge has been examined in a great
number of studies. It was found that the limit wisity of sludge increases with solids
content (Forster, 2002; Tixier et al., 2003b; Pewral., 2006; Mu et al., 2007; Moreau et
al., 2009; Abu-Jdayil et al., 2010). At high solidsntent, structural units of suspension
may be larger in size and closer to each othedjdgao stronger inter-particle interactions
and hence the higher apparent viscosity of slufiges behavior has been mostly described

with an exponential function (Battistoni et al. 9B9 Rosenberger et al., 2002; Tixier et al.,
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1362 2003b; Pevere et al., 2006; Abu-Jdayil et al., 20d0Opower model (Lotito et al. 1997;
1363 Tixier et al. 2003b; Su and Yu, 2005). Recentlyuder et al. (2011) demonstrated that the
1364 relationship between Bingham viscosity and solidscentration followed an exponential
1365 law, too. Considering most sludge has high fracbbrsuspension and interact with each
1366 other, it is unrealistic to expect that Einsteiw I to be applied to these systems (Sanin,
1367 2002). The effect of solids concentration on viggosf sludge is in parallel with particle
1368 sizes, as both attribute to an increase of inteiigba interactions. As shown by Pevere et
1369 al. (2006), decrease in particle size at a conssafils concentration increased limit
1370 viscosity of sludge. This suggested that a decrigagarticle size increases the surface area
1371 of particle to interact with each other. This alsulerlines the importance of the particle-
1372 patrticle interactions from a quantitative pointvadw (Pevere et al., 2006).

1373

1374 Recently, Khalili Garakani et al. (2011) havepwsed a simplified correlation (Eq.19) to

1375 relate viscosity of activated sludge with mixedubg suspended solidg () and shear rate

1376 (y ) at 20C.
b

1377 q:ax[w_‘?J Eq. 19
y

1378

1379 wherea andb are the empirical coefficient.

1380

1381 This correlation has been verified with the expemtal data presented in work of

1382 Rosenberger et al. (2002) and Yang et al. (2008)showed a better prediction capability,
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especially at lower and upper Newtonian regionse &thors also related the aeration

intensity U,) to the viscosity of sludge based on the work@fdvic and Robinson (1984)

and vyields the following equation, which revealg tignificance of air injection in an

aerated fermenter:

b
n=2x {&] Eq. 20
c |\U,
wherea andc are the empirical coefficient

Furthermore, they have emphasized the use of noptesgicated viscosity models such as
Carreau or Cross model as they are able to prdtieldest prediction of viscosity in the
whole wide range of shear rates for activated gstu&affarian et al. (2011) have applied
modified Bingham model, based on the work of Paptasiou (1987) , to simulate the

sludge flow of a secondary clarifier in a sewagmatiment, in which the plastic viscosity

(17,) can be expressed as below:

n, =[L-exp-mp)'zep+n, Eq. 21

wherem and n are shear rate and growth power rate, respectialy,r, ands, are

Bingham vyield stress and viscosity, respectivelyd are expressed as a function of
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temperature and concentration in the literature @drrelation has been verified and fitted

well with the experimental data by Weiss et al.02)0

Krieger — Doughety (1959) Viscosity model thatasknto account the maximum packing
fraction (¢,,). intrinsic viscsoity ), and volume fraction of dispersed phagg hich
modified by various authors ( Behzadfar et al. @08nd Kitano et al. (1981)) has been

presented in Eq.22.

= (1 ~ i)-[nmm £q.22

4.2. Effect of temperature on viscosity

The temperature dependent properties of sludge leee well-documented and examined.
It is agreed in general that increase in tempegatuitl result in a decrease in sludge
viscosity (Battistoni et al. 1993; Sozanski et &B97; Mu et al., 2007; Abu-Jdayil et al.,
2010; Baudez et al., 2013b). However, the temperagéiffect is not significant if the
temperature range examined is approximately roonpégature or even lower (Moreau et
al., 2009). The relationship of sludge viscosityl aamperature can be described with an

Arrhenius type equation (Eq.23):

E
=Kex a Eqg.23
7., pﬁ) q
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where ;. is limit viscosity, K is empirical constant] is absolute temperatur® is

universal gas constant, atg is the activation energy. This expression has hesd to

describe temperature effect on limiting viscosifyseveral types of sludge: bioreactor
sludge (Yang et al., 2009; Abu-Jdayil et al., 20 Hhaerobic digested sludge (Battistoni et
al., 1993; Mu et al., 2007; Pevere et al., 200udga et al., 2013b) and diluted sludge
(Sozanski et al., 1997). Several researchers htlkeed different form of equations to

estimate the temperature effect on viscosity ofigdu Sozanski et al. (1997) studied the
effect of temperature on the Bingham plastic viggoand yield stress. The relationship
between temperature and rheological parametersdefised using a temperature factor

“WT™:

— 1 (mplors.ac _
W =555 [ e 1].100 Eq.24

ng Is the Bingham viscsoity arfdis the temperature.

Dieudé-Fauvel et al. (2009) proposed a VTF mode.d&) to measure the viscosity of

sludge as a function of temperature:

n :aexp%Hc Eq.25

wherea, b and c are the dimensionless coefficients aRdis the standard temperature

(293.15 K).
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Jiang et al. (2007), on the other hand, utilizedtlaer form of expression, (Eq.26), to
estimate the temperature effect on the viscosityslaotige in their work to develop a

hydrodynamic model for membrane reactor:
In(i) ~a+ b(L) +C(L)2 Eq. 26
n, T T

wheren and/), are the viscosities that correspondedrtand T, respectively, and, b

andc are the empirical coefficients.

Yang et al. (2009) have presented a correlatioh dieacribed the relationship between

viscosity, mixed liquor suspended solids of bioteasludge ¢,), and temperature at a

constant shear rate (Eq.27):

Ea

- b _R(T+27315
n =ag, e~ Eq.27

Khalili Garakani et al. (2011) had modified thisuatjon and proposed a generalized
correlation (Eq.28) that includes the effect ofastmate on apparent viscosity and verified it

based on the experiment results of Yang et al.{R00

o b E,
— P R(T+27315)
= a_y e Eq. 28
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The correlation shows a good agreement with theerxg@ntal data within the solids

content of the work.

However, it was observed that thermal history mayeha strong impact on the viscosity of
sludge. Baudez et al., (2013b) have examined theosity of anaerobic digested sludge
after heating and cooling and found that the Bimgha@scosity increased. It was suggested
that solids might have converted to dissolve comgoand this process is partially

irreversible. Therefore, the usual expression ta@ehdemperature dependence of sludge
can no longer be applied due to change in sludggosition during the process of heating

and cooling (Baudez et al., 2013b).

4.3. Effect of bound water content on viscosity

Few researchers have examined the effect of bowtdrwontent on the limit viscosity of
sludge. Sozanski et al. (1997) observed a drodudgse viscosity as the water content
increased, which has previously reported by For&6B83), and described the behavior
with an exponential function (Eq.29). This behavitay be explained by the change in floc
structure and presence of extracellular polymarlistances on the sludge surface (Liao et

al., 2000).

g = ﬂaexp[b[Wkr —W}] Eq.29
W,.. and W are the critcal water content and water conterthefsamplesy,, n are the

plastic viscosity, apparent viscsoity (Bingham mpdespectively.
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Recent development of new technologies in the wadty treatment process, such as
membrane bioreactor, has urged researchers todewrdgifferent experimental conditions
when characterising sewage sludge. For instangssieq et al. (2008) has considered the
effect of aeration rate on the viscosity of sludggen performing amn situ rheological
characterization of sludge in aeration bioreacttiraias observed that the viscosity of the
sludge decreased significantly at low shear ratewas almost independent of aeration
rates. At high shear rate, mechanical shearingth@slominant factor in that the structural
reconfiguration of sludge was independent of thesence of air. The experiment has
demonstrated an overall decrease in shear-thirpriogerties of aerated sludge compared
to non-aerated, with a plateau at high aeratioesrathe knowledge of flow behavior for
aerated suspensions is important to understandptie@omenon occurring close to a

membrane, such as fouling or clogging (Seyssieed},2008).

5. Yield Stress

The issue of whether yield stress really exissilsbeing debated. The main reason is that
no equipment, so far, allows researchers to medkarehear stress of sludge at very low
shear rates without being affected by wall-slipead effects. Besides that, the concept of
yield stress is not well-defined. There is variatim terms of rheological models and

experimental methods used among researchers torile¢éethe yield stress of a material. It

is generally accepted that a rheological model ithadtides a yield stress term can be used
to represent the flow behavior of sludge over aitéth shear rate range, but does not

necessary indicate that the sludge is a yieldsfte&l (Barnes, 1999). Baudez and Coussot
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(2001) as well as Mori et al., (2006) believed gkicexhibits yield stress in contrast to
Valioulis (1980). Based on a review paper by Seysgiet al. (2003), with the measuring
apparatus being more advanced, it is commonly &ednamong researchers that yield
stress does exist in aggregated concentrated sluldgieed, a precise quantitative
knowledge of the yield stress is vital to determihe optimum operating conditions of
various operations in wastewater treatment, notafiking and pumping. Yield stress is
generally defined as minimum applied stress reduioe a material to flow continuously.
Yield stress is often used to characterize sludgeiadicates the structure resistance due to
applied shear rate or stress, therefore givingarebers a sense of the material’s network
strength and structure. With the presence of adysitess, the sludge is known as
viscoplastic material. Spinosa and Lotito (2003nmarises the importance of yield stress
on the various sludge treatment operations (suctstasilization, Dewatering, Storage/
Transportation, Agricultural use, Land filling, andhcineratior) for three different types of
sludge: liquid, paste, solid. They have highlightedt yield stress has high impact on

storage and transportation of sludge regardlebgiofy liquid, paste or solid.

For non-Newtonian fluid, such as sludge, two typegield stress can be observed in the
flow behavior, which are static and dynamic yielcess. Static yield stress corresponds to
the transition stress between fully elastic andogtastic behavior, whereas, dynamic yield
stress refers to the transition stress betweero&iastic and viscous behavior. In sludge
application, it has not been made clear which tfpgeld stress is most of the researchers
interested in measuring. It is assumed that thahym yield stress would be the interest of

all because a material would flow continuously ortbes value is exceed, which is
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consistent with the general definition of yield ess in sludge application. The
measurement method for yield stress materials vatious types of rheometers has been
well documented by Nguyen and Boger (1992) as a®lLiddel and Boger (1996). For
sludge application, yield stress measurement iglyndstermined experimentally through
dynamic or flow measurement. In dynamic measurengegield stress can be obtained by
performing either an oscillatory strain or osciiat stress sweep at constant frequency. On
the other hand, in flow measurement, a rheogrambtained and allowed yield stress value
to be calculated by the extrapolation of flow cutwezero shear using rheological models
of sludge eg. Herschel Bulkley (Slatter, 1997; Guith, Dollet et al., 2004) or Bingham
model (Mikkelsen, 2001). This method heavily relms the accuracy of measurement,
which is difficult to obtain due to wall-slip effecFew authors studied rheological
properties of sludge by combining both dynamic #od rheometry (Sutapa and Prost,
1996; Baudez, 2002; Baudez and Coussot, 2001)p&uatiad Prost (1996) noticed that the
value of yield stress obtained from dynamic testhigher than yield stress of flow
measurement. However, Mori et al. (2006) found tihat flow yield stress was higher
although both were in the same order of magnitiitiey justified this by stating that the
yield stress obtained from flow measurements cpoeds to when the material begins to
flow, whilst the dynamically measured yield stressneasured at the point just before the
material flows. Recently, the same method had lzmpted by Wang et al. (2011a) to
determine the vyield stress for conditioned and ndimned sludge. It was found that the
yield stress determined based on flow measurenmrelated well with the ones obtained
the dynamic measurement. Ayol et al. (2006) alsmdooted flow and dynamic

measurement on conditioned and unconditioned slsdgeples. The yield stress was
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determined using the complex modulus (refer tooetasticity section for definition) and

critical strain value €, = G'y-) where theG’ decrease dramatically beyond the critcal
strain as the linear viscoelastic raegion endkiatpoint. They also found that the measured
yield stress for synthetic sludge (Dursun et @04) and anaerobic digested sludge (Ayol
et al., 2006) are shown in good agreement withptkek network strength measured for the
same sample. Although the peak network strength omagespond to the total energy
required to break down the structure of sludges ihot clear whether that the strength
measured is equivalent to the yield stress of #messludge samples as no work had
actually been done to examine the relationship eetvthese two. Furthermore, the authors
commented that the geometry dependence in deterthiege two prevented a direct

comparison.

5.1. Effect of solids concentration, bound water and temperature on
yield stress

Most authors have examined the effect of solidsentration on the yield stress of sludge.
It is generally agreed among researchers that wekks tends to increase as the solids
concentration of sludge becomes higher, even fatrgmted or conditioned sludge
(Mikkelsen, 2001; Riley and Forster, 2001; Forsg02; Seyssiecq et al., 2003; Spinosa
and Lotito, 2003; Wilen et al., 2003; Abu-Jdayilat, 2010; Khongnakorn et al., 2010,
slatter, 1997). Slatter (1997) relates the yielgéss with suspended solids concentration
using the correlation presented in Eq.30. Morile{2006) have examined the rheological

properties of activated sludge with solids conadidan range of 2.5 to 57.0 g/L and fitted
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the data using Herschel-Bulkley model. They werke @b obtain yield stress of sludge
through dynamic measurement and correlate it wilhds concentration by using an

exponential law model (Eq.31):

TS5®

T, a?ﬁ;;::EE Eq.30

r, =aexppx[TSy) Eq. 31

where7, is yield stressTSSis total solids suspended as well asand b which are the

empirical coefficients. Several other researchessehalso expressed the relationship
between vyield stress of sludge and solids contetfit &n exponential function similar to
Eq. 31 (Battistoni et al., 1993; Riley and Forsg801; Abu-Jdayil et al., 2010). Seyssiecq
et al. (2003) have provided a summary of the ystdss model used to describe different
types of sludge under various experimental conutiaviost of the works derived vyield

stress value from Bingham model for various sotiolscentrations of sludge.

However, such models give a yield stress value gan the solids concentration is equal
to zero, which is physically unacceptable. A minimsolids concentration is required to
have a solids structure. In that sense, the poswerrhodel suggested by Baudez (2008,

2011) or Forster (2002) appears more realistic.

Forster also studied the effect of conditioning anetreatment by using ultrasound on the

rheology of sludge. It was observed that yieldsstref sludge reduced after pre-treatment
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and conditioning and the effect was not reversiliiehis work, he was able to correlated
yield stress to other two parameters, which arentlomater content and surface charges of
sludge, with a logarithmic relationship. This ingdithat the development of yield stress
can be caused by surface-surface interactions t@fp2002). However, this contradicted
with the results of his previous work (Riley andr$ter, 2001) as he could not relate yield
stress to bound water content of sludge. Sozariséi. €1997) were able to express the
relationship between yield stress for diluted skidgnd water content in exponential

function.

It is also worth noting that several authors, aarsarized in the review paper by Seyssiecq
et al. (2003), have devoted their works to exartteeeffect of factors, such as temperature
(Manoliadis and Bishop, 1984; Battiston, 1997; $wska et al., 1997; Abu-Jdayil et al.,
2010), critical water content, Eq. 32 (Sozanskilet1997), total volatile solids (Battiston,
1997) and storage time (Baudez, 2002) on the wtkbs of sludge. The behavior of yield
stress is usually related to temperature by anmxucal function. Abu-Jdayil et al. (2010)
and Battistoni et al. (1993) have examined theceféd temperature on bioreactor sludge
and anaerobic digested sludge, respectively, amd dmscribe the relationship with
Arrhenius type equation (Eq.33) and Sozanski et(E397) presented Eq. 34 for the

correlation between Bingham vyield stress and teatpre:

T, = cexp[d(W,, — W)] Eq.32

W, are the critical water content of the sampte.is the yield stress (Bingham model).

r,=C exp%) Eg.33
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whereC is the pre-exponential constant, dndis the yield stress activation energy, is

absolute temperatur® is universal gas constant. As for other paramgtieesgeneral

form of yield stress model cannot be confirmed tdukack of literature data.

(WT), == - [I:TI}:'_S'“ - 1] .100 Eq.34

—-273.45 (Tt

Mikkelsen (2001) demonstrated that apparent visgasi activated sludge was directly
proportional to the Bingham yield stress and conterbthat these parameters can be used

to reflect the number of particle interactions whappose the flow of suspension.

It seems that most researchers rely on the indimethod which utilizes extrapolation of

various flow models to obtain the yield stress galThe direct measurement of yield stress
should also be done using the vane method, stresglgand stress relaxation method to
verify and compare the yield stress obtained usitgapolation of flow models. However,

it is important to review the suitability of the mmrement method to ensure its
compatibility with type of sludge studied and idgnany related errors may need to be
considered for correction. For instance, inclinéehp test proposed by Coussot and Boyer
(1995) may not be suitable for yield stress measarg of sludge as it cannot cover a wide

shear range and is not relevant for thixotropiafliu

Various authors such as Ogawa et al. (1997), Zhal. €2001) and Berli and Quemada

(2000) have derived yield stress models to deterntie yield stress values of colloidal
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suspensions which can be useful for primary sludget acts as a suspension. These

models are presented in Table 1 as well as a géiscriof their application.

Table 1: Yield stressmodelsfor various suspensions

Description

Yield stress model that take

into account the volum
fraction (@), total interactior
potentialU(r), and particle
diametel(d); a is a mode

parameter.

174

S

(D

Author M odel

Ogawa et al. (1997) _ @U(r)
Ty = ad?

Zhou €t al. (2001) i
T, = B >

Yield stress model that take

into account the volum
fraction (¢), Bond strength
coefficent (E), particle
diameter(d}, and power law
exponent(v) that is relateq

to the microstructure.

174

S

(D

Berli and Quemada (2000) T, = X,

Yield stress model that

valid for dense suspensio
(le. ¢=¢. ), X is a
rheological parameter, ar

T, is the critical shear stress

S

d
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At the moment, there is also no consistent colimlahat relates yield stress to any of the
physical parameters of sludge such as the origirthef sludge and the experimental

conditions employed in each research work diffefeorh one to another. This implies that

yield stress model can only be determined emplyicaihich is not desirable. The effect of

physico-chemical properties such as temperatungHoon yield stress of sludge has not
been examined properly. This could be due to tbetfat most yield stress results are not
reproducible and can vary by several orders of nbad@ even if the experimental

conditions were to remain the same. The resutinastencies are usually associated with
thixotropic property of sludge and equipment defeshen measuring at low shear rate
(Moller, Mewis et al., 2006). Effect of thermal tusy on yield stress of sludge should be
examined as well. It is observed that yield strafssludge which undergone heating and
cooling is less than original sludge at the sanmeptrature and without thermal history

(Baudez et al., 2013b). Therefore, it is importemtdevelop a simple, systematic and
relevant procedure to characterize yield stres8usfge. Besides that, it is also important to
clarify the type of yield stress one is measurirgg static or dynamic yield stress. This
allows researchers to compare results and disausssaues related to the measurement
easily. This hopefully can accelerate the develagérheological model that can be used

to evaluate significance of yield stress in sludggology.

6. Thixotropy

Thixotropy refers to the time-dependent disintagrabf internal structure (Figure 4) as a
result of the application of shear stress (Bax888l Battistoni 1997; Tixier et al. 2003 a, b

; Baudez 2006; Baudez 2008).
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According to Baudez (2008), below a critical shsi@ess, colloidal forces tend to rebuild
the solids structure (physical aging) and sheafimges tend to break the solids structure
(shear rejuvenation). As soon as the critical sheareached, the solids structure is
completely collapsed, and fluid starts flowing whibe relationship between the shear rate
and the shear stress can be defined with a truhpatwer-law (Baudez, 2008). In practice,
thixotropic effects can alter pipe transportatignpiboducing clog if the wall shear stress is
not high enough to maintain a homogenous flow. @toee, change of flow behavior of
sludge over time is important to be considered ipelpme and pumping system design.
This worsens by increasing sludge concentratiosh&sir stress for continuous flow is a
power law function of solids concentration. Besidest, the thixotropic behavior would
results in structural build-up of sludge over agametention time in the mixing tank or
reactors and form stagnant region if not sheareggsty, which is undesirable. Hence, a
good knowledge of thixotropic property is crucial énable development of an efficient

stirring or mixing mechanism to optimize the treatrhprocess with minimum cost.

Figure 4: Change of viscosity over timewhen stress applied and removed for just
shear-thinning material (black line) versus shear-thinning thixotr opic material (red
line), image courtesy to google
Several studies had highlighted the controversieghether thixotropic property of sludge
was existed or merely an erroneous interpretatidms property makes it extremely
difficult to characterise sludge according to ac#ije rheometric technique (Seyssiecq et

al. 2003; Mori et al. 2006). Hence, there is alwamnsistency in literature in terms of

sludge characterisation and behaviour (Seyssiezgasse et al. 2003; Mori et al. 2006).
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Tixier et al. (2003a,b) found that the area of kiysteresis loop varied according to the

nature of sludge.

However, Baudez (2006) demonstrated that the hgg@teloop mostly comes from the

rheological procedure and the accuracy of the riedem

That may explain why Seyssiecq et al. (2003) shaivatifew researchers had attempted to
model the thixotropic characteristic of sewage giutut was unsuccessful, while most of
them merely mentioned this property in their stad® remind possible errors might exist

in the rheological measurement.

Other characterization methods include step changkear rate and shear stress as well as
dynamic moduli, which are detailed elsewhere (Mewigl Wagner, 2009). These two
methods were able to provide a basis to evaluatéhikotropic effect although the level of
understanding of shear history dependence of niraasre is still limited (Mewis and

Wagner, 2009).

Recently, Baudez (2004; 2008) has presented a egwitjue, which is the reconstruction
of the velocity profile, to measure the dual rhgutal behavior of sewage sludge. In this
work, he was able to model the behavior of sludgegia unique equation which consisted
of a solid and liquid component as well as a stmattparameter,, measured as a function

of time, to characterize the time-dependency ofigdu This parameter had also been

adopted by several other researchers to developttbpic model that can be used to
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characterize time-dependent behavior of yield stfiesds (Labanda et al., 2004; Dullaert
and Mewis, 2005; Alexandrou et al., 2009; Mewis sviagner, 2009; Livescu et al., 2011).
It is defined as a measure of the degree of streidgtuthe suspension, having a value in the
range of zero (fully broken) to 1(fully structurg@oorman, 1997). Several researchers had
demonstrated the possibility to relate the stradtparameter to the rheological parameters
of non-Newtonian fluid, notably yield stress (To@am 1997) and viscosity (Labanda and
Llorens, 2008). However, most of the models progoaee not readily used in sludge
application as they are still in developing stagéd has not been verified with experimental
results. Most importantly, these models involve tiplé variables, which are complex to

solve, and required significant simplification togrove the practicability of these models.

In contrast to the large number of models that Hmeen proposed, there are few systematic
data that can be used to evaluate the thixotromjunige for model verification, which has
seriously hinders the progress in this field. Régeseveral researchers had devoted their
works to study the impact of sludge age on thegdunleatment operations, but did not
present any correlations that could contribute te tharacterization of the thixotropic

property of sludge (Ekama, 201@iggin et al., 2011; Hocaoglu et al., 2011).

There has been a growing interest among researtbedgvelop a reliable model for
thixotropic characterization of various yield sgesaterials, but not specifically for sludge.
Currently, most of the models are general. The oreasent accuracy of thixotropic

properties is often met with skepticism from resbars as there are no consistent
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laboratory protocols, reliable devices or evenlditihaed parameters that can characterize

this property.

7. Viscoelasticity

Sludge exhibits viscoelasticity which means thddebaves as elastic solids and liquid and
when the applied stress reduces to zero, a paftaatic recovery is observed (Figure 5).

The partial recovery may be related to storagenef@y in inter-particle bounds.

Figure5: Elastic and viscous response of a viscoelastic material to applied and
removed defor mation, image courtesy to google
Under applied stress, the sludge will behave aslisatitially, but as a liquid eventually
due to the breakdown of floc structure. The visastt properties are obtained through
dynamic measurement by applying a sinusoidal dedton and measuring a sinusoidal

stress (stress and viscous component) in respordafdrmation (Chhabra and Richardson,
2008). The storage modulu§ (; ratio of elastic stress over stra@nd 10ss modulusq’,

the ratio of viscous stress over stiaihe corresponding to the amount of energy stanet]
dissipated during deformation. The effects of these moduli are combined into the

complex modulu(aG*‘ = F) = G'+iG , which indicate the sludge’s overall resistance to

deformation (Ayol et al., 2006). Whe® > G’ , implies that elastic behavior is more
dominant than viscous behavior and vice versa. yTden be calculated from Eq. (35)

(Seyssiecq, et al. 2003).
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where & is oscillation frequency anid is structural parameter. A complete review on the
concept of dynamic measurement with sinusoidalllatons can be found in the work of
Seyssiecq et al. (2003). At present, there is nusistent correlation that can relate the

parameter in dynamic measurement to the rheologarameters in flow measurement.

Chen et al. (2005) has demonstrated that the compledulus of sludge can be
significantly affected the addition of coagulantypoer. The addition of polymer would
cause all the sludge samples to form more rigidtdls@and therefore, storage modulus
increases with increasing polymer dosing, whichassistent with the results obtained by
(Wang, et al., 2011a). The authors believed thattriation inG” due to polymer addition
may be explained by change of network strengthla@é taused by the formation of
bridging between cationic polymers and negativéiarged sludge particles. Frequency
sweeps from the work of (Wang et al., 2011a) reack#that the G’> G” indicating that the
elastic behaviour was dominant over the viscousawehlr until a critical point was
reached then G” >G’. This trend was also presentctinditioned sludge, however, it
extended over the viscous region, suggesting thiatuufconditioned anaerobic digested
sludge, the water hold capacity was greater andbiet less elastic behaviour. The
crossover from G'>G” to G">G’ is similar to that aolids and pastes suggesting that
sludge behaves in a similar manner. Wang et alli@Dalso observed gel like behaviour
for low viscosity sludges at high shear rates mlthear viscoelastic regions. They argued

that more energy is stored in the rigid structufeth@ conditioned anaerobic digested
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sludge which increases its elasticity (G’). Ayol &t(2006) also conducted dynamic
measurements on conditioned and unconditioned sladmples and found that the storage
modulus was greater than the loss modulus in theati viscoelastic range,and the loss
modulus increased whilst the storage modulus dseced®deyond the linear viscoelastic

range.

The hydrogel property of granular sludge has bekemtified by Seviour et al. (2009a)
through dynamic measurement. This work has estedalis. protocol for characterization of
granular sludge and revealed that the macromole@dsociation is responsible for the
formation of granular sludge under various envirental conditions as well as the yield
response, which can be useful to promote flocautain wastewater treatment. Also, they
have utilized this technique to explain the struetdifference between aerobic sludge
granules and floccular sludge based on the sotrgekition of extracellular polymeric
substance (EPS) derived from the sludge (Sevioal.e009b). Recently, Baudez et al.
(2013a) have identified strong similarity of thesaoelastic behavior of anaerobic digested
and raw sludge with soft glassy material using dyiwcameasurement. Elastic and loss
modulus is constant in linear viscoelastic regiod @ > G" but at cross over poirg’
reaches its peak, theh < G which is the hallmark of soft-glassy materials. STehowed

that soft-glassy material can be used a model.fluid

Based on the literature reviewed, it is shown thatapplication of dynamic measurement

in sludge characteristion have been restrictedvauation of visco-elastic properties as
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well as yield stress determination. Besides tlinat,reliability of these experimental works
is unsure as there are too few studies or reshidts dan be used for evaluation. More
researchers should incorporate this type measuteimém their work to explore its
application and potential in sludge characterista@&s it is complementary to a better
understanding of sludge rheology in static modenddyic measurement has proved to be a
useful analysis method to determine the elastipgmees of sludge, which can provide a
meaningful insight to the technical matters, suemaing and pumping, in the wastewater
treatment process. With better understanding ofdyreamic behaviour, engineers may

incorporate this parameter into their design toromap the process efficiency.

8. Relationship between sludge rheology and physico-chemistry
interaction

There is little understanding between the rheokgicoperties and actual sludge physico-
chemical behaviour. The works of Forster (198122198002) illustrate the relationship
between surface chemistry and rheological properdecording to Forster (1982; 2002),
the non-Newtonian behaviour of sewage sludges lates to the materials surface
chemistry, so the surface charge carried by eanipooent. Forster (1981; 1982) studied
activated, anaerobically digested and aerobicalbested sludges and found that the
relationship between surface charge and rheologicgberties is controlled by the ionic
strength of liquoras well as the chemical natureslotige surfaces. For activated sludge,
Forster (1982) found that polysaccharides infludnttee surface charge. Forster (1982)

found that the viscosity was reduced by adding utede;hence, the influence of
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polysaccharide on surface charges is significaotster (1982) was unsuccessful in
determining the relationship between surface charge rheological properties for other
types of sludge and emphasised the neccessityseaureh on the surface chemistry of
sludge and its influence on the rheological prapsrtiNo model was developed to be able
to describe the relation between surface chargevsedsity of activated sludge. However,
in his 2002 study of the rheological and physicernital characteristics of sewage
sludges, Forster was able to develop a rule thsdrdeed the influence of surface charge

(Eq.36) and water content (Eq.37) on yield str@ssrster 2002).

Surface charge = —a Ln[’r}_) —k Eq.36
water content = a Ln[’:}.) +5b Eq.37

Wherer,, is the yield stress andandb are model parameters.

Tixier et al. (2003a) have investigated the effd@csurface charge on limiting viscosity of
activated sludge by varying pH and the cation cotration (calcium and sodium ions). A
smallr decrease in pH and cation concentrationedsed limiting viscosity which indicates
that the sludge particle surface charge affectsogisy. This intraction was shown through
the linear correlation between zeta potential amdtihg viscosity. They have suggested
that the effect of pH variation on viscosity coudd related to the change of repulsion
forces between flocs and thickness of double lag®iindicated by the zeta-potential. This
Is inconsistent with Sanin (2002) observation aheirt conclusion that increasing PH

increas negetive charge on flocs which increaspslsisn and hence expansion of floc
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matrix. However, Mu et al. (2007) commented that limiting viscosity of sludge did not
respond well to pH variation. Recently, Li and YA0{1) have commented in their review
paper that this matter still remains contravergibkther limiting viscosity is sensitive to

pH change or not.

The effect of cation concentration on limiting \asdy was shown to be in good agreement
with the work of Sanin (2002) and Pevere et a00@ and may be related to the
compression of double layer, change of electrastapulsion between sludge floc and the
salt concentration in the suspension. Sanin (20812p examined the influence of
conductivity on the rheology of activated sludgehey observed thatincreasing
conductivity decreased the apparent viscosityr'52002) argued that this was due to the
compression of the electrical double layer arouardigies which results in a more compact

floc structure.

Mori et al. (2006) calculated the magnitude of #reergy of cohesionkf,) of the 3D
network of sludge (Eq. 38). This energy was usedetermine the extent of interaction in

flocculated structure. This method requires dyname@asurements.

Ec = %T}',d_}'nﬂmic ¥e Eq 38
The dynamic yeild stresg,(;,n.m:i) @and energy of cohesion of the 3D sludge network

(E.) were found to be proportionat,(4,....;c = a-E.) becausg;, is almost constant for

different concentration of sludge. Mori et al. (B)Qdeveloped an empirical model to
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describe the relationship between the energy oésioh of the 3D network of sludge and
suspended solids concentration (Eq. 39).
E. = aexp[b(TS55)] Eq.39

c

where a and b are parameters.

9. Conclusion

Rheological measurements have proved to be of grgirtance to quantitatively estimate
the physical consistency of sewage sludge, and rimipgortant data for wastewater
treatment process optimization and design. Of ak theological properties, the
characterization of sludge thixotropic property haen the most difficult measurements.
Even though many models have been proposed farttiese is little consistent data that
can be used to verify the models due to the lackeldble methodology to measure this
property. A review of the literature presents:

e Sludge is always non-Newtonian

» exhibits a yield stress or not,

* is shear-thinning and thixotropic.

* At high shear rate, sludge behaves as thixotragloidal suspension, but

« At low shear rate exhibits polymeric behavior.

* Sewage sludge at high solids concentrations (3}1@%#aves as a complex mixture
whose rheological behavior is highly dependent loa treatment process it is
undergoing

* A combined Herschel-Bulckley and Bingham model dbss sludge behavior over

the full range of shear rates
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« Limiting viscosity and yield stress proved to béafgle rheological parameters for
sludge characterization as they correlate well pitlysico-chemical properties of
sludge, and solids concentration.

e To ensure the consistency of characterization nasttand tools used in sludge
research, a laboratory protocol should be develofedelp maintaining the
uniformity of data presented in the publicationsl @mable researchers to directly
compare their experimental results and examinevitliglity of the methodology
used for their investigation. Hopefully with this, is possible to accelerate the
development of research in sludge characterizattod achieve a better

understanding of sludge behavior to optimize aldperations that involve sludge.
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