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ARTICLE INFO ABSTRACT

Keywords: Although achieving good activated sludge settleability is a key requirement for meeting effluent quality criteria,
Activated sludge wastewater treatment plants often face undesired floc structure changes. Filamentous bulking has widely been
Filamentous bulking studied, however, viscous sludge formation much less investigated so far. Our main goal was to find relationship
Viscous bulking between sludge floc structure and related rheological properties, moreover, to estimate pressure loss in pipe
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viscous and filamentous sludge. Severe viscous and filamentous kinds of bulking were generated separately in
continuous-flow lab-scale systems initially seeded with the same reference (ideal-like) biomass and the entire
evolution of viscous and filamentous bulking was monitored. The results suggested correlation between the
rheological properties and the floc structure transformations, and showed the most appropriate fit for the
Herschel-Bulkley model (vs. Power-law and Bingham). Validated computational fluid dynamics studies estimated
the pipe pressure loss in a wide Reynolds number range for the initial well settling (reference) and the final
viscous and filamentous sludge as well. A practical standard modelling protocol was developed for improving

energy efficiency of sludge pumping in different floc structure scenarios.

1. Introduction

Activated sludge (AS) system is the most commonly applied treat-
ment technology in municipal wastewater treatment worldwide. Unfa-
vorable influent wastewater quality (Tardy et al., 2012), inappropriate
bioreactor arrangement and/or operational conditions may lead to
filamentous (Wanner and Jobbagy, 2014) or viscous bulking (Jobbagy
et al., 2017; Kiss et al., 2011) resulting in poor sludge settling. While a
number of domestic wastewater treatment plants (WWTPs) face the
overgrowth of filaments (Bakos et al., 2019), especially, in the winter
period, viscous bulking is the typical problem of WWTPs receiving
nutrient (N and P) deficient wastewater of the food industry (e.g. winery
or beverage industry wastewater, etc.) (Jobbagy et al., 2002; Wanner
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and Jobbagy, 2014).

Both of the above mentioned undesired changes in floc structure
might seriously affect the flow properties of the sludge, thus monitoring
rheological characteristics is of utmost importance. Structure and shape
of sludge flocs highly depend on shear stress resulting in non-Newtonian
flow behavior. The change in particle size, shape and volume fraction of
solids, as well as the nature of the liquid phase may largely affect the
viscosity of the suspension. Consequently, both filamentous and viscous
bulking may cause drastic changes in rheological properties. The main
influencing factors of AS rheological properties are the total suspended
solids (TSS) or mixed liquor suspended solids (MLSS) concentration
(Baudez, 2008; Seyssiecq et al., 2008), temperature (Baroutian et al.,
2013) including the effect of thermal hydrolysis (Farno et al., 2016; Hii
et al.,, 2019; 2017), pH and sludge age (Hong et al., 2016; 2018;
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Nomenclature TSS total suspended solids (g/D)
WWTP  wastewater treatment plant
4 shear rate (s™1) D internal diameter of the pipe (m)
¢ loss coefficient f friction factor
u dynamic viscosity or consistency index, (Pas), (Pa-s") k consistency index (Pa-s")
p density (kg/m®3) L length of the straight pipe (m)
T shear stress (Pa) m local gradient of the shear stress-shear rate in a log-log
To yield stress (Pa) diagram
AS activated sludge n flow behaviour index
B Bingham Ape pressure drop caused by the elbow (Pa)
CcoD chemical oxygen demand (mg/D Q flow rate (m®/s)
DO dissolved oxygen (mg/D) r radius of curvature (m)
DSVI diluted sludge volume index (cm®/g) R Pearson correlation coefficient
EPS extracellular polymeric substances Re Reynolds-number
HB Herschel-Bulkley Remod modified Reynolds-number
MLSS mixed liquor suspended solids (g/) RSP Spearman correlation coefficient
PL Power-law (Ostwald model) v mean velocity (m/s)
S substrate y* dimensionless wall distance
Svi sludge volume index (cm®/g)

Seyssiecq et al., 2003), while the source of the sample (i.e. primary,
mixed, excess biological or digested sludge), the nature of the com-
pounds present in solid and liquid compartments of AS (Vachoud et al.,
2019), as well as the presence and type of conditioning agents may also
have an effect (Hong et al., 2018; Wang et al., 2017). Since rheological
properties of AS strongly affect its biogas production capacity and
dewatering ability, numerous studies aim to understand the hydraulics
of anaerobic digesters (Eshtiaghi et al., 2012) and the compressibility in
the solid-liquid separation process as well (Stickland, 2015).

The relationship between AS floc structure changes and rheological
properties is still not fully understood. Wagner et al. (2015) investigated
rheological and settling parameters for quantifying and modelling fila-
mentous bulking and reported that the impact of different filamentous
species (i.e. Microthrix parvicella and Chloroflexi) on settling velocities
can be remarkable. Additionally, they found that abundance of Micro-
thrix parvicella can associate with hindered settling velocity and yield
stress at high TSS concentrations of 8 — 15 gMLSS/l. However, to our
knowledge, the entire evolution processes of viscous and filamentous
bulking have not been characterized by rheological measurements so
far.

In this study our main goal was to find relationship between floc
structure changes (i.e. extracellular polymeric substances (EPS) content
and filamentous bacteria abundance) and rheological properties (i.e.
dynamic viscosity, consistency index, flow behavior index) during the
evolution of viscous and filamentous bulking. The most relevant rheo-
logical characteristics were identified; not only dynamic viscosity, but
also consistency and flow behavior index were estimated. To our
knowledge, this work implemented for the first time the simultaneous
and integrated full biotechnological and rheological tracking of viscous
and filamentous bulking. Changes in flow behavior may affect oxygen
mass transfer, as well as aeration and pumping-related energy con-
sumption and costs (Eshtiaghi et al., 2013; Zhang et al., 2012). Thus, the
hydrodynamic behavior was calculated by computational fluid dy-
namics (CFD) for estimating pressure losses in pipe networks, as well as
friction losses and loss coefficients of a defined pipe/elbow configura-
tion in case of a well settling reference (ideal-like) and for viscous and
filamentous floc structures using the most frequently applied
non-Newtonian models (Baroutian et al., 2013; Baudez et al., 2013).
Although numerous studies are available to describe the non-Newtonian
flow field inside pipes and elbows (Cabral et al., 2011; Csizmadia and
Hos, 2014; Csizmadia and Till, 2018; Khandelwal et al., 2015; Pinho and
Whitelaw, 1990), additional originality of the paper resides in data

calculated on the basis of carefully measured fluid properties and for a
wide range of Reynolds numbers.

2. Materials and methods
2.1. Continuous-flow lab-scale experiments

Continuous-flow comparative lab-scale experiment was carried out
by applying two identical technological layouts during 30 days. While N
and P (nutrient) deficient feed was used for Viscous system, simulta-
neously, another continuous-flow lab-scale system was operated with
the same bioreactor arrangement under low S - low DO (low Substrate
and low Dissolved Oxygen concentration) conditions (Filamentous sys-
tem) for encouraging the growth of filaments (Bakos et al., 2019;
Jobbagy et al., 2000; 2019). The technological set-ups consisted of one
aerated basin and a secondary clarifier each (Fig. 1). Both systems were
fed by synthetic wastewater freshly prepared every day and stored at 7 —
9°C during the experiment.

Nutrient deficient feed of Viscous system modelled winery
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Fig. 1. Physical layout and operational parameters of the experi-
mental systems.
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wastewater, thus serious N and P deficiency was ensured (Bakos et al.,
2016; Jenkins et al., 2004; Jobbagy et al., 2017) according to the
components and concentrations presented in Table 1. Filamentous system
was fed by synthetic wastewater providing marginal influent rbCOD
(readily biodegradable Chemical Oxygen Demand) and nutrient avail-
ability in order to achieve low S conditions in the bioreactor (Bakos
etal., 2016; Jobbagy et al., 2019; Table 1). While intensive aeration was
set for the bioreactor of Viscous system, poor oxygen input was applied
for Filamentous system in order to keep low DO conditions. Table 2 lists
the measurements carried out during the 30-day long experiment. A
hydraulic retention time of approx. 12 hours and an MLSS concentration
of 3.5 g/l were maintained in the bioreactor which is in the typical
biomass concentration range commonly applied in conventional AS
bioreactors and also widely used for sludge settleability tests.

Sample preparation for the measurement of dissolved components
(centrifuged-filtered COD, NH4N, NOsN, PO4P) was carried out by
Hermle Z323 centrifuge at 12,000 rpm for 10 min and supernatant was
filtered by filter membrane with a pore size of 0.45ym. COD (Chemical
Oxygen Demand), ammonium, nitrate, phosphate, mixed liquor sus-
pended solids (MLSS) concentrations, sludge volume index (SVI) and
diluted sludge volume index (DSVI) were measured according to the
international standards (APHA, 1999). For DSVI measurements mixed
liquor samples were diluted two-fold with the use of treated effluent
wastewater of each system. AS floc structure changes were monitored by
qualitative microscopic observation methods (S-test, Gram, Neisser,
PHA and India ink staining; Jenkins et al. (2004)) by an Olympus CX41
microscope. Quantitative determination of filamentous bacteria abun-
dance was provided by optical software through image analysis (Nagy
Gode, 2010), basically similar to the method of Motta et al. (2001).
100ul native homogenized AS sample was spread smoothly on a mi-
croscope glass slide and dried out at room temperature. 500 pictures
were taken for each dried sample in magn. 400x by an automatic mi-
croscope (Euromex, iScope) specifically modified and equipped for the
measurement method. The optical software transformed the pictures to
the size of 640x480 pixels and scanned every box of 40x40 pixels ac-
cording to a pre-determined scanning plan. Optical investigations and
evaluation were carried out by the box-counting method. According to
the evaluated box-count values, each box of 40x40 pixels was classified
as follows: (i) fragmented and diffuse flocs; (ii) very weak and fila-
mentous; (iii) weak flocs; (iv) poorly compact flocs and (v) firm and
compact flocs. The high number of images (500/sample) taken auto-
matically could minimize the measurement uncertainty (< 1%). Results
were expressed in covered area (pixel) % of the microscopic image. Total
as well as intra- and extracellular carbohydrate concentrations of the AS
were determined according to the procedure developed by Jobbagy

Table 1
Components and composition of synthetic influents.

Feed components and concentrations

Components Dimension Viscous system Filamentous system
Sucrose mg/1 600 0
Na-acetate*3H,0 mg/1 1967 287
Semi-sweet white wine ~ mg/1 6.67 0
Peptone mg/1 0 113
K2HPO4 mg/1 15 28
MgCly mg/1 16.7 16.7
CaCl, mg/1 36 36
Measured influent composition
Components Dimension  Viscous system  Filamentous system
min. - max. min. - max.
COD mg/1 2084 - 2428 251 - 296
BODs mg/1 1771 - 1967 201 - 254
TN mg/1 1.1-8.2 11.7 - 18.2
NH4N mg/1 0.1-0.6 4.2-11.6
PO4P mg/1 2.0-29 21-33
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Table 2

Analytical measurements and their frequency applied for experimental follow-
up (special abbreviations: INF: Influent; BR: Bioreactor; EFF: Effluent; 2/w: 2
times/week).

Component/property measured Sampling point  Frequency
Temperature INF, BR Daily
pH INF, BR Daily
DO concentration BR Daily
Total COD concentration INF, EFF Daily
Centrifuged, filtered COD concentration BR, EFF Daily

MLSS concentration BR Daily

Ammonia concentration INF, BR, EFF 3/w
Phosphate concentration INF, BR, EFF 3/w
Nitrate concentration BR, EFF 3/w
SVI and DSVI BR Daily
CST BR 2/w
Microscopic observations and staining BR Daily
Total, intra- and extracellular carbohydrate content ~ BR 1-2/w
Rheological measurements BR 2-3/w

et al. (2002).

The capillary suction time (CST) was measured for investigating
sludge dewatering ability for the different biomass floc structure sce-
narios by CST equipment of Triton Electronics Ltd. (Dunmow, UK).

2.2. Assessing the fit of rheological models

The flow behaviour of the sludge was characterized by applying an
Anton Paar Physica MCR 301 rheometer equipped by double gap setup
in rotation mode. The internal and external gaps of double gap geometry
were e;=0.989 mm and e;=1.136 mm, respectively, applying gap sizes
min. 10 times higher than the activated sludge floc diameters measured
(80-100 um) for safely avoiding blockage of the flow during the rheo-
logical measurements (Mori et al., 2006; Ratkovich et al., 2013;
Vachoud et al., 2019). MLSS concentration of the samples taken from the
bioreactor was set carefully to 3.5g/l preceding rheological measure-
ments by slight decantation or dilution with treated effluent. The vis-
cosity of AS was measured for a shear rate range of 1 — 100s~! with
three repetitions for each sample.

Based on the literature recommendation (Baroutian et al., 2013;
Baudez et al., 2013; Ratkovich et al., 2013), (1) the Power-law (PL), (2)
the Bingham (B) and (3) the Herschel-Bulkley (HB) rheological models
were fit to the measured data, i.e.

T =ky", (@)
T ="Top + Hgts 2
T = Toup + Ppgl™™. 3)

where 7 denotes the shear stress, y is the shear rate, k is the flow con-
sistency index in case of PL model, 7o g and 7o g are the yield stresses, jp
and i are the dynamic viscosities of B and HB fluids, respectively, in
addition n and nyp are the flow behavior indices of PL and HB liquids.

All the three previously specified models were fit to the measured
three rheograms (i.e. 3 repetitions of shear stress - shear rate curves for
each sample on each sampling day) both for Viscous system and Fila-
mentous system. These model fittings were performed through linear and
nonlinear (trust region reflective) least squares algorithms in OriginPro
8.5 software.

2.3. Definition of losses and reynolds numbers

To characterize the hydrodynamic behavior of the AS suspension,
dimensionless parameters were introduced according to Eq. (4) and (5).
The friction factor (f) was determined from the total pressure drop of a
fully developed flow in a straight pipe section with a length of L before
the fitting, i.e.
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Ap

f = %Vz } (4)

Ol

where Ap is the total pressure drop in the pipe section, p is the fluid
density (supposed to be equal to water density), L is the length of the
section, D is the inner diameter of the pipe and v is the average flow
velocity. In case of laminar flow of B plastic fluids the friction factor was
determined by the Buckingham-Reiner equation (see e.g. Swamee and
Aggarwal (2011a)). For HB laminar flow an explicit equation for friction
was applied according to Swamee and Aggarwal (2011b) which is
Reynolds number and Hedstrom-number dependent. The loss coefficient
of an elbow ¢ was defined as the non-dimensional difference in total
pressure caused by the fitting (Csizmadia and Hos, 2014), i.e.

=2 2

2

where Ap, denotes the total pressure drop which was calculated between
the beginning of the elbow and the end of a subsequent plane section
after this fitting in a distance of 9D. The loss caused by the wall friction
in a straight pipe of the same length was subtracted but the forward
disturbance of the fitting was taken into consideration according to the
method developed and verified by Csizmadia and Till (2018).

In principle, the Reynolds number, as being the ratio of inertial forces
to viscous forces, is given as Re =vDp/u for Newtonian fluids. For
laminar and fully developed flow for cylindrical pipes, the Darcy friction
factor can be defined as fp = 64/Re which is generally valid for fluids
regardless to their rheological characteristics (Metzner and Reed, 1955).
Madlener et al. (2009) introduced an extended version of the modified
Reynolds number (Re,,q) for PL, B or HB type of fluids, defined in Eqs.
(6) and (7), i.e.

VZ—nan

20
— @
=0

where n is the flow behaviour index, 7y is the yield stress and y is the
dynamic viscosity; furthermore m is the local gradient (depending on v)
of the shear stress - shear rate curve in a log-log diagram (Madlener
et al., 2009). The necessity of modification in Reynolds numbers, as well
as the consequent favorable effects on further data applicability and
adaptability were demonstrated earlier by Csizmadia and Till (2018).
Under laminar flow conditions the Darcy friction factor can be calcu-
lated from the modified Reynolds number in case of non-Newtonian
fluids, i.e. fp = 64/Repoq (Csizmadia and Till, 2018; Madlener et al.,
2009; Monteiro and Bansal, 2010). Moreover, the use of Ren,q in the
turbulent region is also valid (Csizmadia and Till, 2018).

(6)

Reyos =

with

m=

2.4. Computational fluid dynamics simulation set-up (geometry, meshing
and numerics)

A typical geometry from the most commonly used size range in in-
dustrial applications was selected for the numerical simulations, i.e. a
pipe section with the diameter of d = 0.1m and an elbow with the radius
of curvature of r/D = 1 (Liu and Duan, 2009; Rotsch, 1999). According
to former CFD results and own validated laboratory measurements of
Csizmadia and Hos (2014) and Csizmadia and Till (2018), the fully
structured 3D numerical O-grid type mesh (generated in ICEM CFD;
Fig. 2) included 1.2 million cells. In the boundary layer near the wall, the
resolution of the cells was properly configured. Following the
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Fig. 2. Details of the numerical resolution and sketch of elbow geometry with
the relative radius of curvature of r/D = 1 and the inner diameter of D = 0.1m.

calculations the y™ dimensionless wall distance values have been veri-
fied and apart from the inlet boundary, it did not exceed the value of 1,
supporting the appropriateness of the CFD model (ANSYS, 2011).

At the inlet the fully developed turbulent velocity profile for New-
tonian fluids, at the outlet the average static pressure were prescribed as
boundary conditions (Csizmadia and Till, 2018). The pipe was modelled
as a no slip, hydraulically smooth wall. Steady state computations were
performed with the commercial ANSYS-CFX software (ANSYS, 2011) by
solving the Reynolds-averaged Navier-Stokes, the continuity and the
transport equations associated with the actual turbulence model (Filali
et al., 2013; Singh et al., 2010; White, 1991) and high-resolution spatial
scheme was used for all equations. The SST (shear stress transport)
turbulence model was used, which was tested previously for
non-Newtonian flows (Csizmadia and Hos, 2014; Csizmadia and Till,
2018; Kfuri et al., 2011). Additional straight pipes with a length of 50D
on the upstream and another one with a length of 10D on the down-
stream side were applied for allowing proper boundary conditions (see
Fig. 2). The length set for the upstream section has been proved to be
appropriate in earlier studies (Csizmadia and Till, 2018). Convergence
was judged by monitoring the total pressure drop between the inlet and
outlet boundaries.

The CFD calculations were carried out through all the three inves-
tigated rheological models (i.e. PL, B and HB) on the basis of the rheo-
logical data measured during the experiment. The rheological
parameters, calculated by model fitting for further application in CFD
study, are listed in Table 3 (in chapter 3.2.). In order to compare the
hydrodynamic behavior of the different sludge floc structures, three
specific states were chosen for the CFD simulations by applying rheo-
logical properties of AS taken from the (i) seeding material of the lab-
scale systems on the starting day: “Reference (well settling) sludge
(Start)”; (ii) Viscous system: Viscous sludge (End)” and (iii) Filamentous
system: “Filamentous sludge (End)” at the end of the experiment.

3. Results and discussion

3.1. Biotechnological implementation and biochemical monitoring of
activated sludge floc structure transformations

Lab-scale experiments were first evaluated from biotechnological
aspects. The bioreactor temperature varied between 17.0 — 21.5°C ac-
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cording to laboratory room temperature. DO concentration was as high
as 6 mg/l at the start of the experiment in the intensively aerated
bioreactor of Viscous system but it decreased to 4.0 — 4.5 mg /1 after one
week of operation. Although air diffusers were regularly cleaned,
intensive EPS and biofilm formation led to DO levels of 0.6 —2.8 mg /L in
the last two weeks of the experiment. Bioreactor of Filamentous system
was intentionally underaerated in order to ensure low DO environment.
Accordingly, the DO level varied between 0.05 — 0.3 mg /I during the
whole experiment.

As expected from the operating conditions, a massive overproduction
of EPS was observed in Viscous system (without increasing filament
abundance) while serious filamentous bulking was achieved in Fila-
mentous system (without excessive EPS formation) (see Fig. 3). Thus,
sludge settleability decreased in both systems with DSVI finally
increasing to almost 900 cm®/g and 2300 cm®/g for Viscous and Fila-
mentous system, respectively (see Fig. 4).

As shown in Fig. 4, viscous bulking caused a continuous increase in
DSVI in Viscous system from Day 6 of operation until the end of the
experiment. In contrast, the abundance of filaments did not change
significantly in the first 2 weeks in Filamentous system, however, a sharp
increase in DSVI can be seen from Days 13-14. Due to the poor sludge
settleability, the secondary clarifiers were filled up with bulking sludge
all along the experiment in both systems, finally, resulting in sludge
overflow on Day 30 (see photos in Fig. 3): COD concentration peak
values of 4050 mgCOD/1 and 323 mgCOD/l were measured in Viscous
system and Filamentous system, respectively (Figure A.1 in Appendix A.
Supplementary Information). This led also to the undesired dilution of
bioreactor mixed liquor in Viscous system resulting in a decrease of MLSS
to 2.8 g/l in the last week of the experiment. MLSS concentration was
continuously decreasing in Filamentous system due to the very low
growth rate of microorganisms under the applied low S - low DO con-
ditions and to the inevitable daily sampling of ca. 0.5 I mixed liquor for
analysis.

The initial EPS content of 7w/w% started to increase on Day 10 (17 w
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/w%) and achieved 42 w/w% at the end of the experiment in Viscous
system. In the case of Filamentous system the filament abundance started
to increase around Days 13-14, reached a value of 60% within 5 days
and finally 87% (expressed in covered microscopic picture area %) at the
end of the experiment (see Fig. 4 ¢) and d)). Microscopical observations
of native and stained sludge samples (see Fig. 3) showed that the initial
well-settling (reference) sludge contained a low quantity of Microthrix
parvicella and few Nostocoida limicola II, Type 021N and Type 0041 spe-
cies. The serious bulking was generated primarily through the over-
growth of Nostocoida limicola II (coupled with Nostocoida limicola I and
III species as well), Thiothrix and Sphaerotilus natans followed by the
presence of some Microthrix parvicella, Type 021N and Type 0041. As
illustrated in Fig. 4 b) and d) the DSVI showed strong correlation with
the EPS content in Viscous system and also with the filament abundance
in Filamentous system with Spearman correlation coefficients of
RSPsystem (EPS —content; DSVI) =1 and RSPgygema (Filament —  content;
DSVI) = 0.932, respectively. These results for Viscous system are in good
concordance with the relationship between EPS content and SVI pub-
lished by Jobbagy et al. (2002).

At the start of the experiment, after some days of adaptation the COD
removal efficiency of Viscous system exceeded 90% (Figure A.1 a) in
Appendix A. Supplementary Information). Then after one week effluent
COD started to increase in a monotonic manner then this change
accelerated and finally jumped to as high as 4000 mg/l due to (i) dete-
riorated sludge settleability and (ii) limited oxygen and soluble substrate
transfer caused by overproduction of EPS (COD removal decreased from
> 95% to approx. 75%). In Filamentous system the COD removal effi-
ciency was around 85% all along the experiment except for the final date
(Figure A.1 b) in Appendix A. Supplementary Information) when sludge
overflow occurred in both systems from the fully filled secondary clar-
ifiers resulting in effluent COD (and TSS) concentration peaks.

The capillary suction time (CST) of the initial reference (ideal-like)
sludge was low (6.7 s). In the Filamentous system CST remained almost
constant (varied in the range of 5.7 - 6.7 s) during the whole experiment.

a) Reference — initial (ideal-like) sludge
START

Fig. 3. Photographs of secondary clarifiers and pictures of AS microscopic observations (Native in phase contrast, magn. 200x and India ink staining, magn. 100x): a)
Reference (initial ideal-like) sludge at the start in both experimental systems, b) Viscous sludge and c) Filamentous sludge at the end of the experiment.
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Fig. 4. Changes in a) DSVI and EPS content in Viscous system and b) relation between DSVI and EPS content as well as changes in ¢) DSVI and filamentous bacteria
abundance in Filamentous system and d) relation between DSVI and filament content during the experiment.

However, viscous bulking led to high CST values reaching 250 s already
on Day 10 and increased continuously, leading to an extremely poorly
filterable sludge with a CST of 573 s on Day 28. The high CST values
were coherent with the poor sludge filterability all along the experiment
in Viscous system.

3.2. Results of rheological investigations and the parameter set measured

The viscosity curves of both Viscous and Filamentous system measured
at the end of the experiment, as well as referring data of the initial
reference sludge showed a pronounced shear-thinning behavior, as ex-
pected from semi-concentrated sludge suspensions (Fig. 5).

We observed a striking difference between the rheological properties
of the two systems at the end of the experiment. The viscosity values of
Filamentous system changed to a smaller extent than in the case of the
viscous sludge compared to the initial (reference) sludge which can be
explained by the softness and higher deformability of the filaments,
seemingly unable to form a stiff network structure and, consequently,
easy to be broken down by shear stress. Contrarily, the Viscous system
exhibited large viscosity values even at high shear rates due to (i) the

1
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Fig. 5. Dynamic viscosity values measured for the Reference (ideal-like) sludge
at the start; for the Viscous and Filamentous system at the end of the experiment.

increase of the viscosity of the suspending liquid (caused by EPS); (ii) the
embedment of the AS flocs in the gelled bulk medium. The slope of the
curves is similar, apparently, they seemingly differ by a constant
multiplier only. Data points of the viscosity curves were fit to Power-law
(PL), Bingham (B) and Herschel-Bulkley (HB) rheological models. HB
has been proved to be the most accurate indicated by the high co-
efficients of determination of the fit for both systems (Table 3).

PL ignores the existence of yield stress which appears at the final
stage of the Viscous system, while the B model does not describe the non-
linearity of the rheological behavior of the sludge resulting in a less
accurate fit as compared to the HB model. Therefore, the changes of
rheological parameters over time are shown only for the HB model in
Fig. 6 a-c), while those for PL and B models can be found in Appendix A.
Supplementary Information (Figures A.2-3). Both systems preserved
their shear-dependent behavior for the whole time range of the experi-
ment (Fig. 6 a)), also supported by PL (as shown in Figure A.2).
Remarkable changes in all of the HB fluid properties could be observed
only after Day 20 for Viscous system (Fig. 6). The least significant change

Table 3

Rheological parameters of the material models (Power-law: PL, Bingham: B;
Herschel-Bulkley: HB) used in CFD simulations with the related coefficients of
determination of the fit.

Parameter Reference (well settling) Viscous sludge  Filamentous sludge
[unit] sludge (Start) (End) (End)
PL - k [Pa-s"] 0.0104 0.1669 0.0405
PL-n[-] 0.6361 0.4255 0.4987
PL-R2 [-] 0.9923 0.9943 0.9883
B - 79 [Pa] 0.0224 0.2858 0.0769
B - ug [Pa:s] 0.0019 0.0105 0.0037
B-R?[] 0.9881 0.9524 0.9796
HB - 70 uB 0.0122 0.1108 0.0452
[Pa]
HB - jiyp 0.0053 0.0922 0.0157
[Pa-s"]
HB - ngz [-] 0.7743 0.5389 0.6900
HB - R? [-] 0.9977 0.9985 0.9998
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Fig. 6. The fit of rheological parameters to the measured data by the Herschel-
Bulkley model: a) flow behaviour index; b) dynamic viscosity; c¢) yield stress.

was in the flow behavior index, which was nearly constant during the
experiment in both cases (Fig. 6 a)). The HB Dynamic viscosity and HB
Yield stress increased steadily and slowly during the study for Filamen-
tous system (Fig. 6 b) and c)). In the latter case, the small increase of yield
stress (compared to Viscous system) indicated the absence of a stiff
structure and the formation of only a very loose connection between
solid parts (confirmed also by yield stress calculated from the B model as
shown in Figure A.3).

Viscosity and flow properties have been proved to be dependent on
sludge floc structure. B and HB yield stresses, B and HB dynamic vis-
cosities showed a linear correlation with the indicators of biomass
structures (i.e. EPS or filament content) and with the DSVI (Table 4).
Fig. 7 shows the relationship between the floc structure and the two
parameters of the HB model for both systems. It should be emphasized
that the dynamic viscosity changed significantly in Viscous system and
Filamentous system as well.

3.3. Results of computational fluid dynamics studies

In industrial applications, sludge is transported through pipelines
and pipe fittings typically at a mean velocity of 0.5 — 2m/s KSB (2005);
Rotsch (1999). For the present fluids, this represents turbulent flow
conditions in the Reynolds number range of Re;,,q = 2200 — 100000.
Although our calculations were performed for only one geometry, re-
sults obtained for the friction and loss coefficients may be widely
applicable due to the generalization of the Reynolds number.
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Table 4

Correlation coefficients between the measured rheological and structural pa-
rameters (EPS and filament content) and settleability (DSVI) for the two
different biomass structures generated.

Viscous system Filamentous system

Parameter DSVI EPS DSVI Filament
content content

PL-k 0.67 0.57 0.61 0.56
PL-n -0.27 0.1 -0.47 -0.46
B-108 0.71 0.67 0.67 0.61

B- g 0.93 0.78 0.78 0.70

HB - 7o 0.74 0.5 0.61 0.57

HB - piyp 0.71 0.67 0.74 0.67

HB - nug -0.68 -0.45 -0.55 -0.52

The predicted friction factors are presented as a function of the Re;;oq
(Fig. 8a) diagram). The average difference between our calculated
friction factors and the f = 64/Re;,,q curve was 5% (and similarly in the
turbulent region as well).

Fig. 8b) shows the dimensionless loss coefficient (¢) of the elbow
calculated for the three different biomass structures (i.e. blue: reference
(ideal-like); red: viscous; black: filamentous), with the three models
applied (i.e. PL, H and HB). For turbulent flows (typical for full-scale
applications) the coefficients calculated for the same biomass structure
(i.e. same colour) seem to be arranged along straight lines in the log-log
scale diagram.

For appropriate sizing of hydraulic systems in WWTPs, the pressure
drop caused by pipe elements has to be estimated at different flow ve-
locities (Fig. 9). In our work the pressure losses of the elbow were also
determined for clean water, commonly used as a reference in design
practice. On one hand, in the highlighted flow velocity range of v =
0.5 — 2m/s the pressure losses of the reference (well settling) sludge
were 33% higher than those of the clean water on average (considered
for all flow velocities and models). The highest increase in pressure drop
was gained by the B fluid model for viscous sludge at v = 0.5m/s
compared to the clean water, i.e. the value calculated for water
increased by 170% (see the small column chart in Fig. 9). This increase
was 135% by HB model. On the other hand, as for comparing viscous
and filamentous sludge to the initial reference (ideal-like) sludge by HB
model in the range of v = 0.5 — 2m/s, the pressure loss increased by 59%
in the Viscous system, while this increase in the Filamentous system was
22% on average. The relative difference between the estimated pressure
drops decreased with the increase of the mean velocity. In the case of
Filamentous system the standard deviation of the pressure drop values
calculated by the different rheological models was within 10%, thus in
this system the applied rheological model had no significant effect.
Model selection becomes more important with the increase of viscosity
and/or the decrease of flow velocity.

3.4. Relationship between structural changes and hydrodynamic behavior

Based on the rheological fit and the hydrodynamic simulations, the
Re,;,0q dependent loss coefficients of the examined elbow could be esti-
mated for the entire period of the experiment (from “Start” to “End”).
For this evaluation the HB model was applied in the Re,, range of
5000 — 110000. The estimated relationship for the loss coefficient was:
Cup = 4.9539 « Re; 0282 (Figure A.4 in Appendix A. Supplementary
Information).

The calculated pressure drop on the elbow is shown in Fig. 10 atv =
1m/s average flow velocity as a function of EPS content and filamentous
bacteria abundance in Viscous system and Filamentous system, respec-
tively. The pressure losses on the elbow have been proved to be closely
related to the changes of floc micro-structure in the case of viscous
bulking (Viscous system). The correlation coefficient between the
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pressure drop and the EPS content was R = 0.81. In Filamentous system
an increase of the pressure drop could definitely be observed with the
growing ratio of filaments, however, correlation coefficient showed a
loose relationship (R = 0.68).

4. Outlook and perspectives

The advanced standard protocol, developed for modelling both
viscous and filamentous bulking by rheological approach, may serve as
useful tool for improving energy efficiency of sludge pumping at
municipal and/or industrial AS WWTPs facing high energy consumption
as well as seasonal or permanent sludge separability issues. Estimations
calculated for pressure loss in pipe elements may be taken into consid-
eration in state-of-the-art design protocols of hydraulic systems (i.e.
sizing of pipes and fittings, pump selection). Although calculations were
carried out for an MLSS concentration typically applied in conventional
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Fig. 9. Pressure drop on the elbow as a function of the average flow velocity. In
addition the relative pressure drop increase compared to clean water at flow
velocities of 0.5;1;1.5;2m/s (small column chart).
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Fig. 10. Estimated pressure drop on the elbow calculated at v =1m/s by
Herschel-Bulkley model as a function of a) the EPS content for Viscous system,
R = 0.81; b) the filament content for Filamentous system, R = 0.68. Solid line:
pressure drop in case of clean water.

AS bioreactors, the new concept and the results may be applicable and
adaptable in a wide range of the given dimensionless parameters (e.g.
for sludge flows in sludge treatment and dewatering processes).
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5. Conclusions

Severe viscous and filamentous kinds of bulking were successfully
generated under controlled experimental conditions in two separate
continuous-flow lab-scale systems seeded with the same well settling
(ideal-like) reference sludge at the start. Results suggest correlation
between DSVI and EPS content in Viscous system and, similarly, between
DSVI and filamentous bacteria abundance in Filamentous system.

e Both viscous and filamentous floc structures showed strongly non-
Newtonian behavior during the whole experiment indicated by
consistency index values significantly lower than 1. Viscosity and
yield stress values determined from rheological models showed
distinct tendencies for the two systems. Although we obtained some
correlation between the change of floc structure and rheological
properties in both cases, viscous bulking had a more pronounced
effect on the flow behavior than filamentous bulking.

Model discrimination showed that the Herschel-Bulkley model has
the best fit (vs. Power-law and Bingham) for describing flow prop-
erties of the investigated floc structures. Thus, rheology has been
proved to be a useful complementary tool for the quick identification
of dominant bulking mechanism.

The CFD studies determined the effect of AS floc structure changes on
the friction factor, the loss coefficient and the pressure drop of a
typical pipe elbow configuration investigated. The pressure loss was
significantly higher in the case of non-Newtonian flows compared to
the clean water and viscous bulking generated the largest pressure
loss values. The increase of the pressure losses calculated for viscous
and filamentous biomass was also remarkable compared to the
reference (ideal-like) sludge.

A standard protocol has been developed for hydrodynamic modelling
of both viscous and filamentous bulking which has been proved to be
efficient for analyzing the energy consumption of nitrate recirculat-
ing and sludge recirculating pumps at WWTPs and calculating
pressure loss for different sludge floc structures.

To our knowledge this has been the first time when the entire evo-
lution of both viscous and filamentous bulking was comprehensively
analyzed and tracked by detailed biochemical and rheological
measurements at a fixed biomass concentration (3.5 g /D), as well as
combined by further hydrodynamic modelling. Research results
provided a powerful tool for improving energy efficiency of sludge
pumping.
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