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Abstract: The objective of this work was to identify relevant settling velocity and rheology model
parameters and underlying filamentous microbial community characteristics that influence the solids
mixing and transport in secondary settling tanks. Weekly batch settling tests were carried out using a
novel column setup in a four-month measurement campaign with activated sludge samples collected at
Lundtofte wastewater treatment plant in Denmark. Additionally, rheological experiments were made
using a rotational viscometer in order to compare different models describing the flow behaviour of
activated sludge. Quantitative fluorescent in-situ hybridisation (qFISH) analysis was carried out on the
same sludge samples. The correlation of model parameter values with the relative volume fraction of
two filamentous bacterial groups indicate that filamentous bacteria can significantly influence
secondary settling by affecting hindered settling velocity and the yield stress of activated sludge. This
study finds that microbial filament abundance, predominantly, those residing inside the microbial flocs,
are responsible for alterations in the hindered settling velocity and rheological behaviour. A
computational fluid dynamics (CFD) model was used to assess the impact of calibration scenarios for
settling and rheology under low and high abundance of filamentous bacteria. Results suggest that
higher filamentous bacteria abundance can cause significant variance in the CFD model outputs.

Keywords: Activated sludge; Filamentous bacteria abundance; Rheology; Compression settling;
qFISH; Secondary settling tank

Introduction

One of the most important steps of the activated sludge treatment process is the
secondary clarification, whereby the biomass is separated from the treated effluent.
Secondary settling tanks (SSTs) function as thickener to produce a concentrated
recycle stream, and in case of a high hydraulic loading period, it serves the purpose of
temporary sludge storage (Henze et al., 2008). Insufficient separation of the sludge
can impact the sludge retention time (SRT) in the system, thus potentially
deteriorating the performance efficiency of the biological processes.

Activated sludge flocs have a heterogeneous structure, which consists of a variety
of microorganisms as well as organic and inorganic particles and dead cells
surrounded by extracellular polymeric substances (Wilén et al., 2008). The two main
types of bacteria are the floc formers, which bond together by extracellular polymeric
substances, and the filamentous bacteria, which serve as a free surface where floc
formers can attach to (Ekama et al., 1997). In an ideal case, the abundances of
filamentous and floc-forming bacteria are balanced; however, excess filamentous
bacterial growth can cause operational problems. The flocs, in this case, are diffuse
and bridging occurs between them. This type of sludge behaviour is called
filamentous bulking (Ekama et al., 1997). Filamentous bulking is a common
operational problem in SSTs. However, the exact cause of filamentous bulking can be
diverse (Jenkins et al., 1993), and is not fully understood (Mielczarek et al., 2012).
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In WWTP modelling, conventionally, the influence of filamentous bulking is
imposed by calibrating the hindered settling parameters in the settling velocity
formulation in the SST models (e.g. Ekama et al, 1997). However, the question arises
whether filamentous bulking can also affect the transient and compression settling as
well as the rheology of activated sludge and how those effects can be quantified in
terms of model calibration – a focal area chosen for this study. Computational Fluid
Dynamic (CFD) models have been used to predict the internal flow and solids
transport in SSTs (De Clercq, 2003; Weiss et al., 2007). In this study, we used a
validated two-dimensional, axi-symmetrical CFD model with newly developed
settling velocity and rheology models (Ramin et al., 2014) to predict the sludge
distribution in the SST at Lundtofte WWTP.

The main objectives of this study are (i) to assess the impact of filamentous
microbial community characteristics on the hindered, transient and compression
settling velocity, as well as on the rheology of activated sludge; (ii) to assess the
effects of filamentous abundance on settling velocity and rheological model
calibration; (iii) to carry out scenario CFD simulations to quantify the effects of
calibration scenarios on the solids distribution and transport in SSTs.

Material and Methods

Sampling. An activated sludge sample was collected from the combined recycle flow
channel of Lundtofte WWTP (Lyngby, Denmark) on the day of the settling
experiments and samples were prepared for performing later the q-FISH analysis. Part
of the sludge was stored overnight with aeration in order to conduct the rheological
experiments the following day. The concentration of sampled sludge was determined
using method 2540 D of Standard Methods (APHA, 1995).

Settling column tests. Settling tests were performed using the newly developed
settling column set-up by Ramin et al. (2014). The column test consists of a large
settling column (diameter = 0.2 m, height = 0.8 m) that is equipped with a Solitax®
total suspended solids (TSS) probe (Hach Lange, Germany) installed at the bottom of
the settling column. Settling tests in sludge concentration range of 1.5-4.5 g/l were
performed for each sludge sample. During each 60-minute settling test, the evolution
of sludge blanket height (SBH) and the TSS concentration at the bottom (Xb) were
recorded simultaneously.

Rheological experiments. The rheological experiments were performed using a
standard rotational rheometer (TA Instruments AR2000, USA) with a conical single-
gap cylindrical geometry. Each sludge sample was assessed in the concentration range
of 5-14 g/l at five different concentrations. We obtained shear rates in the range of
0.001–250 s-1 by controlling the shear-stress. The shear stress was applied from high
to low values to minimize the settling of the sludge during the tests.

Microbial species and qFISH. We targeted two common filamentous bacterial
groups found in Danish wastewater treatment plants, Microthrix parvicella and
Chloroflexi (Mielczarek et al., 2012, Nielsen et al., 2012), with qFISH analysis. On
the day of the sampling, 2 ml of sample was pre-treated and fixed with 4%
paraformaldehyde that allowed keeping the samples in the exact state. The qFISH
procedure was conducted using 1 μl of fixed sample. The probes chosen for the
qFISH can be found in Wágner et al. (2014). A Leica SP5 confocal laser scanning
microscope with a 20x objective was used to image the samples. 15-20 randomly
chosen images were taken using the confocal microscope (Nielsen et al., 2009). The
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images were analysed using the daime (digital image analysis in microbial ecology)
software (Daims et al, 2006).

Modelling. The CFD simulations of the SST was executed in OpenFOAM CFD
toolbox (OpenCFD, 2012) and using the settlingFoam solver (Brennan, 2001). To
reduce the computation capacity, the flow in the SST is assumed axi-symmetric and
only a slice of the tank is considered for CFD modelling.

The settling velocity function developed by Ramin et al. (2014) was implemented
in the CFD domain, which accounts for hindered, transient, and compression settling
regimes observed in settling process of activated sludge. To describe the apparent
viscosity of sludge in the CFD model, the yield-pseudoplastic type Herschel-Bulkley
rheology model (e.g. Ratkovich et al., 2013) was used.

Results and Discussion

Filamentous composition

The two dominant groups of filamentous bacteria quantified by qFISH in activated
sludge samples are Chloroflexi (Fig. 1b) and Microthrix parvicella (Fig. 1a). The
volume fractions obtained during the measurement campaign can be found in Wágner
et al. (2014). The results obtained suggest that Chloroflexi (Vol. fraction, %: min.:
2.7; max.: 8.6; average: 6.8) is generally present in higher volume fraction than
Microthrix parvicella (Vol. fraction, %: min.: 0.8; max.: 5.2; average: 3). The total
volume fraction of filamentous bacteria varied between 3.5 and 13.8% (average:
9.8%). Image analysis results obtained with the microbial flocs suggests that
Microthrix parvicella reside predominantly inside the flocs and Chloroflexi species
are protruding from the flocs (Fig. 1).

Figure 1. Images taken during the q-FISH analysis where the green colour represents all the bacteria
(EUB mix (EUB 338, EUB 338 II, EUB 338 III)) in the sludge and the red marks show the targeted
filaments. Spatial position of Microthrix parvicella (a) and Chloroflexi (b) are marked with red circles.

Effect of filamentous bacteria abundance on the settling parameters

Hindered settling. Values of the hindered settling velocity parameters are plotted as a
function of the total volume fraction of filaments and the specific volume fraction of
each targeted filamentous bacteria species in Fig. 3a and Fig. 3b, respectively. It is
shown in Fig. 3a that there is a decreasing trend of v0/rh with increasing total volume
fraction. This agrees well with conventional theory on the effect of bulking sludge on
the settling behaviour (Ekama et al., 1997). Additionally, results shown in Fig. 3a
suggest a moderate correlation (R2=0.501) between the total filament fraction and the
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v0/rh parameters. In contrast, by assessing the effect of the two filaments separately in
Fig. 3b, the correlation between the volume fraction of Microthrix parvicella and v0/rh

parameters is significantly increased (R2=0.83). This was found not to be the case for
Chloroflexi as it does not show a clear trend (R2=0.03).
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Figure 3. The relation between the hindered settling parameters and the volume fraction of the total (a)
and targeted (b) filamentous bacteria in the activated sludge including the regression lines.

Strikingly, Chloroflexi is present in a much higher fraction in the solids samples
than Microthrix parvicella, and it forms filaments primarily protruding from the flocs
– a factor widely assumed to be responsible for the bulking effect. Taken together, our
results suggest that the impact of filamentous bacteria on the hindered settling of the
activated sludge is not proportional to the total filamentous volume fraction, and that
the volume fraction of the bacteria residing inside the floc (Microthrix parvicella)
govern the hindered settling behaviour. These data also imply that conventional
techniques i.e. total average filament length and SVI can be limited in characterising
filamentous bulking of activated sludge.
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Figure 4. Impact of the volume fraction of Microthrix parvicella and Chloroflexi on the transient
settling parameter, rt (interval of values: 0.6-0.9) (a) and compression settling parameter, C2 (interval of
values 0.1-0.8) (b). The parameters are shown with the corrected volume fractions in order to avoid the
effect of sludge concentration.

Transient and compression settling. The influence of filamentous bacteria
abundance on the transient and compression settling parameters of the settling
velocity model developed by Ramin et al. (2014) was assessed in a correlation
analysis. Results shown in Fig. 4 indicate no direct effect of the filamentous volume
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fractions on the transient and compression settling velocity parameters, i.e. rt and C2,
respectively. In Fig. 4, values of the transient and compression settling velocity
parameters are plotted as a function of the volume fraction multiplied by the sludge
concentration, at which parameter values were estimated. According to Fig. 4a and
4b, the estimated values of rt and C2 do not associate with the amount of filamentous
bacteria in samples.

Fig. 5a shows that there is no clear trend between rt and X, however, the variation of
this parameter is high as well, based on the 95% confidence interval. There is no
distinct tendency between bulking and no-bulking conditions (where bulking is
defined based on the Microthrix parvicella volume fraction – cut-off value: 1.5%).
Based on Fig. 5b, there is a trend between C2 and X, and based on the 95% confidence
interval, the variation of the compression parameter is high. Our data suggest again,
no distinct tendency under either bulking or no-bulking conditions. From the
perspective of modelling the SST, this is important since, according to the model by
Ramin et al. (2014), the SST feed concentration is used to set the value of rt and C2 in
the CFD simulations.

Figure 5. Impact of the initial sludge concentration on the transient parameter (a) and on the
compression parameter (b), under the defined bulking conditions. The black line is the regression of all
the data points and the red dashed line is the 95% confidence interval of the fitting.

The effect of filamentous abundance on the flow behaviour of activated sludge

We further investigated how the rheological behaviour of activated sludge is
influenced by the filamentous bacteria. The Herschel and Bulkley rheology model
was calibrated to the rheology measurement sets as described in Ramin et al. (2014).
The estimated yield stress parameters (τ0) were then correlated with the volume
fraction of filamentous bacteria in the sludge.

In order to avoid the effect of sludge concentration we normalized the obtained
data, by multiplying the sludge concentration of the sample with the volume fraction
(Fig. 7a). Fig. 7a indicates that the increasing abundance of Microthrix parvicella can
be associated with the decreasing tendency in the observed yield stress (R2=0.61) and
this cannot be seen in case of Chloroflexi (R2=0.25). The results presented earlier
show that Chloroflexi is the filament protruding from the flocs making the bridging
between them. Microthrix parvicella on the other hand is the filament residing inside
the flocs as the backbone of the flocs, hence if it is more abundant that can create
more porous flocs.

ba
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Figure 7. Impact of individual filamentous bacterial groups (a), Microthrix parvicella and Chloroflexi
volume fractions on the yield stress of activated sludge. Effect of the sludge concentration (b) under
bulking and no bulking conditions on the estimated yield stress values, where bulking is defined here as
the cut-off value of 1.5% Microthrix parvicella volume fraction. The black line is the power
formulation fitted on all the measurement points. The red and blue dashed lines are the power function
fitted on the extremes of the bulking and no-bulking conditions.

These results show that the impact of filamentous microorganisms on the rheology
of activated sludge depends on where the filaments reside in the flocs. Our results
suggest that methods that only assess the total amount of filamentous bacteria (e.g.
filament index (FI)) might reveal limited information about the effect of filamentous
bacteria abundance on the sludge rheology and hence an assessment of the specific
filaments is suggested.

Based on the CFD model in Ramin et al. (2014) the yield stress is implemented as
the power formulation of the sludge concentration. According to Fig. 7b, the power
formulation (solid line in Fig. 7b) describes the measurement data, however, values of
yield stress obtained at X>7 g/l show comparably high degree of scattering. This can
be partly related to the collection of data under bulking and non-bulking conditions
(defined here as the cut-off value of 1.5% Microthrix parvicella volume fraction).
Consequently, two power formulations are fitted to the lower and upper extremes of
the data points to determine the confidence interval of the estimated yield stress
values (dash lines in Fig. 7b). According to Fig. 7a, the low Microthrix parvicella
filament values (<1.5 %) result in increased yield stress and these values seem to be
closer to the upper curve (dash-dotted red line in Fig. 7b), i.e. higher yield stress at
low filaments presence. On the other hand, the higher Microthrix parvicella volume
fraction > 1.5 % influences the yield stress toward values closer to the lower curve
(dashed blue line in Fig. 7b), i.e. decrease in yield stress under bulking.

CFD simulations

CFD scenario simulations were run using the Herschel-Bulkley rheology model and
the HTC settling velocity model developed by Ramin et al (2014). Based on the
previous results, it is investigated here how the effect of the filamentous bacteria
abundance on the hindered settling and yield stress of sludge, and thus the sludge
distribution and hydrodynamics in the SST, impact the CFD simulation results.
Moreover, the influence of variability in estimating the compression parameter (C2)
on the variance of the CFD simulation results is assessed. In each scenario only the
assessed parameters are varied and the other parameters are implemented as the
average value. In Scenario I, the impact of the variation of C2 is assessed by changing

a b



7

C2 to the minimum and maximum values at the feed concentration of the activated
sludge to the SST (XF = 3 g/l) based on the 95% confidence interval obtained in Fig.
4. In Scenario II, the no bulking and bulking conditions are implemented in the CFD
model by applying the minimum (0.1 % Microthrix parvicella) and maximum
(extrapolated to 9% Microthrix parvicella) values of the hindered settling parameter
values based on Fig. 2b and the correlations of the yield stress to the sludge
concentration with the power function curves fitted on the upper and lower extremes
in Fig. 7b.

Fig. 8 (a, b) shows the CFD simulation results for Scenario I that assesses the
impact of the variability of the compression settling parameter (C2) shown Fig. 4. The
results at different radial distances can be found in Wágner et al. (2014).
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Figure 8. The effect of the variation of the C2 parameter on the prediction of the CFD model results of
vertical profiles of sludge distribution (a) and radial velocity (b) predicted. Impact of bulking (dashed
line) and no bulking (solid line) scenarios on the CFD predictions of vertical profiles of sludge
distribution (c) and radial velocity (d).Profiles are shown with normalized height at four different radial
distances from the center of the tank.

Assessing the difference between the CFD outputs (shaded area of Fig. 8) it can be
seen that the variability of C2 results in about 10-30% variance in the prediction of
sludge blanket height (Fig. 8a) and up to 50% in the maximum radial velocity in the
density current (Fig. 8b). These results imply that the uncertainty in estimating C2

needs to be reduced by performing additional settling measurements during extreme
bulking scenarios.

Fig. 8 (c, d) illustrates the impact of filamentous bulking on the CFD simulations,
based on the hindered settling parameters and yield stress. The results at different
radial distances can be found in Wágner et al. (2014). The rise in the sludge blanket
height is up to 20% under the bulking condition (dashed red lines in Fig. 8c).
Moreover, an increase of 20% in the flow of thickened sludge over the inclined
bottom to the hopper can be observed in Fig. 8b due to the reduced yield stress under
bulking condition. It is visible based on these results that these parameters influence
the complex interaction between the sludge distribution and hydrodynamics of the
tank.

Conclusions

Two filamentous bacterial groups, Microthrix parvicella and Chloroflexi, were
targeted in this study and found abundant in the activated sludge (Lundtofte WWTP).
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Results obtained suggest that the abundance of Microthrix parvicella – identified as a
species residing predominantly inside the microbial flocs – associates with hindered
settling velocity and yield stress parameters. Compression and transient settling
parameters obtained show variability, however the filamentous microbial composition
is found not to directly relate to any of these parameters. Based on image analysis
obtained from the q-FISH method it is seen hat Chloroflexi predominantly protrudes
from the flocs. Overall, our results suggest that the spatial position of filamentous
bacteria, rather than their abundance, governs the effect on settling velocity and
rheological behaviour. Consequently, measurement methods, targeting e.g., total
extended filament length may be of limited use to quantify filamentous bulking or to
relate microbial characteristics to functionality. Numerical simulations were
performed using a validated CFD model of Ramin et al. (2014). We assessed the
influence of filamentous bacteria abundance on the CDF simulation results by
estimating the settling and rheology parameters with the high and low content of
filaments. To further assess the impact of filamentous bulking on the CFD
predictions, full-scale profile measurements on the SST under filamentous bulking
conditions could possibly yield more insight into the solids mixing and transport in
SSTs, and would therefore be desirable to further investigate in the future.
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