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Abstract. More stringent effluent limits, especially with regard to total
nitrogen, force wastewater treatment plants to consider sidestream nitrogen
removal from digested sludge dewatering liquor which can contain up to
20% of incoming nitrogen load. Deammonification, the most promising
biological technology for sidestream nitrogen removal, is based on partial
short-cut nitrification and the Anammox process. Both steps of this process
are conducted by slowly growing autotrophic bacteria, namely nitrifies and
Anammox, which however may form different types of sludge: flocculent
and granular, respectively. Nevertheless, ensuring effective sludge
separation from treated effluent is crucial for the ability to retain both kinds
of slowly growing biomass in the system. This paper presents the
principles of sludge settling modelling, the results of a series of column
tests conducted on sludge from pilot-scale two-stage deammonification
treatment facility, as well as an attempt to estimate settling parameters in
order to fit a sedimentation model.

1 Introduction
Sedimentation is a gravitational solids-liquid separation, based on the differences in
density between solid particles and the liquid. In conventional suspended-growth activated
sludge systems, sedimentation is one of the most crucial physical unit operations, as it
directly affects the quality of the treated effluent [1].
Secondary clarifiers are designed to achieve two goals which are critical to operation
and performance of activated sludge system: clarification of the final effluent to comply
with the discharge limits and thickening of the sludge to minimize the stream recirculated
to bioreactors. Both settler functions are dependent on sludge settling properties, which
tend to be highly variable and difficult to predict. Therefore, poor biomass separation is not
uncommon, which may lead to severe biological process disturbances [2].
Depending on the concentration and properties of solid particles four types of settling
behaviour can be distinguished at different layers along the height of primary and
secondary settling tanks, which are discrete particle settling, flocculent particle settling,
hindered settling and compression settling [1].
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1.1 Sedimentation in sidestream treatment processes
More stringent effluent limits, especially with regard to total nitrogen, force wastewater
treatment plants to consider sidestream nitrogen removal from digested sludge dewatering
liquor which can contain up to 20% of incoming nitrogen load.
Deammonification, the most innovative and promising biological technology for
sidestream nitrogen removal, is based on partial short-cut nitrification and the anammox
process (short for ANaerobic AMMonium OXidation). In the partial nitrification step
approximately half of the initial ammonium is oxidized to nitrite by strictly aerobic
ammonium oxidizing bacteria. In the anammox step ammonium (electron donor) and
nitrite (electron acceptor) are converted by strictly anaerobic anammox bacteria into
dinitrogen gas and small amounts (~10%) of nitrate without external organic carbon source.
Therefore, deammonification allows to decrease oxygen demand by 60%, and organic
carbon demand and sludge production by 90%, compared to conventional
nitrification/denitrification systems [3, 4].
Due to lower investment costs, deammonification is usually operated in one-stage
systems, where both steps with different requirements take place in one reactor, which
makes the process control more complicated. An alternative are two-stage systems, where
partial nitritation and anammox are split in two reactors in series, which allows to optimize
process condition for each of the steps separately. Moreover both attached-growth (biofilm,
moving bed biofilm reactor and rotating biological contactor) and suspended growth
(sequencing batch reactor and upflow anaerobic sludge blanket reactor) systems are in
operation at full-scale [4].
Partial nitritation and anammox are conducted by slowly growing autotrophic bacteria
with a long doubling time, which, however, in the suspended-growth systems may form
different types of sludge: flocculent and granular, respectively. In favourable conditions
(short settling time and adequate shear force) can grow forming dense, well settling
granules, which can settle with velocities over 100 m/h, compared with 1–10 m/h for
flocculent sludge [5, 6].
Nevertheless, ensuring effective sludge separation from treated effluent is crucial for the
ability to retain both kinds of slowly growing biomass in the system, especially because
solids retention, settling and separation is among the most common operating problems in
full-scale deammonification installations [4].
1.2 Sedimentation modelling
Mathematical description of activated sludge sedimentation is usually based on the
solids flux theory, which states that sludge movement in the thickening zone of the settler
results from gravity settling and convection due to sludge recirculation underflow stream.
The solids flux caused by gravity settling is a function of sludge concentration and sludge
zone settling velocity (ZSV), which characterizes hindered settling. ZSV is dependent on
the sludge concentration and expressed by the classic Vesilind equation [3]:

vs  v0 ekX

(1)

where vs is sludge settling velocity, v0 is maximum sludge settling velocity, X is sludge
concentration and k is empirical settling parameter.
However, it should be noted that Vesilind equation is valid for the hindered settling
only, as, when the sludge concentration goes to zero, the predicted settling velocity reach
values, which are not realistic. Therefore, Takacs et al. [7] presented a modification of
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Vesilind equation, which accounts for the fact that settling velocity decreases when sludge
concentration approaches zero, and is expressed by the following set of equations:



vs  v0 erh  X  X min   e

 r f  X  X min 

X min  f ns X 0
0  vs  v0, max



(2)
(3)
(4)

where rh is hindered zone settling parameter, rf is flocculent zone settling parameter, Xmin is
minimum attainable suspended solids concentration, X0 is mixed liquor suspended solids
entering the settler, fns is non-settleable fraction of mixed liquor suspended solids and v0, max
is an upper limit of sludge settling velocity.
The traditional models describing activated sludge settling velocity are no longer valid
for granular sludge, therefore some theoretical models based on the Stock or Allen
equations have been proposed [8, 9]. However, they require the knowledge about such
parameters as granule diameter, density, sphericity and mass shape factor that are usually
not readily available.
On the other hand Liu et al. [10] proposed a Vesilind-based generalized model for
settling velocity of aerobic and anaerobic granular sludge, which is a function of mean size
of granules (dp), sludge volume index (SVI), and sludge concentration (X):

vs  

d p2
SVI

e  X

(5)

where α and β are constant coefficients. For small enough particles model reduces to the
classic Vesilind equation.
The aim of this paper is to characterize and compare settling properties of activated
sludge, from a full-scale biological nutrient removal plant and two-stage deammonification
pilot-scale plant, based on the results of a series of column tests, as well as to attempt to
estimate settling parameters in order to fit a sedimentation model.

2 Materials and methods
This study was conducted at the pilot plant used for assessment of different reject water
treatment processes, equipped with four 150 dm3 SBR-type reactors and fed with real reject
water from full-scale sludge dewatering station at Wroclaw WWTP in south-west Poland.
2.1 Source of sludge
Three different kinds of activated sludge were used in the experiment.
First sludge sample (BNR) was taken from a full-scale biological nutrient removal
Wrocław WWTP (approx. 1 000 000 p.e.) operated in winter conditions (10°C) at a long
solids retention time (SRT) of 35 d and mixed liquor suspended solids (MLSS) of
5.5 kg TSS/m3.
The second sludge sample (SNC) was taken from a pilot-scale short-cut nitrification
SBR fed with real sludge dewatering reject water and operated at temperature of 25°C, an
SRT of 3 d and MLSS of 1.5 kg TSS/m3. At start-up this SBR was seeded with the BNR
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sludge, and during later stable 6 month operation a daily dose of BNR sludge was added to
keep the desired sludge concentration and improve settling properties.
The last sludge sample (ANX) was taken from a pilot-scale Anammox SBR fed with
partially nitrified real sludge dewatering reject water and operated at temperature of 23°C,
an SRT of 50 d and MLSS of 2.0 kg TSS/m3. At start-up this SBR was seeded with
granular sludge from an UASB Anammox reactor, without further addition during stable
6 months operation.
2.2 Batch settling test procedure
In order to characterize settling properties of sludge samples and to determine zone
settling velocity as a function of sludge concentration a series of batch settling tests was
carried out. Batch settling test are considered to be a good source of data for estimation of
the sedimentation model parameters as the obtained result depend only on the physical
properties of the settling column (which are constant for a given set-up) and the settling
properties of the sludge [11].
Each sludge sample was thickened for an hour to achieve initial concentration of
approximately 9 kg TSS/m3. From this thickened sample a series of samples with more or
less equidistant sludge concentrations was prepared by diluting the sludge with an
appropriate effluent. The range of concentrations was chosen to ensure that sufficient
settling velocity and a distinct sludge/water interface could be observed.
Batch settling tests were performed at room temperature (approx. 22°C) in settling
columns with a height of 50 cm and diameter of 8 cm without a stirrer (Fig. 1.), by pouring
a well-mixed sample into a column and recording the height of sludge blanket for a period
of 20–60 minutes depending on the concentration with the recording interval varied from
20 s to 5 min.
For each test the recorded interface height was plotted against time, and the settling
velocity was determined from the slope of the linear part of curve.
The sludge concentration was determined after each test according to EN-872
– standard direct method for suspended solids on glass fibre filters with 1.2 m pore size.
The obtained relationship between settling velocity and sludge concentration was used
to estimate parameters of the Takacs sedimentation model [7], as it does not require the
knowledge of sludge morphology and is commonly used in commercially available
simulators.

Fig. 1. Experimental set-up.
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3 Results and discussion
The results of the batch settling test series with different ANX sludge concentration
presented as the change of sludge blanket height in time are show in Fig. 2. As the time in
which the linear part of the curve is observed varies significantly with sludge concentration,
it is important to carefully choose the test length and recording interval to obtain reliable
data.

Fig. 2. Measured sludge blanket height in time from the test series with ANX sludge.

The comparison of determined zone settling velocities as a function of the BNR, SCN
and ANX sludge concentration is presented in Figure 3. The settling velocities for the BNR
sludge (1.6–6.3 kg/m3) were in range of 0.04–5.6 m/h, for the SCN sludge (1.4–5.3 kg/m3)
0.66–5.5 m/h and for the ANX sludge (1.5–8.9 kg/m3) 0.89–4.85 m/h, and fall in the
standard range for the flocculent sludge 1–10 m/h [5, 6]. The BNR and SCN sludge showed
similar characteristics at low concentration, but in case of the BNR sludge a rapid decrease
of settling velocity above 3.5 kg/m3 was observed, which is a known phenomenon at labscale due to elevated wall friction effect and can be mitigated by introduction of slow
stirring (1-2 rpm) [12]. The ANX sludge showed more flat characteristics, and generally
significantly higher sedimentation velocities, especially at higher concentrations.

Fig. 3. Comparison of determined settling velocities for BNR, SCN and ANX sludge.

The best fit of the Takacs sedimentation model to the experimentally determined zone
settling velocities for the BNR, SCN and ANX sludge is presented in Figure 4, and the
estimated model parameters are listed in Table 1.
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Fig. 4. Best fit of the Takacs model for BNR (top), SNC (middle) and ANX sludge (bottom).
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Table 1. Estimated Takacs model parameters for the BNR, SCN and ANX sludge.
Parameter

Unit

BNR sludge

SCN sludge

ANX sludge

X

kg/m3

1.6–6.3

1.4–5.3

1.5–8.9

vs

m/d

0.04–5.6

0.66–5.5

0.89–4.85

v0

m/d

15.5

10.5

7.08

rh

m3/kg

0.692

0.537

0.221

rf

m3/kg

4.0

8.0

12

fns

-

0.0005

0.02

0.005

X0

kg/m3

5.5

1.5

2.0

The values of the v0, rh and rf parameters were estimated based on the performed series
of batch settling test, whereas the values of the fns and X0 parameters were assumed based
on the typical values of effluent suspended solids and MLSS in the appropriate reactors (not
shown). The values of the rf parameter are initial estimates, as the model is relatively
insensitive to this parameter in the sludge concentration range that can be tested in the batch
settling tests. Therefore, the final values of the rf parameter, which impacts the predicted
settling velocities at low sludge concentrations, need to be established during clarifier
model fine tuning based on the data from the real system.
In general, a good fit of the Takacs sedimentation model to the experimental data points
of all the three kinds of tested activated sludge was achieved, except for the data points of
the BNR sludge with concentration above the 3.5 kg/m3, which were rejected from model
fitting, due to the observed wall effect disturbances mentioned earlier.
The settling properties of the SCN sludge are similar to the BNR sludge, which was to
be expected as the SCN reactor is bioaugmented with the BNR sludge to improve the
settling characteristics of the otherwise poorly settling nitrifiers dominated activated sludge.
However, slightly higher settling velocities were observed at higher concentration, which
may be attributed to the high concentration of nitrite in the SNC reactor. Nitrite, especially
in its unionized form the free nitrous acid, is a known strong biocidal agent [13], which
may selectively inactivate filamentous bacteria which tend to extend from the sludge flocs,
thus improving sludge settling.
Sludge from the Anammox reactor, despite the initial seed with the Anammox granular
sludge, exhibited flocculent-like behaviour, which may be attributed to the fact the SBR
was operated for an extended period with long sedimentation phase (60 min.), which
removed a strong factor promoting granulation. Moreover, some amount of flocculent
sludge was fed to the Anammox SBR with effluent from the partial nitritation SBR (the
first stage of 2-stage deammonification). Presence of nitrifiers in the Anammox reactor may
be beneficial, as nitrifiers will remove any dissolved oxygen, which inhibits Anammox
bacteria at very low concentration. The visual inspection of the ANX sludge showed that
the sludge consisted of small red granules covered with brown flocs, which may explain the
flocculent-like behaviour. Nevertheless, the ANX sludge was characterized by
a significantly higher settling velocities, especially at higher sludge concentration,
compared to typical flocculent sludge (see Fig. 3.).
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4 Conclusions
For the purpose of mathematical modelling and simulation of sidestream treatment
processes, batch settling tests allow for a proper characterization of sludge settling
properties, and the Takacs sedimentation model provides a good prediction of sludge
settling behaviour, if the sludge has a flocculent-like nature.
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