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Abstract

An on-line settlometer is presented which automatically records sludge settling curves. From these curves the sensor deduces the
initial hindered zone settling velocity (V's). In order to evaluate the information gathered by the sensor, the instrument was used at
an information-rich full-scale wastewater treatment plant (Klagshamn, Sweden). This plant is operated as a single sludge post-
denitrification activated sludge system with an external carbon source. With the sensor adiurnal pattern of Vs could be detected.
This pattern was mainly caused by the diurnal change of the sludge concentration. Using the Vesilind equation it was possible to
standardise Vsto the sludge concentration (Vs'). The variation in the standardised Vs was|ess compared to the experimental Vs.
Still, it was possible to detect asudden dropin Vs’ on nearly daily basis. At two of theseinstancesrising sludge was even detected
in the settlometer during the 35 min lasting sedimentation period. The fact that this could be observed is remarkable as the water
temperaturewasonly 7.5°C, the bulk liquid entering the settl ometer was aerobic and only avery low amount of carbon sourceswas
found in the effluent. Hypotheses are put forward that could give an explanation for the occurrence of rising sludge under these
circumstances. In the observed post-denitrification plant apositive correl ation could be found between the airflow to thereaeration

tank and the sedimentation velocity.

Introduction

In the global activated sludge process final clarification is avery
important unit process (Albertson, 1992). The separation of the
sludge from the purified water and its thickening is dependent on
the amount and physical properties of the flocs and the hydraulic
conditionsin the clarifier. The hydraulic loading of the settler can
change rather rapidly. On the occurrence of a rain event, the
hydraulic loading can easily become five times as high as during
dry weather conditions. Apart from this, changes in the physical
properties of the sludge are also possible. For instance, bacterial
popul ation dynamicsinduced by changesin operational conditions
can haveastrong influence onthe sludge settling properties. These
shifts occur rather slowly and have time constants in the order of
days or even weeks. Reid and Nason (1993) suggested a depend-
ency of the settling characteristics on the pollutant concentration
remaining in the mixed liquid entering the fina clarifier. Also
changesin conductivity can influencethe floc formation (Zitaand
Hermansson, 1994). The wastewater composition can change
within a matter of hours, so their effect on the sludge settling can
be much faster asin the case with population shifts.

Sedimentation characteristics are normally determined manu-
ally using batch settling tests (Catunda and Van Haandel, 1992).
These measurements are usually performed only once aday. This
frequency is obviously too low to enable the operator to detect
short-timechangesinthesludge settleability. Furthermore, labora-
tory experimentssuch asthe SV (sludge volumeindex) haveoften
been criticised (Dick and Vesilind, 1969) and the settling condi-
tions can be quite different from the onesencountered in full-scale
settlers: in small settling columns bridging can become important
and settling properties are often evaluated at reduced sludge
concentrations.

Methods

At the University of Gent (Belgium) a settlometer was devel oped
in which sludge settling characteristics are determined in a very
simple and natural way (Fig. 1) (Vanrolleghem et al., 1996). The
core of this apparatus is formed by a 10 ¢ down-scaled Pyrex
decanter equipped with astirrer (1 r/min). This model decanter is

operated in a batch mode: the decanter is filled with sludge, the
sludge is mixed with air and then the sludge is allowed to settle.
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Figure 1
Schematic diagram of the settlometer
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2

Typical sedimentation curve recorded during the observation at
Klagshamn

Figure 3
Schematic representation of the Klagshamn wastewater treatment
plant.[]] aerobic zone, [] anoxic zone. The most important
parameters that are measured on-line are depicted at their
measurement place: NH,"= ammonium nitrogen (mg/),

DO = dissolved oxygen (mgh), Q.= air supply to aerobic vessel
(m*/h),NO,- = nitrate nitrogen (mg/t), X = sludge concentration
(kg/m?), Q= effluent flow (m*/h), Q = recycle flow (m*/h),

X = recycle sludge concentration (kg/m?), SBH = sludge blanket
height (m)

again, measuring again the decreasein
light intensity. This cycle is repeated
until the difference between the begin-

ning of the experiment and the actual
time exceeds 35 min. This procedure

TaABLE 1

KEey PARAMETERS OF THE KLAGSHAMN PLANT DURING THE OBSERVATION PERIOD
Designed capacity 90 000 persons
Pre-settling tanks Clarification area: 4*250 m?, depth: 2.2 m
Activated sludge tanks 2 parallel flow trains each with 8 cells of 275 m®
Fina settler Clarification area: 8170 m?, depth: 3.6 m
Influent flow 580 mé/h (ranging from 400 till 800 m3h)
Sludge return flow 900 m¥h (fixed)
Ethanol dosage 58 kg COD/h (fixed)
Diluted sludge volume index 205 ml/g
Sludge concentration in aeration tank | 3.3 g/¢

results in a sedimentation curve (Fig.
2). From this curve, Vsis obtained as
the maximum downward slope.

When anew sensor is developed it
isimportant to ook to what extent this
sensor providesnew relevant data. Fur-
thermore it is important to check
whether it is possible to link the new

TABLE 2
VARIATION OF SOME IMPORTANT PROCESS VARIABLES:
25 RESPECTIVELY 75 PERCENTILES

Parameter

Conductivity after pre-settling
Influent flow line 2

NH,-N after pre-settling
NO,-N before denitrification
Temperature

Sludge concentrationin cell 8
DO zone 8

Air supply to 8

NO,-N in effluent

25 percentile | 75 percentile
2.17mS/em | 246 mS/cm
254 mé/h 316 méh

25 mg/t 32 mglt

29 mg/t 43 mg/t
7.3°C 76°C
329/t 349l

1.8 mg/¢ 2.4 mglt

136 m¥h 199 m3¥h

7 mg/t 10 mg/t

During the settling test the height of the Sludge water interface

ismonitored by amoving scanner. Background lightisprovidedin
an oppositedirectiontothescanner. The scanner movesdownward
fromtheupper reference point. When it reachesthe sludge bl anket,
it detectsadecreasein light intensity. The distance covered by the
scanner and the time elapsed since the start of the settling experi-
ment yield a first data point of the settling curve. The scanner
subsequently movesback uptothereference point and comesdown
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observed phenomena to variations in
process parameters registered by other
on-line sensors. In other words, it must be verified if new cause-
effect rel ationships can be detected. With this purposein mind, the
settlometer was placed at the Klagshamn plant (Malmo Water,
Sweden). Thisfull-scale wastewater treatment plant iswell suited
for thistask asit isrich in on-lineinformation (Fig. 3). The plant
has, among others, on-line measurementsfor influent flow, Sludge
recycleflow, sludge concentration both in the aeration tank and in
the return sludge, oxygen concentration, airflow to the basins,
temperature, conductivity, NH*,-N in both the influent and efflu-
ent, NO -N before the denitrification and in the effluent, and
measurement of the sludge blanket height in the secondary clarifi-
ers. Thekey parametersof thisplant aresummarisedin Table 1. In
order to give the reader an idea of the range over which the
parameters varied during the observation period Table 2 givesthe
most relevant process variables with their 25 and 75 percentile.

For the further understanding of this paper, it is good to pay
special attentiontothereaeration tank. Inthistank the nitrogen gas
produced during denitrification isstripped of f and themixed liquor
is returned to aerobic conditions. A more detailed description of
this plant can be found in Nyberg et al. (1996).

The settlometer sampled mixed liquor just beforethe overflow
weir in front of the secondary clarifier. At this specific place a
sludge concentration probe was present. In the sampling routine,
enough time between two samples was provided in order to make
sure that the tube between the sampling point and the settlometer
was emptied.

Available on website http://www.wr c.org.za



1.8

4.2

1.6

propertiesassuch arenot affected. Theregular patternin
the sludge concentration is caused by the diurnal varia-

tion in the influent flow rate in combination with the

1.2

constant recirculation flow. This cycle is found in the
evolution of Vs,

1.0

Consequently, in order to be able to observe the
evolution of the settling of the sludge as such, it is

Vs (m/h)

necessary to remove the effect of the sludge concentra-
tion on the settling velocity. The effect of the sludge

0.6 F

concentration on the settling properties is generaly
described by Eqg. (1). Removal of the effect of X there-

0.4
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3.0 (n). At time 245 h, off-line sedimentation tests were

performed with different initial sludge concentrations.
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Figure 4
-——Vs (m/h) and ------- X (gh) as function of time (h)

2.8 This was done using a 2 m tall column with equal
diameter and type of stirrer asfound in the settlometer.
Samples with different initial sludge concentrations
were obtained by diluting the sludge (obtained at the
settlometer sampling point) with effluent uniformly
ranging from 2.7 to 1.3 g/t. The initial sedimentation
velocities were evaluated as a function of the sludge
concentration. TheV esilind parametersweredetermined
whichresultedinavalueof -0.61 m*¥kgfor nand avalue
of 7.5 m/h for k with a correlation coefficient of 0.991.

These parameters make it possible to convert the ob-

L ll

served V stoasedimentation vel ocity value standardised
to the sludge concentration (Vs'). For the standardisa-

, h tion of Vsasludge concentration of 3.3 g/¢ was used as
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the observation period. In this standardisation scheme,

the Vesilind parameter (n = - 0.61) together with the

measured X and Vsarebroughtin Eg. (1). Inthisway an
expression is obtained for k. This expression together

0.2 T T T

with the fixed n yields Eq. (2).
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Figure 5
Vs’ (m/h) as function of time (h )

Results

During the 23 days observation period, 395 sedimentation curves
were recorded. This period was characterised by stable operating
conditionsand by the absence of rain. Asaconsequencethesludge
blanket remained below the detection level (0.5 m) of the sludge
blanket hei ght meter during thewholeperiod. Thesludge sedimen-
tation curves were recorded with the stirrer of the settlometer
activated. Without stirring, thesludgeblanket descended only 5¢cm
during a 35 min. sedimentation period. With the stirrer on, the
sludge front descended around 40 cm. Experience with thisdevice
has |learned that such alarge difference between stirred and non-
stirred settling curvesismainly observed withfilamentoussludges.

At times260 h and 261 h no sedimentation wasobserved at al,
and hence, the settling velocity was zero. In Fig. 4 the evolution of
Vs and the sludge concentration is given as a function of time.
Variationsin Vsrun up to 30% of the average value and follow a
regular diurnal pattern. Risesin Vsare clearly accompanied with
decreasesin X and viceversa. Theinfluence of the sludge concen-
tration on the settling velocity is well-known and is explicitly
recognised in mathematical sedimentation modelsinwhich sludge
concentration and Vs are negatively correlated (Cho et al., 1993).
Changes in X result in changes in Vs while the sludge settling

Available on website http://www.wr c.org.za

480

Vs= k*en (Vesilind, 1968) 1)
VS = Vs* g061* 33 (2)

An analogous procedure with a fixed k yielded an
equivalent standardised value. The standardised values are shown
inFig. 5. If the sedimentation propertieswoul d have been constant
(k and n constant), Vs should have been constant throughout the
observationperiod. ThevariationsinVs' arelower comparedtothe
variationsobservedinVs(Fig. 4). Still aregular, nearly daily, drop
in Vs could be detected. At most of those instances gas bubbles
could be observed at the surface of the sludge flocs. The occasions
onwhich adropin Vs was accompanied with the observation of
gas bubbles are marked with * on Fig. 5. The absence of sedimen-
tation at 260 and 261 h and the occurrence of rising sludge at 137
and 212 h fit within this recurrent pattern. The detection of rising
sludge was concluded from sedimentation curvesoriginating from
situation where, after an initial decrease of the sludge blanket
(allowing the calculation of V's), a sudden rise was detected (Fig.
6). Inthebeginning only asmall number of particlesroseto thetop,
but after sometime more and more sludge particlesaccumul ated at
the top of the settlometer resulting in the detection of a sludge
blanket at the top. At the other instances marked in Fig. 5 the
bubbles only caused a decrease in sedimentation vel ocity without
causing the sludge to rise.

The formation of nitrogen gas bubbles and the detection of
rising sludge in the settlometer is rather remarkable. Henze et al.
(1993) stated that in order to obtain rising sludge through endo-
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Phase plot of Vs’ (m/h) and airflow to the reaeration basin (m/h)

genous denitrification, residence times of more than one hour are
needed at temperatures of 15 to 20°C. The sedimentation periodin
the settlometer is limited to 35 min. Furthermore, the water tem-
perature was only 7.5°C on average, which should slow down the
denitrification considerably (EPA, 1993). The mixed liquor enter-
ing the settlometer had a dissolved oxygen (DO) concentration of
around 2.5 mg/t. Hence it can be stated that the reaeration tank is
successful in restoring aerobic conditions in the mixed liquor.
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Horan (1991) stated that the hydraulic residence time in the
reaeration tank should be more than 5 to 10 min. Asthe hydraulic
residence time in the actual compartment was more that 10 min.,
this operational condition is fulfilled. Off-line analysis of the
effluent showed aBOD, less than 5 mg/¢. One argument that isin
favour of rising sludge is the fact that more than 6 mg NO,-N is
present which means that there is enough nitrate present for the
formation of nitrogen bubbles (Henze et a., 1993). Also, the
hydrostatic pressure in the settlometer is less than the one at the
bottom of the full-scale clarifier. This lowers the amount of
nitrogen (N,) that has to be produced before nitrogen bubbles are
generated. On the other hand, it must be stressed that in all
experiments the hydrostatic pressure in the settlometer was con-
stant, while rising sludge was only observed at very specific
instances. Inconclusion, it can be stated that the observationsmade
are connected with the system dynamics. In the full-scale clarifier
no major onsets of rising sludge could be detected. Nevertheless,
inthefull-scale effluent, some sludge particles could be observed.

In order to investigate the effect of the reaeration intensity on
the sedimentation properties, an experiment was performed on the
full-scale plant. The airflow (Q,) was increased during a short
experiment to favour the stripping of nitrogen gasand increasethe
DO concentration in the reaeration zone. Between time 288 h and
time 310 h the aeration setpoint was increased from 2 to 2.5 mg/L.
Hereafter, between time 310 h and time 358 hthe air supply to the
reaeration tank was fixed at a high level (260 m?¥h), resulting in
oxygen concentrationsaround 4 mg/¢. Theevolution of Vs’ during
thisperiodisgivenin Fig. 7.

During the period with increased aeration the mean sedimen-
tation velocity was at ahigher level and the daily negative peak in
Vs was smaller. (Furthermore, the increase in the airflow was
accompanied with an increase in the settling velocity). Due to a
technical failure it was unfortunately not possible to monitor the
sludge settling characteristics at the moment the aeration intensity
was put back to the norma level. When the settlometer was
operational again, the sludge sedimentation was again similar to
the one observed before the increase in airflow. Consequently, it
can be stated that an increase of the aeration intensity in the
reaeration cell had asignificant and positive effect on the sedimen-
tation characteristics of the sludge.

In order to obtain abetter picture of theeffect of Q, onVs' for
the whole observation period both variables were put into a phase
plot (Fig. 8). High aeration intensitiesare associated with high Vs
values: alinear relationship between the two can be found with a
regression coefficient of 0.26. ANOVA analysis showed that this
regression is statistically significant. The low regression coeffi-
cient points out that only 26% of the variance of the measurement
pointsisexplained by theregression. Thiswas somewhat expected
as dudge sedimentation is influenced by many other parameters.

This analysis was repeated with the experimentally observed
Vs. An analogous regression was found but now the regression
coefficient wasonly 0.16 which pointsout that the correction of Vs
for X was useful.

Vs wasalso plotted against other parameters. Only for theDO
concentration in the reaeration zone a statisticaly significant
relationship could be detected. Thisrelationship is of course only
areconfirmation of the correlation with Q. The other parameters
did not vary enough to have a detectable influence on Vs'.

Discussion

Thefact that theevolution of Vsfollowstheevolutioninthesludge
concentrationindicatesthat thedatagathered by the settlometer are
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meaningful. During the evaluation of the settling properties, it is
necessary to remove the effect of the sludge concentration on Vs.
This was done by creating a settling velocity standardised for
sludge concentration (Vs') and using this as atool to reduce the
effect of X on the settling velocity. In literature a technique is
described which allows the extraction of two parameters from a
single batch sedimentation curve (Fitch, 1983). However, this
technique requires plotting the height of the compression zone.
These data were not available during the observations and would
have required a density scanning device (Fitch, 1983). Moreover,
thesettling curvesrecorded by the settlometer arediscreteand from
time to time noisy (e.g. Fig. 6) where Fitch’'s approach assumes
continuousdatawithlimited noise. Thereforethetechniqueusedin
the present paper can be seen as areasonable alternative.

The standardi sation technique used in this paper requires that
the parameter n of the Vesilind equation is constant. | n the present
study, the sedimentation properties changed and consequently it
cannot be guaranteed that thisconditionisfulfilled. ThereforeVs
should be seen asatool to detect changesin the settling properties.

In situations where the settling properties are constant, n is
constant and consequently theresulting Vs will be constant. Inthe
present study this was not the case, so it can be stated that real
changes in the settling properties were detected.

Thesettling propertiesappeared to changeonadaily basis. The
detection of nitrogen bubbles and the occurrence of rising sludge
areexplained asbeing related to denitrification. For theappearance
of rising sludge in the short batch settling experiment, different
complementary hypotheses can be put forward:

e The reaeration compartment succeeds in making the bulk
liquid aerobic but in the sludge flocs anoxic zones remain
(Focht and Verstraete, 1977).

e The nitrogen gas is only stripped partially from the sludge
flocs. Rising sludge and periods of slow settling sludge oc-
curred at momentswhen the airflow to the reaeration compart-
ment was low. The formation of nitrogen gasislimited by the
added amount of carbon source. During the study the amount
of carbon added was constant in time. Hence, at low aeration,
the stripping intensity islower while the nitrogen formation is
constant as the latter is limited by the carbon.

¢ Part of theethanol isstored in the cellsand makesit possibleto
denitrify faster compared to the strictly endogenic conditions
assumed in the calculations of Henze et al. (1993).

Thefact that no major onsets of rising sludge were observed inthe
full-scale plant can be explained by:

e Thelow loading of the clarifier.

¢ Rising sludge was only observed in the settlometer for a short
period, only one batch sample at atime. This was maybe too
short in order to significantly affect the settler.

¢ At these times when rising sludge was observed, the actual
recycle rate was very high (200%).

e Thehigher hydrostatic pressure at the bottom of the full-scale
clarifier compared to the settlometer.

Use of the settlometer at thisfull-scale wastewater treatment plant
revealed its ability to detect short-term variationsin settling prop-
erties. Further, theusefulnessof areaeration zoneisobvious. Atthe
studied wastewater treatment plant, the mixed liquor entering the
clarifierisduringashort timeinterval onanearly daily basiscloser
to gas saturation than during the rest of the day. The aeration
intensity inthereaeration tank seemsto have positiveeffectsonthe
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settling properties of the sludge beyond the prevention of rising
sludge. Therefore, insystemswheretheclarifieriscritically loaded
it may be interesting to increase the aeration intensity in the
reaeration zone. For the aeration requirements of a average plant,
this would only mean an increase of afew per cent. Furthermore,
by doing so afaster shift from anoxic to aerobic conditions would
be achieved. This should be beneficial to the control of sludge
bulking as it can improve the settling characteristics by means of
population shifts (Wanner, 1994).

Conclusion

During afour-week period anew on-line settlometer observed the
sludge settling propertiesat afull-scal e activated sludge plant. The
datagathered by the sensor are meaningful: the mgjor trendsinthe
settling velocity could be explained by variations in the sludge
concentration. After reducing the influence of the sludge concen-
tration the corrected settlometer data revealed that the intrinsic
settling capacity of the sludge at the observed plant is affected by
thereaerationintensity. Whentheairflow tothereaerationtank was
low the standardised zone settling vel ocity decreased. These short-
term variationswoul d not have been detected without the use of an
on-line sensor. Hypotheses were formulated for the observed
phenomena which appear related to denitrification. It was further
stated that an increase of the aeration intensity in the reaeration
zone could be beneficia to the settling properties of the sludge.
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