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Abstract

This paper describes the production of sewage sludge and the
need for dewatering. Since drying is an energy-intensive
process, mechanical dewatering prior to drying can minimize
the energy needed to reduce the water content respectively
total volume of sludge. The limit for mechanical dewatering,
the so-called bound-water content, is explained. Different
thickening/dewatering devices are described. Some of these
devices require the sludge to be chemically conditioned with
polymers or other conditioners. In order to reduce the amount
of conditioners needed, hydrocyclones for dewatering are
examined.

Hydrocyclones are not state of the art in the area of
dewatering, but some existing literature confirms the
possibility to dewater sludge with a hydrocyclone. The
hydrocyclone's operation mode for this process is different,
compared to the typical classification process. First tests in
small-scale with water and Carolith particles showed that
thickening is possible with a hydrocyclone. The particle
concentration in the thickened flow can be adjusted with a
mechanical device. This device is used to adjust the area for
the hydrocyclone's underflow. For large-scale experiments,
primary sludge and sewage sludge, with and without added
polymer, are used to test the thickening ability of a
hydrocyclone in a wastewater treatment plant. The
experiments show that thickening in terms of increasing the
dry matter content of sludge is possible with a hydrocyclone.
Hence a hydrocyclone is a possible alternative to common
thickening devices or could be used as a pre-dewatering
device.

Introduction

The name sludge is used to describe the precipitated solid
matter produced in sewage treatment or other industrial
processes like drilling, coal washing, etc. [1]. This paper will
focus on the sludge produced in the wastewater treatment
process, the so-called sewage sludge [2].

During the wastewater purification, solid organic and inorganic
pollutants are removed from the water. Soluble organic
compounds are converted to CO2 and biomass. The residues
of the wastewater purification arise as sewage sludge with a
dry matter (DM) of around 2 to 5%. The dry matter itself
consists mostly of organic compounds while the residual 95 to
98% consist of water. Around 2 to 3 liters of sludge are formed
per person each day [3].

Sewage sludge can either be disposed, which is expensive, or
incinerated, which requires prior energy-intensive drying.
From the economic and environmental point of view, it is
necessary to thicken the sludge before it is disposed. During
this process, the solids content of the sludge is increased,
which results in a reduced total mass of the sludge and the
water-rich part is split off. In addition, water must be removed
from the sludge for incineration [4].

Water in Sludge

Since untreated sewage sludge typically consists of less than
10% dry mater, water makes up most of the volume. The
moisture in sludges is classified into four categories [5]:

1.  Free moisture

2. Interstitial moisture
3. Surface moisture
4. Bound moisture

Free moisture can be removed by gravitational settling, since
it is not directly attached to sludge particles. Interstitial
moisture is trapped inside flocs of particles or in capillaries and
can be removed by strong mechanical forces. Surface
moisture is located on the surface of solid particles due to
adsorption and adhesion. Bound moisture is referring to
chemically bound and intracellular moisture [1,5-6].

Sludges containing particles with large surfaces, like waste-
activated sludge, have a high content of surface water.
Surface moisture is unlikely to be removed by mechanical
dewatering, but can probably be removed by drying [6].

With mechanical dewatering only free water can be removed
from sludge. Free water consists of free, interstitial and
partially surface moisture. The bound water, which cannot be
removed by mechanical dewatering, consists of the chemically
bound and intracellular moisture, and partial surface moisture.
The theoretical limit of mechanical dewatering is the removal
of the so-called free water [5].

Intracellular and chemically
bound moisture
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Fig. 1: Moisture distribution in sludges; adapted from [1]
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Conventional Thickening Methods

A sedimentation basin is a very common method for
thickening. The main disadvantage is that a very large area is
needed.

A similar method is the so-called flotation basin. The large
space-requirement and higher operational costs are
drawbacks for this method.

Decanter centrifuges contain electromechanical parts, e.g.
motor and gears, and therefore have higher maintenance
costs.

Hydrocyclone for Thickening

In most literature only the four methods, as mentioned above,
are listed for mechanical dewatering. In this chapter, the
method to use a hydrocyclone for dewatering shall be
discussed.

In most hydrocyclones, the bypass fraction equals the water
recovery to the underflow. The bypass fraction is the partition
number T(d) for small particle sizes. The bypass fraction refers
to the fraction of particles in the feed which bypass the
classification and land in the coarse stream (underflow). In
small hydrocyclones with small cut sizes (cyclone diameter 10
mm, cutsize < 5 ym) the bypass fraction is considerably larger
than the water recovery to the underflow. Consequently, the
particle recovery is larger than the water recovery, resulting in
high concentrations in the underflow [7].

Dubey et al. examined the underflow discharge pattern
concerning the dewatering performance. The three discharge
patterns are, from left to right: the spray discharge, the
transitional and the rope discharge, as depicted in Fig. 2.

S

Fig. 2: Discharge patterns of a hydrocyclone [8]

The results in Fig. 2 are depicted in Fig. 3 and show that the
roping condition is yielding a higher solids concentration in the
underflow, which is favorable for dewatering. Rope discharge
is also likely to occur when the viscosity of the feed is high,
like it is for sludges [8].
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Fig. 3: Solids ratio in underflow as a function of the solids
feed concentration in roping and spray discharge [8]

Thickening and Separation Efficiency

The thickening factor f; was calculated with the following
equation, where ¢, describes the solid concentration in the
outer underflow 2, and c; describes the solid concentration in
the inlet flow.

Cyz
fo=
The thickening factor is independent from the total volume of
the thickened flow. A high thickening factor can be achieved,
even though the thickened volume is minimal. The thickening
factor alone is therefore not enough to evaluate the efficiency
of a thickening device.

The separation efficiency 1 describes the ratio of the
separated to the total particles.

my:
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The separation efficiency can also be calculated with the
thickening factor combined with volumetric flow ratio of
underflow 2 to inlet flow.

Cyz " Vu
CE * VE

VUZ
n = fE VE

Concept Design and Experimental Setup

In the first step, a concept for the variable thickening of a solid-
liquid-suspension was designed and tested in a laboratory.
After promising results, this concept was scaled up and fitted
to an industrial solution for tests with sewage- and primary
sludge in a wastewater treatment plant.

The underflow is split in two parts. The inner underflow 1 is
leaving the hydrocyclone through the vortex-finder, the outer
underflow 2 is leaving the hydrocyclone between the vortex-
finder and the inner wall of the hydrocyclone, as depicted in
Fig 4.

The underflow-vortex-finder with a mounted conical plug was
inserted into the hydrocyclone. This tube can be moved
vertically up and down. This vertical movement is used to
adjust the area for the outer underflow 2.

The vertical movement was measured with the parameter Ah,
which was zero when the plug was sealing the hydrocyclone
(upper position). The vortex finder including the plug were then
moved down by Ah. According to [9], the solid-concentration
is higher on the outer side of the swirl inside the hydrocyclone.
The conical plug only lets the outer part, the particle-rich
fraction, leave the hydrocyclone as underflow 2.

With the movement of the conical plug the achieved solid-ratio
in underflow 2 should be adjustable. The experiments were
carried out with a constant inlet volumetric flow Ve, a constant
inlet solid-concentration ¢, a variable Ah and a variable
underflow 1 Vus. The experiments were carried out with test
particles (Carolith) and water.
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Fig. 4: Working principle to adjust outer underflow area

The experimental setup for the above described concept is
depicted in Fig. 5. The stepper motor moves the spindle up
and down, while the pipe with the fitted conical plug is
connected to the spindle. The guiding rail provides stability to
ensure a straight vertical movement.

hydrocyclone

m
Conical plug

Guiding rail spindle
Fig. 4: Setup for conceptual experiments
Lab-Scale Results

The results of the laboratory experiments with carolith-water-
suspension are shown in Fig. 5. The thickening factor f; can
be changed by adjusting Ah, while the total separation
efficiency n changes less.
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Fig. 5: Thickening performance in laboratory experiments

Experimental Industrial-Scale Setup

Since the thickening concept was shown to be working in
laboratory, scale-up was the next step. A thickening module,
which could be applied to the flange of an existing
hydrocyclone, was designed and built. This module is shown
in Fig. 6.

Fig. 6: Thickening module for industrial-scale hydrocyclone

The conical plug’s height is adjustable by rotating one of the
outer spindles. Since both spindles are connected with a
chain, each spindle will be rotated the same amount. A flat
steel is mounted onto these spindles, which will move up- or
downwards when the spindles are rotated. The pipe is locked
in between these two steel-parts. The conical plug has an
internal thread and can therefore be mounted to every part of
the pipe, if needed.

This thickening module was mounted onto a industrial-scale
hydrocyclone built for carrying out tests in wastewater
treatment plants. This mobile hydrocyclone, which is shown in
Fig. 7, is called “MobiKlon”.

Fig. 7: MobiKlon [10]

The experiments were carried out with sewage sludge without
added thickening agents. The sludge was provided directly
from the digestion tank, as depicted in Fig. 8. The MobiKlon
was installed as a Bypass before the heat-exchanger,
therefore not interfering with the operation in the wastewater
treatment plant.
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Fig. 8: Process flow diagram for industrial scale experiments
Industrial-scale results

The results of the experiments with sewage sludge are
depicted in Fig. 9. Similar to the laboratory experiments, the
the thickening factor f; can be changed by adjusting Ah. On
the other hand, the the total separation efficiency n changes
more drastically.
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Fig. 9: Thickening performance in industrial-scale
experiments

Discussion and Conclusion

Dewatering is an important unit operation before (thermal)
drying. The maximum dewatering efficiency depends on the
bound water content. A hydrocyclone was tested and is
considered as a potential method for thickening of solid-liquid-
suspensions.

The operation mode in a hydrocyclone for dewatering is
completely different than the operation mode for
separation/classification. The thickening factor f; can be
adjusted by changing the height of the conical plug Ah, which
also affects the total separation efficiency 7. Typically, a high
thickening factor is paired with a lower separation efficiency
and vice versa. To sum up, there will be a trade-off between
separation and thickening operation, which can be adjusted
with the parameter Ah.
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