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VOORWOORD

De problematiek rond de nuttige afzet van zuiveringsslib heeft binnen het RWZI1 2000 onderzoek-
programma ruwim aandacht gekregen. Naast kwaliteitsverbetering van zuiveringsshib kan de omvang
van het probleem worden verkleind door het volume van de hoeveelheid slib, dat vrij komt te
beperken. Enerzids door een verminderde produktie van shb bij het zuiveren van rioolwater,
anderzijds door het drogestofgehalte van het gevormde zuiveringsslib te verhogen o.a door een
verbeterde ontwatering. Aangezien destijds met de toenmalige, veelal op empirisch onderzoek
gebaseerde inzichten en kennis geen substantiéle verhoging van het drogestofgehalte was te

verwachten, is in {990 een fundamenteei onderzock gestart naar shib/waterscherding,

Het onderzoek is uitgevoerd in het |aboratorium voor Scheidingstechnologie van de TU-Eindhoven
door een projektgroep, bestaande uit ir. AJM. Herwijn, drs. E.J. La Heij en ing. P.M.H. Janssen
onder begeleiding van dr.ir. W.J. Coumans en profdr.ir. P.J.AM. Kerkhof. Een belangrijke
bijdrage aar het onderzoek is geleverd door tien afstudecrders van de faculteit Scheikundige
Technologie.

Bij de uitvoering van het onderzoek werd het projectteam begeleid door een commissie bestaande
uit ir. H.A. Mejer (Zuiveringsschap Hollandse Eilanden en Waarden), prof.ir. JH.J.M. van der
Graaf (TU-Delft/Witteveen & Bos), ing. R. Kampf (Hoogheemraadschap Uitwaterende Sluizen),

ir. R.E.M. van Oers (Hoogheemraadschap West-Brabant), profdr.ir. W.H. Rulkens
(LU-Wageningen), ing. G.B.J. Rijs (RIZA) en ir. P.C. Stamperius (STOWA).

Het voorhiggende rapport geeft een overzicht van de verkregen onderzocksresultaten ¢n vormt een
onderdec! van het uit acht deelrapportages bestaande eindrapport, tow.:

- deel | Samenvautend verslag
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- deel 5: Slib-water binding
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SOME FUNDAMENTAL ASPECTS OF SLUDGE DEWATERING

Ir. A.J.M. Herwijn, Dr.Ir. W.J. Coumans and Prof.dr.ir. P.J.A.M. Kerkhof

1 Introduction

Because of the more severe legislaticn there ie a need to find other
solutions than disposal of dewatered sewage sludge on dumping sites and
in agriculture. Smaller sludge volumes and smaller dewatering systems
are needed. Other disposal options that are of interest uow, are
combustion and drying of dewatered sludges. Increasing the dry sclids
content of the dewatered sludge reduces the energy needed for combustion
and drying. Volume reduction of the dewatered sludge can be reached in
two ways:

1. Reduction of the production of sewage sludge by optimizing the
existing waste water treatment plants.

2. Improving existing techniques or developing new teéchniques for
dewatering sewage sludges. The basic aim ies to achieve higher dry
solids content of the sludge cake.

By getting more insight intc the physical and physico-chemical processes

involved in the sludge dewatering process can help us to improve the

dewatering characteristics (high dry solids content and/or more rapid
dewatering) of existing technigues.

In the beginning of 1990 we started a study of some fundamental aspects

of Bludge dewatering in our laboratory, within the larger Dutch research

program entitled "Future treatment technique for municipal waste water

(shortly RWZII 2000)". Participants in the study are Ir. A.J.M. Herwijn,

Drs. E.J. La Heij and Ing. P.M.H. Janssen. The end responsibility is

accepted by Dr.Ir. W.J. Coumans and Prof.Dr.Ir. P.J.A.M. Kerkhof. The

study is financially supported by the "Institute of Inland Water Manage-
ment and Waste Water Treatment (RIZA)" and the "Foundation for Applied

Waste Water Research (STORA)".

One part of the study is aiming for the understanding of physical and

physice-chemical phenomena occurring on microscale, and how these

phenomena manifest themselves on the macroscopic 8cale. Important are
the cresslinks between physical parameters, determined with wvarious
characterization methods. Another part of the study is the develcopment
of theoretical and simulation models predicting filtration and expressi-
on behaviour. These type of models could then be used in the optimizati-

on of dewatering proceases and equipment parameters.



2 The presence of water.

In figure 1 we present echematically the way that water may be present
in Bludge and sludge cakes. In a guspensicon or in a filter cake we may
distinguish a water phase and a floc phase. The flocs are formed from
the basic sludge particles, in many cases with the addition of floccu-
lantse. Flocculants are used to promote the aggregation of basic parti-
cles and in this way improve the release of water of sludges. Floccu-
lants that are usually applied in waste water treatment plants are
FeCl,/Ca(0H}, and polyelektrolytes.

The mechanical behaviour of flocs jin a dewatering process depends on
floc properties and conditions of dewatering as well. Floc properties of
a given sludge depend on amount and nature of the flocculants. The flocs
consist of a skeleton, in which interstitial liquid is present.

The properties of the basic sludge particles vary with place, season and
conditions in the waste water treatment plant. Basic particles, like
microbial cells, or pieces of wood, etc. contain water inside. Further

we will have hydration layers at the particle surfaces.
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Fig. ! Schematic representation of water in sludge



3 Mechanical dewatering,

After a sedimentation atep further sludge dewatering is performed by
means of filtration and expression. In filtration and expression the
water phase moves relative to the solide and/or flocs under the influ-
ence of a gradient in liquid pressure. Dewatering techniques used in
practice are the chamber filter press and the belt press and to a
certain amcunt also the centrifuge.

e P .
FILTER CAKE DISCMARGE 'Q e ‘_/:,

Fig, 2 The chamber filter press.

The conventional chamber filter press is a batch-operating pressure
filter (fig. 2). Frames and corrugated plates are arranged alternately
and supperted on a pair of railses. The saludge is introduced through a
port in each frame and the filtrate passes through the cloth on both
sides of the frame. The liquid runs down the corrugated surface of the
plates. Two cakes are formed simultanecusly in each chamber. The process
is stopped if the two cakes join, the chambers are opened and the cake
is discharged. The types of flocculants that are used in this dewatering
technique are FeCl,;/Ca(OH),

The belt filter presa is a continucus pressure filter (fig. 3) which
usually combines gravity drainage with mechanical squeezing of the cake
between two running bkelts. Liberated water pagses through the belts.
Polyelektrolytes are the type of flocculants used in this technigque.
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4 Characterization of sewage sludge.

Characterization of sewage 8ludge means determining chemical and
phyeical properties, which are of importance in the dewatering process.
I will give s8ome resulte concerning a few characterization methods
available in cur laboratocry.

a. Particle size distribution and particle morphology,

These two characteristice represent the initial conditione o©f the
flocs as they enter the dewatering process. Besides laser-diffracti-
on equipment alsoc the optical image technique and electron microscopy
are important to get impressions of irregularities in shape, and of
gtructure.

b. Water binding and transport.

Since water may be present in various ways, it is of interest to
quantify the several types of water.

Drying experiments on filter cakes may be analysed in terms of an
effective water diffueiocon ccefficient and ite concentration dependen-
ce. The value of the effective diffusion coefficient is a measure for
the bond strength between solids and water. From a drying experiment
also information ahcut the amount of free and bound water can bhe
cbtained. If in a drying experiment the rate of evapcration remains
constant, free water is transported and mase transfer is limited by
external drying conditions. A decreasing rate of evaporation indica-
tes that mass transfer is limited by diffusion in the sludge cake.

In a drying experiment, which ig carried out in thermal analysis
eguipment, weight loss and the energy required for evaporaticon are
measured &imultaneously. With these data the bocnd energy between
eludge particle and water can be calculated as a functien of the
water content of a sludge cake sample. In figure 4 a result is given.

Lowering the water content of a sludge cake sample from 5% increases



the bond energy enormously. Sc it is very difficult to release the
lagt remainders of water in a sludge sample by mechanical means. This
information is of importance for a better understanding of the drying
process of sewage sludges.
Freezing curves of sludge cakes may also provide information on the
amounts of free and hound water. Bound water is by definition not
available for crystallization. The bond energy of the bound water is
larger than 2330 kJ/kg, being the crystallization energy of free
water. From these experiments it can be concluded that the bound
water content of a sludge cake is about 0.4 kg water/kg dry solids.
The water vapour isotherm, which is the equilibrium relation between
the water content of a sludge cake sample and the relative humidity
cf the surrounding atmosphere, provides additional information on the
bound water. This information can be obtained in two ways:
a. A decreasing relative humidity with decreasing water content of

the pample indicates the presence of bound water in the sample.
b. By measuring sorption-isotherms at different temperatures the

bond energy can be quantified as function of moisture content

using the Clausius-Clapeyron equation.
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Fig. 4 Bond energy as a function of water content of a sludge

sample.



c. Phymicoc-chemical aspects.

For a better understanding of the dewatering process we study the
colloid-chemical aspecte. Interesting elementa of atudy are floc
formation, strength and structure and the consequencea for the
engineering aspects. Measurements of zeta-potentials for various
additives are carried out to study floc formation procesees. The
zeta-potential of a sludge sample is determined with the Electrokine-
tic Sonic Analyelis System. The floc formation process, which occurs
when a certain amount of FeCl, is introduced in a Bludge sample, is
known as sweep flocculation. The metal ions form metal hydroxide
complexes in the agueous solution, which adsorbk at the sludge parti-
cle surface. Sludge particles Burrounded by layers of metal hydroxide
complexes stick tc each other and so flocs are formed.

By measuring the reclcgical properties of a sludge sample with a

Couette-rheometer, the strength of floce can be determined.

5 Theoretical and experimental investigation into the solid-liquid

separation process.

The conventional filtration theory has been derived for particles with a
closed surface. It is known that flccs may have an open structure (see
fig. 1). Therefore Kerkhof [1]) developed the "DUAL FLOW MODEL", which
takes into account that water flows both through the pores between the
fioce and through the floce themselves. Thus, compared with the conven-
tional approach, now the liquid between the floce is less decelerated at
the floc surface for a given pressure gradient.

Further, the model allows the estimation of the effective permeability
cf a bed with permeable particles. The effective permeability of a bed
depends on the porosity cf the filter cake ¢, and the internal floc
porceity €, (see fig, 1).

From gimulatione we may conclude that the flow through the flocs causes
a large increase of the bed permeability especially for lower sludge
cake porosities {€, <0.1). See fig. 5.

The "“DUAL FLOW MODEL" is a good base for further refinement and experi-
mental study. It will be especially cof interest tc investigate the
peparate deformaticns of flocs and filter beds in a filtration or
expression process. Now deformation means that the porosities of bkoth
the flcc and the filter bed change and sc the effective permeability of
the filter bed will be influenced.



relative bed permeabliity
Ket!/Kbed,sol pemabfa flocs: eps‘f = .80

y

0.01 0.03 0.1 0.3 1
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Fig. 5 Relative permeability of porous floc bed K, compared to closed
particles K,,,. as a function of bed porosity eps,bed with relative floc
size df/de as parameter; df = floc diameter, de = diameter of elementary

floc particles. Floc porosity eps,floc = 0.80.

The model description of filtration and expression requires a more
detailed analysis. However, interesting observatjons for practice can be
obtained from laboratory tests, such as filtration of a sludge sample
under constant gas pressure. By fitting the experimental relation of
filtrate volume over time, we find an average value of the specific cake
resistance. In fig. 6 we see the influence of the addition of FeCl, on
the specific cake resistance. It is clear that the resistance decreases

upon addition to a limiting value. The decrease is gquite atrong.

H "3 z 4 ] -]

specific cake resistance {*10°12 m/kq)

%FeCl; on dry sclids base

Fig. 6 Specific cake resistance as a function of the amount of added
Feci3.



Enocther laboratory test is the compression-permeability cell, In thise
cell the compressicn bhehaviour of a sludge cake can be studied. With
this device the empirical relationship between cake porosity and cake
permeability can be determined. Also the relation between cake porcsity
and compression pressure can be measured. These empirical relations
provide baeic data for the "DUAL FLOW MQDEL"“.

Increasing pressure during a filtration cycle wusually decreases the
ligquid content of filter cakes. However, highly compressible cakes, like
sBewage sludges, do not reepond directly to an increase cf filtration
pressure. During filtration of sewage sludge a ekin with a lcow porosity
and a high flow resistance is developed next to the filter medium
(porous sheet or cloth). To improve deliquoring of s8uch cakes, the
direction of the liquid flow can be reversed at the end of the filtrati-~
on process. When reverse flow takes place, the skin serves as a piston
which compresses the unconsolidated portion of the cake. In this way
lower final moisture contents in filter cakes can be achieved. BAn

experimental device will be developed to study this phenomencn.

6 Final remarks.

In the study of scme fundamental aspects of sludge dewatering we try to
get a better undersgtanding ¢f the sludge dewatering process. Therefore,
sludge is characterized in several ways. It s important to find
crosslinks between physical parameters determined with the characte-
rization tests. Another important element of study is the thecretical
description of the dewatering process. Hopefully, new insights can be
used for optimization of procese conditicons and design of new dewatering

eguipment in the future.
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SOME FUNDAMENTAL ASPECTS OF SLUDGE DEWATERING
Piet J.AM. Kerkhof

(Laboratory for Chemical Process Engineering, Dept. of Chemical Engineering,
Eindhoven University of Technology, P.O.Box 513, 5600 MB Eindhoven, the
Netherfands)

SUMMARY

An overview is given of major fundamental aspects of sludge dewatering. First the
presence of water in sludge and filter cakes is treated schematically. Subsequently
attention is paid to the changes taking place during filtration and expression, the
major changes being those in local porosity inside flocs and between the flocs. For
the description of the flow through a bed of permeable flocs a new, simple
approximating model is proposed : the "DUAL FLOW model". This allows the
estimation of the effective permeabini,; of a bed with permeable particles; from
simulation follows that for compressed beds the contribution of the flow through
the flocs can be much higher than that of the flow in the small open spaces
between the flocs. Simulations of the expression of a floc indicate that during
fitration and expression the local floc porosity will very fast reach equilibrium with
the local compression pressure. From these considerations it follows that major
focussing points for further study are :

- a more detailed insight into the relations between porcsity, permeability and
pressure distribution during filtration and expression

- theoretical and experimental insight in the size, strength and permeability of flocs,
in dependence of structure parameters and pretreatment.

1. INTRODUCTION

.1. General

In the beginning of 1980 we started a study of some fundamental aspects of
sludge dewatering in our laboratory, within the larger Dutch national project
"Municipal Waste Water Treatment 2000 (RWZI-2000)". A team of three full-time
project members (ir. Arend J.M. Herwijn, ir. Erik J. La Heij, ing. Paul M.H. Janssen)
took up the study in cooperation with dr.ir. W. Jan Coumans and myself. Basic aim
of the study is the understanding of physical and physico-chemical phenomena
occurring on microscale, and how these phenomena manifest themselves on the
macrosopic scale. As desired resuits we see the links between various characteri-
sation methods and physical parameters, and the development of theoretical and
simulation models predicting filtration and expression behavicur. These type of
models could then be used in the optimisation of dewatering processes and
equipment parameters. One of the methods used in our study is the drying of filter
cakes or parts, which gives fundamental insights in water transport and binding,
but also gives information from which drying processes for sludge can be modelled
and optimised.



As will become clear in the following an important element will be the colloid-
chemical aspects of floc formation, strength and structure, and the consequences
for the engineering aspects.

I.2. The presence of water

In Fig.1 we present schematically the way that water may be present in sludge and
sludge cakes. In a suspension or in a filter cake we may distinguish a water phase
and a floc phase. The porosity or volume fraction of the water phase is dencted by
£y, and so the volume fraction of the flocs is equal to (1 - ey).

We also use the void ratio ey,

* the volume of water phase per
(The presence of Wateri unit of volume of floc phase :
. | M
34 4 : _ €b
‘ :‘—HOCS €p = - ebj
S 1 ¢
water )

The flocs in turn consist of a
wet skeleton, between which
interstitial liquid is present in
the floc pores. We have then
the internal floc porosity ey,
which is the fraction of the fioc
s - volume, taken up by the liquid.
interst tia; The voiume fraction of the wet

wel floc
skeieton

water skeleton is thus (1 - ¢). The
CJF addtve ayer floc void ratio e is then given
(T with water by :
w add.tive part.ces e
4 with water e, = (2)
. f
ragpay (T ¢p
hydration waler ns.ge % "
layers pan.ces ) o Yo
Looking in more detail into the

flocs we have a collection of
elementary particles, made up
of basic sludge particles and
additives. The basic sludge
particles stem from the waste water plant itself, and thus will vary with place, time
cf year, and other conditions. The additives are dependent on the specific sludge
treatment given before sclid-liquid separations. Now we have water inside the basic
particles, like microbial cells, or pieces of wood,etc. Also we may have spots and/or
particles of additives, which may contain water. Further we will have hydratation
layers at the particle surfaces. For a quantitative account of the amount of water in
the system, one should theoretically make a detailed mass balance of all substan-
ces in a sludge or fiter cake. Although this is useful for scientific purposes, and
aiso for a possible drying step, for the processes of filtration and expression we
may reasonably approximate the water content of a system by

Fig. 1. Schematic representation of water in sludge



Xwi * Xadg1 Xwadd * P18 (1 + ) / pg (3)

xw.cake (1 " Xadd‘1)
in this equation :
X cake = water cortent of cake [kg/kg dry solids]
i = internal water content of particles {kg/kg dry solids]
X,,'jdlt = amount of dry additives/kg dry sludge,
remaining in the siudge flocs {ka/kg ds]
X, add = water content of additive particles or layers
[kg/kg ds]
p| = density of water phase [k@/m?]
& = floc void ratio [m* liquid/m? ds]
ey, = bed void ratio [m3 bed liquid/m? flocs)
Pk = density of (wet) floc skeleton [kg/m3

1.3. Factors influencing dewatering steps

From the above picture we can derive several important factors, all influencing the
dewatering process.

Floc formation

The flocs are formed from the basic sludge particles, in many cases with the
addition of additives. Thus the nature of the basic sludge particles is one cf the
prime factors. This will depend on the treatment plant, the waste water stream fed,
the conditions changing over time. The amount and nature of additives, combined
with the way the process is carried out, is for a given set of basic sludge particles,
at a given concentration determining for the floc formation process. This implies the
way the floc skeleton is built up, the floc size, the initial floc porosity, the chain
length of aggregates, the number of links per voiume of flocc, and the bond
strength between the elementary flcc particles.

Thus the floc formation process determines the initial floc porosity, size and
strength.

Examples of floc size distributions as measured in our lab by means of a Malvern
Mastersizer are given in Figs. 2 and 3, with FeCl,/Ca{OH), and polyelectrolyte as
additives. We see that with increasing addition of FeCly up to a certain point the
distribution tends to go to increasing size; for the polyelectrolyte this effect is much
more markediy. Also interesting is the amounts of both additives needed to obtain
an effect; for polyelectrolytes this is roughly 1/100 of that for the iron compound. It
is clear that other mechanisms will be operating in both cases, and also that in the
case of iron addition the iron hydroxide will form a considerable part of the sludge
flocs.
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Dewatering

In general after a sedimentation step dewatering is performed by means of filtrati-
on, expression and in many cases drying. In filtration and expression the water
phase moves relative to the solids under the influence of a gradient in liquid
pressure. This can be represented by the following equations :

- KPP _ 1 (4)

in which :
Uy = superficial liquid velocity [m/s]
K = permeability [m?)
n = dynamic viscosity [Pa.s]
o = liquid pressure [Pa]
z = distance coordinate [m]
R = fitration resistance of cake (= L/K) [m"]
L = cake thickness [m)

Often is also used the specific filtration resistance « :

a =R/w (5)
with a = spectic fitration resistance {m/kgl
W = mass of cake per m? area (kg/m?]

We may write the relation between a and K by :

o - ‘ (6)
Ps - E
with  pg = density of "bed particles® [kg/m?]
£ = porosity (-]

For the permeabiiity we may write the Blake - Kozeny equation :

3 2
K-_"% (7)
180 (1 - o2
150 (1 - ¢)
with d = effective particle diameter [m]

The conditions chosen in practice with regard to additives and filter aids refiect the
search for a compromise : the material should fiiter well, which would mean a low



degree of deformation of flocs and beds, but on the other hand the final water
content should be as low as possible, which means a considerable towering of the
porosity upon expression. This can be seen from Eq.(3), in which for a low
deformable filter cake the main term in the numerator is that containing the void
ratios: the major part of the water is present in the pores of the bed and in the
interstitial pores inside the flocs.

During filtration there is a build-up of the cake, causing a conversion of liquid
pressure into solid pressure, which tends to compress the cake. This compression
can be viewed as a combination of simuftaneous phenomena :

- expression and volume change of fiocs

- bed compaction associated with floc deformation

- bed compaction associated with shear induced relative floc displacement

Next to the material properties of the flocs, also the choice of process conditions is
determining the way the pressure profiles are built up. A higher filtration rate tends
to increase the pressure gradients, thereby increasing the solid pressure on the
particles, which in turn leads to a decrease in porosity and thus permeability K,
which increases the pressure drop even more. At constant pressure filtration or
expression, the resistance of the filter medium determines the initial flow rate and
thereby also the steepness of pressure gradients in the initial phase of the process.

It is important to realise that it is the combined effect of floc properties and
process conditions, which determines the filtration rate and/or pressure, and the
final water content.

Although the description of fitration and expression reguires a more detaled
analysis, interesting observations for practice can be obtained from ilaboratory
tests, such as filtration of a sample under constant pressure. By fitting the curve of
fitrate volume over time, we find an average value of the specific cake resistance
a,, In Figs. 4 and 5 we see the influence of additives on this average resistance,
again for the addition of FeCl;, and for polyelectrolyte (Rohm KF-945), bcth at a
fitration pressure of 2 bar.

filtration pressure 2 bar

!
1
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“% Fe on d.s.

Fig. 4 Specric cake resistance a,, in case of addition of Fell,



e+ 14

— Ty

filtration pressure 2 l:rarj

S

)
= .
E
te= 13 ¢ .
) F
£
c
3
L]
Te+12 - . L -
s} 5 10 11

g p.e. / kg d.s.

Fig. 5. Specific cake resistance a,, in case of addition of polyelectro-

Iyte

It is clear that the resistance decreases upon addition up to a certain amount. The
decrease is quite strong; comparison with the particle size data shows that there is
no quantitative correspondence between the average particle size and the resistan-
ce. For FeCl, the effect is larger than expected from Egs. (5) to (7), for polyelectro-
lyte it is lower. Apparently the deformation of the flocs and the bed under shear are
alsc determining factors.

In Fig. 6 we have plotted the average specific cake resistance in dependence on
the filtration pressure, which shows a typical power dependence with a power 0.8.

10 ¢ Fe on ds.

T

specific resistance alfa (m/kg)

1e~12
ne

1

filtration pressure (bar)

Fig. 6. Dependence of the specific cake resistance on the fiftration
pressure, for addition of 10 % Fe on d.s.

Although this and analogous tests give a practical insight into filtration and expres-
sion resistances, for treatment of more difficult situations, development of new



equipment and optimizatiocn, more detailed knowledge is required of the distribution
of pressure and permeability over the material and of the development in the
course of time.

2. SOME HYDRODYNAMIC CONSIDERATIONS

2.1. Flow through a bed of permeable flocs : the DUAL - FLOW modet

In considering the modelling of the fitration process we were faced with the
problem that the Blake - Kozeny equation for a bed was in principle derived for
particles with a closed surface, and is based on the concept of the hydraulic radius
of the pores in a bed, connected with the "wetted particle surface" [1]. Now it is
known that flocs may have a quite open structure, and so an extension was sought
cf the theory. The basic assumption is that water flows both through the pores
between flocs and through the flocs themselves. This has two effects for a given
liquid pressure gradient :

- the liquid between the flocs is less decelerated at the floc surface

- liquid flows through the flocs themselves

From a simple approximation starting with laminar flow through a pore of which the
walls are formed by porous flocs we can derive :

U = U heg * Yfoc

L2 Koo+ e M) (1 el K] (8)
=%(A§)[Kb,sol*Kf]

Herein Ky o) is the permeability of a bed consisting of particles of the same size as
the flocs, but with a closed surface, and K; is the permeability of the flocs. The K's
are given by .

ep Cf
150 (1 - gp)?

Kb,sol =

a
ef d2

s Y.

with d, = floc diameter [m]
d, = effective diameter of elementary floc particies [m]

For the effective permeability of the floc bed in relation to that of a similar bed
consisting of closed particles we obtain :



)’ (10)

+

Ko, sol (1 - ey)? eg

3
Kett _ | ef (1 -ey

A &

In order to estimate the importance of this effect we plotted in Fig. 7 this ratio vs.
the bed porosity, for a floc porosity of 0.80, with the ratio of floc size to elementary
particle size as parameter. We can see that for very high bed porosity there is
hardly any influence, the bed behaves the same as for closed particles. For lower
bed porosity, especially for ¢, < 0.1 we see that the flow through the flocs causes
a large increase of the bed permeability, especially at decreasing floc size.

Keft d.sol permel:;:::cz'e tre f ll"gyao
10000 . eps = 1. .
3000 -
1000
300
100
30
10 |
3
1 + T v s
0.01 0.03 0.1 0.3 1
eps,bed

Fig. 7. Relative permeability of porous floc bed compared to
closed particles, as function of bed porosity with relative floc
size as parameter

Suppose that we can approximate the equiiibrium void ratio of the flocs by

g7 (1 + &) (11)

with ey = inttial floc void ratio i-]
Ps = solid pressure [Pa]
a = coefficient {Pa’']
Yy = floc compression coefticient [-]

In this hypothetical relationship is reflected that a more open floc will be weaker.
Now for a bed we may assume that a small deformation and displacement of flocs
causes a much larger change in bed porosity than in floc porosity :



ey ef)ﬂ (12)

€ho €0

with B = bed compression exponert {>1}  [-]

In Fig.8 the simulated effects of the compression pressure on the porosity of the
flocs and of the bed is shown.

loca! fioc and bed porosity
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Fig. 8 Simulated effect of local solid pressure on porosity of flocs
and of bed.

in Fig.9 the permeability of the bed with porous flocs is now compared with the
initial permeability, for cifferent local (uniform) solid pressures. The dotted lines
represent the change in permeability of the spaces between the flocs, the drawn
lines show the permeability through the whele bed. It is again clear that for tty smal:
floce considered in this simulation a considerable amount of the total flow goes
through the flocs. Also a considerable decrease is seen of the bed permeabiity
with increasing pressure.

in Fig.10 again the relative permeability is plotted vs. the compression pressure,
but now for targer flocs. We now see that the difference between a bed of flocs
and a bed of closed particles is considerably less; the contribution of floc flow is
here relatively low. This leads however to a much stronger decrease in overall
permeability than in the case of smaller flocs.
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Fig. 9. Simulated effect of solid pressure on permeability of a bed
of porous flocs. Small floc size.
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Fig. 10. Influence of the solid pressure on permeability of a floc
bed. Larger flocs.

In conclusion we may state that this mode! is a good base for further refinement
and experimental study. It will be especially of interest to investigate the separate
@beformations and porosity changes of flocs and beds, and the changes this brings



in overall permeability.

2.2. Dynamic flow through compressible beds: application to flo¢c expression

2.2 1. Description of theory

The theory of dynamic changes in pressure and porosity profiles during filtration
and expression has been reported by several authors [2-4]. The basic equation for
the porasity change in one-dimensional flow reads :

Herein 1 is the distance coordinate with respect to a fixed coordinate system.
We assume a modified version of D'Arcy 's law :

v -V :-.ﬁ[ap'} (14)
| 5 n e -
with v, = lnear liquid velocty [m/s]
v, = Jinearvelocity of solids [m/s]

The retation between the linear and superficiat velocities reads

Uy
V| = ..E.
(15)
uS
Vg = 5
Assuming no net volume production we have :
U+ Ug = U » f(r) (16)

Herein u, is the total net convective flow per m<, which for filtration is equal to the
filtrate flow per m?, and for expression is equal to 0.
Negiecting gravity terms we have for the force balance

Pl + Ps = By
17
My P (17)
or o

Combination of Egs.{13) - (17) leads to the differential equation :



g . 2 S - (1) Y3 B (18)

DG

in which it .5 assumed that there is a unique relation between ¢ and ps.

The boundary conditions depend on the type of operation. For filtration we have :

r=0  -u =Ry (P,.o - Po)
m Lr (19)
r = R(1) € = gg
with R, = resistance of fiter medium [m /Pa/s]
r=20 place of filter medium
R(t) = coordinate of cake from [m]
For the case of expression we have :
de
r=40 = (
& (20)

with r=10 coordinate of impermeable surface or of symmetry plane
R(t) = coordinate of expression front (m]
E = porosity in equiiibrium with applied solid pressure [-]

The latter boundary conditions apply when the resistance of the medium with which
pressure is applied is very low. In case there is a considerable resistance, a
conditicn similar to Eq.(19) should be applied.

Solution of the differential eguaticn can only be done numerically. Before doing that
however a change of coordinates is necessary, taking the solids volume or mass
as measure.

2.2.2. Application to expression of a sfudge floc

As follows from the considerations of the DUAL FLOW model, for a theoretical
description of a filtration or expression process of a bed one should know the
changes both in bed and in floc porosity. Therefore it was thought interesting to
model the expression of a floc. The system considered is that of a flat floc, which
has a thickness 2 Ry and is expressed symmetrically in the r-direction. The
equations of 2.2.1. were transformed to solids volume coordinates, and a modified
Crank-Nichoison finite difference scheme was used to solve the equations. For the
effect of solid pressure on the equilibrium void ratio Eq.(11) was used. In Fig.11 the
calculated porasity profiles for a floc with an initial thickness of 200 pm are given.
Initially there is a very steep gradient at the expression surface, but in progress of



time the porosity profile penetrates into the heart of the floc.

Expression of a sludge floc
internal porosity profiles

09 - porosity cormpiession prassure - 10 bar
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Fig. 11. Porosity profiles inside a floc during expression

In Fig. 12 we see the profiles of the solid pressure as this penetrates into the fioc.
we see that the pressure profile remains very steep near the fioc surface, and only
refaxes in the last phase of the expression.
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Fig. 12 Profifes of solid pressure inside a floc during expressi-
on.

in Fig.13 the average porosity of the floc is given vs the expression time. We see
that for this case the largest part of the expression takes place within 1 ms. From
this, and other simulations we conclude that within a larger scale filtration or



expression the local floc porosity may be considered to reach equilibrium with the

local compression pressure within a very short time.
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Fig. 13. Average porosity of 3 floc during expression in the
course of time.

3. ELEMENTS OF FURTH~R RESEARCH

3.1. Experimental

The general target for furtb-r experimental work may be formulated as :

obtaining insight into the relation between composition, treatment and physi-
cal properties of flocs an:' cakes.

As foliows from the varic:  considerations given above we may see as important
physical properties :

1. Particle size distributic  nd particle morphology

These represent the initiz. conditions of the flocs as they enter the dewatering
process. Next to laser-diff action equipment also analysis of optical images and
electron microscopy are im >ortant to get impressions of irregularities in shape, and
of structural aspects.

2. Physico-chemical aspec:s

ft is of great importance i lay the relation between the various factors influencing
floc formation and the floc size, strength and structure. This means that measure-
ments should inciude 2¢:a-potential measurements for various additives, the
measurements under 1. ar d rheglogical measurements. Important is aiso to study
the properties in relation to different floc preparation methods. Maybe special
methods should be devisel to measure floc strength directly.

3. Water binding and trans jort

Since water may be present in various ways, it is of interest to determine the




amounts. This may for a part be done by indirect methods. Experiments on
freezing curves and the determination of water vapour sorption isotherms may
provide information on the amounts of free and bound water. Drying experiments
of filter cakes may be analysed in terms of the effective diffusion coefficient, which
is related to the pore size distribution [5]. An example of some typical drying
curves is given in Fig.14. The upper curve is for the more open part of a cake, the
lower one for a sample near the filtter. It is clear that the drying rate is influenced
strongly by the differences in compression. Drying experiments thus offer a
possibility of obtaining insight into the pore sizes and the liquid flow for cakes with
different histories. Of course the information isalso needed to design and optimize
drying equipment.

4. Macroscopic water transport and filtration properties

A systematic investigation is needed into porosity, permeability and deformation of
flocs and beds, as influenced by the initial floc properties and the process varia-
bles. One aspect is to carry out standard tests, such as the Capillary Suction Time,
the (Modified) Filtration test. However for better understanding special experimenta!
methods have to be devised to measure properties of cakes under homogeneous
pressure conditions. Also it should be verified whether indeed the rate-controlling
factor for cake and floc deformation is the time needed for water displacement, or
whether purely mechanical properties may also play a role. Experimental investiga-
tion of the DUAL FLOW model could be done with model systems.

5_Filtration and expression rate

fn order to verify more fundamental models, of course filtration and expression
experiments under various preocess conditicns should be performed, both in
dedicated laboratory eguipment and in well-instrumented practical scale equipment.

vep -

bottom

dryving rate

Fig. 14. Drying curves of different parts of a fitter cake

3.2. Theoretical modelling

0 The DUAL FLOW mcdel must be tested and possibly refined.
0 For the description of filtration and expressicn dynamics also the transport

through the flocs should be accounted for.



o As in reality fitration is not a one-dimensional process, a model should be
formulated for the transport and deformation in 2- and 3-dimensional situations.

o Modeis for the strength of flocs as dependent on structure may be set up, as
related to efforts in food and polymer technology.

o Models for the analysis of drying experiments will provide insight into the liquid
maotion in small pores.

O For the various standard tests more detailed models must be made in order to
relate the macroscopic outcome to local properties and dynamics.

0 Models for the binding of water must be compared with the outcome of freezing
and sorption isotherm experiments.

o Equipment models must finally be made for the description of large scale
dewatering. These models can then be used for analysis of existing situations and
as a simulation tool for the definition of process conditions or the design of new
equipment.

4. FINAL REMARKS

Although considerable work has been carried out in the past, it is clear that on the
fundamental side still a lot is to be done. As some new elements in this paper the
DUAL-FLOW model was introduced, and a consideration of the expression of a
floc.

In the framewark as sketched here | think it is possible to make a link between all
kinds of tests, fundamental properties, and thecretical descriptions for practical
dewatering processes. This will lead to a much larger predictabiiity of these
processes, and combined with the insight from the physico-chemical effects to
practical solutions in difficult situations.

References

1. Bird, R.B., Stewarn, W.E. & Lightfoot, E.N., *Transport Phenomensz, Wiley, 1960

2. Tiller, F.M. & Shirato,M., "The Role of Porosity in Fittration: VI. New Definition of Fitration Resistan-
ce”, AIChEJ, 10 (1}, 61 - 67, 1964

3. Shirato, M., SambuichiM., Kato, H. & Aragaki, T., "Internal Flow Mechanism in Fiter Cakes,
AIChEJ, 15 (3), 405 - 409, 1969

4. Wakeman, R.J.,, "A numerical integration of the differential equations describing the formation of
and the flow in compressible fiter cakes®, TransIChemeE, 56, 258 - 265, 1978

5. Krischer, O. & Kast, W., "Die wissenschaftlichen Grundlagen der Trocknungstechnik®, 3d ed.,
Springer, 1978



FILTRATION AND EXPRESSION OF SEWAGE SLUDGE
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Filtration and expression behaviour of sewage sludges are studied with batchwise filtravi-
on/expression equipment and the compression-permeability cell. Because there are porosity

the filter cake wnich change continugusly during =t:me, flow rata egquaticns,

Jradients .n
stressg balances, congtitutlve egquat.cns and zoatinuity equations are used to model cthe

filtrac:ion~ and expreds:aon phase. Th filtrarion~ and expressicn Dhase are modelled with

alast.ic material deformation and compared with exper.ments.
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Jressure. not useful. Therefcre <crapngfcrmaticn to solid
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a =2 At T =73 (6)

and the continuity equations leads <o ~*he
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de | ! at w = w7 {9)
Jw 7
2= 8Dyl at w =0 >0 (10)

Tha void ratio or porosity near the filter-

medium Wwlil remain constant during
expression and 18 derermined at the end of
the filtrat.cn Shaaa. The veoid ratci-

o/porosity, hydraulic and compressive pres-
gure at the ctop of zhe cake will change

continuously.

Wich equation {4] we can calculate poros-
ity, compressive-, hydraulic pressure pro-
files, the cake height and the superficial
liguid velocity as a function of time. With
a drainage and expression <ell we can
measure t“he cake heignt and superficial 1li-

quid velocity as a function of time.

In the derivation of =he above mentioned
equations, we made one lmportant assumpti-
on: the porosity &€ 1s solely a function of
the compressive pressure p, . This means

rthe solid skeleton behaves elastic; it

deforms instantanecusly at a given stress.

I there is a time lag =ao deform the solid
skeleton, the solids behave viscous; this
can be either vlsco-elastic or visco-plag-—

tic.
" EXPERIMENTAL

In figure ! a schemat:c diagram of the used

‘ ¢iltrartion/expressicn and drainage device

(inner diameter & com) The out-

13 given.
coming filtrate :8 collected on a balance

and the data are transmitted to a computer

which registrates time and filtrate-
volume, Before carrying out a drainage
experiment, a sSlurry of sewage sludge Lis
nlaced in <the cell and water £flows out
under gravity forces until a cake 1is
formed. Thereafter a llquid layer LS

nlaced on %aop 2f the cake (see figura 1) and
alr pressure wi.. fina.ly determine the draia-
age pressgure., [Or axpression experiments, a
cloged piston 18 placed on top 2f the formed

cake.

L ] Wt
row e -

g
—

~RINF

Figure 1. Schemaric diagram of filtration/dra-

inage/expression devics.
PESULTS

In figure 2 the superficial ligquid velocity u,
vergus time for a drainage exper:ment .35 given
for a sludge flocculated with 11 wr% FeCl,/20
Wwt% Ca{0OH) on dry solids basis. On the basis
of C-P meagurements, results of numerical
calculations with elastic material properties
are shown in figure 3. It can be seen that
there is a discrepancy between measured and
caleculated time scales. (the ghape of <the

curves however i3 the same}. Calculations
that with increased medium resigtance
{in the mcdel the meadium

assumed to be constant) the

showed
during filtration
resistance was
time scale extended only a few seconds and
discrepancy between

could not explain the



supsrbicial iguid velouily u_{imis|

meagured and caiculated =~.mea. Therefcre
thia 4dilfference must pe Zue =S the fact
~hat =the peorosity £ L3 not 3olely a func-
zion 2f the compressive pressure p,. There
is scme time lag which impl:icates visco-
alastic or v7isco-plastic matarial behav-
Lgur.
2.60
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Figure 2. Superficial liquid velocity u,,
versus time, drainage experrment (sludge
flocculated with !l wrs FeCl, and 20 wty
Ca(QH), on dry selids basis; Ap=40 xFPa).
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Figure 3. Calculated superficzal ligquad

velocity versus time; elast:c material

propert.es.

~he average porosity of an ex-
flocculated
The

In figure 4
#L1th a sludge

Ca(CH).

SregsgLon experi.ment

WLth 5 Wtk TeCl,, 23 .ty »8 shown.

final egquil.brium zondit:cn, dniform porosity

st... nct reached aftar Swo hours.

profile, is
In figure 3 =zhe caiculated porosity profiles
based on elast:c material properties of the
axpregslcon exper.ment are 3jhown. The uniform

DOr9s1ity proille .5 iLir=ady reached after = 10

minutes.
178 7
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013 500 kPa
=
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=4
3
a
- ]’
T neer
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i
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Figure 4. Average porosity versug time, ex-—

pression exper:.ment (sludge flocculated with 6§

wtd Fecl, and 20 wt% Ca(0H), on dry solids

basia; ip=500 xPa).
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express.ion phase;




This implies that there i3 visco-elastic or

vigco=~plasti¢ material Dbehaviour during

both the drainage and the expressicn phase.
vhe wvisco-al-

Shiratae et al.” investigated

asticity of clay 3suspensions with a Kelvin-
Yoigt model £for only the expression phase
and used analytical scluticns. To determine

the alastic modulus E and the viscosity of

skelertcn 75, a constant stress

jedel 3Qlids

censor (ccmprasaive uressure) L3 needed.
Howaver, because thare are always pressure
profi.es n the cake during filtra=-

tion/drainage and expression axperiments,
ir is very difficult to obtain E and »,.

T.drefore simple solutions %@ obtain elas-

tic moduli and viscositlies of rheological
modals (e.g. the Kelvin-Voigt model) must
be scught.

rlocculants have great influence on the de-

watering behaviour. Not only on the liquid

flow resistance put also on the visco-elas-

ticity. In figure & the effect of the con-
centration FeCl, on the average specific
cake resistance a,, [m/kg] is shown. This
a4, Lncludes liquid flow and the visco-
alasticity of the solids skeletcon. For
FeCl, this kind of curves can often be
f nd. For sludge flocculated with poly-
alectrolytes often an optimum <an De
found. Measurementa with the C-P cell
showed that there was hardly any change in
zhe g3gpecifi cake resistance when the
flocculant dosage was increased. However

I
filtrartion experiments showed an Limportant

change in a,. Therefore the measured a,,

during a filtration experiment is often a

sum of Lliquid flow resistance and visco-

elasticity/plasticity.
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P
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Figure 4. Specific cake resistance a, versus
dosage feCl, (on dry solids basis}.
SUMMARY AND CONCLUSIONS
Numerical calculationg based on alastic

marerial properties show discrepancies between

model and experiment. This is for both the

drainage- and expressgsion phasa. The equilib-
rium condition after drainage (hydraulic pres-

sure at filtermedium equals zero) and after
expressicn (hydraulic pressure through all the

cake equals zerc, uniform porosity profile)

establishes very slowly.
the filtration/drainage-

This implies that we

and

need to model

expressicon jhase with visco-elastic or visco-
plastic material deformation and that it will
cake long dewatering times to reach high final

dry soclids contents.

Further, floccculants have great influence on

the dewatering time. Optimum conditions lead

to low cake resistance and low visco-elastic

material deformation.
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THE SOLID-WATER BOND STRENGTH IN SEWAGE SLUDGE
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The solid-water bond strength in sewage

sludge has been studied with two different

techniques: thermal analysis and water vapour sorption isotherms. The bond enthalpy as a

function of the sludge cake moisture content provides information on the maximum feasible

dry solids content in a filtration process.

will be presented.

INTRODUCTION

Disgposal of (dewatered) sewage sludge

on dumping sites and in agriculture 1ig
becoming more restricted to severe legis-
lation. Disposal options that are of in-

terest now are combusticn and drying of

dewatered sludges. Therefore the basic aim
of a dewatering process [s to achieve dry
solids contents as high as possible. Sludge
difficult

In the

dewatering is one of the most

problems in waste water treatment.
Netherlands sludge 1is primarily dewatered
by filter and belt

presses presses. In

these types of dewatering equipment, a

filtration and expression phase can be dis-
tinguished [1l]. To get a better understand-
ing o©f the sludge dewatering process,
research on fundamental aspects of sewage
sludge Jdewatering is carried out. Thisg
study 1s part cof the larger Dutch research
entitled Treatment for
RWZI 2000". An im-

portant part of the study is the charac-

program "Future

Municipal Waste Water,

terization of the sludge solid-water bond
strength. Knowledge abcout the sludge solid-

water bond strength as a functicn of the

In this contribution some preliminary results

moisture content gives the possibility to pre-
dict the maximum feasible dry solids content
in a certain dewatering process. The sludge
solid-water bond strength can be obtained from
thermal from water

analysis techniques and

vapour sorption lsotherms.

THE PRESENCE OF WATER

Figure 1 presents schematically the way
that water may be present in sludge and sludge
cake. In a suspension or in a filter cake one
can distinguish a water phase and a floc
phase. The flocs are formed from the basic
sludge particles, in many cases with the
addition of flocculants. Flocculants are used
to promocte the aggregation of basic particles
and 1n this way improve the release of water
from sludges. Flocculants that are usually
applied in waste water treatment plants are
(1) FeCl, in combinaticn with ca{OH), or {(ii}
high cationogenic polyelectrolytes.

The mechanical behaviour of flocs in a de-
watering process depends on floc properties
and conditicns of dewatering as well. Floc
properties of a given sludge depend on amcunt

and nature of the flocculants., The flocs con-

Copyright® A.J.M. Herwijn, D.Q.A. van Dijke,
Eindhoven University of Technology,
"UNPUBLISHED”



sist of a skeleton, in which interstitial

liquid is present. The properties of the

basic sludge particles vary with place,

gseason and conditicns in the waste water

treatment plant. Basic particles, like
microbial cells, or pieces of wood, etc.
contain water inside. Further hydration

layers may be present at the particle sur-

faces.

wet floc
skeleton

interstitial
water

acditive layer
- with water
additive particles
with water
SR

N et "SRV ; )
hydration water insice @ .
layers particles e e e

Figure 1. The presence of water in se-

wage sludge.

THERMAL ANALYSIS: TGAR and DTA

With thermogravimetric analysis (TGA)
the loss in mass of a sludge cake sample,
due to vaporization of water, i1s measured
constant

continuously at a temperaturda.

With differential thermal analysis (DTA)
the heat flow regquired for wvapcrization «f
water out o©of the sludgye zake sample 1s
measured after calibration [Z2].

The TGA/DTA equipment glves the possibility
to carry out TGA and DTA simultanecusly.
Knowing the sample moisture content at the
beginning of the experiment, moisture con-
tent as a function of time can be deter-
mined too. The ratic hbetween vaporlizaticn
rate m (in kg/s), calculated from the TGA-

experiments and heat flow tc the sample

q (in J/s), ohtained from the DTA-experiments,
is egual to the heat of vaporization of water
Hopumee (in J/kg) present in the gample:

H 4 (1)

vap, swlo= m

The heat of vapecrization of pure water is a

function of temperature according to

anp.vater:Hvlp,ntara_ (Cp'_cpw) (T-273) (2)

where:

H i wiierd heat of vaporization of water at
273 K (2501 kJ/kg)

Cp,, = specific heat of water
[4.19 kJ/kg- K]

Cp..~ = specific heat of water wvapour
[1.84 kJ/kg-K]

T = temperature {K)

The bond enthalpy H, {(in kJ/kg} is equal to the
difference between measured heat of vaporiz-

ation and heat of wvaporization of pure water:

Hb:Hle, .mlefﬂvap,ntaz— (3)

With the TGA/DTA technigue the bond enthalpy
can be calculated as a functicn of the sample

molsture content.

EXPERIMENTAL

Experimornts were carried out with sludge
cake samples at constant temperature. Sludge

cakes (diametor: 7 cm, thickness: 1 mm)

wshtained from a filvraticon cell with a pres-
sure of 3 bar 1. To improve the dewatering
pehavicur, reCl, (10 wt% on dry solids basis)
in combination with Ca{(OH). (20 wt% on dry
solids basis) were added to the sludge. In all
experiments, secondary sewage sludge, taken
from the waste water treatment plant 'De Dom-

mel’ in the Hetherlands, was used. In figure

2, a result of a TGA/DTA-experiment is given.
In this experiment a sludge cake sample, hav-

ing an initial mass of 32.5 mg and an initial




moisture content of 3.33 kg.../K9uy v, WAas
submitted to a constant temperature of 353
K. At the sgtart of the experiment the vap-
orization rate and heat flow were relative=-
ly high. In the first drying stage, rate cof
constant and free

vaporization remains

water is transported. In this stage, the
heat of vaporization in the sample 1s equal
to the heat of vaporizaticn of pure water.
At a sample moisture content of 1.5 XQuu./
vaporization rate and heat flow

bond

kgdry solids

start to decrease and the enthalpy
differs significantly from zero. It can be
calculated that water can not be removed by
filtration, when the bond enthalpy 1is
larger than 1 kJ/kg [2]. So, from the graph
given in figure 2 the conclusioen can be
drawn that the maximum feasible dry soclids
content in a filtration process of this
sewage sludge 1is approximately 40 wt% on

dry solids basis.
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’Figure 2.

heat flow and bond enthalpy
| as a function of the sample
‘ molsture content.

 WATER VAPOUR SORPTIOHN ISOTHEFRMS {31

| Another technique to characterize the

‘sludge—water bend i1s measuring water vapour

sorption isotherms. A water vapour scrption
isotherm of a substance is the constant tem-
perature relation between the amount of water
in the substance and its thermocdynamic water
activity a,. Under normal conditicns ideal
behaviour of the gas phase may be assumed and
the a, equals the relative humidity of the gas

phase. Thus:

a, = 2r (4)
pvﬂ
With:
P. = water vapour pressure (Pa].
p., = saturated water vapour pressure at

standard temperature and pressure {Pa].

In case of bond water a, will become signifi-

cantly smaller than 1. a, for a certain system

w
is a function of temperature and moisture con-
tent (O<a,<1}.

In literature about 80 eqguations to describe
sorption isotherms are known[4,5] because the
interactions between water (sorbate)} and dry
substance ({sorbent) are very complex. A rela-
tive simple sorption model with three parame-
ters ig the G.A.B.-model (Guggenheim[6])(1966),
Anderson[7}(1946) and de Boer([8](1953)):

X, Cka,

(5)

X, (1-ka,) (1-ka,-Cka,)

withs:

X, = mass fraction of water on dry solids
basis [Kg.u/ K9y s -

X., = the amount of sorbate adsorbed when all
sites contain cne molecule, also named
completed monolayer [kKGu../XGiy sl »

c, = the Guggenheim constant which depends
on the nature of the interaction
between sorbate and sorbent and the
temperature.

k = factor which corrects the differences

between the properties cf watermolecu-
les in the multilayer and the proper-

ties of pure water.



In this study the G.A.B.-equation will only

pe used for data reducticn and won't be

used for physical interpretation.

From water vapour socrption igsotherms,

meagsured at different temperatures, the

differential enthalpy of wetting can be
calculated by applicaticn of the Clausius-

Clapeyron equation:

81na_~ _H,
| C® (6)
ol3) ),

where:

H, = differential enthalpy of wetting
[ kJ/kmol

R = gas constant [8.31 kJ/kmol - K]

T = temperature (K]

a, = water activity [-]

X, = moisture content [kg,.../kdy, ]

At a given molisture content X the differ-
ential enthalpy of wetting can be found by
plotting 1ln(a,) against 1/T. The slope of

the straight line is equal to H,/R.

EXPERIMENTAL [9]

Water vapour resorption isotherms of

sludge cake samples were determined with

the conventional technigque of

exsiccators with saturated agquesus  Salt

solutions tc control the water activity.
s

The data for the water activity of these
taken from the tables of

(1977)y. For

solutions were

Greenspan{ 10} keeping a con-
stant temperature during equilibration the
exsiccators were positioned 1in a thermo-
stated water bpath (* G.1 K). Eqguilibrium

was assumed 1if two subsequent weighings

gave the same results.

To obtain sewage sludge cake samples,
the same procedure was used as described

before. Frem the obtained sludge cake

twelve samples (rass 1s about 35 mg) with a
diameter of 5 mm and a thickness of 1 mm were
taken. The samples were dried in an oven at
383 K during 24 hours.

The twelve dry sludge cake samples were placed
in twelve different exsiccators, each with
thelr own water activity. At reaching eguilib-
rium ccnditions within 24 hours, the moisture
content of the samples was determined and the
resorption isotherm was conatructed. For three
temperatures (303, 323 and 343 K) water vapour
resorption isotherms were measured.

The G.A.B.-equation is fitted to the measured
rescrption data using the sum of least-squares
method for minimizing the absolute differences
between measured and calculated moisture con-
tents X,. This was efficiently done by using

the Statistical Analysis System package (SAS).
RESULTS
Figure 3 shows the experimental data and

the fitted G.A.B.-equation for three tempera-

ture levels.
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Figure 3. Fitting of the data points
with the G.A.B.-egquation for
the water vapour rescrption
experiments.

For the whole a,-range the G.A.B.-equation




describes the data points very well. 1In
figure 4 the differential enthalpy of wet-
ting H, (in kJ/HQ,...) ig plotted against the
moisture content X, {in kg..../KYuy suts) - With
these data it was possible to calculate the
energy to

remove water per kilogram dry

sclids. The energy needed to reduce the

moisture content of a sludge cake from 0.12
kgmzr/kgdry wie O 0.01 kgwaur/kgdry wid, L3 equal
to 320 kJI/ kG4 st

2500

2000 |

15600

[kJ7kgl

-H

1000 1

500

o s "
0.00 c.04 0.08 0.12

X, [kg water/kg dry solids]

Figure 4. The differential enthalpy of

wetting (H,}

CONCLUSIONS

The TGA/DTA and water vapour sorption
isotherms techniques are promising methods
for characterization of the solid-water

bond strength in sewage sludges. ‘Bond
water’, which is defined as water having a
bond enthalpy H, larger than 1 kJ/kg [2],
cannot be separated in a mechanical dewate-
ring process.

result that <the

It appears from the TGA/DTA

amount o<f ‘bond water’,

present in a sludge cake is equal to 60 wt%

on water base, In this preliminary result

it is not possible to compare the TGA/DTA

and water vapour sorption isotherms

results. This is due to the different pre-

treatment procedures. The water vapour

sorption isotherm technique will be improved
by measuring water vapour desorption isotherms
of sewage sludge instead of resorption iso-
therms.

The water vapour sorption isotherms can be

described very well with the G.A.B.-equation.
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NOTATION
a, = water activity [-]
. = Guggenheim parameter [-]
Con = specific heat of

water [I/kg-K]
C e = specific heat of water

vapour [T/kg K]
H, = bond enthalpy [kI/kg)
Hopvumge = heat of vaporization

of water present

in sample (kJ/kg)
Hopwrer = heat of vaporization

of water [kI/kyg]
H, = differential enthalpy

of wetting {kJ/kmol)

= correction factor -1
= vaporizaticn rate {kg/s)

P = vapour pressure [Pa)
Py = saturated vapour

pressure {Pa]
d = heat transfer rate or

heatflow (J/8)
R = gas constant [J/mol K]
T = temperature [K]
X, = moisture content 1 [ KD er/
b o = monolayer value J KQury seiicn )
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FUNDAMENTAL ASPECTS OF SLUDGE FILTRATION AND EXPRESSION

Enrk J. La Heij and Piet J.A.M. Kerkhof

(Laboratory for Separation Technology, Dept. of Chemical Engineering, Eindhoven
University of Technology, P.O. Box 513, 5600 MB Eindhoven, the Netherlands)

SUMMARY

The filtration and expression behaviour of sewage sludge is discussed. Due to the
increase of costs for controlled dumping and transport and more severe
environmental legislation the need for decreased sludge volumes is rising. Filtration
and expression are the cheapest dewatering operations and it is therefore desirable
to remove the maximal feasible amount of water by mechanical dewatering. High
dry solids contents of 35-40 wit% can already be reached at pressure of 300-400
kPa and optimal flocculation conditions; however at pressures of 6-10 MPa dry
solids contents of 60 wt% can be reached. Further the modelling of the dewatering
is discussed; model and expenment show acceptable agreement.

1. INTRODUCTION

In the Netherlands sludge production from municipal waste water treatment plants is
still increasing, on dry solids base the 1988 production was 282,000 tons and a
consefvative estimate for the year 2000 is 400,000 tons/yr. As is illustrated in Fig.1,
after 1985 the use in agriculture and compost/sail production has been decreasing,
and virtually all the rest has been disposed of by controlled dumping. Incineration
still only accounts for a few % Fig. 1. Production and disposal of sludge in the Netherfands
of sludge disposal. In the future | (after data of Werumeus Buning [1])

the use in agriculture will

decrease due to the increase | ‘% in 1000 tons T
of more severe limits of allowed | 359 | of dry matter ‘ production |
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waste sludge. A decrease of
the sludge water content is of
the utmost importance in all cases to decrease transport costs. For controlled
dumping it is necessary to decrease needed site volume. For incineration it is
needed to operate under autothermal combustion conditions to decrease energy
costs and decrease capital and operating costs by reduction of the flue gas stream
from the incinerator. As stated by van Starkenburg and Rijs [2] in their view of needs
for future research : "The processing of sewage siudge to yield a useful product is in
fact an option of the past. The main objective of the methods of sludge processing
therefore is reduction of the problem by reducing the volume"




Fig. 2. Limuts on heavy metal concentration for the agricultural use of sewage sludge (hased on dara of
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The dry solids content of sludge before dewatering treatment is typically 2-4 wi%,
while after mechanical dewatering in practice dry solids contents of 17-25 wt% are
typical. In some cases ds-contents of 30 wi% have been found. The targets for
dewaternng research may thus be presented as in Fig.3. Taking the present
average water content after dewatenng at 4 kg water/kg ds, we must aim at a
reduction in future to 1.5 kg
Fig. 3. Targets for dewatering research and practice water’/kg ds, corresponding
K ter/k to 40 wt% sclids. This would
g water/kg d's';“@%}"i mean that in spite of an

20— 1 TS expected growth of sludge

15 | ! from 300,000 tons dry

P solids/yr. now to 400,000 tons

10: dry solids/yr. in 2000, we
5-i would still have a
i . .. considerable  reduction of
1993 2000 500.000 tons/yr. on a total

base. This would correspond

:6?12(/)‘0903 '16?12?\'/%0; to a yearly savings of about

y DfI. 33,000,000., calculated

at present cost of Dil. 660,-/ton for incineration (Werumeus Buning, [1]). However
the savings for our scciety may be much higher : capital and energy caosts per ton
decrease. If morecver only polymeric flocculants will be used and no more FeClg /
Ca{CH)o a considerabie reduction in tonnage dry solids wilt also result. Thus very
roughly a potential savings of Dfl 806,000,000/yr. could be seen as a reasonable
target.

As stated by the previous cited authors, van Starkenburg and Rijs [2], about
dewatering research : "What generally happens during the processing of sludge is
still largely unknown. Research in this field should proceed without delay”. In the
following we will report on progress made in understanding and quantification of the
phenomena crucial to the dewatenng by means of filtration and expression,
following from the study done at ocur laboratory by the Sludge Dewatering
Projectteam : ir. Arend J.M. Herwijn, drs. Erk J. La Heij, and ing. Paul M.H.
Janssern, in co-operation with drir. W. Jan Coumans and prot.drir. Piet J.AM.
Kerkhof. Also a cansiderable contribution has been made by our undergraduate
students of which 10 have done their Ir-thesis on this subject; a very valuable
contribution was made by ir. Gerben D. Mooiweer in guiding statistical interpretation
of results. The project takes up about 15 % of the larger Dutch national project .
"Municipal Waste Water Treatment 2000 (RWZI-2000)". Roughly we have divided




the field into two themes : sludge characterization and dewatering fundamentals. On
the former dr. Coumans reports during this workshop [3].

At the first workshop in Heelsum we have indicated some of the phenomena we had
at that time been studying for somewhat more than a year [4] and indicated some
possible directions for modelling filtration and expression. In the following we will
treat some of our progress in this area and will discuss the relevance for practical
operation.

2. LABORATORY EXPERIMENTS | Fig.4. Diagram of the Filtration-Expression Cell

In order to study the fiitration and
expression behaviour we have
made several laboratory set-ups )
which we wiil describe in short in the
following paragraphs.

prnLur.

2.1. The Filtration-Expression Cell watr
(FE-cell} "’I

The cell, as shown in Fig.4, consists
of a perspex cylinder with a porous
bottom-plate. Befare filtration a filter
paper is placed on the porous plate —
and the flocculated sludge s
intfroduced into the cell. After that
gas pressure is applied to the space

above the sludge and filtration

starts. The filtrate is collected in a
beaker on a balance and data are
transferred to an on-line computer.
After filtration has been completed a
non-porous piston is placed on the
sludge cake and gas pressure is

applied above the piston. Thus the
filter cake is expressed and the
expression rate is again foliowed by A w V=distance meler
means of the liquid flowing to the — TN seavediow
balance. In some experiments first a | b IR
gravity filtration is carried out, after A I 3-water flow
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2,2. The Compression-Permeability Cell (CP-cell)

In modelling the dynamic flow of filtrate during filtration and expression the relations
between permeability, porosity, and compressive pressure are of great importance.
The CP-cell with which these relations are determined is shown in Fig.5. it consists
again of a perspex cylinder with a porous metal bottom plate, on which a filter paper
is placed. Flocculated sludge is introduced and a double piston system is lowered
upon the sludge. The lower piston is parous, and the space between the pistons is
filled with water. By appiying gas pressure on the upper, solid piston, a compressive
force is exerted on the sludge mass. Through a tube a small flow of water is
allowed to flow through the lower piston, the sludge cake and the filter medium. By
registration of the flow rate and of the liquid pressure difference the pemeability can
be measured. By means of a displacement transducer the cake thickness is known,
from which the porosity can be deduced.

2.3. Pressure Distribution Cell

This cell is constructed in [ Fig.6. The Prassure Distribution Cell
the same fashion as the

fitration cell, but it has

been equipped with a

number of capillaries of ;

different length, which are EF//’/’/’/’?’
|
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connected to pressure
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cake. By using a mixture
of clay and glycerol as a
piston a sludge filter cake
can be expressed.

3. EXPERIMENTAL RESULTS

3.1. Filtration and expression experiments

Fig. 7. Typica! filtration curves for sludge at different initial solids
Typical experimental results of |contentin siurry

a filtration expernment are
shown in  Fig.7, in which
Eindhoven sludge, flocculated
with 10 wt% FeClg on dry
solids basis was filtered at 0.5
bar pressure difference in the
filtration cell at different initial
solids contents of the sludge.
A first interpretation of such
filtration curves is to determine
the effective specific cake fime (o)

resistance «a, as defined by . - zwx 3w L 378 W%

fitrate trolume (m%
{E4)




=R /w
R=2P_y sk (1)
1y,

in which R, is the cake resistance, w is the cake mass per unit area, Apy is the
filtration pressure, p is the liquid viscosity, u; is the superficial liquid velocity, L¢ is
the cake thickness and K is the penmeability.

The specific cake resistance is a good measure of sludge characteristics and wil
depend on the type of sludge, the flocculation treatment and on the filtration
pressure. A typical example is shown in Fig.8, in which u. is plotted vs. the dosage of
FeClg. In this case a minimum is observed, indicating an optimal dosage of

Fig. 8. Effect of flocculant dosage on specific Fig. 9. Effect of flocculant dosage on specific
caka resistance a for Mierlo sludge flocculated caka rasistance a for Mierlo sludge flocculated
with FaCly/Ca(QH}s, at Ap = 0.5 bar with polyelectrolyts, at Ap = 0.5 bar
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flocculant around 100 g/kg dry sludge. With other sludges the increase at
overdosage is not as clear as in this picture, but is always of the order of 10 % or
higher. Analogous resulls have been obtained with addition of polyelectrolytes,
which is illustrated in Fig. 9.

In Fig. 10 the expression curve of a filter cake is shown. Characteristic is the rapid
initial expression, followed by a slow consolidation.

Fig. 10. Expression of a sludge filter cake
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in Fig. 11 results of high pressure expression are shown. It can be seen that dry
solids contents of 60 wt% can be reached at pressures of 10 MPa. The values
shown in Fig. 11 include flocculant dosage.

dry solids content (wt%)

Fig. 11. Dry solids content versus applied expression pressure for Mierlo sludge
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3.2. Permeability and porosity in relation to compressive pressure

In Fig. 12 and 13

results of typical compression-permeability experiments are

shown. Relations between porosity €, permeability K and compressive pressure pg
are found. In most cases these relations can be fitted with a power law function (van
Veldhuizen [6]). Relations which can be used are (Tiller et al. [7]):
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K =

KU(H&]
P,

Fig. 12. CP-experiment. Parosity £ versus compressive
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where £ and Kq are the parosity
and the permeabilty at zero
compressive pressure respectively,
A and & are compressibility
coefficients and pg is an arbitrary
constant. Compression-permeability
experments are also very usetut for
characterisation of ditferent
sludges. It quickly gives an idea of
the compressibiiity of the sludges
and therefore about the dry solids
contents at different applied
expression pressures.




Fig. 13. CP-experiment. Permeability K versus 3.3 Pressure distributions in
“’"‘P"’”i"fP’f”“"—’Pc sludge fiiter cakes
CP-wxpariments
. In Fig. 14 the hydraulic pressure
0% | distribution during the expression
phase of an Eindhaven sludge filter
T cake flocculated with FeCly and
N Ca(OH)s is shown.
0" .\.\“g The first profile in Fig. 14 is more or
less (exact transition point is very
.| | difficult to determine)} the end of the
Miero audge flocculsied it 10 we% EeCl 120 wt% CHOH), filtration phase, showing hardly any
10 : gradient throughout the cake. Only
1 | near the filter medium (xL{)=0) a
compreaive prassure p_ |Pa) steep gradient appears, indicating
only compression near the filter
medium. This means that the dry solids content after fiitration is still very fow. At the
end of the expression phase the hydraulic pressure throughout the cake almost
equals zero, indicating a uniform cake structure.
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Fig. 14. Hydraulic pressure distribution during the expression phase in a filter cake. Sludge from rwzi
Eindhoven flocculated with 10 wt% FeCly and 20 wt% Cal OH)y on dry solids base. Expression pressure 48
kPa
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4. MODELLING THE FILTRATION- AND EXPRESSION BEHAVIOUR.
4.1 Governing equations
To model the filtration- and expression behaviour of sewage sludge attention must

be focused on flow through compressible cakes. Therefore flow rate equations,
stress balances, constitutive equations and continuity equations are needed. For



the flow rate equation the Darcy-Shirato equation {(Shirato et al. [6]) is used which
takes into account the solids movement:

_L1Kodp

£y dx )

v~V

where v| and vg are the linear liquid and solids velocity respectively. A simplified
force balance leads to the following equation:

dp, . 9p,
§j+zgﬁ{p@+pil—£ng:0 (4)

The continuity equation reads:

Je) [
(-BTJ,_(()X )r (5)

Combination of the above equations leads to a partiai differential equation, which
describes the change of the porosity in time and place in a filter cake:

%J :(%j +§§E(I —e)((pj ~p)1 _s)g+(%’;1 ” ©)

where ujy, is the superficial liquid velocity through the filter medium, pg the density
of the solids, p| the density of the liquid and g the gravity acceleration. Depending
on lthe boundary conditions the filtration- or the expression phase can be modelied
(La Heij et al. [8)). However, befare the partial differential equation with the right
boundary conditions can be solved, a constitutive equation must be chosen.

4.2 Constitutive equations

Constitutive equations descrnbe the deformation behaviour of the solids in a filter
cake and can only be determined experimentally. The CP-cell {discussed in section
2.2 and 3.2) is an apparatus to determine these constitutive equations; relations
between permeability K, porosity € and compressive pressure pg. Using the relations
found with the CP-cell for modelling, the material is assumed to behave non-knear
elastic. This means that at a given compressive pressure the filter cake deforms
instantaneously apart fram the hydrodynamic resistance. This non-linear elastic
material behaviour can be regarded as a spring with a variable elastic modulus Eq,
see Fig. 15. The elastic modulus increases with decreasing porosity.

If it takes some time before the matenal deforms when a certain compressive
pressure is placed on the solids, the material behaves visco-elastic. Ditferent spring-
dash pot models can he used to describe the matenal behaviour. [n Fig. 15 a three
parameter mode! is shown. The differential equation describing the strain € as a
function of time can be written as:

p.+E e+t —&[)‘
(QEJ__ ‘ o (7)
o) JE
E +E, e
(‘r( + -)+reae)




Fig. 15. Different models for material behaviour

|

elastic rateria] yisco-glastic matenal

where 1 (=Ep/n) is the relaxation time. The strain € is related to the porosity € as
follows:

(1_60)_1 (8)

The relaxation time 1 determines the rate of deformation of the material. In
equilibrium situation all the pressure rests on spring E4 and therefore the same
value for pure elastic material for E4 can be used. Because the material deformation
and the liquid flow through the cake occur simultaneously, the relaxation time t can
only be determined directly from a filtration- or expression experiment.

Equations (6) and (7) must be solved simultanecusly to calculate locally and at
every time the change of the porosity in the fiiter cake.

4.3 Modelling resutts

Because the porosity can be calculated as a function of time and place, the
compressive pressure and therefore also the hydraulic pressure can be calcuiated.
In Fig. 16 calculated hydraulic pressure profiles for the expression phase based on
non-linear elastic material behaviour are shown. Compared to the measured
profiles, shown in Fig. 14, there is a good agreement between model and
experiment. In Fig. 17a the average dry solids content versus the time for different
expression pressures are shown, in Fig. 17b the model calculations are shown. The
sludge was flocculated at optimal conditions. Again there is an acceptable
agreement between experiment and model.

According to the model calculations the equilibrium situation is reached somewhat
faster than in the experiment. This is caused by the fact that for the model
calculations elastic material behaviour is assumed. Further it can be seen from Fig.
17 a and b that the final equilibium situation is reached at the same time regardless
of the applied expression pressure. Finally it can be seen from Fig. 17b that already
at 400 kPa dry solids contents of about 38 wit% can be reached. In Fig. 18 a and b




experiments and model caiculations for the expression of sludge flocculated with
polyelectrolyte are shown. Because the maternal deforms guite slowly, visco-elastic
material behaviour must be assumed From Fig. 18b it can be seen that there is a
good agreement between model and experiment. In Fig. 18 the expression time
versus cake thickness according to experiment and model is shown. Again there is
an acceptable agreement between model en experiment. The dewalering time
increases with the square of the cake thickness.

Fig. 16. Calculated hydraulic pressure profiles for the expression phase for sludge from rwyi Eindhoven
flocculated with 10 wi% FeCly and 20 wi% Ca{OH )5 on dry solids base. Expression pressure 48 kPa
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Fig. 17a Average dry solids conlent versus expression time: experiment. Mierlo studge flocculated with 15
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FeClyand 30 wi% Ca(OH)y on dry solids base
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Fig. 17b. Average dry solids content versus expression time; model. Mierlo sludge flocculated with 15 wit%
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Fig. 18a. Average dry solids content versus expression time,
experiment and model (elastic and visco-elastic behaviour)
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Fig. 18b. Average dry solids content versus expression
time; experiment and model (elastic and visco-elastic
behaviour) Mierlo sludge flocculated with 1.5 wi%
polyelectrolyte
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Fig 19 Eapression lime versus cake thickness according to experiment and model. Mierio sludge flocculated
with 1.5 wi% polyelectrolyte
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5. CONCLUSIONS

With the above discussed models the dewaterning behaviour of sewage sludges can
be predicted well. The material behaviour can be either non-linear elastic or non-
linear visco-elastic. These fundamental models can be considered to form a good
base for actual equipment and operating models, with which optimization of design
and operation can be carned out.

Quickest dewatering always occurs at an optimum flocculant dosage (inorganic as
well as organic flocculant). Characteristic for the expression of sewage sludges is
the rapid initial expression followed by a slow consolidation. The time at which the
equilibrium situation is reached, is independent of the filtration/expression pressure.
At these equilibrium situations already at low pressures (300-400 kPa) high dry
solids contents (35-40 wt%) can be reached. However at pressure of 6-10 MPa dry
solids contents of 60 wt% can be reached. Further the dewatering times increase
with the square of the cake thickness.



List of symbols

strain -
elastic modulus Pa
elastic modulus Pa
gravity acceleration ms”
permmeability m2
permeability at top of filter cake (pg=0) m?2
cake thickness m
applied filtration/expression pressure Pa
constant in equation 2 Pa
hydraulic pressure Pa
compressive pressure Pa
cake resistance m”
time S
linear liquid velocity m s
linear solids velocity ms”
cake mass per unit area kgm’
superficial liquid velocity through filter medium ms!
supericial liquid velocity ms”
distance in filter cake m

Greek symbols

o
£
o
il
N
Pl

Ps
-

specific cake resistance m kg1
porosity -
porosity at top of filter cake (pg=0) -
viscosity dash pot Pas
viscosity filtrate Pas
density liquid kg m-3
density solids kg m™3
relaxation time s
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CHARACTERIZATION OF SEWAGE SLUDGES; FUNDAMENTALS AND RESULTS

Arend .M. Herwijn and W.Jan Coumans

(Laboratory of Separation Technology, Dept. of Chemical Engineering, Eindhoven University
of Technology, P.O.Box 513, 5600 MB Eindhoven, the Netherlands)

SUMMARY

An overview is given of a set of sludge characteristics. This set, which can be considered as
a sludge fingerprint, is estimated to be of some relevance both for thermal and mechanical
dewatering processes. Four different types of sludges have been studied, whereby
flocculation was carried out under standard conditions in the laboratory. Some typical results
are presented and some preliminary conclusions will be given with respect to the mechanical
dewatering process and its relation with the preceding flocculation process.

1. INTRODUCTION

In waste water treatment plants the dewatering of sludges by chamber filtration presses, sieve
belt presses and centrifuges appears to be a unit operation which is very badly understood
[Starkenburg and Rijs, 1991]. The main reason for this is the complexity of the sludge
material. By no means sludges can be considered as well defined systems with "beautiful”
and constant properties. Numerous chemical components might be encountered, a great
variety of shape and size of colloidal and non-colloidal solid particles may be found. Both
flocculated and unflocculated particles may be deformable and sensitive to shear stresses and
may be disrupted in mixing and stirring processes. Moreover, when flocculated solid
particles are collected in a filtration process the formed filter cake appears to be highly
deformable as well. This means that by exerting some mechanical forces to the cake material
the porous structure collapses and a lot of water remains entrapped within the cake. It is
believed that this mechanism 1s determining to a high extent the attainable final dry solids
content in a mechanical dewatering process.

Nowadays there are environmental and economical reasons to strive for a higher dry solids
content of sludge cakes. This is explained in more detail elsewhere (La Hei) and Kerkhof,
1993). It will be clear that achieving a better dewatering process requires better knowledge of
the fundamentals, better design rules for the dewatering equipment and better control
strategies.

It is common practice in process technology research to perform studies with well defined
model systems having all the relevant properties of the real system. However with respect to
sludges this is not an easy approach, because till now the ruling properties are not known



sufficiently well.

In this study it is the aim to establish a set of sludge characteristics. A set that may be
considered as a fingerprint of the sludge. Subsequently several real sludges (see section 3)
are to be characterized; finally the characteristics are to be cross (cor)related and are also to
be (cor)related to the dewatering behaviour of the sludges in well defined laboratory tests and
in practical plant dewatering equipment. This study is carnied out in the Sludge Dewatering
Project Team and therefore this paper is closely related to a second contribution from this
team to this workshop (La Heij and Kerkhof, 1993).

2. SURVEY OF CONSIDERED PROPERTIES

The sludge fingerprint is based on properties that can be divided into the following classes:
- Origin and history

- Composition

- Thermal properties

- Colloidal properties

- Dewatering properties

The properties belonging to each class are summarized below.

History

- origin of waste water (domestic/industrial)
- type of waste water treatment plant

- typical information about plant operation

Composition:

- Dry solids content

- Ash content

- ATP content

- pH

- Electrical conductivity

Thermal properties:

- Sorption isotherms at several temperatures

- Isothermal drying curves (TGA/DTA)

- Freezing curves (DSC)

- Bond enthalpy of water in sludge

Thermal properties are also of immediate importance for thermal dewatering by means of
drying processes.

Colloidal properties:

- Sludge Volume Index (SVI) of unflocculated and flocculated sludge
- Particle size distribution and morphology

- Electro Sonic Analysis signal (related to zeta-potential)

- Optimum dosage of flocculant

- Concentration of flocculant in filtrate

- Strength of flocs from rheology



Dewatering properties:

- Specific cake resistance and porosity (permeability)

- Cake compressibility (mechanical properties of cake)

- Dry solids content of filtration cake

- Yacuum suction time (VST)

- Capillary Suction Time (CST)

‘It may be expected that these characleristics are closely related to the real mechanical
dewatering processes in water treatment plants by means of chamber filtration press, sieve
belt press and centrifuges.

3. ORIGIN AND HISTORY OF SLUDGES INVESTIGATED

Different types of sludges may be distinguished depending on the origin of the waste water
and on the type of waste water treatment plant. Waste water entering the sewer system
origins from households (domestic sewage) and/or from industries (industrial sewage).

The following main types of sludges, depending on the waste water treatment, are
recognized:

- Primary sludge, which is separated from the incoming waste water in the primary settling
tank.

- Secondary sludge, withdrawn from the secondary settling tank. In the preceding step this
sludge has been submitted to a biological treatment in an aeration tank, where the organic
matter is oxidized.

- Digested sludge or anaerobically stabilized sludge. In a digestion process the sludge is
stabilized by anaerobic metabolic processes, in which organic carbon compounds are
converted into biogas (methane and carbon dioxide).

In this study four sewage sludges, originating from four different waste water treatment
plants, have been characterized. Below some typical characteristics conceming origin and
history of the different sewage sludges are listed.

TABLE 1. Survey of sludges investigated

Name of plant domestic/ primary, digested,
1 _ _ industrial secondary _tidigested
Mierlo 60/40 mixture undigested
de Lage Zwaluwe 100/G secondary undigested
Amsterdam-East 100/0 mixture digested
Veghel 35/65 secondary undigested

It should be mentioned that all above listed sludges are flocculated in the laboratory, because
the industrial conditions of flocculation are not known sufficiently well. Under laboratory
conditions the flocculation conditions are better known and at least the same for all sludges.
Moreover, the flocculation process appears to be a very critical operation which affects the



dewatering properties of the sludge to a great extent. An ill defined flocculation process
would therefore cause a lot of problems in understanding the dewatering properties of
sludges.

4, CHARACTERIZATION METHODS

4.1 COMPOSITION

To determine the dry solids content of a sewage sludge or a filter cake the sample is dried
in a furnace at 110 9C during 24 hours. The addition of inert materials (e.g. during
flocculation) causes an artificial augmentation of the dry solids content. By comparing the
effect of certain treatments (e.g. flocculation) on dewatering properties in this study the water
removal was related to the initial dry solid content of the sludge.

The ash content is related to the inorganic fraction of the solids in the sludge and is
determined by burning the dried sample at 600 OC during 30 minutes.

The Adenosine TriPhosphate (ATP) content of a sewage sludge sample is used as a
measure for the viable biomass. The determination of the ATP content is based on the
luminescent reaction of ATP with luciferase, in which light production is proportional to
ATP present [Patterson et al., 1970].

The pH and the electrical conductivity are ordinary laboratory routines and do not need
further introduction here.

4.2 THERMAL PROPERTIES

4.2.1 Isothermal drying curves (TGA/DTA)

Knowledge about the solid-water bond strength in sludge as a function of the moisture
content enables the prediction of the maximum theoretically feasible dry solids content in a
certain dewatering process. The solid-water bond strength can be obtained from isothermal
drying curves and from water vapour isotherms.

With thermogravimetric analysis (TGA) the mass loss of a sludge filter cake, due to
vaporization of water at a constant temperature of 60 °C, is measured continuously. In this
way an isothermal drying curve is obtained. From differential thermal analysis (DTA) the
heat flow required for the vaporization of water can be calculated. The TGA/DTA equipment
provides the possibility to carry out TGA and DTA simultaneously. The ratio between
vaporization rate (in kg/s), calculated from the TGA experiments, and heat flow to the
sample (in J/s) is equal to the enthalpy of vaporization of water present in the sample (in
J/kg). The bond enthalpy is defined as the difference between the actual measured enthalpy
of vaporization and the enthalpy of vaporization of pure water. With this technique the bond
enthalpy can be calculated as a function of the sample moisture content. Moreover, from the
falling rate period of drying curves moisture diffusion coefficients can be derived [Coumans,

1987].

4.2.2 Water vapour (de)sorption-isotherms at different temperatures
A water vapour (de)sorption-isotherm of a substance is the ecuilibrium relationship between
the amount of water in the substance and its thermodynamic water activity at a constant



temperature. Water vapour desorption isotherms of sludge cake samples were determined
with the conventional technique of vacuum exsiccators with (super)saturated agueous sait
solutions to control the water activity. The equilibrium data for the water activity of these
solutions were taken from the tables given in literature [Greenspan, 1977]. For keeping a
constant temperature during equilibration the exsiccators were positioned in a water bath.

In an experiment tweive sludge cake samples were placed in tweive exsiccators, each with
their own water activity and covering the whole range of wateractivities between 0 and 1.
Equilibrium was assumed if two subsequent sample weighings gave the same results. At
reaching equilibrium conditions, the moisture content of the samples was determined and the
desorption isotherm was constructed. In this way desorption isotherms were measured at
three different temperatures. From the three isotherms, the differential enthalpy of wetting as
a function of the moisture content can be calculated by applying the Clausius-Clapeyron
equation, The differential enthalpy of welting corresponds thermodynamically with the bond
enthalpy. In Figure 1 the results of both techniques, carried out with Amsterdam sludge
flocculated with 27% FeCl,, are given.

The discrepancy between the two curves for sone

moisture contents lower than 0.2 kg water/kg .|

dry solids is due to the different experimental "

conditions: the moisture content of the sample | ¥ ™/ ‘

In the exsiccator is determined in an 3 et N

equilibrium situation, whereas in the TGA T \\

equipment no equilibrium condition occurs. so0 b \\\
Moreover desorption 1sotherms were not , . ) ) ) ) -
measured at very low water activities (< L B L T S B I
0.05). So the bond enthalpy calculated in in X, (kg water/kg dry sludge solida)

this region are extrapolated values which —— Desorption TGA-DTA
mlght be unreliable. Fig. l. Bond enthalpy H, as a funcrion of moisture content X,

Moreover, it can be concluded that the bond

enthalpy starts to deviate significantly from

zero at a moisture content of about 0.4 kg water/kg dry solids. In sludge filter cakes the
moisture content amounts about 4 kg water/kg solids (=20%DS), which means that about
90% of the water in the filter cake is present as free warer and should, from this point of
view, be removable by mechanical dewatering processes. The remaining 10% having a
higher bond enthalpy, the socalled bound water, can only be removed in e.g. drying
Processes.

4.3 COLLOIDAL PROPERTIES

4.3.1 Particle size distribution

The "image analysing technique” has been used to study the particle size distribution of a
sewage sludge sample. The experimental equipment consists of an optical microscope,
camera and computer. A picture of a sludge sample is registrated and digitalized and shown
on the screen of the computer system, The surface area of the particles is determined and
converied into an effective diameter.

The frequency of the effective diameter 15 based here on the number of the particles with that



size. The measured cumulative particle size distribution is approximated by the Harns
equation F(x) [Svarovsky, [990}:

where x, is the maximum diameter, a and b are constants. The Harris equation, as
represented above, describes an "undersize” cumulative frequency distribution, so F(x)
indicates the fraction of particles with a diameter smaller than x.

The particle size distribution of sewage sludge samples, flocculated with different types of
flocculants and with different dosages of flocculant, are determined and evaluated according
to the above method. In Figure 2, typical particle size distnibutions are given for sewage
sludges flocculated with different polyelectrolyte (Rohafloc KF975) dosages. The effect of an
increasing amount of polyelectrolyte is the shifting of the distribution curves towards greater
diameters.

The median diameter 1s easily found at L —— o — e B
F(x)=0.5. The median diameter appears to byl ',,///'//f//’:’/’/":”
be a good characteristic to indicate the ~ g

particle size. Typical values for the median PR 45 i
diameter are: oo R
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sludges: oo =10

- 8-20 pm for particles in sludges flocculated o s /Q

with FeCl;; I N
- 500-2000 um for particles in sludges , . v - 2050
flocculated with polyelectrolyte (Figure 2). :

The particle size a]s)(; dependys on tr%e type of diameter {urn}

ﬂOCCUlant used and on [he S[i”—ing and miXing Fig. 2. Cumulative parncle size distnbution for Vzgf;zl sludge
. . Slucculated with different devages polyelectrolyte KF975 (in g/kg ds)
conditions during the flocculation process.

4.3.2 Strength of flocs

During the filtration and expression of sewage sludge shear stresses are exerted on the sludge
particles. Sewage sludge 1s a colloidal dispersion and it is interesting to study its rheological
propertics. A Searle type coaxial cylinder rheometer is used to determine the rheological
behaviour of sewage sludges. A sewage sample is introduced into the small gap between two
cylinders. The inner cylinder rotates and the outer cup remains stationary. In an experiment,
the angular velocity of the spindle 1s increased in 15 steps until the maximum speed and is
subsequently decreased. The torque needed to maintain the angular velocity is measured and
converted to a shear stress. The result of such an experiment 15 called a rheogram. A typical
rheogram of a sludge flocculated with FeCly/Ca(OH), is llustrated in Figure 3. It is notable
that the ascending and descending curves do not coincide. This phenomenon is called
thixotropy. It physicaily means that sludges possess an internal structure which breaks down



as a function of time and shear rate. The
surface area between the two curves can be
interpreted as the dissipated power per unit
volume and is a measure for the strength of
particles or flocs.

Unflocculated sludges do not show
thixotropic behaviour. Sludges flocculated
with FeCl,/Ca(OH), and polyelectrolyte
exhibit a maximum value of the thixotropy at
a certain dosage.

o 200 400 8co 800 “000 1200
Rheological behaviour of sewage sludges can g e
be interpreted as pseudoplastic flow: Fig. 3. Rheogram of Mierio sludge flocculaied with 50 g/kg ds FeQl,
T =Tg + k(y,t)y {2)

7o 1S an initial characteristic shear stress and k(¥,t) is called the plastic viscosity, which
depends on time and shear velocity.

The viscosity k as a function of the shear velocity + is calculated from the measured
rheogram. The plastic viscosity for flocculated sludges decreases with increasing shear
velocity, The plastic viscosity can be determined as a function of time in a stationary shear
experiment. It appears that for flocculated sludges the viscosity decreases with time. The
decline in viscosity is stronger for higher dosages of flocculant (FeCl, and polyelectrolyte).
Unflocculated sludges show no reduction of viscosity as a function of time.

4.3.3 Zeta potential

Unflocculated sludge particles are negatively charged. A measurable parameter which is
proportional to the surface charge density of particles is the zeta potential. The zeta potential,
often used to characterize the electrostatic stability of colloidal suspensions, can be
determined with the socalled electro-acoustic technique (MATEC). In this technique the
colloidal suspension is submitted to an alternating electric field. The relative motion between
the particles and the liquid generates a sound wave at the frequency of the electric field. This
effect has been termed the Electrokinetic Sonic Amplitude (ESA), which is strongly related
to the zeta potential of the particles in the colloidal suspension.

In Figure 4 a schematic diagram of the electro-acoustic cell is given. The vessel is stirred
and includes sensors for pH, temperature, conductivity and electro-acoustic measurements.
The zeta potential is determined from the measured electro-acoustic data. It is possible to
perform automatic volumetric titration experiments. This equipment is very suitable for
studying the flocculation mechanism because continuous measurement of the ESA-signal is
possible during titration of flocculant to a sludge.

A typical example of the ESA signal as a function of the FeCly concentration in sewage
sludge is given in Figure 5. At a certain dosage a sudden change of the ESA signal occurs
due to adsorption effects. Iron hydroxide complexes adsorb at the surface of the
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Fig. 4. Schematic diagram of the MATEC ESA sample cell
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4.4 DEWATERING PROPERTIES

4.4.1 Specific cake resistance and cake permeability

The solid-liquid separation of sewage sludge can be subdivided into a filtration phase and an
expression phase {I.a Heij and Kerkhof, 1993]. In order to study the solid-liquid separation
process and to characterize the dewatering behaviour of sludges a filtration-expression cell
has been developed. A schematic diagram of this cell is given in Figure 6.

Fig. 6. Schemaiic diagram af the filtradon-expression cell

At the beginning of the experiment a gas pressure is suddenly exerted on the sludge sample.
The gas pressure is the driving force for the solid-liquid separation. A filter cake is built up
and the filtrate is collected in a beaker glass positioned on a balance. The balance is
connected to a computer, which registrates continuously the weight of the filtrate (and thus
also the filtrate volume). With this expenmental set up it is possible to carry out experiments
under different process conditions such as gas pressure, type of flocculant, flocculant dosage
and amount of sewage sludge (or final cake thickness). In the Figures 7 and 8 typical results
are given for sewage sludges flocculated with respectively FeCl; in combination with
Ca(OH), and polyelectrolyte. The experimental results are fitted with the integrated form of
Darcy’s law, in which filtration time t is related to filtration volume V:

R
e y2 ., Km oy (3)

£ 242AP ‘AAP

From the fitted equation, the average specific cake resistance a can be calculated. Knowing
the average porosity ¢ of the cake, the cake permeability K can be calculated according to:



_ 1
K- apg (1-€) (4)

Though the above equations are valid only for incompressible filter cakes they still can be
used for characterization of the compressible sludge cakes [La Heij and Kerkhof, 1993]. For
modelling purposes and to obtain a better understanding of the dewatering process of a
compressible cake also a socalled compression-permeability cell has been developed [La Heij
and Kerkhof, 1993].

110
100 A L v " -+ = o &
LT
BD‘{
70 7
€0 7

50 73

a0 1
40
3o 4
20 1

[
o
1

1o

o
L

o
-

filtrate 'f)olu'me (ml)
Sfiltrate volume (ml)

d rTa 240 30 “a =5a 1 2 3 ? - 13 k] 17
time (s) time (s)
LEGE nD @ ® ® Expor imunt —— = WOoae! LEGEND ® & ® Excer imant T Moaed
Fig. 7. Result of filtration experiment carmied out with Mierlo sludge Fig. 8 Result of fitranon experimen:t carried owl with Mierlo
floceulaed with 9 vtk Fe(ly and 20% Ca(OH), on dry seolids base sludge flocculated with 0.9 wi% polyelectrolyte on dry solids base

In both experiments (Figures 7 and 8) a sudden change in filtrate volume can be observed
(40 s respectively 9 s) due to the formation of cracks in the filter cake.

Typical differences between the filtration behaviour of sludges flocculated with respectively
FeCl,/Ca(OH), and polyelectrolytes are:

- The dosages of FeCly and Ca(OH), needed to obtain a good dewatering result 1s about ten
times higher than the dosage of polyelectrolyte.

- The average specific cake resistance for sludges flocculated with FeCl;/Ca(OH), is about
five to ten times smaller than the average specific cake resistance for sludges flocculated with
polyelectrolyte.

4.4.2 Modified Filtration Test
With the Modified Filtration Test (MFT) filtration experiments are carried out with a
constant under pressure of 0.5 bar [Heide and Kampf, 1978]. In Figure 9 a schematic



drawing of the MFT-equipment, consisting of

three parallel filtration tubes, is given. In this

set up three experiments can be carried out
simultaneously.

A flocculated sludge sample of 100 ml is

introduced into the Biichner funnel. By

immediately applying the under pressure the
filtration process starts and liquid starts
flowing into the filter tube. The filtrate
volume can be read from a scale on the tube.

After the cake has become somewhat dry, a

plastic foil is positioned on top of the cake.

Next a water layer of about 3 cm is applied

on the foil and the expression phase starts.

After 10 minutes the experiment is stopped.

From this test the following dewatering

characteristics can be determined: Fig. 9. Schematic diagram of the Modified Filtration Test

1. "Vacuum" suction time (VST), which is
defined as the time needed to collect 60 ml of filtrate at an under pressure of 0.5 bar. The
VST is a measure for the filtration rate.

2. Final dry solids content of the siudge cake based on total solids (sludge solids plus
flocculant plus other additives).

3. Water content of the sludge cake, expressed in kg water per kg initial dry solids in the
sludge sample. This moisture content is corrected for the dry solids from additives and
provides a better comparison of the effect of e.g. the nature and amount of flocculant on
the dewatering process.

4. Optimum dosage of flocculant (which can also be considered as a colloidal property) is
defined as the dosage of flocculant which yields the lowest water content of the sludge
cake.

The influence of type and dosage of flocculant on the dewatering characteristics can be

studied easily with this simple experimental device.

4.4.3 Capillary Suction Time

The Capillary Suction Time {CST) device is a simple instrument to determine the
dewaterability of sewage sludges (Figure 10). At the start of an experiment, sludge (2) is
poured into the cylindric reservoir (1), resting on the filter paper (6). Under the influence of
the capillary suction of the fine capillary-porous paper and the gravity force, filtrate is drawn
out of the sludge to saturate progressively a greater

area of the filter paper, causing the liquid front to advance outwards from the centre. When
the filtrate front reaches the first electrode (4), the timer (5) starts, When the filtrate reaches
the second electrode, the timer stops. The capillary suction time is then read directly from
the timer.

The lower the CST the better is the filtrability of the sludge.

The CST-test can be considered as a gentle filtration process where sludge cakes are exerted
to very low forces.




Results of experiments carried out with
unﬂoccul_at‘efj sludges show a bad . — 1: eylinder
reproducibility. The CST method appears to 2: sludge
be very suitable and reproducible for sludges 3: sludge cake
flocculated with FeCly. The instrument 2 | 4: elactrode
. 8: timer

appears to be not appropiate for sludge o it
samples consisting of relatively large particles P THier paper
(500-2000 um), e.g. sludge samples
flocculated with polyelectrolytes.
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4.4.4. Sludge Volume Index 900.0
The sludge volume index (SVI) is a measure T
for the sedimentation rate of sludge particles. '/////// ///// 4 5
The SVI is defined as the volume taken by Ze é
sludge particles after 30 minutes of
sedimentation in a sewage sludge sample

Fig. 10. Diggram of CST device

containing 1 g/l dry solids. The SVI is
frequently used in waste water treatment
plants as a sludge characteristic.

5. CONCLUSIONS
This research is still in progress and unfortunately not all experimental results are evaluated
yet, nor are (cor)relations between characteristics fully studied so far. This means that only
some preliminary conclusions, valid for all four sludges investigated, can be drawn here:
- Dewatering characteristics appear to be strongly dependent on flocculation conditions
(nature and dosage of flocculant, intensity and duration of mixing and stirring). This
conclusion, perhaps an open door to many experts, 1s still emphasized here once more. It is
believed that a bad sludge dewatering process, also in real plant practice, may be caused by
bad flocculation conditions in the first place. Therefore every fundamental study of
dewatering characteristics will soon become a study of flocculation phenomena.
- For obtaining optimum flocculation, and thus the highest dewatering effect in the shortest
time, the following characterization tests could be used for controlling the dosage of
flocculant:

- Filtration-expression test

- Modified filtration test

- Capillary Suction Time test

- Rheology test

- Image Analyzing test
- By preference the Modified filtration test should be used because of its simplicity and
because it gives information both about the final moisture content of the sludge cake and the
dewatering rate.
- Sludge volume index, ATP, pH and electric conductivity do not show any correlation with
the dewatering charactenstics and can not be used for optimum flocculant dosage. Due to



analytical problems it is not clear so far, whether the flocculant concentration in the filtrate
could also be used as an indicator for the quality of the flocculation process or not.
- By using polyelectrolytes as flocculant both degree and rate of sludge dewatering is higher

than by using FeCly/Ca(OH),.
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LIST OF SYMBOLS

a constant

A filter area

b constant

H,, bond enthalpy

k plastic viscosity

K permeability

AP pressure difference
R, filtermedium resistance
t time

V filtrate volume

x diameter

Xq maximum diameter
X,, moisture content

Greek symbols

specific cake resistance
porosity

viscosity filtrate

shear stress

yield stress

shear velocity

R IE MR

3ggvs

kg water(kg initial dry solids)™!

m kg
Pas
Pa
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FILTRATIE EN PERSING VAN ZUIVERINGSSLIB; MODELVORMING

E.J. La Heij
Laboratorium voor Scheidingstechnologie, vakgroep Chemische Proceskunde, faculteit
Scheikundige Technologie, Technische Universiteit Eindhoven, 5600 MB, Eindhoven

Samenvatting

Het filtratie en persingsgedrag van zuiveringsslib zal worden besproken, Vanwege de toename in
kosten voor gecontroleerde dumping en transport en strengere milieu wetgevingen, wordt de vraag
naar de reductie van het slibvolume steeds groter. Filtratie en persing zijn de goedkoopste
ontwateringstechnieken en het is daarom van belang zoveel mogelijk water met mechanische
ontwatering te verwijderen. Relatief hoge eind droge stof gehaltes 35-40 gew% zijn reeds bij drukken
van 300-400 kPa en optimale flocculatiecondities te bereiken; echter bij hoge mechanische drukken
(6-10 MPa) kunnen droge stof gehaltes van + 60 gew?4 worden bereikt. Verder wordt de modellering
van de ontwatering besproken; model en experiment vertonen acceptabele overeenkomst.

leidin

De produktie van slib van waterzuiveringsinstallaties neemt ieder jaar nog toe; de produktie was in
1990 310.000 ton per jaar op droge stof basis en de verwachting voor 2000 is 400.000 ton per jaar.
Het meeste slib wordt nog altijd afgezet in de landbouw of voor de produktie van compost. De
hoeveelheden nemen echter af en er wordt steeds meer slib gedumpt. Slechts enkele procenten van de
totale hoeveelheid slib wordt verbrand. De afzet van slib in de landbouw zal de komende jaren alleen
maar minder worden vanwege de strengere eisen wat betreft de toegestane hoeveelheden zware
metalen. Kosten voor transport en dumping nemen steeds meer toe en het aantal dumpplaatsen neemt
ook af vanwege strengere milieumaatregels, Afname van de hoeveelheid van water in slib is daarom
van groot belang. Voor transport om kosten te verlagen; voor dumping om het velume te verkleinen
en voor verbranding om onder autotherme condities het slib te kunnen verbranden. Het droge stof
gehalte van shb voor ontwatering is gemiddeld 2-4 gew%, terwijl mechanische ontwatering in de
praktijk met zeefbandpersen 17-25 gew% en voor filterpersen 25-30 gew’ opleven. Indien een eind
droge stof gehalte van 40 gew”s in de toekomst wordt bereikt is het mogelijk om per jaar ongeveer Fl
80.000.000 te besparen op de verwerkingskosten (hierbij is de toename van de shbproduktie
meegerekend).

Laboratoriym experimenten

Om het filtratie en persgedrag te bestuderen zijn een aantal laboratorium opstellingen zeer nuttig, die
hieronder in het kort worden besproken.

De filtratie-persings cel

De cel, zoals getoond in figuur 1, bestaat uit een perspex cilinder met een poreuze bodemplaat met
daarop een filtreerpapier. Het geflocculeerde slib wordt nu in de cel gegaten en vervolgens wordt er
een zuiger op geplaatst. Op deze zuiger wordt een gasdruk aangelegd, zodat die gasdruk de



mechanische druk bepaalt. Er zal bij dit experiment eerst een koek worden gevormd tijdens de
filtratie fase en de koek wordt uitgeperst tijdens de pers fase.
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Figuur 1. Schematische weergave van filtratie-persings cel.

De compressie-permeabiliteits (CP) cel

Voor de modellering van het filtratie en persgedrag zijn de relaties tussen permeabiliteit, porositeit en
compressiedruk van groot belang. De CP-cel is schematisch weergegeven in figuur 2. Het bestaat
wederom uit een perspex cilinder met een poreuze bodemplaat, waarop een filtreerpapier is geplaatst.
Nadat geflocculeerd shb in de cel is gegoten, wordt een dubbele zuiger in de cilinder geplaatst. De
onderste zuiger is poreus, de bovenste gesloten. Door een gasdruk aan te legger. op de bovenste
zuiger, wordt de koek uitperst. De druk van de zuiger bepaalt de compressiedruk. Door nu een water
laag tussen de twee zuigers aan te brengen waarcp een klein beetje gasdruk wordt gezet, kan de
vloeistofstroom door de koek worden gemeten. Door de vloeistofstroom en de vloeistofdruk te meten
kan de permeabiliteit worden uitperekend. Met een verplaatsingsopnemer verbonden met de zuiger is
de koekdikte bekend en daardoor ook de porositeit.
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Figuur 2. Schematische weergave van compressie-permeabiliteits (CP} cel.




De drukverdelingscel (figuur 3)

Deze cel is hetzelfde als de normale filtratie cel, maar heeft een aantal capillairtjes met verschillende
lengtes, die zijn verbonden met drukopnemers. Met behulp van deze capillairtjes is het mogelijk om
op verschillende hoogtes in de filterkoek de vloeistofdruk te meten. Door een mengsel van glycerol
en klei (dat als zuiger dient) op de koek te plaatsen kan de koek worden uitgeperst.
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Figuur 3. Schemalische weergave van drukverdelings cel.

iltratie en persexperimenten

Een eerste interpretatie van dit filtratie curven is door middel van een gemiddelde specifieke
filtratieweerstand o

oo Re
w
(H
R —éﬂp._l—ﬁ_
¢ =
nq; K

waarbij R, de koekweerstand is , w de hoeveelheid vaste stof per oppervlakte eenheid, Ap) de
filtratiedruk, n de vloeistof viscositeit, q| de superficiéle vloeistofsnelheid, L. de koekdikte en K de
permeabiliteit. De gemiddelde specifieke filtratieweerstand is een goede maat voor slib
karakteristieken en hangt af van het type slib, type en hoeveelheid flocculant en filtratiedruk. In
figuur 4 en 5 zijn typische voorbeelden gegeven van filtratieweerstanden versus dosering flocculant.
Vrijwel altijd wordt een minimale filtratieweerstand gevonden. In figuur 6 is een voorbeeld gepeven
van een persexperiment, Karakteristiek is de snelle initiéle persing gevolgd door een langzame
consalidatie. In figuur 7 zijn resultaten van hoge druk persexperimenten te zien. Aan de hand van dit
figuur is te zien dat eind droge stof gehaltes van + 60 gew% mogelijk zijn. Bij deze vochtgehaltes
neemt de bindingsenthalpie (maat voor de strekte van de slib-water binding) sterk toe (Herwijn,
1993). Dit betekent dat extreem hoge mechanische krachten nodig zijn o dit gedeelte van het water
ter verwijderen. Bij deze vochtgehaltes kan slib beter worden gedroogd.
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ilitej itejt i latie tot

In figuur 8 en 9 zijn resultaten van typische compressie-permeabiliteits experimenten weergegeven.
De relaties tussen permeabiliteit, porositeit en compressiedruk kunnen in de meeste gevallen worden
gefit aan machtsfuncties (van Veldhuizen, 1991). Relaties, die kunnen worden gebruikt zijn (Tiller et

al., 1987):

-A
6. =¢0(1+&J @
P.
-5
K_= KD(H P, } 3)
P,

waarbij 0, en K, de porositeit en permeabiliteit zijn bjj compressie druk pg=0; A en 8 zijn
compressiecoefficienten en py is een arbitraire constante. De index oneindig geeft aan dat deze
waarden zijn gemeten zijn in evenwichtssituaties. Compressie-permeabiliteits experimenten zijn ook
erg bruikbaar voor de karakterisering van slib. Het geeft snel een idee van het eind droge stof gehaite

bi} verschillende aangelegde mechanische drukken.
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Drukverdelingen in slib filterkogken

In figuur 10 is de vioeistofdrukverdeling tijdens de persfase van slib filterkoek weergegeven. Het
eerste profiel is min of meer het einde van de filtratie fase (exacte overgang is moeilijk te bepalen) en
het is duidelijk dat er nauwelijks een druk gradiént aanwezig is in de koek. D1t is typisch voor zeer
compressibele filterkoeken zoals die van slib. Aan het einde van de persfase 15 de vioeistofdruk overal
in de koek ongeveer gelijk aan nul, hetgeen een uniforme koekstructuur betekent,
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Figuur 10. Viceistofdruk profielen als functie van de tijd in een slibfilterkoek tijdens de persfase.
Uering v t filtratie en per
Om de filtratie en persfase van slib te modelleren zijn een aantal basis vergelijkingen noodzakelijk.
Dit is een stromingsvergelijking, een krachtenbalans, constitutieve vergelijkingen en
continuiteitsvergelijkingen. Voor de stromingsvergelijking wordt de Darcy-Shirato vergelijking

gebruikt:

_1Kodp,

—v = 4
Vs o7 ox 4

waarbij v en vg respectievelijk de lineaire vloeistofsnelheid en vaste stof snelheid zijn. Een
eenvoudige krachtenbalans leidt tot:

ap, 9
e+ (p,(1-9)+p0)2 =0 (5)
Jdx  ox

De continuiteitsvergelijking is gelijk aan:

ot J, ox J,
Combinatie van bovenstaande vergelijkingen levert een differentiaatvergelijking op, die de
verandering van de porositeit in plaats en tijd beschrijft:

W) o [90) 9K, o1 (i)
(2) <au(22) + 2 Ea-of p-ro-ou(2) ]



waarbi} qj, de superficiéle vloeistof snetheid is door het filter medium. Afhankelijk van de juiste
randvoorwaarden kan de filtratie fase of de pers fase worden gemodelleerd (La Heij et al., 1992}, mits
een constitutieve vergelijking bekend is.

Constitutieve vergelijkingen beschrijven de deformatie van de vaste stof matrix in een filter koek en
kunnen alleen expenmenteel worden bepaald. De CP—el is b.v. een apparaat waarmee constitutieve
vergelijkingen kunnen worden bepaald. Indien de relaties bepaald m.b.v. de CP-cel worden gebruikt
voor de modellering wordt aangenomen dat de koek zich elastisch gedraapt. Dit betekent instantane
verandering van de vacte stof matrix bij verandering van de compressie druk. Bovendien verandert de
elasticteitsmodulus van het materniaal met veranderende porositeit; dit betekent niet-lineair elastisch
materiaalgedrag. Indien het enige tijd duurt voordat het mateniaal deformeert, gedraagt het materiaal
zich visco-elastisch. In figuur 11 is een schematische weergave getoond van een standaard vaste stof
model. In evenwichtssituatie rust alle druk op de veer E| en daarom kan dezelfde waarde van E| voor
puur elastisch materiaal worden gebruikt. De differentiaalvergelijking, die de rek € als functie van de
tijd beschrijft, is als volgt:

I,
de _ _Epe M A
o ¥ (W(E2+£QE1JJ ¥
Jde
OE,
E de

(8)

waarbi) T (=Ep/n) de relaxatietijd is. De

relaxatieti)d bepaalt de vervormingssnelheid
van de vaste stof matrix. De rek is als volgt
, gerelateerd aan de porositeit:
B[l’ﬂ.lnl alrain
Maxwell i ] spring A

\ (1-0.)
£=——-"—] (9)

wirain (1 _q))

ARIINE

Vergelijkingen (7) en (8) moeten gekoppeld
worden opgelost om lokaal en op elke tijdstap
sirain M de verandering van de porositeit in de

dashipot
v L v filterkoek te berekenen.

n

5

I Modellerings resultaten

Omdat de porositeit als functie van plaats en
tijd kan worden berekend, kan ook de
compressie en de vioeistofdruk als functie van
plaats en tijd worden berekend. In figuur 12
zijn berekende vloeistofdruk profielen versus

standaard linecaire vaste stof model

Figuur 11. Schemuatische weergave van het
standaard vaste stof model.



dimensieloze afstand als functie van de tijd uitgezet. De berekeningen zijn uitgevoerd op basis van
niet-lineair elastisch materiaalgedrag. De overeenkomst tussen model en experiment is acceptabel. In
figuur 13a is de hoeveelheid droge stof versus perstijd voor slib geflocculeerd met FeCl3/Ca(OH),
volgens experiment uitgezet. In figuur 13b zijn de modelberekeningen op basis van niet-lineair
elastisch materiaalgedrag uitgezet. Wederom is een acceptabele overeenkomst te zien tussen model en
experiment. Volgens de modelberekeningen wordt de evenwichtssituatie iets eerder bereikt dan
volgens de experimenten. Dit wordt waarschijnlijk veroorzaakt doordat er enige kruip (visco-elastisch
materiaalgedrag) aan het einde van de persfase optreedt. Bovendien is te zien aan de hand van figuur
13a dat de evenwichtssituatie ongeacht de aangelegde druk altijd op hetzelfde tijdstap wordt bereikt.
In figuur 14 is een experimenten en model berekening getoond voor slib geflocculeerd met
polyelectrolyt. Omdat het materiaal langzaam deformeert, moet worden aangenomen dat het materiaal
zich visco-elastisch gedraagt. Er is een goede overeenkomst tussen model en experiment.

hydraulic pressure (*10{) kPa)

o2  Ca 6.6 08 1

dimensionless distance {x/L(t)]

Figuur 12. Berekende vioeistofdruk profielen als functie van de tijd.
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Conclusies

Met behulp van de hierboven besproken modellen kan het ontwateringsgedrag van slib acceptabel
worden beschreven. Het materiaalgedrag kan elastisch of visco-elastisch zijn. Deze fundamentele
modallen kunnen worden beschouwd als een goede basis voor apparaatmodellen, waarmee
optimalisatie van ontwerp en operatie kunnen worden uitgevoerd.

De snelste ontwatering vindt altijd plaats bij optimale flocculatiecondities. Karakteristiek voor de
persing van zuiveringsslibben is de snelle intiéle persing, gevolgd door een langzame consolidatie.
De tijd waarop de evenwichtssituatie wordt bereikt is onathankelijk van de aangelegde mechanische
druk. Bij lage drukken (300400 kPa) kunnen reeds hoge droge stof gehaltes (35-40 gew% ) worden



bereikt. Echter bij hoge drukken (6-10 MPa) kunnen droge stof gehaltes van + 60 gew% worden
bereikt.

Symbolenlijst

E| elasticiteitsmodulus Pa
Ea elasticiteitsmodulus Pa

g zwaartekrachtversnelling m 2
K permeabiliteit m?2
K,  permeabiliteit bij p,=0 m?2
L¢ koekdikte m

p aangelegde filtratie-pers druk Pa
Pa constante in vergelijkingen 2 en 3 Pa
Ps compressie druk Pa
R, koekweerstand m-1

t tijd s

V] lineaire vloeistof snelheid m s-1
Vg lineaire vaste stof snelheid m s
w hoeveelheid vaste stof per opp. eenheid kg m2
q superficiéle vloeistofsnelheid m s-1
Qim  superficiéle vioeistofsnetheid door filtermedium m -1
x afstand in filterkoek m

Griekse symbolen

o specificke filtratieweerstand m kg'l
£ rek -

¢ porositeit -

®o porositeit bij pc=0 -

n vloeistof viscositeit Pas
Ng viscositeit standaard vaste stof model Pas

Pl dichtheid vloeistof kg m-3
ps  dichtheid vaste stof kg m-3
o spanning Pa

T relaxatietijd s
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