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SUMMARY

In the Netherlands purification of waste water yearly leads to large amounts of sewage
sludge. This sludge contains about 98-99 % water. Mechanica! dewatering is used to reduce
this amount. After dewatering the sludge is mainly dumped or used in agriculture. However,
due to more severe environmental legislation, incineration is more and more demanded. In
order to reduce energy costs, it is desirabie to remove the maximum feasible amount of water
by the relatively cheap mechanica! dewatering process. Dewatering can be subdivided into
fiJtration and expression. These processes are normally carried out in filter presses and belt
presses and, to some extent, in decanting centrifuges. Final dry solids contents are in the range
of30-35 wt(weight)% for filter presses and 16-24 wt% for belt presses. These data include
flocculants. Flocculants are used to improve the dewatering behaviour. In the Netherlands
mostly iron or aluminium chloride in combination with time are used for filter presses and
highly cationogenic polymers for belt presses. The dry solids contents achieved are, however,
far too Iow and improvement is needed . Getting more insight into the fundamentals of the
dewatering processcan help to improve the dewatering performance of existing techniques.
To model the filtration- and expression behaviour of sewage sludge, attention must be
focused on liquid flow through compressible porous media. Combination of the Darcy flow
equation, a stress balance and a continuity equation leads to a partial differential equation
which describes the variatien of the porosity in place and time in the filter cake. Before this
equation can be solved, a constitutive model has to be chosen. A constitutive model describes
the way in which the solid matrix in the filter cake deforms (material behaviour). During the
fiJtration phase the sludge filter cake behaves non-linear elastic. This means that the
deformation of the solid matrix occurs instantaneously when the stresses on the particles
change. The porosity is solely a function ofthe compressive pressure (equal to the stress on the
particles). This implies that the relation between the porosity and the compressive pressure can
be obtained by measuring these values under equilibrium conditions. In this research a so-called
compression-permeability cell was used to obtain these relations. During the expression phase
the deformation of the solid matrix can be better described with non-linear visco-elastic
material behaviour. The porosity is a function of the compressive pressure as well as of time.
The deformation of the filter cake slowly creeps to an equilibrium situation (no liquid flow)
caused by the friction between the solids. To describe this visco-elastic behaviour a simple
rheological (standard solid) model was chosen. Since for sludge it is

experimentally not

possible to measure the material deformation separately from the liquid flow, the visco-elastic
parameters can only be obtained directly from an expression experiment .

Experiments and calculations indicate that the dewatering rate of sewage sludge is
predominantly influenced by the type and amount of flocculant and not by the applied
filtration-expression pressure. Generally, sludges can quite easily be compacted because of the
weak structure of sludge flocs . This means that the permeability of the filter cake rapidly
decreases with increasing pressure. A higher driving force is thus compensated by a lower
permeability, which leads to hardly any impravement of the filtration-expression rate. Th ere is
always an optima! flocculant dosage at which the dewatering rate during the fiJtration phase
has its highest value. However, the dewatering rate during expression for sludge flocculated
with polyelectrolytes hardly changes with changing concentration.

Flocculation with

polyelectrolytes results into large flocs and a high initia! permeability, which leads to quick
dewatering during filtration. However, due to the high compressibility and visco-elastic
material behaviour the total dewatering time can take several hours for only small cake
thicknesses. The latter statement is also valid for sludge flocculated with iron chloride and
lime. Flocculant dosage has also only a small influence on the equilibrium dry solids content. lt
is remarkable that high dry solids contents (30-45 wt%) can already be reached at low
mechanica! pressures and optima! Iabaratory conditions. The filter cakes have to be expressed
to their equilibrium dry solids content to reach these values. At high mechanica! pressures (810 "MP a) the dry solids contents can even reach va lues up to 60 wt%. This high value is aga in
caused by the high compressibility and means that the amount of physically or chemically
bound or intracellular water is quite small . The large ditTerences between dry solids reached at
Iabaratory scale and in practice indicate that the dewatering equipment and the flocculation
conditions used in practice delermine the limitations in sludge dewatering.
Measurements of the internal structure of sludge filter cakes give valuable information
about the cake structure and formation . This type of measurements forms a fundamental
validatien of the filtration-expression model. Porosity profiles were measured quantitatively by
means of nuclear magnetic resonance imaging. This new technique is a promising method for
studying the cake formation of any solid-liquid mixture. Comparison between measured and
calculated hydraulic pressure profiles showed a good agreement. Comparison between
measured and calculated porosity profiles showed less satistying agreement. On the one side
this is caused by the fact that the filter medium resistance is higher than is assumed for
calculations. On the other side it could be caused by fact that the determination of
compressibility coefficients by means of a compression-permeability cell is too simple to
describe the material deformation. However, more research is needed to confirm this
hypothesis.
In this study, the dewatering of sludge was in most cases investigated by means of a
filtration-expression cell or a compression permeability cell. An alternative and quicker way is
the use of a so-called capillary suction time (CST) apparatus. Inslead of a mechanica! pressure

as driving force, the capillary suction of special filter papers or ceramics is used. The
conventional CST apparatus is widely used, but has important disadvantages. The main
disadvantage is that no average fiJtration resistance can be obtained. Only a single CST time
value is obtained which is dependent on the slurry concentration. However, in literature CST
values are often reported without reporting the slurry concentration. In this way the value is
relative. For the calculation of the average cake resistance the slurry concentration is needed in
addition to the CST value. Thus it is not necessary to report the slurry concentration
separately. Therefore a model was developed for the CST apparatus in order to obtain a
specific cake resistance. Moreover, the apparatus was modified in order to obtain continuous
data and the commonly used filter medium was replaced by ceramics.

SAMENVATTING

In Nederland komen bij de zuivering van afvalwater jaarlijks grote hoeveelheden slib vrij.
Deze slibben bevatten ongeveer 98-99 % water. Om deze hoeveelheid water te reduceren
wordt gebruik gemaakt van mechanische ontwatering, waarna het slib voornamelijk wordt
gedumpt of afgezet in de landbouw. Echter door toenemende strengere milieuwetgevingen zal
in de toekomst het slib moeten worden verbrand. Om energiekosten te besparen, is het van
belang om zoveel mogelijk water te verwijderen met behulp van relatief goedkope mechanische
ontwateringsprocessen. Deze processen bestaan uit zowel filtratie als persing en worden
voornamelijk uitgevoerd met behulp van kamerfilterpersen of zeefbandpersen en tot op zekere
hoogte met decanteercentrifuges. Einddrogestofgehaltes zijn ongeveer 30-35 gew.% voor
kamerfilterpersen en 16-24 gew.% voor zeefband persen. Deze waarden zijn inclusief
flocculantdoseringen. In Nederland wordt voor kamerfilterpersen voornamelijk ijzerchloride in
combinatie met kalk gebruikt en voor zeefbandpersen polyelectrolyten. Bovengenoemde
einddrogestofgehaltes zijn echter nog veel te laag en verbetering is daarom gewenst. Door
meer inzicht te creëren in de fundamentele aspecten van het slibontwateringsproces is het
wellicht mogelijk om in de toekomst de ontwateringskarakteristieken van bestaande technieken
te verbeteren.
Modellering van het filtratie- en expressiegedrag van slib impliceert dat moet worden
gekeken naar vloeistofstroming door een compressibel poreus medium. Combinatie van de
Darcy stromingsvergelijking, een krachtenbalans en een continuïteitsvergelijking leidt tot een
partiële differentiaalvergelijking die de verandering van de porositeit in de plaats en de tijd in
een filterkoek beschrijft. Voordat deze vergelijking kan worden opgelost moet een constitutief
model worden gekozen. Een constitutief model beschrijft de manier waarop de vastestofmatrix
in de filterkoek vervormt (materiaalgedrag). Tijdens de filtratiefase kan het materiaalgedrag
worden beschouwd als niet-lineair elastisch. Dit betekent dat de vervorming van de
vastestofmatrix instantaan plaatsvindt indien de spanningen op de deeltjes veranderen. De
porositeit is alleen een functie van de z.g . compressiedruk (gelijk aan de spanningen op de
deeltjes). De relatie tussen de porositeit en de compressiedruk kan dan worden gemeten onder
"steady-state" condities. In dit onderzoek is gebruik gemaakt van een zogenaamde compressiepermeabiliteitscel om deze relaties te bepalen. Het materiaalgedrag tijdens de expressicfase kan
beter worden beschreven met een niet-lineair visco-elastisch model. De porositeit is zowel een
functie van de compressiedruk als van de tijd. De deformatie van de filterkoek kruipt langzaam
naar een evenwichtssituatie (geen vloeistofstroming meer); dit wordt veroorzaakt door de
frictie tussen de deeltjes in de filterkoek. Om dit visco-elastische materiaalgedrag te kunnen

beschrijven is gekozen voor een eenvoudig reologisch model, het standaard vastestofmodeL
Omdat het experimenteel onmogelijk is het materiaalgedrag te bestuderen zonder dat er
vloeistofstroming plaatsvindt, kunnen de parameters van het vastestofmodel alleen direct uit
een expressieexperiment worden bepaald.
Experimenten en berekeningen wijzen uit dat de ontwateringssnelheid van zuiveringsslib
voornamelijk wordt bepaald door de hoeveelheid en het type flocculant en niet door de
aangelegde filtratie-expressiedruk. Slibben zijn over het algemeen zeer compressibel. Dit wordt
veroorzaakt door de grote zwakke aggregaten die worden gevormd tijdens flocculatie.
Hierdoor daalt de permeabiliteit van de filterkoek snel bij toenemende druk. Een hogere
drijvende kracht wordt min of meer gecompenseerd door een lagere permeabiliteit, waardoor
de filtratie-expressie snelheid niet zal toenemen. De ontwateringssnelheid tijdens de filtratiefase
is altijd het hoogste bij een optimale flocculantdosering. Tijdens de expressiefase geldt voor
slib geflocculeerd met polyelectrolyt dat de ontwateringssnelheid nauwelijks varieert met
variërende concentratie. Flocculatie met polyelectrolyten resulteert in grote vlokken die leiden
tot een hoge initiële permeabiliteit en tot snelle ontwatering tijdens de filtratiefase. Echter
vanwege de hoge compressibiliteit en het visco-elastische materiaalgedrag kan de totale
ontwateringstijd enkele uren duren voor slechts kleine initiële koekdiktes. Dit geldt ook voor
slib geflocculeerd met ijzerchloride en kalk. De hoeveelheid flocculant heeft echter vrijwel geen
invloed op het einddrogestofgehalte bij evenwicht. Hoge drogestofgehaltes (30-45 gew.%)
kunnen al bij relatief lage drukken (I 00-700 kPa) worden bereikt indien de filterkoeken
volledig zijn uitgeperst onder optimale laboratoriumcondities. Drogestofgehaltes van ± 60
gew.% kunnen worden bereikt bij drukken van 8-10 MPa. Dat zulke hoge drogestofgehaltes
kunnen worden gehaald wordt weer veroorzaakt door de hoge compressibiliteit en betekent in
feite dat de hoeveelheid fysisch of chemisch gebonden of intracellulair water vrij klein is. De
grote verschillen in drogestofgehaltes tussen laboratoriumproeven en praktijkresultaten geven
aan dat de limitering in slibontwatering wordt bepaald door de gebruikte apparatuur, de manier
van flocculeren en de hoeveelheid flocculant in de praktijk.
Metingen van de interne structuur van filterkoeken geeft waardevolle informatie omtrent
de koekstructuur en koekvorming en is een fundamentele manier om een filtratieexpressiemodel te verifiëren. Porositeitsprofielen werden kwantitatief gemeten met behulp van
nucleaire magnetische resonantie. Deze nieuwe techniek is een veelbelovende techniek om het
filtratie- en expressiegedrag van vast-vloeistof mengsels te bestuderen. De overeenkomst
tussen gemeten en berekende hydraulische drukprofielen is goed.

Wat

betreft

de

porositeitsprofielen is de overeenkomst minder goed. Dit verschil zou kunnen worden
veroorzaakt door het feit dat de bepaling van de compressibiliteitscoëfficienten met behulp van

de compressie-permeabiliteitscel te eenvoudig is om het materiaalgedrag correct te kunnen
beschrijven. Er is echter meer onderzoek nodig om deze hypothese te kunnen bevestigen.
In dit onderzoek is de ontwatering van slib in de meeste gevallen bestudeerd met behulp
van een filtratie-expressiecel of een compressie-permeabiliteitscel. Een alternatieve en snellere
manier is het gebruik van het zogenaamde capillaire afzuigtijd (CST) apparaat. De drijvende
kracht in dit apparaat is de zuigkracht van speciaal filtreerpapier of keramiek in plaats van een
mechanisch aangelegde druk. Het conventionele CST apparaat wordt veel gebruikt maar had
enkele nadelen. Een van de belangrijkste nadelen was dat er geen gemiddelde specifieke
filtratieweerstand kon worden bepaald . Voorheen kon alleen een zogenaamde CST -tijd worden
verkregen die afhankelijk was van het drogestofgehalte van de suspensie. Vaak wordt de CSTtijd in de literatuur vermeld zonder daarbij het drogestofgehalte van de suspensie te vermelden.
Hierdoor is de waarde relatief. Voor de berekening van de gemiddelde specifieke
filtratieweerstand moet het drogestofgehalte van de suspensie worden gebruikt en hoeft dus
niet apart te worden vermeld . Een speciaal model voor het CST apparaat is afgeleid om de
filtratieweerstand te bepalen. Tevens is het apparaat zodanig gemodificeerd dat continu kan
worden gemeten en is het filtreerpapier vervangen door keramiek.
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INTRODUCTION

1.1 General remarks on sewage-sludge treatment
The treatment of waste water in the Netherlands started about a hundred years ago. It
became evident that the natura! regeneration of surface waters was no Jonger sufficient. Some
surface waters tumed into malodorous dead water pools. The first biologica! sewage
treatment plant was built at the beginning of the 20th century. Trickling filters were used and
the main objective was the ahatement of the odour nuisance accompanying waste water
release. Up to the early 70s this was the only form of waste-water treatment. The Pollulion
Surface Water Act of 1970 marked a turning point. The act prescribed treatment of all waste
water, mainly by means of collection via municipal sewerage and central treatment in RWZ!s
(Riool Water Zuiverings Installaties). Nowadays 92% of all householcts in the Netherlands is
conneeled to a sewer system. Of this waste water 85% is treated biologically. At the
beginning of 1990 471 RWZ!s were in operation (see table 1.1) with a total treatment
capacity of almost 24 miJlion population equivalents,

p.e. (average amount of oxygen-

consuming material produced by one person in one day from one household) .
year
number of

1975

1980

1985

1990

1995

403

439

469

471

445

10.9

16.6

20.7

23.9

25.3

biologica!
plants
treatment
capacity
(million p.e.)

Tah/e 1.1 Development ofsewuge treatment cupacity (Hoorns tra and de .long. 1991) .

On average 90% of the BOD (Biologica! Oxygen Demand), 46% of the nitrogen and 42% of
the phosphate is removed in these plants. lt is planned that in 1995 nitrogen and phosphate
will be removed with an efficiency of 60 and 75%, respectively.
The following major problems are encountered in waste-water treatment (La Heij et al.,
1994):

2

•

Chaptcr I

The annual costs of waste-water treatment have increased to one billion guilders, the
larger part spent for capita] and energy.

•

Municipal RWZis tagether produced 315,000 tonnes of dry solids in 1990; this amount
increases every year (see tigure 1.1 ).

In 1990, a bout 75% was used in agriculture or

dumped. Because of more severe quality requirements for reusable sludge and decreasing
possibilities of agricultural disposal, caused by the current gigantic surplus of animal
manure, better processing methods and treatment processes producing less sludge are
needed.
incinaate(4%)

fertilizer
soil(26%)

dump(32%)

agri cullure(35%)

1983

) ')!)()

1'>86

tntal 198 mln kg

total 315 mln kg

total 23lJ mln kg

Figure 1.1 Disposal <>( sewap,e s/udge in I':J83, 11J86 und 11J?O (van Starkenburg et al., /IJ?/, CBS,

1993).

•

To reduce drastically quantities of nutrients, phosphate and nitrogen compounds have to
be removed . Further impravement of effluent quality must be achieved by reducing
organic micropollutants, heavy metals and suspended solids. Limits (governmental
requirements) on heavy metal concentrations are shown in figure I .2.
:!nooT

. . = limit v:tlul' prior to Janu.uy

~

"'0

~

19<; I

~ =limit va lu~s 1991 to 1995
16110

llil~ =limit valu~s propO.<ri:l!d 1 99~ to 2000

è

"0

00

~

1:! 00

s

ROO

40<1

0
zinc

~·t 'PJX"r

l ~!:ld

chromium

niCkC'I

c:ulmium

mcrcury

~cnic

Figure 1.2 Limits (governmentul requirements) on heavy me/u/ concentration.~ fór the agricultural
use ofsewage sludge (Werumeus Jlunin}!. 1I) I) 1).

Introduetion
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As aresult of urban expansion, the originally remote RWZ!s are now Iocated very near to
residential areas. Therefore future RWZ!s have to be more compact with proteelive
roofing, which wil! facilitate noise and odour controL
1.2 Sewage-sludge treatment

Sewage sludge has some undesirable prope1iies:
I. it causes odour problems,
2. it may contain pathogenie organisms,
3. it is often difficult to dewater,
4. it may contain poisonous materinls.
To imprave the above-mentioned properties, sludge is stnbilized and conditioned.
Stabilization is applied to imprave the first two properties nnd implies biologica! treatment.
The decomposition of the organic material cnn be either aerobic (by using an oxidation ditch
or an aeration tank), anaerobic (by using a digester) or by a combination of those two. When
using aerobic treatment, the sludge is snturated with air and carbohydrates, fats and proteins
are broken down by aerobic bacteria using the respiratory metabolic pathway leading to the
formation of inorgnnic end-produels (cnrbon dioxide, water). When using anaerobic
treatment, the sludge is kept in a digester in which carbohydrates, fats and proteins are
reduced to methane by methane-bacterin. Nitrogen in orgnnic and ammonium fmm is
removed by nitrification/denitrification. Nitrification is the biologica! oxidation of ammonia
to nitrate. Denitrificntion is the biologica! conversion of nitrate to more reduced forms like
N 2, N20 and NO. To remove phosphate an anaerobic zone can for instanee be incorporated,
usually upstream of the neration tank. The genus Acinetobacter is the most important
representative of phosphate tnke up in activaled sludge (Rensink, 1991 ). The bacterium is
normally present in activaled sludge, but in smnll qunntities due to its low growth rate. The
bacterium prefers low molecular compounds such as low fatty acids and ethanol as substrate.
The production of low fntty acids can be renlized by incorporating an anaerobic zone
(Rensink, I<)<) I).
Advantages of sludge stnbilization are:
the dry solids content decreases,
•

the orgnnic fraction is reduced, which results 111 a better starage life and less odour
nuisance,
recovery of energy in the form of digester gas.

Disndvantages are:
the aeration/digesting process needs some investment,
for further treatment the energy content of the sludge is lower, which is disadvantageous
for incinerntion.

4
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Sludge conditioning can be conducted in three ways:
1. chemica! conditioning,
2. thermal conditioning,
3. physical conditioning.
When chemica! conditioning is

<~pplied,

sludge is mixed with flocculants. These can be either

polyrners or met<1l s<Jlts. These flocculants form

<~ggregates

tagether with the sludge particles,

which leads to impravement of the dew<Jtering properties. When

therm<~!

conditioning is

applied, the sludge c<Jn be freeze-thawed or wet-oxidized. Bath methods change the sludge
structure, which also leads to impravement of the dewatering properties. When physical
conditioning is applied, inert materials, like fly ashes, are added to the sludge.
Description of a combined aerobic-anaerobic sew<Jge treatment plant, tigure 1.3:
Industrial and dornestic waste water is colleeled via the sewer system and flows via a
distributor to the primary settling tanks (I). The sl udge particles

are<~ il owed

to settie quietly

towards the bottorn of the settling t<1nk. Th is sludge is C<llled primary sludge. The next step is
the aerobic treatment of the sludge (2, residence time: 5 to 20 days). Air <1nd sludge are
intensely mixed . The <1ir enters the <Jeration tank through pipelines with holes which <1re lying
on the bottom. Sludge from the <Jeration tanks is called activated sludge. Thereafter the sludge
is pumped to the fïnal settling t<1nks (3). Efnuent flows to the nearby
sludge is pumped

b:~ck

into the

:~eration

primary settling tanks is pumped to the

can:~l.

The activaled

tanks. For further treatment the sludge from the

s:~nd

tr<1p (4). In this trap the heavier sand particles are

colleeled in a container. The remaining lighter sludge particles are pumped through a
thickener (5) to the digester (6), (residence time± 20 days). The released gas is colleeled in a
gas holder (I 0) and is used for healing the sludge
motors. The digested sludge then flows

:~gain

:~nd

for generating power by

me:~ns

of gas

into a thickener (7). After this step the sludge

can be dewatered for further volume reduction ; the slu dge is pumped to lagoons (8) or
mechanica! dew<Jtering equipment ( 11) (see section 1.3 ).
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Figure 1.3 Schematic diagram 1![ a comhined aerobic-anaerobic waste water treatment plant.
I =primwy sellling tanks, 2=aeralion tanks, J=.final settling tanks, 4=sand trap, 5=thickener,
6=digester, 7=thickener. 8=/agoon. 9=air compressors, 1O=gas ho/der, 11 =mechanica! dewatering.

1.3 Mechanica! dewatering
Since the sludge volume must be reduced in a way as cheap as possible, mechanica]
dewatering is usually preferred over drying. Mechanica! dewatering of sewage sludge usually
takes place by means of filter presses (plate and frame press, membrane plate press), belt
presses and, to some extent, decanter centrifuges. Average dry solids contents for the
different dewatering equipment in the Netherlands are shown in table 1.2. The dry solids
contents include flocculant dosage.
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dry solids
% oftotal

volume

dry solids content

In

1000
38.4

In

out

wt%

wt%

3.5

3

22. 1

1957

253

4.0

34. 1

6.1

544

104

3.5

21.0

3.5

64

4

16.0

29.9

2380

2380

3.8

4.3*

• there is some increase in dry solids content, because the sludge is slored in thickeners.

Ta bie 1.2 Average incoming and oulgoing tby soliels conlenis .for different dewatering equipmen/ in
praclice (CBS, 1993).

In the conventional plate-and-frame press a series of perforated, square or rectangular
plates alternating with hollow frames is mounted on suitable supports and is pressed tagether
with hydraulic or screwdriven rams. The plates are covered with a filter cloth (usually made
of polyester or nylon), the slurry is pumped into the frames and the filtra te is drained from the
plates. The depth of the frames varies, but it can reach values up to 40 mm. Plate sizes are
about 2 m2, the numbers of chambers vary up to I 00, resulting in fiJtration areas up to 200
m2. The cakes are removed by vibration or by simply pulling the cake from the cloth when
the press is open. This makes this process a batch fiJtration operation. To express the sludge
cakes, the feed pump will continue to supply sludge, although the frames are full. Also
membrane plates or plates with flexible seals are used (see figure 1.4). A membrane press
consistsof a recessed plate press in which the plates are covered with an inflatable membrane
which has a drainage pattem moulded into its outside surface. The filter cloth is placed over
the membrane. During the first stage of dewatering the chambers are filled with slurry and
conventional fiJtration takes place. When the chambers are full of cake, the feed is terminaled
and the membranes are inflated by pumping compressed air or hydraulic fluid in between the
membranes and the plates, so that the cake in the chamber is compacted as the two
membranes move towards one another.
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compressed

<--liltrate
a recesseu pin te in a mcmhranc press

a plntc-prcss filter

Figure 1.4 Batch pressure.filtrution-expression equipment.

In some plate presses the membranes are replaced by flexible seals. After filling the chambers
with sludge cake, compression takes place by means of a powered ram.
In the above-mentioned processes pressures are built up to I 000-1500 kPa during
dewatering. Dewatering times areabout two to three hours. Iron chloride in combination with
lime is aften used as flocculant when filter presses are used. Inslead of iron chloride
somelimes aluminium chloride is used. Flocculants are added just before the sludge enters the
filter press.
Another type of equipment used for sludge dewatering is the belt press (see figure I .5).
Belt presses belang to the category of continuous pressure filters. The flocculated slurry is
first introduced onto a horizontal drainage section where water is removed by gravity. The
sludge is then sandwiched between the carrying belt and the cover belt (width up to 2.5 m)
and dewatering takes place. In the final zone (shear zone) the cake is sheared by flexing it in
opposite directions during passage through a train of rollers in meander arrangement. It is not
known which pressures can be reached in a belt press; residence times are about 8-10
minutes. Polymers are often used as flocculant when belt presses are used .
In the Netherlands the major part of sludge is dewatered by means of belt presses and
not by use of filter presses, as can be seen from table 1.2. This reason for this can be
understood by camparing the capacities of belt presses and filter presses. A belt press handles
about 30 m3 sludge per hour while a large filter press handles about 20 m3 per hour.
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Figure 1.5 Schematic diagram 1!{ a belt filter press (.S'varo vsky. 1990).

Dry solids contents after dewatering are still very low. In all cases a decrease of the
water content is of the utmost importance for the reduction of incineration, dumping and
transport costs. For incineration it is of crucial importance that autothermal combustion
conditions can be achieved by reduction of the water content, resulting in a minimum fuel gas
consumption of the incinerator. For controlled dumping it is necessary to decrease the needed
site volume.

1.4 Incineration of sludges

For further volume reduction after the mechani ca! dewatering, the sewage sludges can
bedried and incinerated. After the year 2000, incineration of sludges will be obligatory in the
Netherlands. According to Marskamp ( 1991) the fluid ized bed process is the most important
incineration process, because of the following advantages:
stabie and good combustion conditions resulting in relatively low pollutant emissions into
the atmosphere,
•

incineration at relatively low temperatures (850-900

oq,·

combustion of sludges with low and varying calorific values, which is important when
sludges from different waste-water treatment plants are incinerated,
•

no moving parts in the high temperature zone of the bed,

•

reliable and low maintenance costs.
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In tigure 1.6 a diagram is given of the combination fluidized bed oven, heat recuperation
and sludge drying of a designed plant in Noord-Brabant, the Netherlands. The fluidized bed
consistsof a vertical, cylindrical cambustion chamber with a diffuser plate as a bottorn for the
distribution of the cambustion air through orifices. On the plate lies a fluidized sand layer
with a temperature of about 850 oe. The dewatered and dried sludge is incinerated in this
bed. The fluid bed also serves to break up the sludge cake into smal! particles, which leads to
acceleration of the combustion . The upper part of the chamber is the afterbumer section
which is used to achieve a more complete cambustion process. When the oxygen
concentration is too low, secondary air can be injected. The inorganic components in the
sludges are converled to fine ash particles which are entrained with the flue gas, together with
the degraded sand particles of the fluidized bed . The flue gas is cooled down in a boiler for
steam production in combination with a heat exchanger to preheat the cambustion air. The
steam at 180 oe is used for pre-drying the sludge. The pre-dried sludge has to have a dry
solids content of about 95 wt% .

t
sludge
cake

85ü"C

<-

lnss

-

- >·· .·.· .·:.··.:
• 11 : . •••••

L===: :l.(-~_j

óllll"C
cumbustion air

stcam IXII"C

' - - - -·- - - - ·- --<- - - - - ' - -- - - ' - - -- - - - - '

stcamk<>ndcnsate

Fi~:ure

1.6 Diugrum of the com/Jinution jluidized bed oven. heul recuperalion und sludge d1ying.

Designfor Noord-llruhunl. !he

Nether/und~

(Murskump. 1993).

Techniques for flue gas cleaning are:
electrostatic precipitator for solids (electrofïlter),
bag filters for solids,
scrubbers for HeL, HF, S0 2, Hg and solids,
activated carbon filter adsorber for Hg, dioxins and furans,
•

catalytic reduction of NO x·
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It is not possible to reduce S0 2 for 98% by means of one scrubber. Therefore lime is
added to the incinerator and a large part of this component wiJl be immobilized to the soli ds.

In the incinerator metals like Zn, Cu, Pb, Cd and As are more or less evaporated. During the
cooling process these vapours wil I condense again and will be adsorbed by fine ash particles.
Consequently the emission of metals will be defined by the residual solids levels in the flue
gases and the metal content of the solids. Mercury does not condense in this system. A
strongly acid scrubber (pH=!) is commonly used for binding mercury in combination with an
activaled carbon adsorber. With optimum combustion conditions, without cold spots and
uniform temperature distribution in the firing zone, a complete destruction of dioxins is
possible.

1.5 Outline of the work to be presented.
Because of the large problems encountered in waste-water treatment as pointed out in
section 1.1 and 1.3 , the lnstitute of lnland Water Management and Waste Water Treatment
(RlZA) and the Foundation for Applied Waste Water Research (STOWA) started a national
research program entitled 'Future Treatment Techniques fo r Municipal Waste Water', or
'RWZI 2000' for sh011, which was set up to develop new technological solutions. One part of
this national research program was called 'Fundamental Research on Sludge Characterization
and Dewatering', and was carried out at the Eindhoven University ofTechnology, Labaratory
for Separation Technology (Herwijn et al., 1994). In this thesis the dewatering behaviour of
sewage sludges wil I be discussed. On the one side the rnadelling of the dewatering behaviour
of sludges will be discussed, which is imp011ant to predict dewatering times, dry solid
contents and to optimize design and operating of dewatering equipment. On the other side
different characteristics which influence the dewatering, are investigated . Because of the
differences in supply and treatment in the sewage treatment plants, all sludges are different. 1t
is impossible to study all sludges from the different treatment plants in the Netherlands,
especially if rnadelling studies are involved . Most of the experiments are therefore carried out
with sludge from the rwzi Eindhoven/Mierlo (750,000 p.e., 60% domestic, 40% industrial
waste), a mixed sludge (primary and secondary sludge) . Also some experiments were carried
out with stud ge from the rwzi Amsterdam-Oost (750,000 p.e., ± I 00% dornestic waste,
digested sludge) and sludge from the rwzi Veghel (250,000 p.e., 35 % domestic, 65%
industrial waste, oxidation ditch sludge). All these sludges are partially domestic, partially
industrial. Eindhoven/Mierlo sludge was chosen for geographical reasons. Amsterdam sludge
was chosen, because it is a digested sludge and Veghel sludge was chosen for the bad
dewatering results (± 16-17 wt% dry solids) which are reached in practice.
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In chapter 2 the physical-mathematical rnadelling of fiJtration and expression of compressible
porous media, like sludges, is discussed. Since there are moisture gradients in the filter cake
which change continuously during time, flow rate equations, stress balances, constitutive
equations and continuity equations are used to model the filtration- and expression phase.
Special attention is paid to constitutive equations for descrihing the material behaviour of
sludge cakes. These equations describe how the moisture content of filter cakes is related to
stresses on the particles. In chapter 3 typical Iabaratory dewatering equipment and
experiments are discussed . Model calculations are compared with experimental results. Also
measurements with the compression-permeability cell, which form the basis of the models,
will be discussed . lt will be shown that material deformation is an important factor in
rnadelling the dewatering behaviour of sewage sludges. In chapter 4 the influence of several
process conditions and different sludge characteristics (e.g. type of flocculant) on the
dewatering behaviour of sludge is discussed. The type of flocculant and dosage can have a
large influence on the material behaviour of the sludge cake and on the rate of dewatering.
Especially dewatering pressures have a large impact on the final dry solids content of the
dewatered cake. In chapter 5 measurements of the internal structures of filter cakes are
discussed. Hydraulic pressure and moisture profiles were measured. Moisture profiles were
measured by means of magnetic resonance imaging, which has the important advantage of
being a non-destruclive measurement. Measuring these profiles is a fundamental way of
model validation. In chapter 6 the 'Capillary Suction Time' apparatus is discussed. T he
apparatus is commonly used for quickly studying the dewatering behaviour of sewage
sludges. The dewatering of sludge in a CST apparatus is a fiJtration process. A modified CST
apparatus was developed especially to predict average specific cake resistances of nonflocculated sludges. In chapter 7 concluding remarks about sludge dewatering are made.

2

FILTRATION AND EXPRESSION THEORY

2.1 Description of liltration and expression process
As described in chapter I the dewatering of sludges is, like many other solid-liquid
separations, accomplished in four stages: pretreatment, thickening, fiJtration and expression.
Pretreatment implies biologica! treatment, the sludge is stabilized. Thickening is applied to
increase the dry solids content befere the sludge enters the mechanica! dewatering equipment.
In figure 2. 1 the mechanisms of tiltration and expression are shown for an experiment in a
Iaberatory filter cell with axial liquid flow. Aft er a piston is placed on top of the slurry a cake
builds up from the filter medium (dL!dt > 0, L is cake thickness), the hydraulic pressure near
the filter medium approaches zero and the hydraulic pressure at the top of the cake and in the
slurry remains constant (equal to the constant applied pressure on the piston, see figure 2.1). In
the filter cake, the particles wil! have contact with each ether, while in the slurry the particles
float in the liquid without having contact with each other. It is assumed that there is a
discontinuity in solids fraction between the slurry and the cake. The expression-phase starts
when the slurry has disappeared (the piston has reached the upper cake boundary) and the cake
is compressed (dL/dt < 0) in a more compact fo rm. The hydraulic pressure near the filter
medium remains zero; the hydraulic pressure at the top of the cake wil! also be zero at the end
of the expression-phase (see figure 2.1), which results in a uniform liquid content throughout
the cake. More or less equivalent words of expression are consolidation, squeezing and
pressing.

Filtration
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dL/dt
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dL/dt

l

<
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p

Figure 2.1 Mechanism of filtra/ion- and expression phase (Yeh, 1985). Lis cake thickness.

p

14

Chaptcr 2

If the material is highly compressible, like sludges, the liquid content at the end of the
fiJtration phase is still relatively high. There is a moisture gradient in the filter cake and only
near the filter medium the porosity has relatively low values. During expression this moisture
gradient will disappear. Expression is therefore often an effective way of reducing the Iiquid
content of the compressible filter cake. If the average liquid content of a filter cake changes
with changing pressure, a material is called to be compressible. Almost all matenals are
compressible. In figure 2.2 this idealized process is drawn with a three dimensional diagram.
The volume fraction of the solids is shown as a function of time and distance. The volume
fraction of the solids is a unique function of the fractional distance to the filter medium; the
solids fraction at the cake surface e 50 remains constant during the fiJtration phase and the solids
fraction near the filter medium reaches the value e 5 m at the end of the fiJtration phase. e 5 m
remains constant during the expression phase on the assumption that the filter medium
resistance is negligible. At the end of the expression phase when no liquid flows occurs, the
solids volume fraction is uniform throughout the cake, as shown by the line BB in figure 2.2.

TIME

DI STANCE

Figure 2.2 Three-dimensional diagram of the jiltmtion- and expression process (Til/er and Yeh,
1987).

Many factors can affect cake fiJtration and expression. The most important factors are
sumrnarized below:
Partiele aggregation.
•

Partiele size, shape and morphology.
Effect ofliquid flow on compression of filter cake.

•

The way in which the particles are first laid down on the filter medium.

•

Interaction between particles/aggregates and filter medium.

Filtnttion and cxprcssion thcory
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Slurry concentration.
Mechanica! factors affecting tlow patterns and partiele motion; e.g. vibration and
turbulence.
•

Migration and deposition of fine particles into the interslices of the filter cake and filter
medium.
Electrostalie charge on partiele surface and lyophilic or lyopholic properties.
Permeability of filter medium.

2.2 Governing equations

In figure 2.3 a schematic diagram of a filter cake is drawn. The description of the
formation and compression of a compressible filter cake incorporates the following basic
principles and concepts:
I. Darcy's law for liquid tlow through porous media,
2. mass balances for liquid and solid phase,
3. momenturn balance, which reduces toa force balance,
4. constitutive equations relating porosity e and solidosity es to the so-called compressive
pressure Ps and time.
5. relation between permeability K or specific cake resistance a and the porosity e or
solidosity es
In the following paragraphs the above mentioned equations will be discussed. The basic
assumptions in this theory are:
I. the filter cake is completely saturated with liquid,
2. the primary particles and the liquid are incompressible,
3. momenturn changes are neglected,
4. migration of fine particles leading to filter medium clogging is neglected,
5. cake structure is independent of cake thickness.
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Figure 2.3 Schematic diagram of aft/ter cake.

2.2.1 Darcy's law

When the slurry enters the filter cake the liquid flows through the interstices of the
compressible bed and the solicts are retained on the filter medium. For liquid flow through
incompressible and compressible porous media Darcy's (empirica!) law is ofien used
(Scheidegger, 1958):
(2.1)

where q1 is the superficial liquid velocity, TJ the liquid viscosity and 8p 1/8x the liquid pressure
gradient. The x-co-ordinale is chosen such that x=O at the medium and x=L at the cake
surface. Much ofthe workin the field of cake filtration, presenled by Tilier et al. (I 958, 1960,
1973, 1980), is based on the fact that the motion of the solicts is negligible and that the
superficial liquid velocity is uniform throughout the cake. This theory led to many practical
equations, but they made no attempt to solve the partial differential equation descrihing the
change of the porosity in time and place, which wil I be discussed in section 2.3. Shirato et al.
( 1969) modified the Darcy equation to take into account the motion of the solids:
(2 .2)
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where v1 and v5 are the local averaged pare veloeities of respectively the liquid and the solids.
More fundamental approaches (Whitaker, 1986, Willis and Tosun, 1980) to flow through
porous media also lead to equation 2. I or 2.2. The relations between the local superficial
veloeities and the local averaged pare veloeities v1 and v5 are:
(2.3)
(2.4)

where E + E5 = I . The porosity E is defined as:
totalliquid volume in filter cake

[ m3)

tata! volume of filter cake

[ m3]

E = -----'---

-------

In the conventional tiltration theory aften a specific cake resistance a is used instead of a
permeability K. a can be expressed in m kg-I or m-2 The relation between permeability K and
specific cake resistance a is:
a=[m-2]

KEsa= l
KEsPsa= l

a =[m

or

kg- 1]

(2.5)
(2.6)

In this thesis relation 2.6 will be used. (For descrihing incompressible cake filtration, equation
2.1 can be integrated assuming that the motion of the solids is negligible and that a is constant

in time and place. For the product EsPs the term c is used. c is the mass of dry solids per unit
volume filtrate.)
2.2.2 Mass balances

A mass balance for liquid and solids is made by choosing a control volume in the cake
between an arbitrary point at distance x and x+dx. Let the volumetrie flow rate of liquid
toward the medium be <p 1(x,t) and the local liquid volume fraction E (x,t). The net volume per
unit time of liquid entering and leaving the control volume is equal to the ra te of change in the
volume of liquid :
0 x+dx

<p,(x,t) - QII( x+ dx,t) = àt

J E(x,t)Sdx

x

(2.7)
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where S is the cross-sectional area of the filter cake. Differentiating equation 2. 7 to di stance x
and dividing by cross-sectional area S yields the continuity equation for the liquid phase:
(2.8)

A similar result is obtained for the solid phase:
(2.9)

Equations 2.8 and 2.9 can be written in a more generalized three dimensional form :

ae

V' .qJ = àt
(2.1 0)

Summing equation 2.8 and 2.9 yields:
(2. 11)

Since the superficial solids velocity is zero at the filter medium, equation 2.12 is valid:
(2.12)
where Qhn is the superficialliquid velocity through the filter medium.
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2.2.3 Force balance

~ =

cumulative drag force [N]

P = compressive pressure [Pal
5

F
s

S

= cross-sectional area [m2 J

F +dF
s

s

direction of flow
P = F IS
s
s

i

ii t

Figure 2.4 Force balemees in afil!er cake.

lf the liquid and solids velocity are low, the acceleration forces and the inertial forces can
be neglected. The momenturn balance turns into a force balance. In figure 2.4 the situation is
schematically drawn. The force balance for the liquid- and solid phase are linked through a
momenturn transfer M. A force balance for the liquid phase over a distance dx leads to:

(2, 13)

where Pwl·S is the total frictional force developed by the liquid phase on the walland 'txx is the
normal stress in the liquid phase. Dividing equation 2.13 by S.dx and letting dx approach to
zero, the following equation is obtained:
PI De +e~+ OpwJ + Ehxx +p,eg =- M
àx
àx
àx
àx
s

(2. 14)

Extension of equation 2. 14 to a more generalized three dimensional form leads to:

(2. 15)

A similar force balance for the solid phase can be made:
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(2.16)
where F 5 is the cumulative drag force on the particles (see figure 2.3) and Fws the wall friction.
Dividing equation 2.16 by S.dx and letting dx approach to zero, the following equation is
obtained:

(2.17)

where Ps is the so-called compressive pressure. Equivalent words of compressive pressure are
effective pressure and effective stress. Note that it is assumed that the particles have point
contact. Extension of equation 2.17 to a more general three dimensional form is complex
because the compressive pressure is anisotropic. Making the following assumptions:
I. negligible wall friction,
2. negligible viscous momenturn transfer through the interstitial liquid phase,
the following one-dimensional force balanceis obtained:

(2. 18)

Inlegration of equation 2. 18 wil I give :
(2.19)

where p is the applied filtration-expression pressure and L the cake thickness.

2.2.4 Constitutive equations
2.2.4.1 Elastic material behaviour
Constitutive behaviour can be described as that part of the behaviour of a material that
can not be described anymore with general physical laws, but which is material dependent In
the case of compressible cake tiltration and expression, constitutive equations are used to
describe the relation between the local porosity

E

or the local solidosity Es and the compressive

pressure p 5 and time. If the material is elastic, the material behaviour is time independent.
Instantaneous changes in the compressive pressure p5 will lead to instantaneous changes in the
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porosity. Many empirica! relations for descrihing the material behaviour have been adapted in
the past for all kind of materials (Shirato et al., 1968, Tilier et al. 1980, Gibson et al., 1981 ).
Tilier et al. ( 1980) suggested the following type of (empirica!) equations:

(2.20)

(2.21)

The permeability and specific cake resistance can also be related to the compressive pressure,
but are not called constitutive relations:

(2.22)

(2.23)

where À.,

p, o and

and Yeh, 1987).

n are compressibility (or compactability) coefficients and n

1:0 ,

= o - P (Tiller

e50, K0 and a 0 are the porosity, solidosity, permeability and specific cake

resistance respectively when the compressive pressure Ps equals zero; this is at the top of the
filter cake. Pa is a constant to make the equations dimensionless (a discussion can be found in
sectien 3.2). The index oo is used to indicate that the values are representative for the
equilibrium situations, which can be determined by means of a so-called compressionpermeability cel! (see chapter 3). These relations can describe the deformation of many
materials (Til Ier et al., 1980). Substitution of equation 2.20 into equation 2.22 gives a relation
between permeability and porosity. An alternative definition of a compressibility coefficient
was given by Wakeman ( 1978, 1979). Th is definition is, ho wever, practically difficult to apply.
There are many factors which can affect the zero stress solidosity ~: 50 or porosity ~:0 . It is
generally assumed that the zero stress solidosity corresponds approximately to the
concentratien at which a yield stress would appear in rheometric studies. The compressibility
of filter cakes depends on the volume fraction of solids in a freshly deposited layer under low
stress in camparisen with a compact layer. Partiele size and size distribution, shape, degree of
flocculation, type of flocculant and bound water delermine ~: 50 . This is illustrated in figure 2.5.
Large particles are primarily affected by gravitation while smal! particles are governed by
interpartiele forces (e.g. Londen-van der Waals farces). Irregular particles, like sludge tlocs,
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form beds with a large fraction of voids. As the number of particles grows in a floc (e.g. when
sludge is flocculated; this is discussed in more detail in chapter 4), the internat porosity
increases. Although a highly porous floc is distorted on deposition, the unstressed solidosity of
the filter cake may reach val u es as little as 0.02 to 0.05. Because of the big difference between
the zero stress solidosity and the stressed solidosities of flocculated suspensions, the materials
are often highly or super compressible.
PREVAlLING FACTORS
LONDON - VAN DER WAALS .
ELECTROST A TIC FORCES
DEGREE OF FLOCCULATION

GRAVITATION
SHAPE
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Figure 2.5 Nul/ stress volume fraction of solids (solidosity) as a fimction of partiele size, shape and
degree offlocculation (Til/er, 1988).

The relations 2.20 and 2.21 assume that the deformation of the material is elastic. The porosity
is only a function of the compressive pressure Ps and not a function of time. Further, these
relations indicate that the material behaves non-linear elastic. This can be seen as follows.
According to the simplified one-dimensional Hooke's law:

(2.24)

cr=EE
(where cr is the effective stress, equal to -p 5, E the elastic modulus and

E

the strain) the

relation between effective stress and strain is linear. Linearity can be characterized with
proportionality and superposition (Oomens, 1991 ). A change in the strain

E

wil! lead to a

proportional change in the stress cr. However, ifthe following definition forthestrain is used:
L-L
E= - --0
Lo

(2.25)
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where L is the length of the filter cake at time t and L0 the length at time t=t 0 , the relation
between porosity e or solidosity e5 and strain

E

is equal to:

(2.26)

theelastic modulus E can than be written as (combination ofequations 2.20, 2.24 and 2.27):

_ -p 3 [( - e
E-

e0

)~

1

-I

j((l- 0)
e

(1-e)

-I

J-l

(2.27)
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Figure 2.6

Equilibrium porosity

&00

versus compressive pressure Ps for different values of the

compressibility coefficienl À according to equation 2.20.

It can beseen from figure 2.6 that the relation between compressive pressure p5 and porosity e
is non-linear and that therefore the elastic modulus E changes with changing porosity
(according to equation 2.27). Therefore the material behaviour is non-linear elastic. The
deformations in filter cakes are too large to use linear relations between stress and strain.
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2.2.4.2 Visco-elastic material behaviour
If a sudden change in the compressive pressure Ps does not lead to an instantaneous
change in the porosity

E

the material behaves viscous. lt takes some time for the material to

resettle. This viscous material behaviour can be either visco-elastic or visco-plastic. The
material is visco-plastic if it does not return in its original state aft er release of a load. This is
likely to happen when sludge is filtered and expressed, because the sludge flocs possess little
structural strength and are easily destroyed. However, due to the complicated models
descrihing visco-plastic material behaviour, visco-elastic models are preferred here. Various
types of basic visco-elastic models are well known, e.g. Maxwell model and Kelvin-Voigt
model (see tigure 2.7 a and b).

tmin
tnng
'i'

Maxwell mollel

Kelvin- y,,igl model

a

Figure 2. 7 Various visco-elast ie

standani solill model

b

model.~.

In polymer rheology and mechanics visco-elastic models are well known. Often
generalized Maxwell or Kelvin-Voigt models are used to describe visco-elastic material
behaviour (Han, 1976). The standard solid model is a good alternative of generalized models
(Ward and Hadley, 1993) and is preferred, because making use of more complicated
rheological models, leads to too many unknown parameters. The one-dimensional differential
equation for the standard linear solid model is equal to:

(2.28)
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where t(=TJsfE 1) is called the relaxation time. The relaxation time delermines the deformation
ra te of the materiaL In terms of compressive pressure Ps and porosity e equation 2.28 is equal
to:

(2.29)

Equation 2.29 describes the Iinear visco-elastic deformation of a materiaL In equilibrium state,
i.e. the Maxwell element in the standard linear solid model has been equilibrated, the pressure
only rests on the spring E 2 . E 2 wiJl determine the equilibrium situation. Because equation 2.20
represents this equilibrium situation, we can use equation 2.27 for the determination of E 2.
Only E 1 and lls are unknown. Because E 2 is dependent upon the porosity e, equation 2.28
must again be derived, which results in (see appendix this chapter):

(2.30)

IfE 1and lls arealso variable, equation 2.28 has to be derived again resulting in (see appendix
this chapter):

Ps

'P

(2.31)

The derivation of equations 2.28, 2.30 and 2.3 I are described in the appendix of this chapter.
For E 1 and TJs power functions can be assumed. For the model calculations the following
equations are used (this wiJl be discussed in more detailinsection 3.6.2):

(2.32)
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'lls = 'llso

(_!Q_)s
e.e

(2.33)

00

where eis the void ratio (e/e 5) and E 10 and '!lso are the elastic modulus E 1 and viscosity 'lls at
compressive pressure p5=0 respectively. K and Ç are again compressibility coefficients.
Because deformation of the solids and the liquid flow through the cake occur
simultaneously, it is impossible to delermine E 1 and 'lls independently in contrast to elastic
material behaviour where the constitutive equations can be determined in a steady-state
situation (section 3.2). Therefore E 1 and 'lls can only be determined directly from a tiltrationor
an expression experiment.

2.2.5 Sedimentation during liltration

In tigure 2.2 sedimentation effects during tiltration are schematically drawn. The solids
velocity vs.sl in the slurry is higher than the liquid velocity vl,sl· Sedimentation can have serious
effects on the cake formation and the tiltration resistance (Tiller et al. 1990). It is, however,
unknown in what way sedimentation can influence the cake structure and therefore can change
the constitutive relations discussed in section 2.2.4. Sedimentation also makes the assumed
discontinuity in the porosity between the slurry and the filter cake debatable. To incorporate
sedimentation during tiltration the simple assumption is made that all particles have the same
sedimentation velocity. Actually all particles have different sedimentation veloeities because of
their different sizes; e.g. sludge is very polydisperse. Further, in the slurry free-settling
behaviour is assumed; the sedimentation velocity is only a function of the slurry concent ration
and particles do nat exert farces on each other. A mass balance over the slurry during batch
sedimentation leads to the following equation:

Vib si
•

<ps

= -Vsb •si<pI

(2.34)

where vlb,sl and vsb,sl are the veloeities of the liquid and the solids in the slurry respectively.
The relative velocity vsr between the liquid phase and the solid phase is equal to:
V sb.sl
v sr = Vsb si - v lb si = - -

'

'

(Pi

(2.35)

The relative velocity is also valid during filtration. The solids velocity in the slurry therefore
becomes:
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Vs si

•

Vsb,sl

= VI •si + Vsr = VI •si + -<rt-
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(2.36)

lfthe sedimentation velocity vsb.sl is measured for different slurry concentrations arelation can
be fitted (Sambuichi et al., 1991) and introduced into equation 2.36.

2.3 Final equations

Combination of the Darcy-Shirato equation (2.2), the force balance (2. 18) and the
continuity equation (2.8) for the x-direction leadstoa partial differential equation (convectiondiffusion type), which describes the one-dimensional change of the porosity in time and place
in a filter cake:

(2.37)

This equation is valid irrespective of the material behaviour. For solution of equation 2.37 a
constitutive model has tobechosen and equation 2.37 must be transformed into solid basedor
dimensionless co-ordinates, because during both fiJtration and expression the cake structures
changes continuously (for the numerical solution a constant grid is needed). For the fiJtration
phase dimensionless co-ordinates are useful because the cake builds up and the amount of
solids increases in time. Using the following variables:

'V = f(x,t) = x/L(t)
t=f(t)=t
equation 2.37 becomes (see appendix A):

(2.38)
If drainage (liquid flow through an already formed cake; solids content is constant) or
expression is modelled solid based co-ordinates are more useful, because the solids content
remains constant. Using the following variable:
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x

co = J( 1- E )dx

(2.39)

0

equation 2.37 becomes (see appendix A):

(2.40)

There is a unique relationship between the porosity E and the compressive pressure
can be written as:
material behaves elastic. Therefore àf./àt. or

àpsf8ro

Ps if the

(2.41)

In soil mechanics the term (

:s)

is often called the coefficient of volume change and is

written as mv (Verruyt, 1987). Equations 2.38 and 2.40 can now be solved in terms of the
porosity e or the compressive pressure Ps with the right boundary conditions (see section 2.4).
Ifthe material behaves visco-elastic equation 2.38 and 2.40 must be solved simultaneously with
equation 2.30 or 2.31. Changes in porosity are than calculated locally and at every time. In the
filtration-expression literature the way of solution as presenled here has not be undertaken so
far. In soit mechanics, several consolidation models in which visco-elastic material behaviour is
included, are ~nown (Garlanger, 1972, Suklje, 1969). Based on these models Shirato et al.
(1970, 1986) proposed a model for descrihing the expression phase with visco-elastic material
behaviour. A spring was conneeled in series with a Kelvin-Voigt model. That means that the
cake first behaves elastic (primary compression, index pr) and at the end of the expression
phase (sometimes called secondary compression, index se) visco-elastic. In order to obtain an
analytica! solution for their model:

( àps)
àt.

+(àps)
ro ,pr

DE

(OF.)
ro ,se

àt w ,se

2

=Ce[0

P2s)

àro

t

(2.42)
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m which Ce is the so-called consolidation

I_

coefficient (well known in soil mechanics), which
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includes the permeability and the coefficient of

El

volume change, Shirato et al. assumed that this
consolidation coefficient is constant. However, the
coefficient of volume change changes during
expression and also the average permeability in a

~

filter cake can change by a factor 10 or 100
(depending on the compressibility of the cake).
Further, Shirato et al. solved the Kelvin-Voigt
model for a constant compressive pressure,

I

because the so-called secondary compression

Figure 2.8 Rheological model proposed by

occurs when the hydraulic pressure is already equal

Shiralo el al. (1 986).

to zero. They substituted their solution into the

second term of the left hand side of equation 2.42.
With this type of solution, data of the
compression-permeability cell can never be used, because the Kelvin-Voigt element delermines
the final equilibrium situation. By use of the proposed standard non-linear solid model the final
equilibrium situation is determined by the elastic modulus E2 which represents equation 2.20 or
2.22 (equilibrium data) Moreover, Shirato et al. assumed a linear Kelvin-Voigt model. E2 and
YJs are constant. Because of that linearity, it is debatable whether the prediction of expression
under different pressures is correct. Other models for the expression phase with visco-elastic
material behaviour are unknown in the filtration-expression literature.

2.4 Boundary conditions
2.4.1 Boundary conditions for the filtration- and expression phase

The boundary conditions depend on the type of operation:
1.

constant pressure filtration-expression

2.

constant flow rate fiJtration

3.

variabie pressure/variable flow ra te filtration-expression

1.

constant pres~11re filtrafionlexpression

The cake structure at the top of the filter cake remains unchanged during constant
pressure filtration. The hydraulic pressure equals the applied pressure and the compressive
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pressure remams zero. Therefore the porosity at the top of the filter cake is equal to the
unstressed porosity:
p1= p = constant

x= L(t)

t

>0

(2.43)

During the tiltration phase the cake builds up (see section 2.1) and therefore a moving
boundary is needed, which will be discussed insection 2.4.2. If drainage (water flows through
an already formed filter cake; initia! condition:

&0

for all x) is modelled, the solids content is

constant, and no moving boundary condition is needed . At the filter medium the liquid flows
through a filter medium which can be considered as an incompressible porous medium.
Therefore:
x=O

t

>0

(2.44)

where t.xm is the thickness of the filter medium and Ps.x=O the compressive pressure p5 at the
filter medium. The initia! condition for the expression phase will be determined by the porosity
profile at the end of the tiltration phase. Since the veloeities of both the liquid and the solids
are the same at the top of the cake near the piston, the boundary condition at the top of the
cake follows from the Darcy-Shirato equation 2.2:

à&= 0
àx

Dps = .
0
Dx

x= L(t)

I> 0

(2.45)

The porosity and the compressive pressure near the filter medium remain constant during
constant pressu.re expression:

&

=

e (Ps,x=o)

x=O

Ps = Ps,x=O

t

>0

(2.46)

The compressive pressure near the filter medium is not always necessarily equal to the
applied pressure, because there is always a pressure drop over the filter medium.
2.

constant flow rate .filtration

The applied fiJtration pressure is now a function of time, but the cake structure at the top
ofthe filter cake remains constant:
Ps = 0

PI = p(t)

x = L(t)

t>0

(2.47)
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The liquid flow rate through the filter medium is constant:

t

>0

(2.48)

x= L(t)

t

>0

(2.49)

x=O

t >0

(2.50)

x=O

3.

variabie pres:mre!variable flow rate flltrationlexpression
PI

=

p(t)

The liquid flow rate through the filter medium is variable:
_KmÖPlm _ __!Sn_(p-p
)
q lms.x=O
l1 Ó.Xm
f]Ó.Xm

The expression phase consists of two processes. Jn the first stage, the applied pressure
increases in time; in the second stage, the maximum pressure is maintained. The boundary
conditions for the initia! stage are:

De ::: 0

Dps :::0

()x

()x

E= E

f{ps(t))

Ps=p(t)

x= L(t)

t> 0

(2.5 I)

x=O

t

>0

(2.52)

x = L(t)

t>0

(2.53)

x=O

t >0

(2.54)

for the second stage:

De ::: 0
()x

E

Dps :::0
()x

= E (ps=p)

Ps

=

P

For constant pressure filtration/expression the liquid flow rate q1111 as a function of time is
of interest, for constant flow rate filtratien the applied pressure p as a function of time is of
interest. For numerical calculations K111 is assumed constant. However, in practice the filter
medium permeability can change with in time because of clogging.
2.4.2 Moving boundar-y for the tiltration phase

Because a cake builds up during the flitration phase the boundary at the top of the filter
cake moves continuously. When a thin layer deposits at the surface of the filter cake, the
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porosity is relatively high. As fresh layers build up, the previous layer becomes a part of the
cake interior and its porosity begins to decrease. The liguid is partially removed. The squeezing
action will result into an increase of the flow rate in the direction of the filter medium. Several
authors discussed the moving boundary problem (Wakeman, 1978, Leu, !981, Tosun, 1986,
Stamalakis and Tien, 1991). In the following description ofthe moving boundary, the method
of Stamatakis and Tien (1991) will be followed. In figure 2.8 the cake/slurry interface at time t
and t+dt is schematically drawn.

q ,q
l.sl

l

s,sl

er,

<ps

••• •
• • •
• • ••
f

0

'

E
so

Figure 2.8 Moving boundary during thefiltration phase.

If a mass balance is made at the moving cake/slurry interface over a thin cake slab with
thickness t.L grown in time L'.t, the following eguation is obtained:
(2.55)

Letting L'it and t.L approach to zero, dividing by S.p 1and rewriting equation 2.55 gives dL!dt:
dL = _Q_,I._sl_-_g--'1,_0

(2 .56)

Inserting vs.sl (eguation 2.36) in a mass balance over the slurry, gives an eguation for Ql,sl
(equation 2.58):

(2 .57)
(2 .58)
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q1,0 can be deduced from inlegration of the continuity equation for the liquid phase between
the boundaries:
x=O

(2.59)

x=L

(2.60)

ql

0 %n +JL((}f.)
dx
àt x

•

=

. .

0

(2.61)

The moving boundary follows from inserting the equations for ql,sl and q 1, 0 into equation
(2.56):

dL
dt

(2.62)

Inslead of calculating q1•0 from inlegration of the equation of continuity, q1,0 can also be
calculated from the Darcy equation (2.2) and equations 2.12 and 2. 18:

(2.63)

Inserting equation 2.58 and 2.63 into equation 2.56 gives another form of the moving
boundary:

(2.64)

Equations 2.62 and 2.64 were derived by Stamalakis and Tien ( 1991) without correcting for
possible sedimentation effects.
2.5 Solution of models
Equation 2.38 or 2.40 must be solved with the right boundary conditions (section 2.4)
and a constitutive model must be chosen. If the standard non-linear solid model is chosen as
the constitutive equation, equations 2.38 or 2.40 and 2.30 or 2.31 are coupled. An iteration
procedure must be foliowed to calculate the local porosity. After every time step during the
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numerical integration, the local va lues for E 1, E2, DE 1/iJE, DE2/iJE are estimated with the old
values for the porosity. The new values for E1 , E2, DE1/iJE, DE2/iJE are calculated with
equation 2.30 or 2.31 . This will give a new value for the local porosity. This procedure is
repeated until the dilTerenee between the estimated and calculated porosity is smaller than
0.01%. A schematic diagram ofthe calculation procedure is shown in figure 2.10.
Since for the filtration phase equation 2.62 or 2.64 and equation 2.38 must be solved
simultaneously, also an iteration procedure must be followed . First a value for dL/dt is
estimated from equation 2.62 or 2.64 and substituted into equation 2.38. After a time step

f(:)x
L

during the numerical inlegration a new cake thickness L and a new value for

dx are

0

calculated which are substituted into eqUation 2.62 and a new value for dL/dt is calculated.
This value is again substituted into equatio n 2.38. This procedure is repeated until the
difference between the old and new value of dL/dt is smaller than 0.0 I%.
Because there is no cake at time t=O, an initialisation procedure (Appendix B) must be
applied before any calculations can be made. This procedure estimates the initia! cake height
and porosity profile after a smal! time step. A schematic diagram of the complete numerical
procedure is shown in figure 2. I0.
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input parameters:
K0 , c0 , Ö, À, p0 , ~n' P(l),<)l ,E , llsd K, S
1 10

l
initialisation procedure: cakulalion of porosity- and
compressivc pn:ssure profilefora smalltime step
~

leslimation of dUdl wilh equation 2.62 or 2.64 1

~

I inlegration of cquation 2.38 hy use of NAG-proccdure
DOWGF witJ1 rigln houndary condilions

-!J.

-

t
calcul-alion of E1 , ~, öE 1töt:. oE 2toc with equation 2.30 or 2.31
I

:- ·1

I cakulalion of porosi t)'l:

I

witJJ equation 2.30 or 2.31

l

l_:alculatinn of E 1, E2 , oE 1toc ,oE 2t& with ncw valuc for porosityc ~--,

l

repenled untill
differcnce between
o)J and new poro-

sity is smaller than

[ëalculation of porosil)'l: witll new values for E 1, E 2,öEtiÖc, liE2/Öc ~

0.01%

{-

L

ncw valuc fnr L anuj k dx
0 Öl
{-

calculation of dUdt with equalinn 2.621
.I.

Figure 2.10 Schematic diagmm of numerical procedure to solve equation 2.38 or 2.40.
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The solution ofthe model of Shirato et al. is as follows:

(2.65)

where Uc is the consolidation ratio, B is equal to mvE2/(mvE 2( 1+mvE2)), < the relaxation time
of the Kelvin-Voigt element, i the number of drainage surfaces and ro 0 the tot al solid volume in
the cake per unit cross-sectional area. The consolidat ion ratio Uc is defined as:
U = variatien of height at time t = Lo - L
Lo - Loo
c
total variatien of height

(2.66)

where L is the cake thickness at time t, L0 the cake thickness at time t=O and L00 the final cake
thickness at the end ofthe expression phase. As initia! condition Shirato et al. assumed that the
compressive pressure distribution at the end of the tiltration phase can be described by a
sinusoidal curve. This is valid for moderately deformable materials. like clay and cement
materials, which were stuclied by Shirato et al.. Ho wever, sludge is highly compressible, see
chapter 3 and 4, and it is questionable whether equation 2.65 is accurate enough for describing
the expression ofhighly compressible materials, like sludge. Shirato et al. ( 1986) also proposed
a simplified equation for use in industry. This result is:

(2.67)

where v is the consolidation behaviour index, which represents the secondary consolidation. lt
was shown that v varies with varying expression pressure. Because of that variation, the
predietien of expression under different pressures is not really usable, as previously discussed.
2.6 Reliability of calculations

To check the numerical calculations a material balance can be made up to an arbitrary time by
integration. The overall material balance requires that:
volume filtrate + volume liquid in cake
q>l = volume filtrate +volume liquid in cake+ volume solids in cake
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For the liquid fraction in the slurry can be written:

(2.68)

The above mentioned requirement can be used for the filtration phase. For the drainage phase
it is required that:

!>

volume filtrate + volume liquid in cake
- - volume filtrate + volume liquid in cake + volume solids in cake

- -

0 -

- - - - - - - - - -- - - - " - -- - --

which can be written as:

(2.69)

The requirements are tested after every time step during the numerical inlegration when a new
porosity profile, filtrate volume and cake thickness are obtained.
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Appendix chapter 2: derivation of equations 2.28, 2.30 and 2.31.

The one-dimensional relation between stress cr and strain E for a spring can be described with
Hooke's law:
cr=Ee

(A. I)

The relation between stress and strain for a dashpot can be written as:
dE
CJ = llsdt

(A.2)

The standard solid model is a parallel conneetion between a Maxwell element and a spring (see
figure 2.6). The Maxwell model is a conneetion of a spring and a dashpot in series. The total
strain is the sum of the strain of the spring and the strain of the dashpot:

Etot = Espring + E dashpot

=>

(~)
= (~)
+ (~)
dt tot
dt spring
dt dashpot

(A.3)

Differentiation of equation A. I gives:

(~;)spring

l dcr
E dt

(A.4)

Combination of equation A.2 and A.4 gives the relation between stress and strain for the
Maxwell element:
d E lls dcr
CJ=YJ - - - s dt
E dt

(A.S)

Since the standard solid model is a parallel conneetion between the Maxwell element and a
spring, the total stress is equal to the sum ofthe stresses ofthe separate branches:
CJtot = CJspring + CJMaxwell

(A.6)

Substitution ofequation A. I and A.S into equation A.6 gives:
CJ = E

2

E

n
. 11
+YJ _dE __
·,_s dcrMaxwe
s dt
E1
dt

(A.7)
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Rewriting crMaxwcll by u se of equation A. I and equation A. 6 gives the relation between stress
and strain for the standard linear solid model:

(A.7)

Rewriting equation A.8 gives equation 2.28:

(2.28)

lf E 2 is also a function of the strain
dcr = E ~+
2
dt
dt

E

the derivative of equation A. I is:

E

dE2 ~
d E dt

(A.9)

Substituting equation A .6 and A.9 into equation A.7 gives equation 2.30 in terms ofthe stress
cr and the strain E:

dE
dt

dcr
cr- E 2 E +l - -dt

lfE 1 is also a function ofthe strain

(A. JO)

E,

the relation between the stress cr and strain

E

for the

Maxwell element is:
d E lls dcr
lls dcr
cr = TJ - - - - - - - - s dt
E dt
dE dt
E dE
AJso equation A. 11 must now be used to find the relation between stress cr and strain

(A. II)

E

for the

standard solid model if E 1, E2 and lls a function are of the strain. Substitution of equation
A. II and A. I into equation A. 6 gives:

(A.l2)
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Rewriting crMaxwell by use of equation A. I and equation A. I! gives the relation between stress
cr and strain E for the non-linear standard solid model, equation 2.31,

(E 1, E2 and lls are a

function of e):

(A. 13)

3

EVALUATION OF FILTRATION AND EXPRESSION THEORY

3.1 Introduetion
In this chapter the tiltration and expression theory, described in chapter 2, will be verified .
This implies that for the tiltration phase tiltrate volumes or tiltration fluxes versus time will be
compared according to model and experiment. For the expression phase the deercase of the
average void ratio e (e/e 5) versus time wil! be compared according to model and experiment.
Essential for model calculations are the parameters of the constitutive equations. These
parameters can only be determined experimentally. The relationship between porosity,
solidosity, permeability and specific cake resistance and the compressive pressure can be
measured with a compression-permeability (C-P) cell. With these data, the constants in the
relations 2.20-2.23 can be fitted. First calculations are performed based on these data. This
means that the material behaviour is assumed to be elastic. When a discrepancy appears
between model calculation and measurement in the time scale (the model prediets a smaller
time scale than the experiment) the material behaviour is assumed to be visco-elastic.
Before the model calculations are compared with the experiments, in section 3.2 and 3.3
descriptions are given of the used Iabaratory equipment and in sectien 3.4 some results are
shown of sample calculations with typ ical constitutive parameters for sludge.
Prior to any fiJtration or expression experiment with sludge, the sludge has to be
flocculated to imprave the dewatering behaviour. The tlocculation of sludges is discussed in
more detail in chapter 4. In this chapter the amount and type of flocculant will not be
considered as a variable.
Carrying out experiments with sewage sludge involves several practical problems, which
are disadvantageous for model studies. A model sludge would certainly have been better,
however, no good representative model sludges are known. To the authors knowledge only
Hanstveit et al. ( 1977) did some model sludge studies. Therefore the sludges used in this study,
had to be collected from sewage treatment plants. In most cases the sludge is collected from a
point directly before it is mixed with a tlocculant and is pumped into the mechanica!
dewatering equipment . About 80% of the sewage sludge consists of organic material and 20%
of inorganic materiaL The most common inorganic elements are Si and Al, which originate
from sand and clay particles. The ratio organic/inorganic fraction changes only slightly in time
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(La Heij et al., 1992). The sludge was slored at 5 °C. The organic material changes during
storage, because living cells die off. The fiJtration properties therefore change in time during
slorage (La Heij and Janssen, 1990). If the sludge comes directly from the aeration tank
(secondary sludge), then the major changes in fiJtration properties occur in the first day. There
is still some biologica! activity during the first day. For these reasons measurements are
preferably not carried out on the first day when 'new' sludge has arrived from the waste-water
treatment plant. Reproducible measurements are only possible within one or a few days. If
series of for instanee different pressures are measured, the series must be measured within one
day if possible; otherwise in a couple of days. When a 'new' sludge sample is colleeled from the
sewage treatment plant, the composition and slurry concentrations have changed. This implies
that different sludge samples will give different results and cannot be compared mutually. The
sludge samples will only give the same trends. C-P cell experiments must always be carried out
with exactly the same sludge which is used for normal fiJtration and expression experiments.

3.2 Compression-permeability cell

· · · air pressure

t ç:~)
I

= displacement meter

2 = overflow
3 = water flow

4 = closed piston

5 = pi ston with porous plate
6 = sludge cake
7 = porous plate

g = filtrate
9

= balarJCe

Figure 3.1 Schematic diagram oj'compression-permeobility (C-P) cel/.
In figure 3.1 a schematic diagram of the compression-permeability (C-P) cell is drawn.
The C-P cell was developed by Ruth ( 1946) and is used to obtain the relations between
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porosity, solidosity, permeability and compressive pressure, e.g. equations 2.20-2.23. The C-P
cell has since been used by many investigators. lts principle is as follows:
In a perspex or stainless steel cylinder (inner diameter 70 mm, height 200 mm) with a porous
metal bottorn plate (covered with a filter paper, Schleicher & Schuell, 5893, ref.no. 300209), a
double piston (see figure 3.1) is placed. This double piston has a closed and a porous piston
(covered with a filter paper, Schleicher & Schuell, 5892, ref.no. 300108). Between the porous
piston and the porous bottorn plate a sludge sample is situated and on the closed piston a
certain gas pressure is applied. Due to the exerted pressure, the sludge will be expressed,
forming a cake with an uniform porosity profile when the equilibrium situation is reached, see
also section 2. 1. Because the hydraulic pressure is small in comparison to the mechanica!
pressure, only the mechanica! pressure delermines the cake structure. The mechanica! pressure
applied in the C-P cell is assumed to have the same effect as frictional drag of liquid flowing
through the cake. This mechanica! pressure is equal to the compressive pressure p5 . For every
different mechanica! pressure the cake structure is different and has therefore a different value
for the porosity or solidosity. These values are only representative for equilibrium (steadystate) situations. The porosity or solidosity can be calculated by measuring the cake thickness
with a displacement meter which is conneeled to a computer at every different mechanica)
pressure and by drying the cake at the end of the experiment (the last arbitrary compressive
pressure). The cake is dried at 105 °C (NEN 6620) for about eight hours. The porosity and
solidosity ofthe cake can be calculated with the following equation:
m=l+E.!__E_

Ps (1-E)

(3.1)

where m is the ratio between the mass of the wet cake and the mass of the dry cake. Ps is the
density of solid particles. Eindhoven/Mierlo sludge has an average solids density of 1280-1300
kg m-3; this is the pure dry solids density. Because the sludge contains a certain amount of
intracellular and bound water, the determination of the real porosity of the cake is rather
complex. By measuring the evaporation ra te and the moisture content of the sludge sample at
different temperatures during a drying experiment (differential thermal analysis), the bond
enthalpy Hb (measure for the water-solid bond strength) can be calculated. It was found that
for Eindhoven/Mierlo sludge at moisture contents lower than 0.35 - 0.45 kg water/kg dry
solids the bond enthalpy Hb clearly deviated from 0 J/kg water (Herwijn, 1994). This moisture
content corresponds to 74 - 69 wt% dry solids. These last parts of the liquid in the cake can be
regarded as intracellular and bound water and are not responsible for free liquid flow in the
cake. It is assumed that the porosity is equal to zero at these dry solids contents. This means
that the mass of liquid which is intracellular or bound to the sludge every time is added to the
mass of the dry cake (in equation 3.1). This way of solution is still an approximation, but is
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probably the most correct way. Following this procedure a relation between the compressive
pressure Ps and porosity e and solidosity es can be obtained. Since the expressed cake is
situated between two porous plates, also water can flow through the cake. The liguid flow
through the cake is measured using a balance which is conneeled to a computer. Using the
integrated Darcy's law ( eguation 2. I), a permeability K or a specific cake resistance

a

can be

calculated if the cake thickness and the hydraulic pressure drop over the cake are known. It is
important that the hydraulic pressure is small in comparison with the compressive pressure to
avoid cake non-uniformities.
Several investigators (Tiller and Lu, 1972, Tilier et al., I972, Shirato et al., I968, Yeh,
I 985) stuclied the sicle-wall friction in a C-P cel!. In tigure 3.2 the various stresses in a
compressed cake are schematically drawn. The average

stress crxx,av is egual to

effective

(Tiller et al., I 972):
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The

investigators concluded that the cake
thickness/cell diameter (LID) ratio

Figure 3.2 Various stresses in a compressed cake in

e.g. a C-P cel!.

must be smal! in order to avoid cake
non-uniformities and to be sure that
the average effective stress/pressure
is

almost

egual

to

the

applied

mechanica! pressure. In that case the errors in the determination of the constitutive parameters
are as smallas possible. For our C-P experiments the ratio LID varied therefore between 0.03
andO.IS.
Several investigators (Willis et al., 1974, Wakeman, 1978, Stamalakis and Tien, I 99 I)
commented the validity of the C-P cel!. They stated that the assumption that the local and
instantaneous state of cake structure which prevailed in cake tiltration can be represented by
that of homogeneaus cakes with the same porosity, is guestionable. Stamalakis and Tien
(1991) e.g . used a fitting procedure to obtain the values for the constitutive eguations 2.202.23. They started their calculations with C-P cell data, but corrected the values by camparing
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the calculated and measured flux of a fiJtration experiment. The C-P data were obtained from
Tilier et al. ( 1980). They never carried out C-P cel] experiments themselves and therefore it is
debatab_le whether the corrected C-P data are caused by the inadequacy of the C-P cell or by
the difference between the samples used by Tilier et al. and used by Stamalakis and Tien (tllis
was also staled by them). In spite ofthe criticism, the C-P cell still gives an acceptable analysis
of filtration-expression data. Especially for the characterization of sludges, the C-P cell is a
valuable instrument. It gives quite easily an idea of the compressibility of the sludges and
therefore of the dry solids contents at different applied expression pressures. Disadvantage is,
however, the time required to carry out a single C-P experiment, i.e. about one day.
In figure 3.3 and 3.4 examples ofmeasurements carried out with the C-P cell are shown.
As can be seen from these figures the permeability decreases and the solidosity increases
rapidly with increasing compressive pressure p5, which is typical for sludges. Moreover, from
figure 3.4 it can be clearly seen that the relation between the compressive pressure Ps and the
solidosity e 5 (and therefore the strain E) is non-linear.
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Figure 3.3 Example of a result of a C-P cel! experiment; permeability Koo versus compressive
pressure Ps
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Figure 3.4 Example ()(a rem/I of a C-P cel/ experiment: solidosity f:soo versus compressive pressure

Ps
The easiest way to fit the experimental results and to tind the parameters E0 , E50 , K0 , a 0 and
the compressibility coefficients À,

p,

8 and n, is to make log-log plots, because the equations

2.20-2.23 are power laws. These power laws showed to be the most appropriate equations to
describe the experimental data (van Veldhuizen, 1991 ). Examples are shown in tigure 3.6 and
3.7. As can be seen fi·om these tigures the data points show an acceptable straight line. The
slope of these lines wil! give the compressibility coefficients, and the axis-ordinate the
unstressed values. The straight lines are, however, limited to a eertaio compressive pressure
range. For different compressive pressure ranges, different slopes can be found (van
Veldhuizen, 1991). It is therefore advisable to carry out C-P experiments at compressive
pressures which are in the same range as the pressures in normal filtration-expression
experiments. Some critica! remarks must be made about the constant Pa- Pa is a constant to
make equations 2.20-2.23 dimensionless and can be seen as a reference pressure. Plotting
In( I+ps/pa) versus ln(e 5) for a cer1ain value of Pa wil! give E50 for p5=0 . Independent
determination of the exact value of e50 is extremely difficult, even by means of nuclear
magnetic resonance techniques (at least for sludge, see chapter 5). However, plotting
In( I +p/Pa) versus ln(e 5) for a different value of Pa wil! give a different value for E50 . The
variation of Pa is limited to a smal! value range, because for e50 correct physical va lues must be
obtained . Experimentally it was found that sludge with a slurry-concent ration of about 5 wt%
(e 5-=0.05) can already be regarded as a cake. Moreover, rheometric studies with sludge
flocculated with iron chloride/I ime showed a yield stress at slurry concentrations <p 5 of about
0.02, as can beseen from tigure 3.5. From numerical calculations it also became clear that the
unstressed value Eso is relatively low in order to get the right value of K0 . (The low value of

47

Evaluation of flitration and cxprcssion thcory

t:50 is caused by the highly porous flocs, see tigure 2.5). If K 0 is too low, the filtrate volume

will not be predicted correctly. Eso can also not be smaller than ± 0.0 I. At this solidosity the
sludge is a liquid. Therefore some variatien in Eso and all the other unstressed values is
possible.
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Figure 3.5 Shear stress versus shear rate for non:flocculated sludge and sludge jlocculated wilh
different concentrations FeC/3. Experiments carried out with a Searl type rheometer.
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Figure 3.6 Example of a result of a C-P eelt experiment; permeability Koo versus compressive
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The measured overall permeability includes liquid flow along the sludge flocs as well as
through the sludge flocs. By combination of equation 2.20 and 2.22 an experimental relation
between permeability and the porosity is obtained . Also changes in specific surface area (and
therefore floc size distributions) are included . Some theoretica! relations to describe the
relation between permeability and porosity, like the Carman-Kozeny (Bird et al., 1969),
Happei/Brenner (1973) and the Brinkman ( 1947) equations, are known in literature. The
Carman-Kozeny equation is probably the best known:

1
K=--2

kSo

e3

(1-e)

2

d 2
P

e3

k (1-e)2

(3 .3)

where S 0 is the specific surface area, dp is the average particlelfloc diameter and k the socalled Kozeny constant, which is specific for every porous system . A disadvantage of all these
models is that they are derived for an incompressible porous . medium . The Carman-Kozeny
equation e.g. is derived from the assumption that the porous medium could be regarded as a
bundie of capillaries, in which Poiseuille stream can be assumed. Because the porous medium
remains unchanged with changing compressive pressure, the specific surface area is constant.
However, the specific surface area (and therefore the average floc diameter) changes
significantly during compression of compressible porous media like sludges, because of floc
deformation and break-up.

In figure 3.8 a photograph of sludge flocculated

with
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polyelectrolyte is shown. From this photograph it is clear that the specific surface area of these
sludge flocs changes significantly during compression in a filter cake.

Figure 3.8 Fhotograph olMicr/o

slmlge.flo~·wlatcd

wilh 0.9 wl% polyeleclro/yle (Röhm KF 975) on

dry so/id~ basis.

Calculations showed that in order to obtain permeabilities of the sa me order as measured with
the C-P cell, the median ofthe partiele size distribution had to be changed by a factor 25. (The
measured partiele size distribution is an 'unstressed' distribution). It can be concluded that all
these theoretica! relations cannot describe the relation between permeability and porosity for
compressible sludges (van Veldhuizen, 1991 ). Theoretica! models with deformable spheres
could also not describe the measured relation between the permeability and the porosity (van
Veld huizen, 1991 ). The change in structure of compressible cakes in general and sludge filter
cakes in particular is too complicated to describe with theoretica! equations and therefore only
empirica! relations can be used .
In figure 3.9 results are shown of C-P experiments to check the elasticity of the sludge
filter cakes. Aft er every pressure step, the laad was released and the resettiement of the cake
was observed by measuring the cake thickness. Jf the filter cake behaves elastic, the cake
thickness wil! increase after release of laad. As can be seen from figure 3.8 only the sludge
flocculated with polyelectrolyte shows elasticity. From this curve it can also be concluded that
the material behaves more elastic when the porosity decreases. The cake thickness resetties to
a relatively larger cake thickness when the porosity ofthe cake has decreased . This increase of
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the elastic modulus with decreasing porosity ts described by equation 2.27. The sludge
flocculated with iron chloride and lime behaves more plastic.
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Figure 3.9 Results o(C-P cell experimenls
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3.3 Filtration-expression equipment

In tigure 3.10 the experimental set-up of the filtration-expression equipment is
schematically drawn. It consists of a perspex cylinder (inner diameter 75 mm, height I 00 mm)
with a porous met al plate which is covered with a filter paper (Schleicher & Schuell, 5893,
refno. 300209). To carry out a fiJtration experiment, the sludge is poured into the cylinder and
after applying gas pressure on the sludge, the filtrate is collected on a balance which is
connected to a computer. The computer registers the mass of the filtrate as a function of time.
If also expression is carried out, a closed piston is placed on top of the sludge. Expression
without a piston and thus only with gas pressure is impossible, because cake cracking almast
always occurs which leads to a pressure drop of 0 Pa. Thus no more driving force is present. If
drainage experiments are carried out, the sludge is allowed to settie in the cell and the liquid
can flow out of the cake under gravity farces. Aft er a cake is formed, a water layer is po u red
on top of the cake and gas pressure is applied on the water layer, which can drain through the
cake. The advantage of drainage experiments is the fact that the initia! porosity of the cake is
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known and that for camparing model and experiment the mathematica! rnadelling with a
rnaving boundary can be avoided.
~

air pressure
I = perspex cylinder
2 =piston
3 = sludge cake

f---.......~rt--- (})
G)
•"8)

--CD

4 = filter paper
5 = porous plate

6 = filtrate
7 = balance

Figure 3. 10 Schematic diagram of .filtration-expression cel/.

Drainage experiments with coloured water were carried out in order to check whether no
specific channels in the filter cakes are formed and whether the liquid flows along the wall
without flowing through the cake. From these experiments and photographs, it was concluded
that no liquid flows along the wall and that no specific channels were formed in the filter cakes.
If a closed piston is placed directly on top of the sludge slurry, a flitration phase will be
foliowed by an expression phase. During flitration the cake builds up and during expression the
cake is compressed, as pointed out in section 2.1 . This transition point from flitration (dL/dt >
0) to expression (dL/dt < 0) is, however, experimentally difficult to determine. Especially with
sludges, which have a brownlblack colour, it is impossible to abserve cake formation. The
transition point from flitration to expression is aften determined by platting dV/d"t versust (V
is the filtrate volume) and preferably on a logarithmic scale so that data scatter does not hide
this point. For the fiJtration phase this will give a straight line; at the point where this line starts
to bend off the expression phase starts. This procedure is adapted, because for constant
pressure flitration of both incompressible (if the medium resistance is negligible) and
compressible (at the later part ofthe fiJtration phase) cakes the flitration time is proportional to
the square of the filtrate volume. In ligure 3. 11 an example of such a plot is shown. As can be
seen from this ligure the transition is somewhere between I 50 and 250 seconds. Another
option is to campare measurements directly with model calculations. In figure 3.12 the same
flitration data as shown in figure 3.11 are plotted tagether with a compressible cake model
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calculation. After about 300 seconds the measured tiltration data start to bend off from the
model prediction. The model assumes continuous supply of slurry. However, with a normal
batch tiltration experiment, the slurry supply stops at a certain moment; all particles are
encapsulated in the filter cake. At this point the expression phase starts.
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To obtain the filter medium (porous plate + filter paper) permeability/resistance, an
experiment with pure liquid can be carried out. The liquid flow rate through the filter medium
q1m (the derivative ofthe tiltration curve) determines the medium permeability/resistance:
(3.4)

Because the filter medium can be regarded as an incompressible porous medium, the liquid
flow rate must be constant for this experiment. The resistance can also be obtained directly
from a fiJtration experiment. By plotting the liquid flow rate versus time and taking this value
at time t=O the filter medium resistance can be calculated. Thus the clogging of the filter
medium is neglected. The liquid flow rate at t=O is, however, somelimes difficult to delermine
and independent measurement of the filter medium permeability is preferred. Scanning electron
microscopie photographs showed some pollulion in the filter papers after a tiltration
experiment in which the sludges were tlocculated with iron chloride and lime. If the sludges
were tlocculated with polyelectrolytes hardly any pollulion was found . Flocculation with
polyelectrolytes encapsulates almost all smal! particles in sludge tlocs. Experiments with new
filter papers as wel! as used filter papers showed no clear ditTerences in permeability. Filter
medium clogging was therefore regarded as a minor problem.

3.4 Sample calculations

In this paragraph some typical results of the model calculations are shown. The
parameters of the constitutive equations used in these calculations are in the range of the
measured parameters for tlocculated sludge. Calculations showed that the requirements of the
overall material balance were met. In tigure 3.13 the superficial liquid velocity through the
filter medium for the tiltration phase is shown. The velocity rapidly decreases during the first
stage ofthe tiltration phase. The cake thickness rapidly increases as can beseen in figure 3.14.
During the later stage of the tiltration phase the cake grows more or less steady until a
thickness of 16 mm is reached .
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Figure 3.15 Calculated porosity profiles versus cake thickness L as a .function of time; filtra/ion
phase.

In tigure 3. IS the porosity profiles versus the cake thickness as a function of time are shown.
The porosity profile in the filter cake also quite rapidly establishes. On the basis of
dimensionless distance \j/, after I 0 seconds the profile hardly changes. Only close to the filter
medium (L=O) the porosity still decreases. The porosity near the filter medium is relatively low,
forming a dense skin which is typical for highly compressible materials (Tiller and Green, 193)
and especially sludges. The largest part of the cake is unconsolidated, which shows the
importance of expression of sludge cakes to reach a substantial decrease of the average
porosity and thus high dry solids contents. In tigure 3.16 the permeability profiles versus
dimensionless di stance as a function of time are .shown. A relatively low permeability near the
...
filter medium determines the liquid flow resistance. If therefore the average cake permeability
or cake resistance is determined with the incompressible cake tiltration theory, the determined
values only give information about the liquid flow resistance of the filter cake near the filter
medium. The hydraulic- and compressive pressure profiles versus dimensionless distance as a
function of time show the sa me tenden ei es as the porosity and permeability profil es, as can be
seen from tigure 3. 17. The shape of these profiles is determined by the compressibility
coefficients À, ~ and 8. High compressibility coefficients result into sharp profiles.
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In tigure 3.18 the change of the porosity profiles versus cake thickness during expression are
shown. Afterabout 3000 seconds the equilibrium situation is reached and the filter cake has an
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uniform porosity profile. Typical is the rapid initia! decrease of the cake thickness and the quite
small fin al cake thickness of about 2mm.
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In figure 3.19 the hydraulic (solid lines) and the compressive (dotted lines) pressure profiles
versus the dimensionless di stance \jl as a function of time are shown. The hydraulic pressure
starts to decrease from the applied filtration-expression pressure at the beginning of the
expression phase at the top of the filter cake (\jl= I). At the end of the expression phase the
hydraulic pressure is almost eq ual to zero throughout the whole cake and the compressive
pressure is almost equal to the applied expression pressure throughout the whole cake. In
figure 3.20 decrease of the average void ratio e (e/e5) versus expression time is shown for
elastic as well as visco-elastic material behaviour. The shape of the porosity, hydraulic and
compressive pressure profiles as a function of time are al most exactly the sa me for both elastic
and visco-elastic material behaviour, only the time scale has changed. Curve I shows the
decrease of the average void ratio if the material behaves elastic. Curve 2 shows the decrease
of the average void ratio if the material behaves visco-elastic. The compressibility coefficients
of equations 2.32 and 2.3 3 have the same value. Curve 3 shows the decrease of the average
void ratio if the initia! relaxation time 1 0 is equal to 500 seconds. Because the compressibility
coefficient Ç, is equal to I. I and

K

is equal to 0.9, the relaxation time increases more rapidly

during time than is the case for curve 3. Curve 4 shows the decrease of the average void ratio
if the initia! relaxation time 1 0 is equal to I 000 seconds. The compressibility coefficients Ç, and
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are the same as for curve 3. From tigure 3.19 it is clear that visco-elastic material behaviour

influences the time scale ofthe expression process.
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3.5 Sedimentation
In order to check whether sedimentation influences the fiJtration experiments and whether
sedimentation effects must be incorporated in the
model calculations, some batch sedimentation

liquid

experiments were carried out. The movement of

liq uid/slurry interfnee

i

the water/slurry interface (see tigure 3.21) is

V

sb.st

measured in a cylinder in which a sludge slurry is
poured. Only the movement of the water/slurry
interface is measured, although every sludge
partiele has it own sedimentation velocity. This

Figure 3.21 Schematic diagram ()(batch
sedimenta/ion experiment.

method is therefore only an approximation, but it
gives

a

good

impression

of

the

average

sedimentation velocity compared with the liquid velocity through the cake. In figure 3.22
results of batch sedimentation experiments are shown. The normal fiJtration experiments are
carried out with slurry concentrations in the range of I S-25 kg m-3 From figure 3.22 it can be
concluded that the sedimentation veloeities in that concentration range are relatively smal! (< ±
4.5* Jo-6 m s-1) in comparison with the fiJtration veloeities (S* J0-4- I* J0-4 m s-1) at pressures
higher than I 00 kPa.
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Figure 3.22 Results ()( batch sedimentafion experiments. Sedimenfa fion velocity versus slurry
concentra/ion for non:floccu/ated (triangle.\ ) and .flocculated (dots, 15 wt% FeC/3 and 20 wt"/o
Ca(OH) 2 on dry solids basis) Eindhoven sludge.
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3.6 Comparison between measurement and model
3.6.1 Elastic material behaviour
Not only experiments with sludge but also some experiments with monodisperse
polystyrene latex were carried out to compare model calculations with experiments. The latex
particles were monodisperse spheres with a diameter of 2

~m

(Tullemans, 1993) and the

material is thus much less complicated than sludge. Model calculations based on elastic
material behaviour (which implies that only the constitutive parameters obtained with the C-P
cell are used) and experiments showed good agreement between measurement and model (see
tigure 3.23). The resettiement of latex particles under different compressive pressures during
tiltration occurs instantaneously, which is understandable because of the shape of the particles.
From these experiments it was concluded that measurements carried out with the C-P cell can
quite acceptably predict normal drainage and tiltration behaviour ofwell-defined slurries.
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Figure 3.23 Superjicial liquid velocity %n versus time according to experiment {dots) and model
(solid line) f or latex.

In tigure 3.24 the result is shown of a model calculation and a measurement of a normal
tiltration experiment with Mierlo sludge flocculated with 10 wt% iron chloride and 20 wt%
lime on d.s. basis at two different pressures. For the model calculations the material behaviour
is assumed to be elastic. The constitutive parameters are shown in tigure 3.24 . As can be seen
from tigure 3.24 there is an acceptable agreement between measurement and model.
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lines), e/astic material behnviour. Mierlo sludgeflocculated with JO wt% FeCI3 and 20 wt% Ca(OHh
on d.s. basis.

In tigure 3.25 the result is shown of a model calculation and a drainage experiment with the
same sludge only now flocculated with 20 wt% iron chloride and 20 wt% lime. There is again
a good agreement between measurement and model. The assumption that the material behaves
elastic for these experiments during tiltration or drainage is satisfactory. In tigure 3.26 the
result is shown of a model calculation and a measurement of a normal tiltration experiment
with secondary Eindhoven sludge flocculated with I 5 wt% iron chloride and 20 wt% lime on
dry solids basis. The material behaviour is assumed to be elastic. The secondary sludge comes
directly from the aeration tanks and has a different floc structure than of the Mierlo sludge
(mixed primary/secondary sludge). The permeability is somewhat lower than the Mierlo sludge.
The agreement between measurement and model is good, as can be seen from tigure 3.26.
Because in this case the sludge was more compressible (o= 1.8) there is hardly any difference in
tiltrate volume for the pressures 100 and 500 kPa. Further discussion about compressibilities
can be found in chapter 4.
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In figure 3.27 the result is shown of a model calculation and a measurement of an expression
experiment with Mierlo sludge flocculated with 15 wt% iron chloride and 20 wt% lime on d.s.
basis. The decrease of the average void ratio is plotted versus time. The flitration phase of this
experiment is shown in tigure 3.24. The material behaviour is again assumed to be elastic in the
model calculations. As can beseen from tigure 3.27 there is an acceptable agreement between
measurement and model for the initia[ period of the expression phase. The later period (slow
consolidation) cannot be described accurately enough on the basis of elastic material
behaviour, despite the fact that in contrast to the model of Shirato et al., equation 2.65) the
change of the permeability with increasing compressive pressure Ps is included in the
modelling. Th is must therefore be regarded as an inadequacy of the model when the material is
assumed to be elastic. The same conclusion was drawn by Shirato et al. (1986) for clay
suspensions.
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3.6.2 Visco-elastic material behaviour
In figure 3.28 results of model calculations based on visco-elastic material behaviour and
the same experimental results as in figure 3.27 are shown. It can be concluded that calculations
based on visco-elastic material behaviour show good agreement between measurement and
model. The last part of the expression phase can now be better described. lt takes relatively
much time to reach the equilibrium situation, the sludge shows some creep. The equilibrium
situation is reached after about 6000 seconds but is not shown in the figure. The visco-elastic
parameters for these calculations were: E 10=8 .0*I04 Pa, rJ 50=8 .0*10 7 Pa.s (t0 =1000 s),
K=l .OS, Ç= 1.3. lt was not possible to describe these experiments for all pressures accurately
with constant va lues for E 1 and lls (equation 2.31 ). The initia! decrease of the average void
ratio is not only determined by the permeability, but also by E 1 and Y] 5, if the material
behaviour is represented by the standard solid model. If E 1 and lls are not dependent u pon the
porosity, the porosity changes proportionally with the compressive pressure according to
equation 2.30. This results into a too rapid decrease of the average void ratio in the initia!
period ofthe expression phase. lf equation 2.31 is used, the model shows good agreement with
the experiment, also for different pressures. This can on the one hand be explained by the fact
that E 1 and lls are functions ofthe porosity and is on the other hand caused by the fact that the
final equilibrium situation is always predieled well because these equilibrium situations are the
values measured with the C-P cell. The Maxwell element has been equilibrated and the
compressive pressure only rests on spring E2, which is representative for the C-P cell data.
Some remarks must, however, be made about equations 2.32 and 2.33. Firstly, the viscosity of
the standard non-linear solid model has a different dependenee upon the void ratio than the
elastic modulus E 1. Because of this difference the viscosity increases more rapidly at low
values of e than the elastic modulus E 1. This implies that friction between the particles
increases sharply at low values of the void ratio. Some alternative equations were also used,
but calculations showed that equations 2.32 and 2.33 resulted in the best fits . Secondly,
equations 2.32 and 2.33 contain the value e00 . This means that E 1 and lls change with changing
pressure and indicates that the visco-elastic model can only be regarcled as an approximation
for descrihing the probable plastic behaviour. However, more investigation into the relation
between El> lls and e and also into the definition ofthe strain is recommended.
In figure 3.29 the result is shown of model calculations and an expression experiment of
Mierlo sludge flocculated with 1.5 wt% polyelectrolyte (Röhm KF975). Again the decrease of
the average void ratio versus time is plotted. The dotted line is the result of a model calculation
based on elastic material behaviour and the solid line a result of a model calculation based on
visco-elastic material behaviour. Although there is some uncertainty in the determination ofthe
C-P cell parameters, which can also cause some difference between model and experiment, it
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was not possible to describe the slow consolidation at the end of this experiment on the basis
of elastic material behaviour.
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Figure 3.28 Average void ratio e0 v versus time

accordin~

to experiment (dots, squares and triangles)

and model, visco-elas/ie material hehaviour. (solid line.s). Mierlo sludge flocculated wilh JO wt%
FeC/3 and 20 wt% Ca(OH)] on ds. basis. Visco-elastic parameters: E1 0 =8.0*J0 4 Pa, 7Js0 =8.0*10 7
Pa.s (r0 =1000 J), x:=/05. Ç=l.J.

The parameters of equations 2 .21 and 2.22 are shown in tigure 3 .29. The visco-elastic
parameters are: E1 0 =2.S*I04 Pa, TJ 50=3.S*I08 Pa.s (t 0 = 1.4*I04 s), K= l.OS, 1;=1.35. The
expression of sludge flocculated with polymers always shows 'creep'; it takes quite a long time
to reach the equilibrium situation. The time to reach this situation is not only a matter of liquid
flow, but is dominaled by the ra te of deformation and resettiement of the sludge flocs. It is not
possible to describe this 'creep' on the basis of elastic material behaviour. This is also discussed
in section 3 .6. I. The initia! permeability K0 (8.3* I o-12) is relatively high in comparison with
sludge flocculated with iron chloride and lime (3 .0* I o-13): this is caused by the relatively large
and highly porous flocs which are formed when sludge is flocculated with polyelectrolyte (this
is discussed in more detail in chapter 4). In tigure 3.30 the decrease of the average void ratio
for different pressures according to model and experiment is shown. (Again it was not possible
to describe these experiments for all pressures accurately with constant values for E 1 and lls
(equation 2 .30)). As can be seen from this tigure, it can be concluded that there is an
acceptable agreement between model and experiment.
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3. 7 Conclusions
The tiltration and expression behaviour of sludge can be described quite acceptably with
the presented models in chapter 2. The deformation of the sludge filter cake during the
expression phase is complicated and can often not be described on the basis of simpte elastic
material behaviour; calculations based on visco-elastic material behaviour show better results.
The studges show 'creep' at the end of the expression phase (secondary consolidation). Due to
this creep it can take quite some time to reach the equilibrium situation. During the fiJtration
phase the compressive pressure is almost zero throughout the largest part of the cake, as
shown in tigure 3 .17. Th is means that the particles in the cake hardly undergo any stress and
therefore the deformation rate of the partiele matrix wil! hardly influence the total tiltration
time. However, during the expression phase the stress on the particles increases rapidly and
during this phase the largest relative movements between the particles take place. The rate of
deformation of the partiele matrix becomes important and must often be considered as viscoelast ie. The deformation of the partiele matrix is nol instantaneous, but it takes some time to
resettle. This visco-efastic behaviour is more important when sfudge is flocculated with
pofyelectrofyte than when it is floccufated with iron chloride/time. {The disagreement between
experiment and model for sfudge floccufated with iron chforide/lime, shown in tigure 3.26, is
not dramatic. Especially if one considers that the C-P cel! still gives approximate results.)
Describing this creep is important, because smal! changes in void ratio at the end of the
expression phase is equal to reasonabfe differences in dry solids contents. Every percentage
profit in dry solids red uces handfing costs drastically. Shirato et al. ( 1986) came to the same
condusion for the expression of clay suspensions. They used, however, an average
permeability (included in the consolidation coefficient Cc) for their model and did not take the
change of the permeability with increasing compressive pressure into account. Although the
change ofthe permeability is included in the model described in chapter 2, the same condusion
must be drawn. Other comparisons with literature data are not possible, because expression
experiments and numerical calculations for the low pressure ranges are not available. Only
Tilier and Yeh ( 1987) showed numerical results for high pressure ranges of 0.6-25 MPa for the
expression of attapulgite (latex). According to the model of Shirato et al. the equilibrium
situation is determined by the Kelvin-Voigt model. Because they used a linear Kelvin-Voigt
model, the equilibrium situation under different expression pressures wil! not be predicted
correctly. The equilibrium void ratio e00 does not change proportionally to the pressure. The
standard non-linear solid model can be regarded as a better alternative, because the model wil!
always predict the right equilibrium situation, i.e. the relation between the porosity and
compressive pressure measured with the C-P cel! is used. Moreover, with the standard nonlinear solid model it is possibl e to describe more generalized visco-elastic problems, i.e. not
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only creep during the last period of the expression phase, but also at the beginning of the
expression phase.
Although there is much criticism on the compression-permeability cell, only Stamalakis
and Tien discussed a good alternative method for obtaining the constitutive parameters for the
flitration phase. A minimization procedure as proposed by Stamalakis and Tien will adjust the
fit parameters for the C-P cell experiments. This will result in a more accurate agreement
between modeland experiment, although direct comparison between model on the basis of C-P
values and experiment can give good results, as shown in this chapter. Since the expression

=

phase is more important in the dewatering of studges (filtration time : expression time 300 :
8000 seconds) it is advisable to use only a fitting procedure for obtaining the visco-elastic
parameters and to rnaintaio the constitutive parameters of the C-P cell experiments. The viscoelastic parameters can only be obtained from directly fitting the experiment in contrast to the
elastic parameters.

4

PROCESS RELA TED A SPECTS OF SLUDGE DEWA TERING

4.1 Introduetion

The dewatering behaviour of sewage studges is strongly intluenced by the type and
amount of flocculant with which the sludge is mixed. Non-flocculated studges have such a low
permeability that the dewatering rate is extremely low. In practice the dewatering should be as
quick as possible and should result in high dry solids contents. Theoretically this is in fact a
contradiction and therefore optimum flocculation conditions are very important, but aften not
applied in practice. As pointed outinsection 1.3, iron chloride in combination with lime is used
for dewatering in filter presses and polyelectrolytes are used for dewatering in belt presses.
Flocculation with polyelectrolytes results in large !locs which are more suitable for dewatering
in belt presses than !locs formed with iron chloride. In the dewatering plant in Mierlo (bath
filter presses and belt presses are used) for instanee the sludge is mixed with about 7 wt% iron
chloride and 35-60 wt% lime on dry solicts basis. The dosage iron chloride is somewhat too
low and the dosage lime is high in comparison with Iabaratory experiments, which will be
discussed in section 4.2.1. The polyelectrolyte dosages lie between 0.4 and 0.6 wt% on dry
solids basis. This dosage is low in comparison with Iabaratory experiments, which wil! be
pointed out in section 4.2. I.
In this chapter the influence of flocculants and process conditions on the dewatering
characteristics is discussed. This means that the dewatering rates, the equilibrium void ratios
(equilibrium dry solids contents) and the compressibility wiJl be studied to find among other
things optimum Iaba ratory dewatering conditions. Again most of these experiments are carried
out with Mierlo sludge and can be compared to dewatering results in practice. In almast all
cases the polyelectrolyte Röhm KF975 is used as polymerie flocculant. This polymer is the
successar of Praestol 444K, which has always been regarcled as the standard polymer in sludge
dewatering research. Effects of flocculants on the tiltration behaviour of sewage studges have
been reported in literature, but on the expression behaviour hardly anything is known and has
been report ed. Only the MFT -method (Modified FiJtration Test, Heide and Kampf, 1978) is
extensively used in the Netherlands. With the MFT-method much research has been carried out
with different sludges (STORA, 1981 , 1982, 1983), which resulted in an overview of the
dewatering behaviour of sludges in the Netherlands. A disadvantage of this methad is,
however, that it is a vacuum pressure device and thus only pressure ditTerences between 0 and
100 kPa can be applied . Moreover, it is prescribed (NEN 6691) that the expressiontime must
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be ten minutes, which is very short and only the dry solicts content is measured. This methad
gives therefore no clear insight into the dynamic expression behaviour.
In section 4.6 some results of calculations are shown in order to diagnose the dewatering
results in practice.

4.2 Flocculation
As was clear from the previous chapters, flocculation of sludges is achieved by using
inorganic salts and polyelectrolytes. The flocculation mechanisms for those two flocculants are
different and are complicated. In this section the basis of the flocculation mechanisms will be
explained . But first the concept of the terms zêta-potential and the double layer will be
described briefly.
Particles in a dispersion have a certain charge caused by the odd distribution of ions
around the partiele and in the solution. Counter-ions are attracted and co-ions are repulsed.
The partiele and the ions around the partiele tagether form the electrical double layer. This
double layer can be divided in three areas (see figure 4.1 ):
I. the surface layer with a surface potential 'l'o and a surface charge density cr0 ,
2. a Stern-layer with a potent ia! 'l'ö·
3. the diffuse layer.
I. The surface potential is only determined by way of dissociation of the molecules at the
surface ofthe sludge particle. The ions which originate from the dissociation and which are
responsible for the charge of the partiele are called potential determining ions. The
potential at this surface has the same value as the potential difference between the partiele
surface and the bulk . In the bulk the amount of counter-ions and co-i ons is equal and the
net charge equals zero. As sludge consists mainly of organic materials, H+ and OH- are the
potential determining ions. The ions probably originate from carboxyl groups in glucoronic
acid (Steiner et al., 1976, Ege, 1984) and sludge has therefore a net negative charge.
2. The Stern layer originates from the fact that ions with a certain radius cannot infinitely
approximate the surface, which results in a charge-free space directly around the particle.
The border of the Stern layer is drawn right through the center of the ciosest
approximating ions (see tigure 4 . 1). The thickness of the Stern layer depends on the radius
of the ions and the hydration radius. Ions in the Stern Jayer are not only influenced by
electrastatic farces but also by specific adsorption farces. These farces strengthen each
other or can oppose each other.
3. In the diffuse double layer only electrastatic and entropy farces are present. Entropy farces
are caused by Brownian motion of the ions. In the diffuse double Jayer an electrokinetic
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shear plane is present. Under the influence of an electrical field the partiele wiJl move while
the liquid stays stationary. A small liquid film of several molecules adjacent to the particles
surface wiJl move tagether with the particles. This results in a shear plane in the liquid and
the potential at this shear plane is called the zêta-potential (see tigure 4.1). The zêtapotential is aften a measurable quantity in contrast to the surface potential 'Vo and the Stern
layer potential 'V8·
partiele surface
~
/

Su'm plane.

-~··· -- - Surface ofshr:ar

~./:--
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8 E-H
H

.
f-:-1

~//

.

( j
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-

8

-............

____________

dlslance

Figure 4.1 ,)"chematic diagram of electrical double layer (.S'haw, 1969).

The zêta-potential can be influenced:
1. by potential determining ions. The concentratien at which the amounts of negatively and
positively charged ions are equal is called the point of zero charge,
2. by specific adsorption (flocculants). The zêta-potential can change of sign when oppositely
charged ions are adsorbed (and leads to decreased repulsion between particles),
3 . by displacement of the iso-electric shear plane. Polymer adsorption leads to the formation
of loops, trains and tails (see figure 4.2). In this case the radius of the particles has
increased with a thickness foJ. . The zêta-potential decreases to zero when a non-ionic
polymer adsorbs and can change of sign when a counter-charged polymer adsorbs.
In solution

lraln
lnllially alladl<'i

ln<'qnlllhrlum

Figure 4.2 Adsorption o(polymers leads to /he formation o(trains, loops and tails (Pelssers, 1988).
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Flocculation by hydrolysed metal ions

The flocculation of sludge caused by the adsorption of hydrolysed metal ions can be
explained by the theory of Jam es and Healy (I 972) and is discussed extensively by Herwijn
(1994). In the following paragraph, only the global conclusions wil I be drawn.
Sludge flocculates by adsorption of positively uni- or bivalent hydrolysed metal ions and
single- or multi-nuclear species (the metal ions also polymerize). A charge reversal occurs and
the zêta-potential will change of sign (which was observed). The hydrolysed species have the
following form:

The adsorption occurs in a certain pH range, in which the above-mentioned species are stable.
This pH-range lies between pH=2 and pH=7 (see figure 4.3). If the pH is higher than 7 only
negatively charged hydrolysed species are present and electrastatic repulsion between the
negatively charged species and the negatively charged sludge particles prevents adsorption.
When the pH is lower than 2, only multivalent hydrolysed species are present and it is energetic
unfavourable to adsorb. The energy which prevents adsorption is the energy which is necessary
to replace the hydratien layer of the hydrolysed ion by water molecules at the sludge particle.
When the valenee of the hydrolysed met al ion is high enough, this energy can evereome the
adsorption energy and the metal ion wiJl not adsorb onto the sludge particle. Non-flocculated
sludge has a neutral pH (=7). The pH of the iron chloride solution is low ( 1-3). This is caused
by the hydratien ofthe iron ion:
(Fe(H20)(G-n){OH) 11 )<3-n)
Mixing this solution with sludge leads to a lowering of pH.
Calcium hydroxide is always mixed with sludge when tlocculation with the hydrolysed
metal ions has already occurred. The pH wiJl increase and another charge reversal wi.ll occur at
a pH which is equal to the point of zero charge ofthe metal hydroxide:

These hydroxides wiJl precipitate in which the sludge particles are enmeshed. This process is
often called sweep flocculati on (Gregory, 1978). The addition of calcium hydroxide is also
useful for the removal of sulphide, sulphate, bi-carbonate and ammonium, as shown in tigure
4.3 , it diminishes odour nuisance (Paulsrud, Eikum, 1975) and stahilizes sludge, i.e. the
average specific cake resistance is acceptably constant in time if Iime is added (Eikum, 1983).
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The role of Ca 2+ in the flocculation process is less obvious, as can be seen from figure 4.3.
Probably some calcium ions will adsorb onto the sludge. As time has a low solubility, a large
part stays undissolved in the sludge and can be regarded as an ordinary filling material. It
makes the cake less compressible, which will be discussed in sectien 4.3. All Iaberatory
dewatering experiments with iron chloride were carried out with 20 wt% lime on d.s. basis. At
this concentrat ion in most cases the pH of the sludge was around 12 .
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Flocculation by polymers

As the sludge particles have a net negative charge, cationic polyelectrolytes are used as
flocculants . Polyacrylamides and derivatives are often used as cationic polyelectrolytes;
monoroers can have the following structures (Röhm, 1991 ) :
CH 3
CH3
I
/
CH 2 = C - CONH - CH 2 - CH 2 - CH 2 - +N- H + Cl

(tertiary ammonium salt)

"CH 3

ÇH 3
/ CH 3
CH2 = C- CONH- CH 2 - CH 2 - CH 2 - +N- CH 3 +Cl- (quaternary ammonium salt)
CH 3

"
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Monomers of acrylamides are often toxic and reduction of monomer traces is therefore of
great importance. The charge density per chain length delermines the type of the
polyelectrolyte. In practice high- and very high cationic polymers are often used for sludge
flocculation . It is generally regarded that an increase of the charge density is needed when the
organic fraction increases. There are also many types with different molecular weights. High
molecular weight polymers are difficult to dissolve and give highly viscous solutions at quite
low concentrations. Vigorous agitation may be necessary to achieve complete solution but this
should not be done too severely or scission of polymer chains into small units may occur which
is disadvantageous for flocculation. It was found by Lotito and Spinosa (1990) that the
molecular weight of the polymer has a minor influence on the dewatering characteristics.
Choosing the right polymer, charge density and molecular weight is therefore very important,
but in practice this is , however, more a process of trial and error and there is no elear insight
into this problem. This aspect certainly asks for more research.
Destabilization of a suspension by the adsorption of polymers may be affected according
to the following mechanisms (Levine and Friesen, 1987):

I. bridging flocculation (see tigure 4.2)
If the extent of the loops or tails of a polymer from partiele surface into the solution is
greater than the distance over which the interpartiele repulsion acts, the polymer can
adsorb onto another particle, thereby bridging the two. The contiguration of the adsorbed
polymer is influenced by the intensity of repulsion of mutual chains. The intensity of
repulsion is determined by two factors :

I. the charge density ofthe polymer.
A high charge density results in a large repulsion between the polymer chains. The
polymer therefore prefers a flat contiguration around the particle. A decrease of the
charge density leads to an increase in the number of loops and tails (see tigure 4.4).
IL the ionic strength ofthe solution.
The effect ofthe ionic strength is twofold :
o

a high ionic strength reduces the thickness of the electrical double layer and shields the
repulsive chains. Because ebains now form more loops and are more extended into the
solution, bridging flocculation is promoted.

o

more loops result in more vacant sites for non-adsorbed polymers. The net charge of a
partiele can change and restabilization can occur.
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Figure 4.4 Conforma/ion o( polyelec/rolyle adsorbed on a pariiele when !he polymer-parlicle
allraclion is (A) slrong and (B) weak (Levine and Friesen, 1987).

2. charge neutralization
Oppositely charged polyelectrolytes reduce the partiele surface charge density such that the
particles may approach each other sufficiently closely for the attractive farces to become
effective. At excess flocculant concentrations, surfaces become saturated with adsorbed
polymer and the particles are restabilized.
3. charged patch neutralization
If the charge density of the polymer in its ad sarbed state is higher than that of the partiele
surface, patches of positive and negative charge will appear on the particle. Although the
particles have an overall neutrality or even excess charge, there is the possibility of
aggregation due to attraction of oppositely charged regions on different partiel es.
Since it was found that the dewatering ra te of sludge flocculated with polyelectrolytes is higher
(and thus larger aggregates are formed) than of sludge flocculated with non-ionic polymers, it
can be concluded that not only bridging but also charge neutralization or charged patch
neutralization is responsible for good flocculation .
The following processes also play an important role in polymer flocculation (Pelssers, 1988):
•

mixing time of polymer with sludge dispersion.
callision time between polyelectrolyte and sludge particles which lead to adsorption.

•

reconformation time of polymers on partiele surface. The polymers are in a 'random coil'
contiguration in a solution. If the polymer adsorbs onto a partiele, the polymer wiJl
reconform to an equilibrium state (loops and tails), because of electrastatic repulsion
between mutual chains.

Two types of flocculation processes can be distinguished (Pelssers, 1988, tigure 4.5):
I. equilibrium flocculation
a. the rate of adsorption of the polymer is slow in comparison to the reconformation
process. The tirstly adsorbed polymers can reach their equilibrium situation. If a low
electrolyte concentratien is present, the polymer chains wiJl not reach further than the
double layer thickness.
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b. the adsorption rate of the polymer is fast, but the callision rate is lower than the
reconformation rate. The polymer chains will again reach their equilibrium situation
before any flocculation can occur.
Flocculation can occur when the repulsion is cancelled by charge neutralization or when the
electrical double layer is repressed by salt addition and polymer chains can bridge the
repulsion distance.
2. non-equilibrium flocculation
High adsorption rate as wel! as high callision rate dominate in the solution. The polymers
do not have the time to reconform and stay in the 'random-coil' configuration (see figure
4.5). Because ofthis configuration, the polymers can easily bridge the sludge particles.
Since the stirrer speed was high (I 000 rpm) during mixing with polyelectrolytes at Iabaratory
scale, it can be assumed that non-equilibrium flocculation always occurred. This is also the case
in practice, where mixing intensities are high and no salt addition is needed for flocculation.

high
allachmcnl
+ 'fxy", ralc

~-~
non-equilibrium llon·ulalion
low

allarhmcnl rctlc

no Ilocrulal ion

no llorrulalion

equilibrium fl ocrul~lion

Figure 4.5 Schematic diagram o(flocclllation proces.\· by addition ol po/yelectrolytes (Pelssers,
1988).
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4.2.1 Influence of flocculnnts nnd filter aids on the dewntering

The surface charge delermines the state of aggregation as pointed out in sectien 4.2 and
therefore the filtration- and expression behaviour of any suspension. The partiele size
distribution and the zêta-potential delermine the packing d/ensity of the particles and thus the
permeability (and tiltration resistance) of the filter cake. Interesting results can be obtained
when the partiele size distribution, zêta-potential and pH are correlated to the filtration- and
expression behaviour of suspensions (Wakeman et al., 1992). Wakeman et al. showed for
instanee that the filtratien resistance for anatase (moderately compressible) showed a minimum
at the point of zero charge. The point of zero charge leads to the largest aggregates and
therefore to the optimum coagulation-flocculation condition and thus the lewest fiJtration
resistance. Interesting correlations between partiele size distribution and zêta-potential could
also be expected for sludge, since flocculation is extremely important to the dewatering of
sludges. However, firstly, the point of zero charge did not correlate with a minimum filtratien
resistance (Boon, 1992, Henriques, 1992). It was not clear whether this was caused by the
comp1exity of the measuring apparatus (Matec) or the complexity of the floccu1ation
mechanism of sludge. In 1iterature (Roberts, 1978) some corre1ations between a charge
reversal and a minimal capillary suction time (this value is proportional to a fiJtration
resistance, see chapter 6) have been reported, but are not confirmed in this study. Secondly,
obtaining reliable partiele size distributions of sludge is extremely difficult. The image analysing
technique showed to be a better methad for determining partiele size distributions than laser
diffraction methods, but even image analysing has two important disadvantages:
sludge flocs have such difficult structures that it is often difficult to delermine or define the
partiele diameter (see tigure 4.10 a,b,c),
it is very difficult to make a representative picture of the sludge flocs. The particles tend to
stick to each ether in a diluted solution.
Moreover, as already pointed out in sectien 3.2, the partiele size distribution in a compressed
filter cake is completely different from an 'unstressed' partiele size distribution and gives no
information about the compressibility and (visco-)el ast ie behaviour of a filter cake. Because of
the above-mentioned problems, the most effective and quickest method in determining effects
of floccul ation on the dewatering behaviour of complex suspensions, like sludges, are
characterized by only macroscopie properties, Jike permeability and compressibility, and not by
microscopie properties, like zêta-potential and partiele size distribution.
In figures 4. 6 and 4.7 some typical examples ofthe average specific cake resistance <Xav
versus added concentratie n flocculant are shown. Flocculation occurred according to the
conditions prescribed in the STORA-manual ( 1982, 1983). The average specific cake
resistance was determined by means of the incompressible cake fiJtration theory. At low
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flocculant concentrations the specitic cake resistance is relatively high due to incomplete
flocculation and is rapidly decreasing with increasing flocculant dosage. After a certain
concentration the specitic cake resistance remains almast constant. Iron chloride/lime and
polyelectrolyte show all the same behaviour, as can be seen from tigure 4.6 and 4. 7 (the
amount of added polyelectrolyte is about ten times smaller than the amount of added iron
chloride). These trends have also been reported in literature for different types of sludges
(Novak, O'Brien, 1975, Katsiris, Kouzeli-Katsiris, 1987, van Berlo, 1993). In practice, in the
Mierlo plant, the dosage iron chloride is about 70 g (kg d.s_)-1 . It is clear from tigure 4 .6 that
this dosage is somewhat lower than the optimum Iabaratory dewatering dosage. The dosage of
lime in the experiments was 20 wt% on dry solids base. In practice this concentration varies
between 35-60 wt%, which is extremely high. Adding such high dosages oflime influences the
compressibility of the filter cake, which wil! be discussed in section 4.3. The polyelectrolyte
used in the Mierlo plant is not the same as the polyelectrolyte used for the experiments shown
here. However, the dosage polyelectrolyte in practice is± 5 g (kg ds)- 1, which is somewhat too
low as was found by van Berlo ( 1993 ). As in practice the dry solids content changes
continuously in time (e.g. the dry solids content in Mierlo could change with about 40%) the
flocculant dosage should be adjusted continuously (even within one day) in order to dewater
the sludge as quickly and cheaply as possible. It was found that at Iabaratory scale the
optimum iron chloride was always between 9 and 12 wt% for the few years in which the sludge
has been worked with, which means that although the dry solids contents change continuously,
the optimum flocculant range on dry solids basis is relatively constant in time. The absolute
values ofthe average specific cake resistance can, however, rather differ.
The price (January 1994) for iron chloride is Fl 220,- per ton (added value tax not
included) and for lime Fl 140,- per ton. The price for polyelectrolyte is Fl 10.000,- per ton.
Since the amount of added polyelectrolyte is about ten times smaller than the added dosage of
iron chloride/lime, the price per kg dry solids is about two times higher, which makes polymers
still the most expensive flocculants. The optima) economical flocculant dosage is the dosage
where the specitic cake resistance reaches its minimal value. From an economical point of view
it is important that the sludges are dewatered as fast as possible with tinally the highest possible
amount of dry solids (drying costs are much higher than floccul ant costs). Transport casts are
Fl 21 ,64 (added value tax not included, prices January !994) per ton dry solids and thus less
important than flocculant costs. (To reach a dry solids content of± 20 wt% the natura! gas
costs for evaporation areabout Fl I 500,- per ton dry solids) .
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Figure 4. 7 Avcrage .1pcci(ic cake rcsistance a 0 " versus added concentra/ion o.fpo/yeleclrolyle (R6hm
KF945).

In figure 4 .8 an example is shown ofthe decrease ofthe average void ratio versus time for the
expression phase for sludge flocculated with 6 wt% and IJ wt% iron chloride on d.s. basis
(concentration lime 20 wt%) As can beseen from this figure, the ditTerenee indewatering time
for the two different flocculated sludges can be quite dramatic. In particular this graph shows
the importance of dewatering at the optimum flocculation condition. At high tlocculant
concentrations the average specific cake resistance can also increase again. In figure 4.9 the
filtrate volumes versus time (with corresponding average specific cake resistance) for different
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polyelectrolyte concentrations are shown. This is probably caused by restabilization, as
explained in section 4.2. This means that there is always an optimum flo cculant concentratien
range in which the average specific cake resistance is minimaL This o ptimum concentratien
range is different for every type of flocculant and changes if the mixing energy is changed. It
was found that the mixing energy has a large influence on the dewatering if polyelectrolytes are
used as flocculant (van Berlo, 1993). These flocculants can form large aggregates (± 500-5000
Jlm), which can easily breakup due to high shear forces (this is also very disadvantageous for
pumping the sludge). The mixi ng energy has hardly any influence on the dewatering if iron
chloride/lime is used as flocculant . These flocculant s fo rm smal! aggregates (± 20-200 J.lm) and
are more resistant against high shear forces. In figure 4. I 0 pictures of non-flocculated and
flocculated (iron chloride/time and polyelectrolyte Röhm KF975) sludge are shown. These
pictures give some idea about the partiele size differences and shapes.
20.-.-~~~~---------------------------------,
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Figure 4.8 Decrease of average void ratio during expression phase fo r sludge flo cculated with 6 wt%
(triangles) and 11 wt% {dots) FeC/3 and 20 wt% Ca(OH) 2·
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Figure 4.10 Photographs of a) non:flocculated. b) flocculated with iron chloride and lime and c)
flocculated with polyelectrolyte (Röhm KF975).
From the photographs shown in ligure 4. I 0 it is clear that the flocculants not only have
influence on the dewatering ra te but a lso on the compressibility of the sludges. In ligure 4.11 a
examples of permeabilities versus compressive pressure measured with the C-P cell are shown
and in figure 4.11 b the solidosities versus compressive pressure are shown for sludge
flocculated with different concentrations of iron chloride (the concentrat ion of lime is constant
at 20 wt%). The slopes of the lines only slightly differ for the different concentrations of iron
chloride, which indicates that the compressibility coefficients (8 and ~) of the studges are
almost the same. Only the absolute permeability of sludge flocculated with I 0 wt% iron
chloride is clearly higher than the other two concentrations, which indicates again the optimum
flocculation condition. In figures 4. 12a and 4.12b results are shown of experiments for sludge
flocculated with different concentrations polyelectrolyte. Again it is clear from these figures
that the compressibility coefficients are almost the same for the different concentrations of
polyelectrolyte. There are also hardly any ditTerences in absolute permeabilities and solidosities.
The cakes are so compressible that the cake structures in the measured pressure range (50-300
kPa) are all the same. Only in the Jow pressure range (0-1 00 kPa) ditTerences between the
concentrations can be found (van Veldhuizen, 1991 ). Figures 4.11 a and 4.12a also demonstrate
that the log-log plot to obtain the relation between the permeability K and the compressive
pressure p 5 somelimes can only be regarded as an approximation.
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In figure 4.13 an exampJe is shown of the measured soJidosity versus compressive
pressure for sJudge floccuJated with I 0 wt% iron chloride and J.4 wt% polyelectrolyte. It is
clear from this graph that the compressibility of sJudge tloccuJated with poJyeJectroJyte is
higher. This higher compressibiJity is caused by the large weak flocs which are formed when
sludge is floccuJated with polyeJectroJyte. These large weak flocs also resuJt in a higher value
for K0 and a lower value for e50 than sludge tlocs formed with iron chloride. The initia!
permeability is high, which results in quick dewatering during the initia! stage of the fiJtration
phase. The permeability, however, rapidJy decreases with increasing compressive pressure
during dewatering. Moreover, the deformation of the sludge tloc matrix is often difficult,
which results in extreme creep and Jonger dewatering times, as aJready discussed in section
2.6.2. The equilibrium void ratio at the end of the expression phase also hardly changes with
changing concentration of added flocculants, as can be seen in figures 4.11, 4.12 and 4.14.
These cakes are easily compacted into the same structure. The dewatering times are somewhat
shorter at the optima! iron chloride concentration, but for polyelectrolyte hardly any difference
was observed in expression times (for this concentrat ion range), which is in agreement with the
C-P results. When two different types (trademarks) of polymers are compared, it must be
concluded that the average specific cake resistance can differ (0.2* I 012 m kg-I and 7 .0* 1012
m kg-I), but that the cakes are also compacted to the same structure and thus the same
equilibrium void ratio eoo (van BerJo, 1993). Both investigated poJymers are highly cationic
polyelectrolytes, but result in compJeteJy different tloc structures. lt is unfortunateJy not clear
what causes the differences in the tloc structures, which again underlines the importance of
more research in polymer tloccuJation. Jt can thus be concluded that the type of tloccuJant
(iron chloride/lime or polyelectrolyte) influences the compressibility and thus the equilibrium
void ratio eoo and the permeability, but that the amount of added flocculant hardly or not
influences the compressibility and thus the equilibrium void ratio e
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An alternative way of improving the fiJtration ra te by means of a filter aid can be the use

of a precoat. A precoat is a layer of a highly po rous incompressible material (e.g. diathorneus
earth) which is placed on top oft he filter medium. By using a precoat the number of flow paths
can increase (and filter medium clogging can be avoided) which can lead to impravement of
the fiJtration rate. In figure 4.15 measured fiJtration curves with and without the use of a
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precoat are shown. As can be seen from this figure, there is no difference in the flitration rate.
This is probably caused by clogging ofthe precoat The sludge flocs are pressed in the precoat
and finally farm the same dense porosity skin near the filter medium as without the use of a
precoat A precoat will thus not lead to impravement of the dewatering rate, only to an
increase ofthe dewatering costs.
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Figure 4.15

Filtrate volwne ver.ws time with (dots) and witho111 (sq11ares) a precoat. (sludge

jlocculated with 0.9 wt% polyelectroly te (Röhm KF975) on ds. basis).

Not only a quick dewatering rate by means of tlocculants is important, but also the
amount of flocculant in the filtrate is important from an environmental point of view. In
practice the filtrate simply flows to the surface water and the amount of pollutants must
therefore be as smal! as possible. The amount of iron in the filtrate can be determined by
measuring the light absorption of a special complex. First all the iron Fe3+ is reduced to Fe2+.
Subsequently a bipiridine complex is added to the filtrate. This complex reacts with iron to give
a complex which has a red colour. The concentrat ion of this complex can be determined by u se
of UV-VIS spectrometry. An example ofthe percentage ofthe added iron in the filtrate versus
the concentratien of added iron to the sludge on dry solids basis is shown in figure 4.16. The
concentratien of iron in the filtrate has the lowest value at approximately the lowest average
specific cake resistance (see figure 4.6). At high concentrations of added iron chloride, the
concentratien of iron in the filtrate slightly increases which is caused by excess of iron which
cannot adsorb onto the sludge particles and can not precipitate as iron hydroxide in the filter
cake. The high concentrations of iron in the filtrate at low added concentrations of iron
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chloride, is more difficult to explain, but is probably caused by colloidal and small particles in
the filtrate which contain adsorbed iron and disturb the measurement. This measured amount is
thus nol dissolved in the filtrate. However, it can be concluded that optima! filtratien
conditions result in the smallest amount of iron in the filtrate. This result also indicates the
importance of dewatering at optima! flocculation conditions. The determination of the
concentratien of polyelectrolyte in the filtrate is complex. Various methods were investigated
(van Berlo, 1993), but none showed satisfactory results. The main cause was the disturbance
of the measurement by colloidal particles. More investigation in this problem in the future is
needed.
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Figure 4. 16 Pereenlage o( added iron in !he filtrale versus concentra/ion of added FeC/3 on dry
solids basis. Concentra/ion (J(Ca(OH) 2 constant al 20 wt%.

88

Chaptcr 4

4.3 Innuence of pressure on dewatering

Because of the high compressibility of sludge, the void ratio at the end of the fiJtration
phase and the dewatering rate hardly change with changing applied pressure. The void ratio of
the filter cake at the end of the expression phase changes considerably with changing applied
pressure. The average void ratios of sludge flocculated with iron chloride (10 wt% on d.s.
basis) in combination with lime (20 wt% on d.s. basis) and the polyelectrolyte Röhm KF975 (I
wt% on d.s. basis) at the end of the fiJtration phase are shown in figure 4.17. The void ratios

do notchange with increasing pressure. This is caused by the fact that the void ratio profiles in
the filter cake hardly change with increasing pressure, as can be seen from a calculated example
shown in figure 4.18. Only near the filter medium the void ratio is lower at an applied pressure
of 500 kPa than at 100 kPa. Inlegration of these profiles leads to al most exactly the same
average void ratio: Only at the end of the expression phase (uniform void ratio profile) a clear
ditTerenee between the void ratios for I 00 and 500 kPa will be reached. Sludge flocculated
with polyelectrolyte forms filter cakes with higher void ratios (at the end ofthe flitration phase)
than sludge flocculated with iron chloride/lime. This can probably be explained by the fact that
the void ratio profile is sharper and that the unstressed void ratio e0 (p 5=0) of sludge
flocculated with polyelectrolyte is higher than of sludge fl occulated with iron chloride/lime (see
figure 4.18), as already discussed in section 4.2.1.
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pressures of 100 kPa (w/id line) and 500 kPa (dolled /ine) for slucf.r;e .flocculated with iron chloride
and lime and at a.filtration pressure olfOO kPa.fár shtdge.flocculated with polyelectrolyte.

If the compressibility coefficient

ois larger than about

I. 9 and

p larger than about 0.4 (n

> ± 1.4), the sludge is so compressible that an increase of the tiltration pressure hardly leads to
an increase ofthe tiltration ra te. Aresult of calculations is shown in tigure 4.19a. This will also
mean that the cake thickness will hardly grow faster when -a- higher tiltration pressure is
applied, which is shown in tigure 4. 19b. Only clear ditTerences appear between very Jow
pressures (e.g. 20 kPa) and high pressures (1.5 MPa). As sludges generally have these
compressibility coefficients (especially sludge flocculated with polyelectrolyte), increase of the
tiltration pressure hardly leads to quicker dewatering. A higher driving force is more or less
compensated by a lower permeability. However, because higher pressures lead to lower void
ratios at the end of the expression phase and the dewatering rate does not decrease with
increasing pressure, it is advisable that sludge dewatering takes place at the highest possible
filtration-expression pressure.
The compressibility of sludge can be decreased by adding tilling materials, like lime, fly
ash or sand . Higher tiltration pressures wiJl then lead to a substantial increase of the filtratien
fluxes. Adding filling materials , however, has important disadvantages:
I. It leads to more costs and, because the sludge cakes are simply dumped or incinerated, to a
waste of money.
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2. The sludge volumes will increase, which will increase transport costs.
3. As the compressibility is decreased, the cakescan be less expressed, i.e. higher void ratios
based on the original amount of dry solids at the sa me expression pressures.
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The equilibrium void rat ios eoo for the two different flocculants at the end of expression
experiments versus the applied mechanica! pressure (low pressure range: I 00-700 kPa) are
shown in figure 4.20. A void ratio of0.9 is equal to 45 wt% dry solids. In figures 4.21a and b
the equilibrium dry solids contents (corrected and uncorrected) for the same experiments are
shown. The corrected dry solids contents are the dry solids contents without the added amount
of dry solids offlocculant. The amount ofadded polyelectrolyte is small (1.5 g (kg d.s.)-1) and
the corrected and uncorrected values are therefore practically the same. The amount of added
iron chloride/lime is relatively large, which results in a large difference between the corrected
and uncorrected values. Thus, the dewatering results based on the original amount of dry solids
are much better when sludge is flocculated with polyelectrolyte. It must be remarked that the
dewatering times for sludge flocculated with polyelectrolyte were extremely long ( 12-16 hours,
initia! cake thickness about 20 mm) . Afterabout six hours of expression there was (sometimes)
still a difference of 6 wt% dry solids with the equilibrium dry solids content. In practice
equilibrium dry solids contents of 30-35 wt% (e "" 2.0-1.5) for iron chloride/lime with filter
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= 3.3-3.0)

presses (1.5 MPa) and equilibrium dry solids contents of 20-22 wt% (e

with belt

presses (applied pressure unknown) are reached, see table 1.2.
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Figure 4.20 Equilibrium void ratio e

00

versus applied mechanica/ pressure. Sludge flocculated with

JO wt% FeC/3 and 20 wt% Ca(OH)] (dots) and with 1.5 wt% polyelectrolyte (triangles) (Röhm
KF975) on d.s. basis. Dolled /ine = power /aw model.
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In tigure 4.22 the equilibrium void rat ios e00 of sludge tlocculated with I 0 wt% iron chloride
and 20 wt% lime versus applied mechanica! pressure for the high pressure range (1-10 MPa)
are shown. The sludges were expressed by using a hydraulic frame press. As can be seen from
this figure, the void ratio at 8 MPa and higher is equal to 0.22, which equals 60 wt% dry
solids. This is extremely high in comparison with the dry solids contents in practice. Even at
1.5 MPa (final filtration-expression pressure in practice) the dry solids content is approximately
15 wt% higher.
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Figure 4.22 Equilibrium void ratio e

00

versus applied mechanica/ pressure. Sludge flocculaied wilh

JO wt% FeC/3 and 20 wt% Ca(OH)] on ds. basis.

As already shown in tigure 3 27, the equilibrium void ratio eoo at the end of the expression
phase is reached at the sametime regard less ofthe value ofthe applied mechanica! pressure. A
higher driving force is compensated with a lower permeability. A certain void ratio higher -than
the equilibrium void ratio e.., is, however, reached faster when a higher pressure is applied.
Several remarkscan be made about these results:
I . The void ratios of sludge cakes dewatered by means of Iaberatory equipment are much
lower than in practice, ev:en at low mechanica! pressures. Moreover, often desages of
about 35 - 60 wt% lime are added to the sludge when it is dewatered in filter presses. This
clearly results in acceptable dry solids contents after expression, but not as a result of good
dewatering.
2. The void ratios of sludge tlocculated with polyelectrolyte are somewhat lower than those
of sludge flocculated with iron chlorid e/lime. This is caused by the higher compressibility of
sludge tlocculated with polyelectrolyte, as already discussed in section 4 .2. 1. This means
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that higher dry solids contents can be reached when sludge is flocculated with
polyelectrolyte. Especially ifthe dry solids content is calculated on the basis ofthe original
amount of dry soli ds.
3. Increasing the mechanica! pressure always leads to decreasing void ratios and thus to
higher dry solids contents. Ho wever, the limit of mechanica! dewatering will be around 65 -

75 wt% dry solids.
4. Lower void ratios for sludge flocculated with polyelectrolytes mean smaller cake volumes
(about 25-30 wt% smaller than sludge flocculated with iron chloride/time) caused by the
smaller amount of dry solids added and the higher compressibility.
In order to check whether the high dry solids contents could be reached with studges
other than Mierlo sludge, sludges from the rwzi Amsterdam and from the rwzi Veghel were
also dewatered . After the optimal tlocculant dosages for these studges were found, they were
expressed at different pressures. In figure 4.23 the results of these experiments are shown. As
can be seen from this figure the dry solids contents for the different studges at different
pressures are practically the same. The three sludges are completely different (see chapter I)
and it can therefore be roughly concluded that studges can be compacted to almost the same
structure and thus the same dry solids content, only the dewatering rate can be different (van
Berlo, 1993). In practice the average dry solids content for Amsterdam sludge is about 27 wt%
(dewatered with a filter press) and for Veghel sludge about 16 wt% (dewatered with a belt
press). Again it is clear that there is a substantial ditTerenee in dry solids contents reached at
Iaberatory scale and in practice. These results make the commonly accepted term 'badly
dewaterable sludge' questionable.
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Same alternative dewatering techniques were investigated to check whether impravement
of the dewatering rate and increase of the equilibrium dry solids content was possible.
Interesting cheap alternative ways of mechanica! dewatering are:
I. slowly increasing the mechanica! pressure instead of an instantaneously applied mechanica!
pressure,
2. relaxation of the filter cake during filtratien and expression by releasing the mechanica!
pressure in time intervals,
3. hydraulic/reverse flow expression.
These points wiJl be discussed below:

1. lncrease of the mechanica! pressure during dewatering.
An interesting question is whether the previous history of the applied pressure influences
the void ratios in the equilibrium situations. The filter cake could have a different structure if
the particles are first allowed to farm a cake under conditions in which the pressure is
increased stepwise inslead of an instantaneously applied high pressure. If this is the fact, much
care must be taken in the way for instanee C-P cell experiments are carried out. Experiments
were carried out in which either an instantaneous pressure was applied or in which the pressure
was slowly increased during the experiment. An illustrative example of an experiment with the
C-P cel! is shown in figure 4.24 and an example of an experiment in the normal filtrationexpression cell is shown in figure 4.25. The void ratios were the same at the equilibrium
situation for bath experiments shown in figure 4.25. Also flitration at low pressures (e.g . 20
kPa) foliowed by expression at a higher pressure (300 kPa) did not lead to an increase of the
equilibrium void ratio. It can be concluded from these experiments that the previous history
does not influence the cake structure and that it is even better to apply an instantaneous
mechanica! pressure, because the average driving force is higher which results in a somewhat
quicker dewatering during the expression phase.
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2. Relaxation of the filter cake.

It was investigated whether relaxation of the filter cake during expression could have any
influence on the equilibrium void ratio. Because the particles are allowed to resettie in a more
compact structure every time the load is released, it could be possible that lower void ratios
can be reached at the end of the expression phase. As al ready shown in figure 3 .8, sludge
flocculated with iron chloride/lime forms a filter cake which does not resettie after release of
load (hardly any elastic behaviour). Difference between a normal filtration-expression
experiment and a relaxation experiment will not result in a difference in the equilibrium void
ratio; this is indeed confirmed, as shown in tigure 4.26. Sludge flocculated with polyelectrolyte
forms a cake with elastic properties. However, again the equilibrium void ratios of both
experiments were equal. Every time the pressure is exerted on the cake after release of load,
the cake structure collapses to the same structure, which is probably caused by the weak
structure (high compressibility) of the filter cake. It can therefore be concluded that this
alternative dewatering technique does not improve the dewatering results. Moreover, a
disadvantage is that the dewatering time is Jonger, because the average driving force per unit
time is smaller.
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Figure 4.26 Decrease of average void ratio versus expression time according toa normal expression
experiment (dots) and a relaxation expressionexperiment (trian;:les) . Sludge.flocculated with JO wt%
FeC/3 and 20 wt% Ca(OH) 2 on ds. basis.
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3. Hydrau/ie/reverse flow expression.

------:;"----- -. ..

Generally, not only mechanica! expression leads to a
substantial decrease of the average void ratio of the

-

filter cake, but also hydraulic expression. Examples
<iircciÎOII of now dtlfÎII~ IÏ]Ir.tiÎOII

of hydraulic expression/deliquoring are (Tiller and
Horng, 1983):
''I

I. High pressure filtration.
··· .., 2. Reverse flow expression/deliquoring.

direc!ÎOII Of now liHfÎ..II~ re ven-e now exprCS..<:.ÎOII \
......... ......

·········)'"···

poros.ity al end of expres..,.ion pha."e
0 .4

.

0'---~-0~_2~-o~A-~-~0_ 6-,~~o.-~---' 3. Displacement with high viscosity liquids which
dim~nsionl~ss <fistan~~ 'V x/L(I)

act like a mechanica! piston.

Figure 4.27 Porosity profiles at the end o( Of these methods reverse flow expression does not
filtra/ion, reverseflow- and normal
expression.

only decrease the average void ratio of highly
compressible cakes, but can also increase the
dewatering rate, because a dense skin with a low

porosity and a high flow resistance near the filter medium is developed during fiJtration of
sludges. The top of the filter cake still has an open structure (e 0 ) and a low flow resistance (a
0)

at the end of the filtration phase. By reversing the flow, in which the developed skin now

acts as a piston (or a closed piston can be placed on top of the unconsolidated part of the
cake), the dewatering rate can suddenly increase since the cake has no high flow resistance
anymore. The equilibrium void ratio wil! be the same for both normal expression and reverse
flow expression, as can be seen in figure 4.27. In figure 4.28 a result of a reverse flow
expression experiment is shown. As can be seen from this figure, there is no sudden decrease
visible of the average void ratio, which would indicate a sudden increase of the dewatering
rate. The flow was reversed after 700 seconds. It appears that the specific cake resistance a 0
rapidly decreases again to a low value and the flow resistance becomes equal to the flow
resistance during normal expression and no real sudden decrease ofthe average void ratio is
therefore visible. The cake structure collapses too rapidly.
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Figure 4.28 Decrease of/he average void ratio d11ring reverse.flow expression.

4.4 Influence of cake thickness on dewatering

The cake thickness has a large influence on the tiltration and expression time. The time is
equal to the square of the cake thickness according to equation 2.37. In tigure 4.29 the cake
thickness (at the beginning of the expression phase) versus expression time according to
experiments and model is shown. As can be seen from this tigure, there is a good agreement
between experiment and model. Since the dewatering time increases drastically with the cake
thickness, it is advisable to use smalt cake thicknesses in practice to avoid long dewatering
times. In fact, the smallest cake thickness should only be restricted by construction and
handling limiting conditions. The cake thickness has no influence on the equilibrium void ratio
eoo, as can be seen from tigure 4.30. This also contirms the assumption of the tiltrationexpression model that the cake thickness has no influence on the cake structure (assumption 5,
section 2.2).
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4.5 Influence of slurry concentration on dewatering
Different conclusions about the influence of the slurry concentratien on the tiltration
behaviour of suspensions and the influence on C-P results have been reported in literature. It is
generally recognized that different slurry concentrations will result in different tiltration curves.
However, there consists no consensus about the influence of slurry concentrations on C-P
results. Wakeman (1978) for instanee staled as a disadvantage that it is not possible to reveal
concentration effects by means of a C-P cell. In tigure 4.3 I a ex perimental results of the
permeability versus compressive pressure carried out with the C-P cell are shown for sludge
with different slurry concentrations. The sludge was flocculated with iron chloride and lime on
d.s. basis. In tigure 4.31 b the solidosities versus compressive pressure are shown. As can be
seen from these tigures, the constitutive relations differ for each slurry concentration. The
absolute values of the permeability and solidosity and the compressibility coefficients slightly
differ. The ditTerences between the permeabilities and solidosities become, however, smaller
with increasing pressure. If C-P experiments we re carried out in a high pressure range (> 600
kPa) the constitutive relations would probably be the same for the different slurry
concentrations. A higher solidosity at a higher slurry concentratien at the same pressure can be
explained by the fact that a higher slurry concentratien farms a less compressible cake. lt is,
however, difficult to explain why the permeability is higher at a higher slurry concentration. A
reason can be that the flocculation is better when the slurry concentration increases (the
flocculant dosages are based on dry solids concentratien and thus the same). In practice
flocculation also occurs when the slurry concentratien has been changed (e.g . by the supply).
(Differences in dry solids contents in filter presses for different slurry concentrations have been
reported for the initia! stages of the dewatering process, Kampf, 1991 ). From these
experiments it is not possible to conclude that the dilTerenee in constitutive equations is caused
directly by the dilTerences in slurry concentration. But dilTerences occur in constitutive
equations, which makes the rnadelling of the dewatering stages more complicated. In tigure
4.32 the equilibrium void ratios eoo at an applied pressure of 500 kPa versus the initia! slurry
concentratien for sludge flocculated with 1.5 wt% polyelectrolyte are shown. The filter cakes
at this pressure are compressed to the same structure, which was also the trend for sludge
flocculated with iron chloride/lime at high pressures. Because in practice the pressures are high
(1 - 1.5 l'viPa), the influence ofthe slurry concentration on the equilibrium dry solids content is
nil. A higher slurry concentratien results, however, in a larger cake thickness and thus in Jonger
dewatering times (see section 4.4).
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Although the permeability increases with increasing slurry concentration, the calculated
filtrate volume is small er for a higher slurry concentration, as can be seen from figure 4.33 .
This can be explained by the fact that the cake thickness grows faster if the slurry
concentratien is higher, see ligure 4.34. This larger cake thickness results in a higher filtratien
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resistance and thus in a smaller filtrate volume per unit time. These types of calculations have
never been shown in the filtration-expression literature. This is also the general trend in normal
filtratien experiments, as can beseen from figure 4.35.
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Figure 4.33 Calculatedfiltrate volume versus timefor two d!(ferent slurry concentrations.
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4.6 Dewatering in practice
Comparison between laboratory dewatering experiments and dewatering in practice is
difficult. The geometry and the liquid flow direction for instanee are different. The filter
medium in a filter press is placed in a vertical position and the liquid flow occurs in three
dimensions. Permeabilities were also never measured in the pressure range of 1.0-1.5 MPa in a
C-P cell. However, in the following section some comparisons are made between dewatering
results in practice and one-dimensional rnadelling results, in order to try to diagnose the
dewatering problems in practice.
In tigure 4 .36 the idealized operation (filtration phase, situation a and expression phase)
of a filter press is schematically shown. During the tiltration period, the filter cakes grow
parallel to the filter medium and the direction of the filtrate flow is perpendicular to the filter
medium. In reality the liquid flow is much more complicated, as is schematically drawn in
situation b in tigure 4.36. It will not be perpendicular to the filter medium; it will follow
complicated streamlines and is difficult to model. When the press is full, the filtrate will only
flow through the portion of the cake near the feed inlet, as shown in tigure 4.36. The
compressive pressure and the porosity increase towards the fi lter medium. When the filtrate
flows through the filter cake, a new compressive pressure distribution will develop in the cake,
leading to an increase in the solidosity. The filter cake has thus changed from its initia! form.
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Figure 4.36 Flow palferns o(fîllrale in plale-and:lrame press.

In tigure 4.37 example calculations for a plate-and-frame press performed by Shirato et al.
(1986) are shown. Shirato et al. transformed the expression equation in cylindrical co-ordinates
and assumed fo r these calculations that p1 + p5 = p. This relation is probably rather too simple
for a difficult geometry such as a filter press. The calculations can be regarcled as a first
approximation. Figure 4.37a represents the end of the filtration- and the beginning of the
expression-phase. The largest part of the cake is unconsolidated (p/p 1 = 0.5-1 ). Figure 4.37b
represents the expression phase afterabout 20% of the total expression time and figure 4.37c
represents the final equilibrium situation. From this figure it is clear that at the end of the
expression phase the hydraulic pressure is almast equal to zero throughout most of the filter
cake and thus the solidosity is almast uniform throughout the cake. However, in filter presses
in practice, it could be that the movement of solids in the filter chambers is considerably
retarded by the friction between cake solids and filter medium. This results in some wet parts in
the chamber. Shirato et al. ( 1986) developed an expression device, in which the liquid flow is
changed when the filter chamber is fully saturated with cake and in which the friction between
the solids and the filter medium is considerably smaller. With their experiments they
demonstraled that the equilibrium void ratio is equal to · the equilibrium void ratio aft er
expression in a 'normal' expression (one-dimensional axial flow) equipment.
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a

b

c

Figure 4.37 Change of hydrau/ie pressure dis/ribution with time in a filter press according to
calculations of Shirato et al. (1986) . a= end offiltra/ion-, beginning of expression phase, b = afler
about 20% oftotal expression time, c =.final equilibrium situation.

Results of one-dimensional calculations for a filter press for the fiJtration phase are shown
in figure 4.39 and for the expression phase in figure 4.40. During the expression phase some
creep was assumed . Calculations were made for half a chamber (20 mm). It is thus assumed
that the dewatering is symmetrical in a chamber (only a simple approximation as discussed
above). The pressure build-up during the dewatering stages was approximately according to
the reported pressure build-up in a filter press reported by Heide and Kampf (1982), see figure
4.41. This means that the pressure at the end of the fiJtration phase was equal to 700 kPa after
800 seconds. At this time the cake thickness was 20 mm and thus the chamber is full with cake.
During expression the compressive pressure near the filter medium is still a function of time
according to the function until 1600 seconds, as shown in figure 4.41. After this time the
pressure becomes constant at 1.4 l\1Pa. For the boundary conditions see also equations 2.502.54. The results of these calculations, shown in figure 4.40, are based on a decreasing cake
thickness. In reality this is nat the case, as is shown in figure 4.36. These calculations must
therefore also be regarcled as an indication. Calculations with a rnaving boundary (continuous
slurry supply during expression) led to similar results as calculations without a rnaving
boundary. As can beseen from figure 4.40, when an average dewatering time of9000 seconds
is taken, the void ratio is equal to 0.55, which equals about 50 wt% dry solids. This is thus
much higher than the average 34 wt% reached in practice. The dewatering time of about 9000
seconds should be enough according, to the simulation. Calculations with different medium
resistances were also performed to check the intluence of the filter medium. The filter medium
permeability was varied from 5.0* IQ-15 to 1.0* 10-16 m2. A filter medium permeability of
5.0*10-15 m2 is equal to the filter medium permeability at Iabaratory scale. Results of these
calculations are shown in tigures 4.42a (tiltrate volume versus time) and 4.42b (void ratio
versus dimensionless distance). As is clear from these figures, the filter medium resistance only
plays a role if the permeability becomes about 50 times (ar more) smaller. The flow rate is
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lower and the void ratio throughout the cake at this filter medium permeability is clearly higher
than in the other three cases. This can only be the case ifthe filter medium is clogged.
Measurements of the dry solids content at different places in a frame of a filter press
indicated that the dry solids content in the middle part (between inlet and end of frame) had its
highest values. This can indicate that indeed friction between the filter cake and the filter
medium occurs. lt can therefore be concluded that the dewatering in a filter press can be
influenced by filter medium clogging or by the friction of the solids with the filter medium.
Expression in a plate press with flexible seals or in a membrane press will certainly lead to
better dewatering results (lower void ratios, provided that the filter chamber is equally filled
with the filter cake) because less friction between solids and filter medium is present.
~ = 1 MPa

In figure 4.43 the simulated
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=0.5MPa

ratio versus time in a belt press
K,;;,;:,~>.,:;;;,II";.;... H se.comis

is

shown.

Again

creep

ts

included in these simulations.
· ·· ·········-·····~~------ -------~

300
drninage

St': COnd S

cxprl~ ss ion

After about 420 seconds (the
assumed

average

residence

time in the press zone in a belt
Figure 4.38 Assumed pressure course ers afunction of time
fora belt press.

press) the average void ratio
equals 6.5 (about 12 wt%). lt

was assumed that the slurry concentratien was about 4 wt% after the drainage stage (residence
time about 120 seconds) and that the mechanica! pressure beits was 0.5 MP between the and I
MPa around the rollers. The pressures as a function of time are shown in figure 4 .38 (this
pressure course was based on a rough technica! diagram of a belt press). Further, it was
assumed that the cake thickness between the beits was 30 mm and that the dewatering was
symmetrical. The flexing of the beits in opposite directions was nol included in these
simulations. As can be seen from this figure, the dewatering time is far toa short to reach a low
void ratio. Although some assumptions are made for this modelling, langer residence times
(slower belt speeds) are recommended.
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4. 7 Conclusions
Flocculation of sludges is achieved by actdition of metal salts or polyelectrolytes.
Positively uni- or bivalent hydrolysed metal ions react with the sludge particles in a low pH
range to form aggregates. Bridging flocculation and charge neutralization are responsible for
flocculation with polyelectrolytes. Flocculation with polyelectrolytes leads to larger aggregates
than flocculation with iron chloride/lime, resulting in a high l:lnstressed permeability K0 and a
low unstressed solidosity e50 . Excess flocculant can lead to restabilization of the sludge
particles and therefore to an increase of the fiJtration resistance.
The dewatering times of sludges are dominated by the type and amount of flocculant.
Optimum flocculation conditions can be found by carrying out normal tiltration experiments or
C-P cell experiments. At the optimum tiltration condition for sludge flocculated with iron
chloride/lime, the total dewatering time (filtration + expression phase) is also the shortest
However, the total dewatering time for sludge flocculated with different concentrations of
polyelectrolyte hardly differ. Although the tiltration rates can be different, as can be seen from
tigure 4. 7, the expression phase dominales the tot al dewatering time and during this phase the
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permeabilities are

almost

exactly

the

same for

different

concentrations

of added

polyelectrolyte. The amount of added tlocculant hardly intluences the compressibility
coefficients (which is more clear for sludge tlocculated with polyelectrolyte), the equilibrium
void ratio and thus the equilibrium dry solids content. The applied pressure only has some
intluence on the dewatering time. Increase of the applied pressure leads to a small increase of
the dewatering rate during the tiltration phase. The equilibrium void ratio at the end of the
expression phase is always reached at the same time, regardless of the value of the applied
pressure. The dewatering time, however, increases with the square of the cake thickness.
FiJtration only of sludge leads to very low dry solids contents (5 - 8 wt%) and complete
expression is therefore extremely important to reach high dry solids contents. At Iabaratory
scale high dry solids contents (30 - 45 wt%) can already be reached at low mechanica!
pressures. Th is is va lid for different sludges. At high mechanica! pressures (8 - I 0 I\1Pa) high
dry solids contentsofabout 60 wt% can be reached .
Some alternative ways of dewatering (pressure step-up, relaxation expression, reverse
flow expression) were studied to investigate whether the dewatering rate or the equilibrium dry
solids content could be improved. None of these methods, however, showed any improvement.
On the basis of one-dimensional simulations for a filter press, it must be concluded that
the low dry solids content reached in practice are a result of probably friction between the
solids and the filter medium, which results in some wet parts in a chamber, or a result of filter
medium clogging. The dewatering time of two to three hours should be enough to reach high
dry solids contents. The dewatering time of about ten minutes in a belt press is extremely short
and results therefore in low dry solids contents. Longer dewatering times will probably
improve the results.

5

INTERNAL STRUCTURES OF SLUDGE FILTER CAKES

5.1 Introduetion
In chapter 3 and 4 the overall dewatering parameters, like filtrate volume, average void
ratio or cake thickness were discussed. In this chapter the internat structures of the filter cake
(the local parameters) are studied. This means that the local hydraulic pressure and the local
porosity are investigated. The constitutive equations delermine the shape ofthe profiles and by
comparing measured and calculated profiles, the validity of the constitutive equations can be
checked. But also boundary conditions and assumptions of the model can be checked. In this
way a more fundamental validatien ofthe filtration-expression model is carried out.
Hydraulic pressure profiles in filter cakes were al ready investigated by Leu (1981 ),
Shirato et al. ( 1972, 1986), Murase et al. ( 1989) and Wu ( 1994) for clay suspensions. Porosity
profiles were in most cases investigated by u se of electrical resistance meters (Rietema, I 953,
Shirato and Aragak i, 1972, Wakeman, 1981 , Chase and Willis, 1991) and only for the flitration
phase. The iron pins were positioned in the wal! of the filter cell and could disturb the liquid
flow and the cake formation. Gravimetrical methods have also been reported in literature (Wu,
1994), but in most cases sludge cakes are too wet to cut in slices and it is a time consuming
method. Moreover, for every profile in time a new exact duplicate filter cake must be made.
Also an optica! fibre technique has been reported in literature to investigate the formation of
porosity profiles during the drainage of curd (Akkerman, 1992). This technique measures the
light reflection intensity. Some investigators studied porosity profiles in filter cakes by use of
X-rays (Bierck et al., 1988, Tilier et al., 1990) or nuclear magnetic resonance (NMR)
techniques (Horsfield et al., 1989). The important advantage of these techniques is that the
measurements are non-destructive. The cake structure is not influenced in any way. Of these
methods NMR offers the best sensitivity, as it is directly related to the amount of hydrogen
atoms. With NMR also a distinction can be made between free, physically bound, and
chemically bound water. In this study porosity profiles were measured by use of nuclear
mag netic resonance. The profiles were measured during the filtration- as well as the expression
phase, which was never investigated before for any suspension as far as the author knows.
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5.2 Hydraulic pressure profiles
5.2.1 Experimentalset-up

The hydraulic pressure in filter cakes can be measured by use of smal! stainless steel
capillaries (0 3 mm) which are vertically placed in the filter cell (0 75 mm), as shown in figure
5.1. The capillaries, filled with water to avoid clogging, have different lengths and are
connected to pressure transducers. The transducers are connected to the computer via an ND
converter. In this way the hydraulic pressure can be measured continuously at different heights
in the cake. The first capillary ends close near the filter medium in order to measure the total
pressure drop over the filter cake and the filter medium. The vertical distance between the tips
of the capillaries is 3 mm. Experiments were carried out in such a way that the final cake
thickness after expression was not less than 15 mm. Expression is carried out by use of a clayglycerol mixture. This mixture has such a high viscosity that it serves as a piston to express the
sludge cake.

I =

0)

p~r~r~~x

cylinda

2 = capillary

1 = slmlgc cake
4 = filta paper

5 = porous plale
6 = filtrate
7 = halance

Figure 5.1 Schematic diagram of experimentalset-up 10 measure hydrau/ie pressure pro(i/es.

5.2.2 Results and discussion

In figure 5.2 measured hydraulic pressure profiles are shown versus dimensionless
distance during the fiJtration phase. Since it is not possible for sludge to measure the cake
growth during filtration, the dimensionless distance is calculated on the basis of the cake

Intermil structures of sludge filter cakes
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thickness at the last profile (crosses). It is clear from this figure that the hydraulic pressure
equals the applied pressure throughout the largest part of the cake. This is typical for highly
compressible cakes, like sludge cakes, which was also demonstrated by the calculated example,
shown in figure 3.17. As can be seen from figure 5.2, the hydraulic pressure near the filter
medium al most equals zero at the end of the fiJtration phase. This is an ideal situation, but in
most cases, when sludge is flocculated with 20 wt% lime (and thus more compressible), the
pressure drop over the filter medium is relatively large, as can be seen from figure 5.3 and 5.4.
In figure 5.3 the measured and calculated pressure drop over the cake Apc and the filter
medium Ap 1111 are shown for sludge flocculated with 20 wt% lime. The pressure drop over the
filter medium Ap 1m after 450 seconds equals 72 kPa and the pressure drop over the cake Apc
equals 28 kPa according to the experiment. The calculated pressure drop over the cake is
almest equal (90 kPa) to the applied pressure, which indicates that the filter medium resistance
is larger than is assumed for the calculations. Thus, when sludge is flocculated with 20 wt%
lime, the filter medium resistance becomes more important (probably caused by some
clogging). The sametrend was found by measuring the porosity profiles (see section 5.3 .2).
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Figure 5.3 Measured (dots, squares) and calcu!ated (solid lines) pressure drop overfilter cake !Jpc
and over filter medium !Jp/111 versus time. Sludgeflocculated with 10 wt% FeC/3 and 20 wt% Ca(OH) 2
on d.s. basis.
In figure 5.4 measured and calculated hydraulic pressure pro files are shown versus
dimensionless distance at the end of the filtratien phase for different applied filtratien
pressures. It is clear from this graph that for the experiments the ratio between the pressure
drop over the filter cake and over the filter medium increases when the applied pressure
increases. This is also the trend for the calculations (not visible in graph), but the ditTerences
are smaller. At high applied pressures (0.5 - 1.5 MPa) the ratio will probably be very small, so
that the filter medium resistance is neglig ible. The pressure drop over the filter medium will
than only be considerable ifclogging occurs, as discussed in sectien 4.6. lt was, however, not
possible to measure in this pressure range with the used equipment.
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(5ymbol~)

and calculated (solid lines) hydrau/ie pressure Pi profiles versus

dimensionles.1· di stance IJl at the end of the flitralion phase .for different appliedfiltration pressures.
Sludge flocculated with 10 wt% FeC/3 and 20 wt% Ca(OH) 2 on d.s. basis.

In tigure 5.5 measured and calculated hydraulic pressure profiles are shown versus
dimensionless distance as a function of time for the expression phase. The time va lues shown in
tigure 5.5 are valid for the experimental as well as the calculated profiles. Tne hydraulic
pressure becomes almost equal to zero throughout the whole filter cake as is expected. The
agreement between model and experiment is acceptable. The measured hydraulic pressure
decreases somewhat more rapidly than the calculated hydraulic pressure. The average
permeability measured in the C-P cell was probably somewhat lower than the average
permeability in the actual filter cake. The sludge was flocculated with 10 wt% iron chloride and
40 wt% time. The material behaviour was assumed to be elastic and no creep was included in
the model calculations. It is difficult to measure creep and the final equilibrium situation with
this type of equipment, because some clogging of the capillaries or leakage of the clay-glycerol
piston at the end of the expression ph ase al most always occurred.
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5.3 Porosity profiles
5.3.1 Principlesof nuclear magnetic resonance
Since the porosity profiles are of interest in this chapter, only the basic principles ofNMR
wil! be explained. If nuclei are disturbed in the presence of an uniform magnetic field, they wil!
precess with a spin. The rate of precession of a nucleus is basically dependent on the
characteristics of the particular nucleus and the magnetic field strength. The axes of spin
continuously change direction. This motion is called
'Larmor precession' and the angular frequency is
termed the 'Larmor frequency'. The Larmor frequency
of precession is directionally proportional to the
magnetic field strength, B 0 , by the following equation:

ro

=

y.B 0 , where y is the constant of proportionality

and is called the gyro magnetic ratio. The value of the
Figure 5.6 The nel magnetization

gyro magnetic ratio is dependent on the 'type' of

vector.

nucleus involved . Thus, given the field strength, the
type of nucleus can be determined provided that the
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precessional frequency can be measured. Measurements can not be made on a single nucleus.
Therefore, attention must be given to the behaviour of many nuclei in a sample. Placed in a
magnetic field, the magnetic moments ofthe individual nuclei willinteract with the applied field
and produce a net magnetic moment in the sample. The net magnetization vector M can be
considered as having a component Mz, along the axis of the main field and a component, Mxy,
in a plane perpendicular to the field axis, as shown in tigure 5.6. In NMR, it is the precession
of this net magnetization that is observed. After a burst of radiation (RF) has been applied at
the inherent angular frequency of e.g. hydragen atoms, it would be found that some of the
protons precess in phase for a while, having adsorbed electromagnetic energy. The intensity
and duration of the RF-pulse delermine the degree of rotatien of the magnetization vector. In
relaxing or returning to the thermal equilibrium state, electromagnetic energy is released by the
nuclei at the same frequency. The phenomenon can be detected by a coil in which a current is
induced, giving rise to the NMR signa!. The registered signa! is called the free induction decay
(FID). The following information can be deduced from this signa!:
the initia! amplitude is proportional to the amount of excited nuclear spins,
the spins in different phases (liquid, solid) have different relaxation times.
For most NMR techniques a so-called spin-echo technique is used. With this technique, first a
90° RF pulse is used, but after a time t (several milliseconds) a second high frequent pulse is
applied, the 180° pulse. This causes aftera time 2t aso-called spin echo (see tigure 5.7). The
time ditTerenee between the maximum signa! amplitude ofthe FID and the spin echo is caused
by spin-lattice relaxation (T 1).
90° putse

180° pulse

Y~·

A

------~-L--'---L~------~--~~
long.delay

longdelay

21
tE= spin-echo 1jme
--------~H~--~--------------------------

'R = repotition time

Figure 5. 7 Example ofa p11/se seq11ence in a NMR-apparatus.

If the sample is placed in a magnet ie field which increases in field stren'gth in a direction
along the sample, then the protons will have a Larmor frequency with values related to their
positions along the same direction. If the sample is now excited with a broad band K!' pulse,
that is with electromagnetic energy ha ving a range of frequency values between the lowest and
highest value ofthe Larmor frequency found in the sample, the FID signa! wil! no longer be of
a single frequency, but wiJl be composed of components with frequency values of the same
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range. Furthermore, the intensity of each component will be related to the number of protons
contributing to that component.
Relaxation times T1 and T2.
As already mentioned, after excitation, the nuclei return to equilibrium, losing energy by
emitting electromagnetic radialion and by transferring energy to the surrounding molecules.
This process is called relaxation and cammences at the terminalion of the RF pulse. The
transverse magnetization (x-y plane) 'relaxes' exponentially towards a zero value; while the
longitudinal magnetization (z-plane) returns exponentially towards its initia! equilibrium value,
but at a slower ra te (the spins return to the direction of the main field) . The longitudinal and
transverse magnetic relaxation times have values which depend, for example, on the molecular
structure of the material, its physical state (e.g. liquid or solid) and temperature. T 1 is called
spin-lattice relaxation time because the equilibrium state is reached through an exchange of
energy with the 'environment' or lattice in which the spins are embedded. Very pure liquids
have longervalues ofT 1 than impure liquids, such as liquid in sludge filter cakes. Due to spinspin interactions causing random local magnetic field variations, the precessional frequency
fluctuates randomly around the Larmor frequency. This causes a gradual and random
dephasing of the protons and therefore a decay of the transverse component of magnetization.
The transverse relaxation time T 2 is short in porous media, which is the result of the close
proximity of fluid molecules to solid surfaces and the magnetic susceptibility, if paramagnetic
ions are present. This may cause complications in measuring the porosity with NI\.1R, because
the information of the spin-echo signa! may be lost if the time scale of a single spin-echo
experiment exceeds the transverse relaxation time.
Assuming a single exponent ia! relaxation, the magnitude of the NMR spin-echo signa! is
given by (T 1 » T 2), (Hayashi et al, 1988):

(5 . I)

where pis the proton density, tR the repetition time and tE the spin-echo time
5.3.2 Experimental set-up
An detailed description of the used NMR-equipment is given by Kopinga and Pel ( 1994).

In this section, the set-up wil! only roughly be described. A smal! filtration-expression cell, as
shown in figure 3.10, is placed in a cylindrical co i!. The inner diameter of the cel! is 21 mm and
the height is 150 mm. The copper coil has an inner diameter of 35 mm. This coil is placed
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between two water cooled electromagnets, as shown in tigure 5.8. The poles of this magnet
have a diameter of 200 mm and a distance of 50 mm. A magnetic field gradient is generated in
the vertical direction by a set of coils. The filtration-expression cell is placed in a fixed position.
By changing the RF center frequency the porosity profile is determined for a distance of 25
mm.
An act ual porosity profile is determined by measuring the spin-echo signa! of the sample

at a number of RF frequencies, that exactly match the frequencies at which the reference
profile has been determined. A 0.1M CuS0 4 solution was used as reference. The signal
detected at each frequency is Fourier transformed and the result is divided by the intensity of
the corresponding points of the reference profile. Measurements with filter cakes with uniform
porosity profiles are used to calibrate the apparatus for a certain sludge.
If the spin-echo sequence is repeated and the time interval between the pulses is
sufficiently long for the magnetization vector to be re-aligned completely, the detected signa!
has an initia! amplitude which has no significant T 1 dependence. In this situation the signa! is
mostly dependent on the density of the participating nuclei. T2 can be used to make a
disticntion between free water and water bound to tthe surafce, since for water at the surface
of a sludge partiele T2 will be decreased with respect to that of free water responsible for
liquid flow by surface relaxation. Therefore it is essential that the time between the FID and the
180° putse and the time between the 180° pulse and the spin echo is long enough in order to
measure the free water in the sludge cake, which is responsible for the liquid flow. This free
liquid also delermines the porosity. (The first pul se time p1 was 18 1-lS and the second p2 36 I-JS,
the time between the FID and the 180° pulse was 1800 I-JS and between the 180° putse and the
spin-echo 1850 I-JS).

pÎSltll1

cleclromagnct
-

Figure 5.8 Schematic dingram ofthe NMR experimentnl set-up.
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5.3.3 Results and discussion
In tigure 5.9 the spin-echo signa] is plotted against the spin-echo time tE as measured for
several filter cakes with uniform porosity protiles. As can be seen for a spin-echo time larger
than 1500 microseconds there is a clear relation between the observed signal and the porosity.
In the experiments a spin-echo time of 1800 microseconds was chosen as a cernpromise
between a better signal to noise ratio at short tE and the increasing contrast at Jonger tE.
Examples of calibrations of studges are shown in tigure 5.1 0. The ratio between the NMRsignal of the sludge sample and the copper sulphate solution is plotled versus the porosity of
the filter cake. It is clear from this tigure that the porosity is not proportional to the NMR
signal as would be expected. This is probably caused by changes in cake structure and the
change of the change of the apparent value of T 2 of the water in the void structure. In principle
by measuring the T2 this could be linked to the structure, but in the present study no attempts
were made to do so. If the solid matrix does not change in structure (thus as an incompressible
cake), the porosity is proportional to the Mvffi-signal (Kopinga and Pel, 1994).
T 1 measurements showed that the longitudinal relaxation time for sludge flocculated with
iron chloride/lime was about 70 milliseconds, which is favourable, because quick measurements
can be carried out. The repetition time can be short and thus the porosity profiles can be
determined as quickly as possible The short relaxation time is probably caused by the
dissolved iron in the water. Non-flocculated sludge had a relaxation time of250 milliseconds.
1E7r-------------------------------------~

index

=porosily

1E4 L-----~----~----~----~----~----~

0

1000

2000

3000

lime [~Is ]

Figure 5.9 Results ofT2 mcasurcmcnts. Measured NMR-signa/ vcrsus the corre~ponding time tEfor
ajixed time IR of 450 milliscconds.
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The spatial resolution of the equipment was about 0.8-0.9 mm. In principle resolution
profiles must be used to correct the determined porosity profiles. However, since in the
measurements a spatial resolution of I mm is sufficient, no such attempts were made. In tigure
5. I I an example of experimentally determined porosity profiles is shown as a function of time.
The sludge was flocculated with 7 wt% iron chloride and 20 wt% lime. The time between the
subsequent profiles is 160 seconds. This time was approximately the (equipment) limit for
measuring one profile. The tot al time of one experiment was two and a half hours. Experiments
were not carried out at optima! flocculation conditions, because the permeability is in that case
too high. The dewatering occurs too fast to abserve properly with the used NMR equipment.
Figure 5.11 clearly demonstrales that it is possible to measure porosity profiles in a filter cake
of complex materia Is, like sludge, by use of NMR imaging. It is also clear that at the beginning
of the experiment an uniform porosity profile is present; the filter cell is completely tilled with
the sludge slurry. Then quite rapidly a certain porosity profile establishes, which slowly
disappears during the expression phase and finally results in almost an uniform porosity profile.
This is roughly in agreement with the theoretica! assumptions discussed in chapter 2. An
example of calculated porosity profiles during the expression phase is shown in tigure 5.12.
The time steps for these calculations were also 160 seconds. Camparing calculated and
determined porosity profiles, reveals several interesting features:
I. The porosity near the filter medium (x
porosity

E00 •

=

0) does not rapidly decrease to the equilibrium

According to the experiments the porosity near the filter medium varies

during both the tiltration phase and the expression phase. The filter medium resistance is
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thus higher than expected, which may indicate that clogging occurs. However, the
observed porosity finally decreases to the equilibrium porosity

ê 00

in contrast to the results

of model calculations in which an increase of the filter medium resistance with time is
included.
2. According to the calculations subsequent profiles are almost equidistant at the beginning of
the expression phase. According to the experiments a retardation occurs. The profiles
hardly change during certain time intervals. This is more clear in figure 5.13, where the
porosity versus time for two places in the cake is plotted. After a certain time (± 3200
seconds in this case) the rate at which the porosity decreases suddenly increases again. This
phenomenon was observed with and without a piston, which means that this retardation is
not caused by friction between the piston and the wall. It is more a sort of retarded packing
or it is the transition between the fiJtration and expression phase. During 'normal' filtrationexpression experiments this phenomenon was not observed, but then only the decrease of
the average void ratio (or porosity) is measured . To draw more conclusions, more research
into this phenomenon is needed. However, it can not be described with the filtrationexpression model discussed in chapter 2.
3. There is no transition (discontinuity) visible between the slurry and the filter cake. A small
discontinuity is theoretically assumed, see chapter 2. However, compression-permeability
experiments already indicated that the ditTerenee between the solids fracti on in the slurry q>s
and the null stress solidosity
between q>5 and

ê 50

E 50

was very small, see chapter 3. The small ditTerenee

can probably not be detected with the used NMR equipment.

4. No minimum values of the porosity ('retarded packing compressibility') in the cake are
measured, which sametimes have been reported in Iiterature (Rietema, 1952, Wakeman,
1981). The profiles were determined withother techniques.
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The experimentally determined porosity profiles shown in figure 5.14 and 5.15 as a
function of time for two different applied pressures. The sludge was flocculated with 7 wt%
iron chloride and 50 wt% lime on dry solids basis. The time between the subsequent profiles is
again 160 seconds. The profiles are as a function of time al most exactly the same for the two
different pressures. Only the equilibrium porosity E00 is lower and thus the final cake thickness
is smaller for a higher applied pressure. This is in agreement with the filtration-expression
model. It is also clear form these graphs that not only the total dewatering time is shorter, but
that also the slopes of the porosity profiles are flatter in comparison with the determined
profiles shown in figure 5. 11 . This is caused by the lower compressibility of the cake due the
large amount of added Iime, which reveals that effects of compressibility can be studied with
this technique. Further, the porosity near the filter medium more rapidly decreases and the
resistance of the filter medium is less important than in the case where sludge was flocculated
with 20 wt% lime (probably less clogging).
It can also be concluded from this graph and the previous graphs, that the agreement
between the calculated porosity and the determined profiles is not satisfYing. The determined
profiles are flatter. This can on one side be caused by the filter medium resistance. At the other
side it can be caused by the fact that the concept of the compressibility coefficients, which
determine the shape of the calculated porosity profile, obtained with C-P cell experiments is
too simple. To check this statement, it would be very interesting (future research) if
simultaneously C-P cell experiments and NMR experiments would be carried out with
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materials with different compressibility characteristics. By camparing determined and
calculated profiles, one can diagnose the deficiencies of a model and can investigate whether
the constitutive parameters or the consolidation coefficient better can be determined by
measuring porosity profil es. If equation 2.40 is written in terms of the consolidation coefficient
Ce (neglecting gravity effects and creep):

(ae)=_i_(c
Ï)t

i)w

~)

e i)w

(5.2)

where:
(5 .3)

the consolidation coefficient can be written explicitly:

(5.4)

in which co is the specific material co-ordinale in the cake and O::;Çsw. (Note that equation 5.4
only can be used for the expression phase, since it is assumed that the derivative of the porosity
to the material co-ordinale equals zero at the top of the cake). By inlegrating the porosity
profiles a relation can be found between the consolidation coefficient and the porosity. If also
the compressive pressure distribution in the filter cake is known, a relation between the
compressive pressure and the porosity can be found . In this way the NrvlR apparatus shows to
be a very interesting tooi to check the fundamentals of filtration-expression models and to
obtain constitutive parameters.
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Figure 5.14 Porosity profiles in afilter cake as determined.for sludge flocculated with 7 wt% FeC/3
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In tigure 5. 16 determined porosity profiles are shown versus distance as a function of
time fora badly flocculated sludge (± 5 wt% iron chloride). The time between the subsequent
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profiles is again 160 seconds. When these profiles are compared with the profiles shown in
figure 5.11 , it is clear that bad dewatering is caused by a very low average permeability
throughout the whole cake and not by a high compressibility and thus extreme skin formation
near the filter medium. This is in agreement with the measured compressibility coefficients,
shown in chapter 4. It was found that the compressibility coefficients (8 and ~) hardly change
with changing flocculant dosage.
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Figure 5.16 Porosity profiles in a ./i/ter cake as determined .fo r a badly .flocculaled sludge. Time
between the subsequent pro/i les is 160 seconds. Applied presstHe
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100 kPa.

5.4 Conclusions

Measurements of the hydraulic pressure in a sludge filter cake give a good impression of
the cake structure during the fiJtration as well as the expression phase. NMR imaging appears
to be a very interesting and proruising tooi in studying the flitration and expression behaviour
of solid-liquid mixtures. In literature no NMR data for both a fiJtration and an expression phase
can be found. Porosity profiles can relatively easy and quickly quantitatively be obtained with
this technique.
The hydraulic pressure during the fiJtration phase is throughout the largest part of the
cake equal to the applied pressure. Only near the filter medium a sharp decrease of the
hydraulic pressure exists, which indicates that the sludge filter cake only near the filter medium
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is relatively dry. Comparisons between measurements and calculated profiles showed a good
agreement. However, comparison between determined porosity profiles (by use of NI\1R
imaging) and calculated porosity profiles showed less acceptable agreement. This can indicate
that the concept of constitutive parameters (particularly the compressibility coefficients

o

and À) determined with the compression-permeability cell is too simple to describe the material
behaviour which is actually much more complex. More research with materials with different
compression characteristics should give more insight into this problem.
Measurements showed that the porosity near the filter medium changes during both the
filtratien and expression phase. This can indicate that filter medium clogging occurs, which can
be the other explanation why there is a discrepancy between measured and calculated profiles.
However, the porosity decreases to the equilibrium porosity t:oo while this is not the case if in
the model calculations is included that the filter medium resistance increases in time. A relation
of the porosity near the filter medium as a function of time should be assumed as the boundary
condition for the expression phase. Measurements also showed that no ditTerenee between the
solids fraction of the slurry and the null stress solidosity can be detected, which indicates that
the discontinuity between the slurry and the filter cake must be very smal!. Finally,
measurements indicated a 'retarded packing' during dewatering which is theoretically difficult
to explain and can nol be described with the discussed model in chapter 2. More research into
this problem is needed .

6

CAPILLARY SUCTION TIME (CST) APPARATUS

6.1 Introduetion
In the previous chapters the fiJtration behaviour of sludge was stuclied with an applied gas
or mechanica] pressure as a driving force. In the capillary suction time (CST) apparatus, the
suction pressure of the filter paper or the ceramics is the driving force. The suction pressure of
special filter papers (Whatman no. 17 or Schleicher & Schuell refno. 382455) is ± 15 kPa
(Leu, 1981). The suction pressure ofthe ceramics used in this study was± 100 kPa. Thus with
this apparatus only dewatering in the low pressure range is stuclied and it can be regarcled as an
alternative of the fiJtration cel! . Because of the small dimensions, the CST apparatus is usually
used to quickly determine the dewaterability of sewage sludge.
CST was presenled for the first time by Baskerville and Gale (I 968). Since the proposal
of Baskerville et al., several investigators discussed CST problems (Leu, I 98 I; Unno et al.,
1981; Vesilind, 1988; Vesilind et al., 1988; Dohányos et al., 1988; Tilier et al. , 1990; Lee and
Hsu, 1992, 1993). A theoretica] model descrihing the liquid flow in a CST apparatus and some
experimental results were presenled in all of these papers.
The conventional CST apparatus consists of a cylindrical tube, which is placed on a
rectangular piece of filter paper, positioned between two perspex plat es, see figure 6.1 . When
sludge, or any other suspension, is poured into the tube, liquid wiJl be sucked into the paper
under the influence of the capillary suction pressure and the sludge head. The liquid front will
move in a radial direct ion, fonning more or less an ellipse due to the grain of the paper. At two
different positions (r=6 and 13 mm) two electredes are fixed in the perspex plates surrounding
the filter paper. When the liquid front arrives at the first electtode an electrical signa! will be
given to a chronometer whereupon time measurement wiJl start. When the liquid front arrives
at the second electrode the time measurement will end. The time needed to move the liquid
front from the first to the second electrode is called 'Capillary Suction Time', abbreviated CST.
From this CST the dewaterability of the suspension can be estimated; a small CST implies a
good dewaterability. The conventional CST has however some disadvantages. First of all, the
CST is dependent on the slurry concentration. In literature (STORA, I 981) often only CST
values without the slurry concentratien are reported. The filtratien characteristics are
dependent on the slurry concentratien as discussed in sectien 4.5. For the calculation of an
average specific cake resistance the slurry concentratien is included. Secondly, the filter papers
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often differ in structure resulting in a different permeability and suction pressure. These
differences in filter papers are disadvantageous for reproducibility measurements. Thirdly,
model calculations are difficult to check if the position of the liquid front is only known at two
pi aces.

- --=-----;>
6 mm
13 111111

Figure 6.1 Schematic diagram olthe conventional CST apparatus.

The purpose ofthe research presented in this chapter can be subdivided in three subjects:
to deduce a theoretica! model that describes the position of the liquid front in a CST
apparatus. With the model an average specific cake resistance can be calculated from
experimental data,
•

to develop a continuous CST apparatus with which reliable reproducible data can be
obtained,
to carry out experiments to verifY the model calculations and to be able to calculate the
average specific cake resistance offlocculated and non-flocculated sewage sludges.

6.2 Description of the fiJtration model for the CST apparatus
The dewatering process in a CST apparatus is in fact a tiltration process in which the
capillary pressure of the filter paper is the driving force. The dewatering in a CST apparatus
consists of two processes, namely the tiltration of sludge in the cylindrical tube and
subsequently the penetratien of filtrate into the filter medium. It is assumed that the structure
of the filter medium is isotropie which will result in a circt!lar liquid front. The model is based
on four equations. Two equations describe the pressure difference across the sludge layer and
two equations describe the pressure ditTerenee across the filter medium.
I.

According to Darcy's law (solids movement is neglected here) the following equation is

obtained for the pressure ditTerenee across the sludge cake (taking q= I /S.dV/dt):
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~p =__!_

T]L dV
S Kav dt

c

<Xav

=

I

PsêsKav

= TJ<XavC dV 2

=

2S 2

dt

(6. 1)

I

CKav

where ~Pc is the hydraulic pressure difference across the sludge cake, S the area of the crosssection ofthe inner CST tube, 11 the viscosity ofthe filtrate, L the thickness ofthe sludge cake,
Kav the average permeability of the sludge cake, V the filtrate volume, C the cake mass
deposited per unit filtrate volume and <Xav the average specific cake resistance of the sludge
cake. In reality a cake is formed (dL!dt > 0) and a slurry disappears during the filtration
process as described in chapter 2 and as treated in the previous chapters. Sedimentation effects
are neglected. As long as the suction pressure ofthe capillary medium is high enough (± > 100
kPa) and thus the liquid flow is high enough, sedimentation can be neglected. However if a
filter paper is used as capillary medium and the suction pressure is relatively low, sedimentation
can have serious effects on the measurement.
2.

The pressure difference across the sludge layer is the sum of the pressure exerted by the

sludge layer and the suction pressure exerted by the filter medium:
~Pc=

F'

PsgH+A

(6.2)

where Ps is the sludge density, g the gravitational acceleration, H the height ofthe sludge layer
and F' the suction force exerted by the filter medium right under the CST tube.
3.

Since in the filter medium the liquid flows in radial direction, Darcy's law must be

expressed in the following way:

dr

T]
dV
2mhKm dt

(6.3)

where PI is the hydraulic pressure, p0 the hydraulic pressure at position r0 , r the position ofthe
liquid front at timet, r0 the position of the liquid front at time t=O (i.e. the internat radius of
CST tube), h the thickness of the filter medium and Km the perrneability of the filter medium.
Solving this differential equation gives:

Po-P=~Pim

= -T]- - I(r
n)-dV
2n:hKF
I(l dt

In this equation ~Pim is the pressure difference across the filter medium.

(6.4)
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The last ofthe four equations is analogous to equation 6.2:

2mhAplm = 2mh~y cos 8- F'

(6.5)

where y is the interfacial tension of the filtrate and

~

the reciprocal hydraulic radius. The

product pycos8 is equal to the capillary suction pressure Pcap· The reciprocal hydraulic radius

l3 is introduced since the driving force for the liquid flow in a capillary medium depends on the
measure ofwetting ofthe surface by the liquid. Combination of equations 6.1, 6.2, 6.4 and 6.5
, and where the area ofthe cross-section ofthe CST tube is introducedas m 0 2, leads to:

(r)

21tTJhrln a C dV 2
~0 dV
p5gHmo 2 =~--+
-27trh~ycos8
27tro 2 dt
27thKm
dt

(6.6)

The liquid flow in the capillary medium is treated as a displacement process. The liquid volume
in the capillary medium is equal to the porosity times the wet volume. This is equal to:
2

V=eh7t(r -r0

2

(6.7)

)

Equation (6.6) can now be written as:

2

Psg Hro =

2 2

TJaavCE h
r
2 02

d(r2- r 2)2 rln(_:_)T]eh d(r2-" 2)
0
ro
0
dt
+
Km
dt

with the initia! condition:

2rhpycos8

(6.8)

t=O: r=r0 .

Rewriting equation 6.8, givesthe basic equation, describing the movement of liquid in a CST
apparatus:

(6.9)
with the initia! condition:

t=O : r=r0 .

Equation 6.9 can only be solved numerically. An example ofthis numerical solution is shown in
figure 6.2. The constanis in this numerical solution have been chosen physically reasonable for
sludge and ceramics used in the modified CST apparatus (section 6.4), i.e. p 5= 1030 kg m-3, TJ
= Io-3 Pas, e=0.46, H=0.06 m, aav=10I3 m kg-I , Pcap=SO kPa, C= 18 kg m-3, h=0.0017 m,
Km=9.6· J0- 15 m2, r0=0.006 m.
The models presenled by Unno et al. (1983) and Leu (1981) arebasedon the same
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basic equations. However Unno et al. failed to give the right solution of the model and Leu
never solved his model in such a way that a curve of the wetted radius versus time was
obtained.

0.03 ,--- - - - - - - - - - - - ----'------,

0.02

I 0 1 //
o~--~--~--~--~--~--~--~--~--~--~
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300

400

500

time [s]
Figure 6.2 Examp/e ofa numerical calculation. Wetled radius versus time.

6.2.1 Parameter studies

The influence of the capillary pressure Pcap· the filter medium porosity E and the average
specific cake resistance CXav on the model calculations were investigated with the presented
CST model. The constants used in these parameter studies are given up here.
The in.fluence of the capillmy press11re.

The capillary pressure is a driving force for liquid flow in the capillary medium. Therefore
the liquid front velocity increases with an increasing capillary pressure, as is shown in tigure
6.3. The capillary pressure was va ried from I0 to I00 kPa.
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Figure 6.3 The influence o(the capillary pressure. Calculated welled radius versus time.

The injluence of the porosity of the filter medium.

The consequences of a variatien of the porosity of the filter medium

E

for the calculated

radial position of the liquid front as a function of time, are not evident, because the capillary
pressure Pcap and the filter medium permeability Km both depend on the porosity E. The
capillary pressure depends on the reciprocal hydraulic radius p, the interfacial lension of the
filtrate y and the contact angle
Pcap

e capillary medium/filtrate according to the following formula:

= py cos e

(6.10)

The reciprocal hydraulic radius

~is

given by:

~=So(1-E)

(6.11)

E

where S0 represents the specific surface area of the ceramics. Substituting equation 6.11 in
equation 6.10 yields the dependenee ofthe capillary suction pressure on the porosity:

Pcap =

So(I-E)
E

ycose

(6.12)

The permeability can be calculated with the Carman-Kozeny equation (equation 3.3). This
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equation acceptably describes the relation between permeability and porosity for the capillary
medium used in the modified CST apparatus, because the medium is an incompressible porous
medium. (IJzermans, !992). Results of calculations are shown in figure 6.4.
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Figure 6.4 The in/luence o(the porosity c ofthe(t!ter medium. Ca!culated wetled radius versus time.

The porosity was varied from 0.3 to 0 .8. The liquid front velocity is a maximum for a medium
porosity of 0.5, when it is taken into account that the variation of the porosity has
consequences for the va lues of the capillary pressure and the filter medium permeability.

The injluence of the average .lpeciflc cake resislance

O'.mr

The cake resistance aav represents the liquid flow resistance in the CST tube, since there
has been a build-up of a sludge cake. Therefore one should expect a decrease of the distance
covered at a certain time by the liquid front with an increase of the average specific cake
resistance O'.av. Results of calculations shown in tigure 6 .5 confirm this expectation.
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Figure 6. 5 The influence ()(I he :;peci(tc cake resislance anv- Calculaled welled radius versus /ime.

The specific cake resistance <Xav was varied from JQ12 m kg-I to JQ13 m kg-I The calculated
radial position of the liquid front at a time t decreases with an increasing cake resistance <Xav·
The value of Km used in this parameter study is 9.6* I o-15 m2 As can be seen from this figure,
the differences between the curves are relatively smal!. To increase this difference a filter
medium with a higher permeability should be used . The consequence of a smaller permeability
ofthe filter medium is that the influence ofthe specific cake resistance on the radialliquid front
position as a function of time is negligible.
From these parameter examinations several conclusions can be made. Firstly, if an
average specific cake resistance is calculated from experimental. data, it is important that the
liquid flow resistance in the sludge filter cake is not negligibly small in comparison with the
liquid flow resistance in the filter medium. Secondly, it is obvious that the capillary pressure is
an important driving force for the liquid flow in a capillary medium. The hydrastatic driving
force induced by the sludge head is negligibly small (± 600 Pa) in comparison with the capillary
driving pressure (± I os Pa; see section 6.4). Finally it can be concluded that the porosity of the
capillary medium has great influence on the results of the model calculations and experiments,
because the porosity influences the reciprocal hydraulic radius 13 and therefore the capillary
pressure Pcap and at the sa me time the permeability of the filter medium K 111 .

Capillary Suction Time (CST) apparatus

137

6.3 Experimentalset-up

Several apparatuses to measure the CST are described in literature. The prototype has
been commercialized by Triton Electronics. Alternative CST apparatuses are known with
which e.g. CST must be determined visually (Leu, 1981 ), a radial scale has been drawn on the
capillary medium, or by u se of several electrades (Lee and Hsu, 1992, Unno et al. , 1983).
These instruments have two important properties in common. Firstly, filter paper is used as a
capillary medium. Secondly, the position of the liquid front is only measured discontinuously.
Bath properties imply several problems. Filter paper is an anisatrapie material, which implies
that the liquid front witl move with different veloeities to different directions. As a result no
circular liquid front, on which the model is based, will develop . Further the reproducibility of
the measurement wil! be small, because of the ditTerences between the filter papers. To check
the presenled CST model upon the physical reality more than two data-points are required . A
continuous methad of measurement is the best option. Two typical ditTerences between the
prototype and the modified CST apparatus can be distinguished .
1.

Filter medium. In stead of filter paper ceramics is used as a capillary medium (squeezed
Al 20 3, initia! particles size ± 50 11m, squeezing pressure 300 MPa, sintering temperature
1500 °C). Since this capillary medium is isotropic, a circular liquid front wil! develop

during a CST experiment. The required thickness of the ceramic slab is 1-2 mm; this
thickness avoids slow saturation ofthe ceramic slab in axial direction .
2. Methad of mea.1m·ement. The new continuous methad of measurement is based on the fact
that the electrical resistance of ceramics will decrease when the pores are fitled up with
water or any other liquid. The modified CST apparatus is schematicatly shown in figure
6.6. The ceramic slab is tightened between two copper plates. The capper plates act as
electrodes. A multimeter (measuring frequency I 0 kHz), conneeled to the electrodes,
measures continuously the electrical resistance of the ceramic slice. The experimental data
are transferred to a computer. When liquid is sucked into the ceramic slab, a decrease of
electrical resistance of the capillary medium wil! be measured. At the end of the
experiment, a constant resistance has been reached, which depends on the type of ceramics
and ionic strength of the liquid. From the measured resistance as a function of time the
radial position of the liquid front as a function of time can be calculated. The situation at a
certain moment during a CST experiment is also shown in figure 6.6. The shaded area
represents the part of the ceramic slice that has been fitled up with water and the white area
represents dry ceramics. r0 equals the position of the liquid front at time t=O, r the position
at time t and rc represents the radius of the cernmie slab. Th is situation at a time t can be
interpreled as a parallel conneetion of the electrical resistances of respectively the dry part
of the slice Rd and the wetted part of the ceramic slice Rw The total resistance of this
system R101 can therefore be represented as:
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R
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RctRw

tot- R

w

+R

(6.10)
d

The position of the liquid front at an arbitrary time t can now be calculated from the
measured resistance R 101 according to the following equation:

(6.11)

where Pct and Pw represent the specific electrical resistance of respectively dry and wetted
ceramics. It is essential that the whole experimental set-up is tightened in for instanee a
'clamping-screw', see tigure 6. 7. Th is set-up assures good contact between the wetted
ceramics and the capper plates and good contact between the tube and the ceramics (no
leakage). To avoid pollution of the ceramics with small sludge particles a filter paper with
negligible liquid flow resistance is placed between the tube and the ceramic slab.

dry cernmies

welled cernmies
n: sisl.ancc meter

Figure 6.6 Schematic diagram ofthe modilied CST appara/us.
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Figure 6. 7 Schematic diagram of the whole experimental set-up for mod(fied CST apparatus. 1)
rubber, 2) capper electrode. J) ceramic slab . .:/) CST tube.

6.4 Results and discussion
Determination of capillwy !:.?tction pres!:.?tre. The capillary suction pressure Pcap ofthe ceramic

slab (rc=29 mm, h=l mm, f:=0.46, Kf=9.6*JQ-15 m2) used in the experimentsis an important
system parameter. The capillary suction pressure is assumed to be uniform in all directions of
the ceramic slab and to be constant in time. In an experiment a coloured water salution is
poured into the CST tube and the position of the wet front radius is measured by a ruler. In
this way, the position of the wet front is recorded directly. Jf only pure liquid is used in the
CST experiment (i.e. there is no cake formation), the first two terms on the right hand side of
equation 6.9 can be deleted. The mathematica! model is then used to obtain the capillary
pressure. The result ofthis experiment is shown in figure 6.8.
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Figure 6.8 Welled radius versus limefor a CST experimenl wilh wa/er lo delermine capiflary suction
pressure; posi/ion of liquidfron/ meers ured visually.

Model calculations yield a value for the capillary suction pressure of l. l * l Q5 N m-2
Another way to delermine the capillary pressure is to carry out CST experiments with demiwater. The radial position of the liquid front as a function of time is determined indirectly by
measuring the electrical resistance of the ceramic slab as a function of time according to
equation 6. 11 . The specific resistance of dry ceramics Pd equals I 011 n m. The specific
resistance of wetted ceramics is calculated from the measured resistance at the end of the
experiment and depends on the electrical conductivity of the filtrate and the geometry of the
slab. It is assumed that the ceramic slab is fully saturated. The experimental result is fitted with
the theoretica! model to calculate the capillary suction pressure (figure 6 8). The result of the
calculation is P cap=0.9* I Q5 N m-2 lt can be concluded that both experiments showed
acceptable agreement. Henceforth in model calculations a value of the capillary suction
pressure of I os N m-2 is assumed .
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Figure 6.9 Welled radius versus time of a CST experiment with water to delermine capillary
pressure; position ofliquid front determined indirectly by use of electrical resistance of ceramics.
Reproducibility.

In tigure 6.10 three CST experiments carried out under the same process

conditions with non-flocculated sludge are shown. It can be seen that the reproducibility is
acceptable. Model calculations yield value ofthe specific cake resistance of3.7*I015 m kg-1 ±
0.7* IQ15 m kg-I (± 19%). Reproducibility measurements with pure water showed very good
reproducibility ( a 3 v=O).
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Figure 6.10 Results ofthree identical experiments carried out wilh non-jlocculated Eindhoven sludge.
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Determination of the average !>pecijic cake resistance. CST experiments were carried out with
Eindhoven sludge. In these experiments a cylindrical perspex column, with an inner radius of 3
mm is used. A larger column radius increases the tiltration area and therefore also the liquid
flow through the cake and the capillary medium. As a consequence, dilTerences in specific cake
resistances are hardly to distinguish. At the start of an experiment 3. 5 mi of a sewage sludge
sample is poured into the tube. The experiment ends when the ceramic slab has been fully
saturated. In figure 6.11 two experimental results are shown. The stars represent a result of an
experiment carried out with a sample tlocculated with 10 wt% FeC1 3 and 20 wt% Ca(OH) 2 on
dry solids base. The dots represent an experiment with non-flocculated sludge. It is clear that
flocculation of a sludge sample accomplishes a decrease of the time needed for the liquid front
to move to a certain distance. The lines in the graph represent the results of the model
calculations. A specific cake resistance is determined from fitting the experimental results with
the theoretica! model. Results of model calculations are:
Uav non-flocculated

=

I.2 * I 0 15 m kg-I

2.6*10 13 m kg-I
As expected, the specific cake resistance of non-tlocculated sludge is much higher than the
Uav,flocculated

=

cake resistance of a flocculated sample. The modified CST device provides the possibility to
determine a specific cake resistance of tlocculated as wel! as non-flocculated sludges. Nonflocculated sludges are hard-tc-filter suspensions in a batch fiJtration experiment. At the
beginning of the experiment the model overestimates the experiment. This is possibly caused
by the resistance ofthe smal! filter paper positioned under the perspex column.
0.020 _ . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . ,
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Figure 6.JJ Experimental re.w /ts of CST experiment.\·, wetled radius versus time. Dots: nonjlocculated Eindhoven sludge; stars .floccu/ated 10 wt% FeC/3120 wt% Ca(OH)]; !ines: model.
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Effect of sluny concentration. In figure 6. 12 the movement of the liquid front as a function of
time for two different slurry concentrations is shown. The movement of the liquid front is
slower when the slurry concentratien is increased. This is caused by a thicker cake which is
formed; this was also discussed in sectien 4.6. The calculated average specific cake resistance
was in both cases 2. 7* Io-15 m kg-I. If only a c_onventional CST value was reported, a large
difference was found. However, since for the calculation of the sp~cific cake resistance the
slurry concentratien is needed, the cake resistance is equal for both slurry concentrations. The
intrinsic dewatering property has nol been changed. lt may be concluded that effects of slurry
concentrations also can be investigated with the modified CST apparatus.

0.015

-··-·-

2.2 wt%
1.1 wt%

0.012

]:

0.009

Vl

::l

:.a

"'....

0.006

0.003

0 ' - - - - - - ' - - - - - - ' - - - - - ' --

0

1000

-

----'-- - - -L.._--

2000

---.J

3000

time [s]

Figure 6./2 Wetled radius vcrsus time of CST experiment.\· for sludge with two d.(ferent slurry
concentrations. Non:flocculated s/udge.

To eerrelale the calculated specific cake resistance from a CST experiment with nrJrmal batch
fiJtration cake resistances, it is not only useful to carry out fiJtration experiments , t 100 kPa
(capillary suction pressure of used ceramics), but a lso at different pressures. Because sludge is
very compressible the average specific cake resistance depends on the pressure dro,J over the
sludge cake as discussed in the previous chapters. In figure 6.13 results of normal filt;·ation and
CST experiments are shown. From this figure it can be concluded that there i; a poor
correlation between normal filtratien and CST experiments. The difference can be c1used by
the varianee of the determined capillary pressure, the possible sedimentation effects or wall
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fiiction effects which have more intlucnee on a CST experiment than on a normal fiJtration
experiment, because of the smal I dimensions of the CST tube. However, only a few of these
experiments have been carried out. To get a good idea about the correlation between normal
fiJtration and CST experiments more experiments are needed.
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Figure 6.13 Average spec(fic cake resistance versus pressure for normal .filtra/ion experiments
(triangles) and a CST experiment (dot) . Dolled fine = power /aw model.

6.5 Conclusions
With the presenled model and modilied type of CST apparatus average specific cake
resistances can be obtained for non-flocculated as well as flocculated sludges. Since the sludge
volume for a CST experiment is small, this experiment is easier to carry out than a normal
fiJtration experiment for non-flocculated sludge. The modilied CST instrument is based on
continuously measuring the electrical resistance of a ceramic slab during filtrate penetration.
The measured electrical resistance as a function of time is converted to

a radial

position of the

liquid front as a function of time. Befare any calculations can be made, several parameters of
the ceramic poreus medium have to be known. This implies the permeability, the capillary
pressure and the specilic electrical resistance of the ceramics. It is of great importance that the
permeability ofthe ceramics is high enough (IQ-14_Jo-15 m2) in comparison with the average
permeability of the sludge cake (lo-15_J0- 17 m2) in order to calculate a correct average
specific resistance.
Since CST experiments can only be carried out at one pressure (the suction pressure of
the capillary medium), the CST apparatus is only appropriate for investigation of effects of
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flocculants or the characterisation of different sludges and not to investigate the compressibility
ofsludges.
Sludges flocculated with polyelectrolyte were not investigated with the modified CST
apparatus. The present dimensions of the apparatus are not appropriate to determine the
specific cake resistance of sludge flocculated with polyelectrolyte. Due to the small dimensions
of the apparatus and the large flocculated sludge flocs, the liquid flow is not representative for
the cake formation. Larger dimensions are needed. However, the inner radius ofthe CST tube
should not be too large otherwise ditTerences between the specific cake resistances of sludges
flocculated with different concentrations polyelectrolyte will not be found. By use ofthe model
an optimization should be carried out in order to find the appropriate dimensions of the CST
tube (inner radius and height) and the permeability ofthe filter medium.
The CST apparatus is also useful for the determination of a capillary pressure, a porosity
or a permeability of a ceramic porous medium.

7

CONCLUDING REMARKS

The filtration-expression model, discussed in chapter 2, can be regarded as an acceptable
model for descrihing the dewatering behaviour of sludge. Constitutive equations, which
describe the material behaviour, are essential for this model. The material behaviour during the
filtratien phase is non-linear elastic, while the expression phase can be better described with
non-linear visco-elastic material behaviour (chapter 3). The porosity is not solely a function of
the compressive pressure, but also a function of time. The deformation of the sludge cake
slowly creeps to an equilibrium situation. The constitutive parameters found by means of the
compression-permeability cell are often accurate enough to describe the tiltration of sludge. To
describe the visco-elastic behaviour during expression, a so-called non-linear standard solid
model is chosen. It consists of a Maxwell element (spring in series with a dashpot) parallel toa
spring. Aft er complete compression of the standard solid model, the pressure only rests on this
spring. Advantage of the standard solid model is that the value of the elastic modulus of this
spring is detennined by equilibrium values (porosity versus compressive pressure) measured in
the compression-permeability cell. These values are always correct for the equilibrium (steadystate) situations. However, the dynamic behaviour is determined by the permeability and the
standard solid model. Since it is experimentally not possible to separate the liquid flow from
the solids deformation, the values of the elastic modulus and the viscosity of the Maxwell
element can only be determined directly from a filtration-expression experiment.
The dewatering ra te of sludge is mainly determined by the type and amount of tlocculant
and not by the applied filtration-expression pressure (chapter 4). Sludges generally have such
high compressibility coefficients that increase of the applied pressure hardly leads to an
increase in the dewatering rate. The quickest dewatering occurs at optima! tlocculation
conditions (lowest fiJtration resistance), but the amount of flocculant does not have much
influence on the final equilibrium void ratio. Further impravement of the dewatering rate by
only mechanica! forces is not possible. Since sludge flocculated with polyelectrolyte is more
compressible than sludge flocculated with iron chloride/lime, the final equilibrium void ratio
decreases faster with increasing pressure. This means that higher dry solids contents can be
reached with sludge flocculated with polyelectrolyte, especially if the dry solids content is
calculated on the basis of the original amount of dry solids. Moreover, the sludge volume is
much smaller because of the smaller amount of added dry solids. However, the dewatering
time to reach the final equilibrium situation can be quite long, because sludge flocculated with
polyelectrolyte can show extreme creep. For initia! cake thicknesses of about 20 mm, the
dewatering time is about 8-12 hours for sludge flocculated with polyelectrolyte. For sludge
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flocculated with iron chloride/time the dewatering time is 2-4 hours. High dry solid contents
(35-45 wt%) can already be reached at relatively low mechanica! pressures (300-700 kPa). At
high mechanica! pressures (8-1 0 MPa) very high dry solids contents (± 60 wt%) can be
reached. These values are remarkable compared to dry solids contents reached in practice (2035 wt%). This indicates that the low dry solids contents in practice are not caused by the
sludge, but by equipment problems, e.g. residence times, cake thicknesses, fi11ing problems,
clogging ofthe filter medium and friction between the solids and the filter medium, floc breakup due to pumping and bad flocculat ion conditions. In future research more attention should be
focused on dewatering equipment and flocculation in practice.
Although only one sludge is used predominantly in this study, it can be expected that the
above-discussed results are also valid for other sludges. Characterization of different studges
led to the condusion that the sludge characteristics are quite similar (Herwijn, 1994).
Measurements of the interna I structures (hydraul ic pressure and porosity profil es, chapter
5) of the filter cakes can give valuable information a bout the cake format ion. Especially NMR
imaging is a quick and reliable way for obtaining quantitatively porosity profiles. Moreover,
NMR is a non-destruclive method. Measurements of the internat structure is a fundamental
validation of any filtration-expression model. There was an acceptable agreement between
measured and calculated hydraulic pressure profiles. However, comparison between measured
and calculated porosity profiles showed less satisfying agreement. This can on the one hand be
caused by the filter medium resistance. The resistance appeared to be higher than is assumed
for the calculations, probably caused by filter medium clogging. On the other hand, it can be
caused by the fact that the detennination of the constitutive parameters (C-P cel!), which
delermine the shape of the porosity profiles, is not correct. More research should lead to a
better understanding of the material behaviour of sludge or any other suspension and thus
result in a validation ofthe co mpression-permeability cell concept .

. The modified CST apparatus appears to be a good alternative for the filtration-expression
cell to obtain average specific cake resistances and thus to investigate the effects of floccul ants
in a quick way. Moreover, it is quite easy to investigate non-flocculated sludges, because only
small amounts of sludge are needed . The model, discussed in chapter 6, shows to be a good
model for descrihing the movement of the liquid front as a fun ction of time for a CST
experiment and thus to obtain an average specific cake resistance.

NOTATION

c

cake mass deposited per unit filtra te volume

[kg m-3]

B

creep constant representing the ratio of consolidat ion by the secondary

[-]

consolidation to the total consolidation
Bo

magnetic field strength

Ce
CST

consolidation coefficient

[T]
[m2 s-1]

Capillary Suction Time

[s]

partiele diameter

[m]

diameter of C-P cell
void ratio
(€/Es)

[m]

dp
D
e

[-]

eo
eoo
E

void ratio at Ps=O
void ratio at equilibrium situation

[-]

elastic modulus

[Pa]

Et

elastic modulus ofstandard solid model (Maxwell element)

[Pa]

Ew

elastic modulus at Ps=O

[Pa]

E2
F'

elastic modulus of standard solid model

[Pa]

suction force exerted by filter medium under CST tube

[N]

Fs

cumulative drag force

[N]

fws
FID

solids wall friction force

[N]

[-]

Free Induction Decay

[Hz]

h

thickness of ceramic slab

g

gravity acceleration

[m]
[m s-2]

H

height of sludge layer in CST tube

[m]

number of drainage surfaces

[-]

Kozeny constant

[-]

k
kr

coefficient ofwall friction

[-]

ko
K

coefficient of radial earth stress
permeability

[ -]
[m2]

Kav
Ko
Koo

average penneability
permeability at p5=0

[m2]
[m2]

permeability at equilibrium situation

[m2]

Km
L

permeability filter medium

[m2]

Lo
Loo

cake thickness

[m]

cake thickness at t=O

[m]

cake thickness at equilibrium situation

[m]
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m

ratio between weight wet filter cake and dry filter cake

[-]

MFT

Modified FiJtration Test

n

compressibility coefficient

Nrv1R
p

Nuc!ear Magnetic Resonance
applied filtration-expression pressure

[Pa]

Pa
~Pc

constant
hydraulic pressure drop over filter cake

[Pa]
[Pa]

Pcap

capillary suction pressure

[Pa]

Pt
~Plm

hydraulic pressure
hydraulic pressure drop over filter medium

[Pa]
[Pa]

Po

hydraulic pressure at position r0 in ceramic slab

[Pa]

Ps

compressive pressure

[Pa]

Ps,x=o

compressive pressure at filter medium

[Pa]

Pwl

frictional liquid pressure on wal!
frictional solids pressure on wal!

[Pa]

[-]

superficial liquid velocity

[Pa]
[m s- 1]

ql,o

superficial liquid velocity at cake surface

[m s-I]

ql,sl
qs

superficialliquid velocity in slurry

[m s-I]

superficial solids velocity

[m s-1]

qs,sl

superficial solids velocity in slurry

[m s-1]

qlm
r

superficial liquid velocity through filter medium

[m s-1]

position of liquid front at time t

[m]

re

radius of ceramic slab

[m)

ro
R

position of liquid front at time t=O (i.e. inner radius CST tube)
electrical resistance

[m]
[.Q)

Rd

electrical resistance of dry part of ceramic slab

[.Q]

Rtot
Rw

tot al electrical resistance of ceramic slab

[.Q]

electrical resistance ofwetted part ofceramic slab

[.Q]

s

cross sectional area

So
t

specific surface area

[m2]
[m2 m-3]

time

[s]

tE

spin-echo time

[s]

tR

repetition time

[s]

TI

longitudinal relaxation time

Tz

transverse relaxation time

[s]
[s]

Uc

consolidation ratio

VI

average liquid pore velocity

[-]
[m s-I]

vs

average solids pore velocity

[m s-I]

Pws
ql
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vlb,sl

liquid velocity in the slurry (batch sedimentation)

[m s·l]

Vsb,sl
vl,sl

solids velocity in the slurry (batch sedimentation)

[m s·l]

liquid velocity in the slurry (filtration)

[ms-1]

Vs,sl
V
sr

solids velocity in the slurry (filtration)

[m s·l]

relative velocity between liquid and solids
filtrate volume

[m s·l]
[m3]

distance co-ordinale
thickness of filter medium

[m]
[m]

V
x
~Xm

Greek 3ymbols

specific cake resistance

[m kg-I]

av

average specific cake resistance

[m kg-I]

0

specific cake resistance p5=0

[m kg-I]

aoo

specific cake resistance at equilibrium situation

[m kg-I]

~

compressibility coefficient
reciprocal hydraulic radius

[-]
[m·l]

a
a
a

~
"(

interfacial lension of filtrate

[N m·l]

"(

gyro magnetic ratio

[Hz T·l]

0

compressibility coefficient

[-]

E

strain

[-]

e
e

porosity

[-]

porosity at Ps=O

too

porosity at equilibrium situation

[-]
[-]

Es

solidosity

[-]

Eso
Es,oo

solidosity at p5=0
solidosity at equilibrium situation

[-]

Tl

viscosity of filtrate

[Pas]

lls

viscosity of dashpot

[Pas]

llso

viscosity of dashpot at p5=0

epi
epi
eps

volumetrie liquid flow

[Pas]
[m3 s-1]

liquid fraction in slurry

[-]

solids fraction in slurry

[-]

0

[-]

I(

compressibility coefficient

[-]

À

compressibility coefficient

[-]

V

consolidation index

e

contact angle filter medium I filtrate

[-]
[N m·l]
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Pct

specific electrical resistance of dry ceramics

[Qm]

PI

density offiltrate

[kg m-3]

Pw

specific electrical resistance of dry ceramics

[Qm]

Ps

density of solids

[kg m-3]

(j

solid stress

O"o

surface charge density

[Pa]
[C m-2]

O"xx,ap

applied stress

[Pa]

O"xx,av

average stress

[Pa]

O"xx,t

transmitted pressure

[Pa]

O"xx,ws
O"yy

wall friction stress

[Pa]

radial stress

[Pa]

't

relaxation time of standard solid model

[s]

'txx

normal stress in liquid phase

[Pa]

Ijl

dimensionless distance

[-]

'l'o

electrical potential in Stern layer

'l'o

surface potential

[C]
[C]

ç

compressibility coefficient

[-]

(J)

solids co-ordinale

(J)

angular frequency

ffio

total solid volume in cake per unit cross sectional area

[m]
[Hz]
[m)
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APPENDIX A

Transformation of the filtration-expression equation into solid based co-ordinates

Since the total thickness of the filter cake changes continuously during drainage and
expression and the total solids content remains constant, it is useful for numerical inlegration to
transform equation 2.37 into solid based co-ordinates. The solid co-ordinale is defined as:

(

w = J~ 1- e)dx

~

dw = (1- e)dx

(AI)

The total derivative of porosity e with respect to the solid based co-ordinale w and time t can
be written as:

de=(~)
dw+(êle) dt
ê)(l) t
êlt w

(A.2)

Differentiating equation A.2 to distance x and constant timet leads to:

(A3)

Equation A.3 can be written as:

( oe)
êlx

=(~) (I-e)
1

êlw

(A4)

1

Differentiating equation A.2 to timet and taking distance x constant leads to:

(A.S)

The partial derivative ofthe solid based co-ordinale w to timet can be written as:
êlw)
Jx 0
e)dx=-J xêle
- dx
( -êlt x = () -(1êlt
0 êlt

(A.6)
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By use ofthe continuity equation 2.8, equation A.6 is equal to:

(A.7)

Substituting equation A. 7 into A. 5 leads to:

(A.8)

Rearranging equation A.8 and substituting the superficial liquid velocity q1:
(A.9)

leads to the partial differential equation in solid based co-ordinates describing the change of
porosity in time and place:

(A.lO)

Transformation of the fiJtration eqnation into dimensionless co-ordinates

Since the filter cake grows during filtration, solid-based co-ordinates are not useful.
Therefore the following dimensionless variables are introduced:
q> = f(x,t) = x/L(t)

(A. l l)

t=f(t)=t

(A. l 2)

The total derivative of porosity E with respect to the dimensionless co-ordinale q> and time t
can be written as:

de=(é)e) dq>+(é>E) dt

oq>

1

at

!p

(A.l3)
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Differentiating equation A. 13 with respect to timet and constant distance x leads to:

(A.l4)

Differentiating equation A. 13 with respect to distance x and constant timet leads to:

(A. IS)

Because:

(A.l6)

()x)
(at

(j)

dL
=<pdt

(A.I7)

<p

dL

(A. IS)

L dt

Inserting equations A. 16, A.17 and A. l8 into A. 14 and A. 15 gives the rel ation between the
partial derivative of the porosity to the real and dimensionless co-ordinates:

(A.19)

oê) <p dL (oê) (oê)
(at
x =-"Ld! o<p • + at <p

(A.20)

Inserting equations A. 19 and A.20 into 2.37 gives the partial differential equation m
dimensionless co-ordinates:

2(oê)

L -

() [ K (op

5 )
= - --(1-ê)-

ot '" o\jl

Tl

l[

o\jl •

dL ( 8)K

](èlê)

+L q, 01 +\jl-+ 2-- -(1-e}(p5 -PI )g dt

p

Tl

o\jl •
(A.21)

APPENDIX B

Initialisation
Since the tiltration equation is dimensionless, it is not allowed to start the numerical
salution at time t=O. There is no cake at time t=O. Therefore, first a porosity profile over the
first partiele layer and the cake thickness of the first partiele layer must be estimated. The
initialisation procedure used here in al most analogous to the one used by Stamalakis ( 1991 ). In
the initialisation procedure, it is assumed that the hydraulic pressure drop is mainly over the
filter medium and not over the cake. Further, it is assumed that the solids velocity is negligible
and thus the superficial liquid velocity through the filter medium equals the superficial liquid
velocity in the cake:
(B.1)
Therefore the Darcy equation becomes:

(B.2)

8y use of the force balance 2.18 and the constitutive equation 2.22, equation B.2 is written in
terms ofthe compressive pressure p5 :

(8.3)

with the following boundary conditions:
x=O

~

Ps = Ps.x=O

(8.4)

x=L

~

Ps = 0

(8.5)

1. Comtanf pressurefiltrafion

Inlegration of equation 8 .3 with the boundary conditions 8 .4 and 8.5 gives the initia! cake
thickness:

168

Appendix B

(B.6)

The initia! growth rate of the cake thickness fellows from differentiation of equation B.6 to
timet:

(B.7)
The initia! cake thickness and growth rate can only be calculated if the compressive pressure
near the filter medium Ps.x=O is known . This can be done in the following way. In chapter 2, an
equation for the cake growth was deduced, equation 2.62. If sedimentation effects and the
solids velocity are negleeled and for CJJm is used:

(B.8)

equation 2.63 becomes:

(B.9)

Combination ofequations B.7 and B.9 gives:

(B.IO)
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with the initia! condition:
t

=0

~

(B.ll)

Ps,x=O = 0

lnserting the boundary equation 8 . 11 into equation 8 .10, gives for a small time t the
compressive pressure near the filter medium Ps,x=o:

(8.12)

8y use of equations 8 .6, B. 7 and 8 . 12, the initia! cake thickness L, growth rate dL/dt and the
compressive pressure near the filter medium Ps.x=o can be calculated, respectively. The
compressive pressure and porosity profiles follow from the inlegration of the Darcy equation
with the boundary equations 8.4 and 8 .5. Inlegration between 0 and x gives an expression for
the distance x:

x=

KoPa

(Hi)

qill(l-8) [(

I+Ps.x=O)
Pa

-(l+h
Pa

)(H)l

(B.l3)

Inlegration between 0 and L gives an expression for the cake thickness L:
(Hi)

L = KoPa

(I+ Ps.x=O)

qill(l-8)

Pa

(B.14)

Combination of equations 8 . 13 and 8 . 14 gives the relation between the dimensionless distance
\jl (=x/L) and the compressive pressure p5 :

.:_ =1_
L

l+E~
)
(
Pa

(Hi)

-1

( I+ Ps.x =O J(Hi) -I
Pa

(B.l5)
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Rewriting equation B.l5 in terms ofthe compressive pressure p5 gives:
I

]](1::_ö)

(Hl)

[( I+Ps;a=O J

Ps= (1-\jf)

[

-1 +I

*pa-Pa

(B.l6)

The initia! porosity profile can be calculated by means ofthe constitutive equation 2.20.

2. Constant rate flitration
For constant rate fiJtration equation B.J is also integrated, but equation B.6 is written as:

L=

KoP a _

11%n(l-o) [(

I+ Ps.x=O

Pa

(1-15)
)

l

_I

(B.l7)

Since oelot equals zero, equation 2.62 can be written as:

(B . 18)

By use of equation B. 18 the initia! cake thickness can be calculated. Combination of equations
B.l7 and B. 18 results in an equation for Ps.x=o:

L=

KoPa _

11%n(l-ö) [(

I+ Ps.x=O
Pa

(l-ö)

-I

j

J

(B. l9)

The compressive pressure profile and porosity profile can be calculated analogous to the
initialisation procedure for constant pressure fiJtrat ion.

3. Variabie pressurelvariah/e rate.fi/tration
The easiest way to obtain an initia! cake thickness and porosity profile for the case variabie
pressure/variable rate fiJtration is to assume that for a smal! time the applied pressure or the
superficial liquid velocity is constant. Then one of the above initialisation procedures can be
applied .

CURRICULUM VITAE

Erik La Heij werd geboren op 28 juni 1967 te Abcoude. Na zijn eindexamen Gymnasium-P in
1985 aan het Vossius Gymnasium te Amsterdam, studeerde hij cliemische technologie aan de
Universiteit van Amsterdam en behaalde in 1989 zijn doctoraal examen. Het afstudeerwerk
werd verricht bij Profdr.ir. J.M.H. Fortuin in de groep fysische technologie. Gedurende de
periode 1990 - 1994 was hij werkzaam als promovendus aan de Technische Universiteit
Eindhoven in de vakgroep Chemische Proceskunde, laboratorium voor scheidingstechnologie.
Het in dit proefschrift beschreven onderzoek werd uitgevoerd in de groep van Prof.dr.ir.
P.J.A.M. Kerkhof Vanaf september 1994 vervult hij zijn dienstplicht als ROAG bij het
Centraal Laboratorium voor Bloedtransfusie te Amsterdam.

Stellingen
behorende bij het proefschrift van E.J. La Heij

,_

1. Vanwege de hoge compressibiliteit van slib heeft de hoeveelheid toegevoegde flocculant
meer invloed op de snelheid van ontwatering dan de aangelegde filtratie-expressiedruk.
dit proefschrift

2. De bepaling van de consolidatiecoëfficiënt uit gemeten porositeitsprofielen met behulp van
bijvoorbeeld nucleaire magnetische spinresonantie zou een goed alternatief kunnen zijn
voor de compressie-permeabiliteitscel.
dit proefschrift

3. AJs gevolg van de in de literatuur aanwezige verscheidenheid aan definities van de
electroforetische mobiliteit kunnen bij het beschrijven van stoftransportprocessen tijdens
continue

membraanelectroforese het

stoftransport en

stofeigenschappen

zoals

de

electrische geleidbaarheid verkeerd worden berekend.
Advanced Course on Mcmbrane Tcchnology 'Comctt 1993', Electromembrane Processes, University of
Stuttgart
Perry's Chemica! Engineers' Handbook. si"ah edit ion, R.H. Pcrry, D. Green, 1984.

4. Bij de berekening van de voorwaartse verstrooiing door een bolvormig deeltje, is de minder
stringente eis voor de "Anomalous Diffraction" benadering, ter vervanging van de exacte
Mie theorie in feite overbodig, omdat de term uit de asymptotische benadering van de Mie
theorie vrij eenvoudig kan worden meegenomen.
On the validity of the anoma lous difTraction approxi mation, Shanna, S.K., Joumal of Modern Opties,
vo1.39, 1992.

5. Gezien het fYsische mechanisme bij drogen van poreuze systemen is het niet realistisch om
een diffusiecoëfficiënt aan zeer lage vochtgehaltes te relateren.
Etude fondamentale des transferts couples chaleur-masse en milieu porem;, Crausse, P. et al., Int. J. Heat
Mass Transfer, vol.34, 198 1.

6. Zolang het niet uitlegbare verschil blijft bestaan tussen bezit van en handel in soft-drugs zal
Nederland in Europa een fluisterende in plaats van een roepende in de woestijn blijven.
7. De invloed van de Frans-Duitse as en het zoeken naar een voorzit(s)ter waarin alle landen
zich kunnen vinden, getuigt niet van democratische grondslag binnen de Europese Unie.
8. De versoepeling van de Europese afvalwetgeving onder druk van de zuidelijke lidstaten
geeft meer iets aan over het innovatieve karakter van de zuidelijke economieën dan over
het effect van milieumaatregelen.

9. Op de verpakking van overhemden dient het aantal bijgeleverde spelden te worden
vermeld.

