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The main objective of this thesis is to uncover and investigate physical mechanisms that can
be used talevelop efficient ways to remove water from municipal wastewater sludge. The
essential criterion will be to minimize energy expenditure. For this purpose, the main
theories regarding mechanical dewatering and drying, related methods, and normally
availabk dewatering and drying machinery are discussed.

Using vacuum to enhance drying and applying fpglver ultrasound to enhance dewatering

or drying are two areas of particular interest. The potential advantage of vacuum is discussed
in brief, and a seriesf experiments performed to investigate its effect on drying kinetics are
described. To introduce highower ultrasound, some basic theoretical data about vibration
translation, standing waves, and air columns in musical instruments are presentedeThen, th
basic mechanisms and equipment of ultrasonic processing related to water extraction
technologies are discussed. Finally, testing was carried out BuiamicsCo. in Spain to
explore the use of ultrasonic waves for dehydration.

The investigation andesting show that both vacuwemhanced drying and higlower
ultrasoundenhanced dewatering or drying could be usettelopmore effective and more
energy efficient ways of removingater from municipal wastewater sludge
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LIST OF SYMBOLS AND ABBREVIATIONS

A Surface of filter area [m2]
a Amplitude [m]
As Surface area of sound sphere propagation field [m2]
B Bulk modulus [Pa]
f Frequency [1/s , Hz]
g Earth gravitational acceleration [m/s2]
G Centrifugal force [N]
I Sound intensity [W/m2]
lo Threshold of hearing [1.202 W/m2]
L Sludge cake thickness and air column length [m]
P Power [W]
Q Flow rate [m3/s]
r Radius of centrifugal vessel [m]
R Distance from the sound source [m]
ro Radial distance of free water [m]
Rb Bubble radius [m]
M Capillary radius [m]
rs Radial distance from sludge cake surface [m]
S Particle diplacement or wave amplitude [m]
T Temperature in degrees of kelvin
v Wave or sound speed [m/s]
Vair Velocity of sound in air [m/s]
Waterdynamics viscosity [N s/m2]
a Vibration intensity [m/s2]
23 Surface tension [N/m]
P Pressure drop inside the sludge cake [Pa]
d Angle between contact surfaces of séigiid-gas [°]

Wavelength [m]
| Density [kg/m3]



¥ Angular velocity [rad/s]

c Portion of particles in overflow

Cth-1 Coarse portion that flows over screen

E Combined effectiveness or overall efficiency

fb Amount of particles bigger than the screen apertures
Fth-1 Feed material

gm Gram

[(dB) Intensity in decibel

K permeability of sludge cake

n The rumber of harmonic or mode shape

Pp Capillary pressure [Pa]

Uth-1 Fine part that passes through the screen

EPA American Environmental Protection Agency

PS Primary sludge

SS Mixture of PS (Primary sludge) and WA®aste activated sludge)
SSA Specific surface area

TS Totally solid

us Ultrasound

WAS Waste activated sludge or secondary sludge

WWTP Wastewater treatment plant



1 INTRODUCTION

The wastewater treatment process is for refining sewage water. Thgraehatts of this
work are purified water and sewage sludge, which makes up the main byproduct of WWTP

(wastewater treatment plant).

1.1 Sewage sludgproblens

Human activities, both domestic and industrial, prodacge amount®f residual sludge.
The amount of dehydrated sludgeoduced eaclday is roughly betwee 0.2 to 0.3 kg
(kilograms)per inhabitant{1] Basedn data collected from thy@ar 2005sludge production
was about 7,600,000 dry metric ton/annumthe United States and 8,331,000 the

European Unior{2]. It is estimated thasludge productiorfor Europe will increase to
13,500,00@o0n/annumby the year2020[3].

One of the most cost effectiveudgedispositionmethodss landilling . However, swage
sludge contains heavy metalherefore heavy metalganleachinto the soiland enter the
ecosystemcontaminatingood materials and watdg#]

According to the reqgtements of the European Communitigg"Sludge arising from waste
water treatment shall be-tessed whenever appropriate. Disposal routes shall minimize the
adverse effects on the environmeéry increasing the distribution of WWTP acrabe
globe,the production of sewage sludge is increasing substantially. Furthelmeoeeisef
future restrictios on organic wastes landfilling, it sxtremelycritical to find method to

address this issufl]

1.2 Motivation

Theenergyproduction from dried sewage sludge has been becoming a common imterest
many countriesSewage sludge is classified aseaewable and environmentally friendly
source of energy[3] Correspondinglyjn some citiesfor example in Londonelectricity

production from sewage sludge in different scales has allesgty [6].
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Energy production from sewage sludge has two mairefis. economic and environmeita
Fromthe environmentapoint of view,burning sewage sludge may prodless pollution
thanburningfossil fuel Regarding economicsludgecan bea free and endless source of
energy and the dumping of sludge has eatly been identified as pollutind herefore
countries should fin@ solution to eradicate the produced sludge from their WWTPs that
costs itself, so byransformingt into energy they can save the expenses of sleidgication

beside the benefit aheresultant energy.

In many WWTR, sewage sludges translatedto otherplaces to dump under the ground
(landfilling) or land spreadingBoth of these approacheare encountemg more legal
restrictionsand increasing transportation cogtscording toEPA (American Environmental
Protection Agency) estimatethie cost of sludge handling and disposadounts to40% i
60% of thetotal budget of WWPT47]

When asked from the operators of WWTPs about the expenses of water treatostnt
operators respond with sludge disposal expeinsesro per cubic meted, / 3nThis price is
mainly a functionof water contentHigher watercontentequates tdigher transportation
expensesin addition,to effectively burn sludge to produceexgy production its water

content must be relatively low. ik critical to increasés TS (total solids)evel.[7,8]

Dehydration history
Dehydration is an old tdinology that has been used fieany years. One of the first reasons
that human being started to usevas for preservation purposes of food material, before the

time that man had access to electricity and refrigef@jor

Thebasic mechanisms for waterteactionhave remained unchangéat decadesandthey
are based oafew fundamental and simple principlsgch agyravity, pressure, filtration,
and temperatureEndeavoring to uncover new dehydratiorechanismsseems to be

worthwhile

PAKU+HERGE projet
Thiswork was undertaken agart ofthe PAKU+HERGE project seeking technologies that

could be used to improve the management of municipal sludge with thetangent of
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producing electricity from the residual sludge of municipal WWTP. TéwkWwasthree main
steps (A) Dewatering and drying the resultant sludge from WWTP, (B) Burning the product
of the dehydration process, and (C) Producing electricity frmproducecheat energy.

This thesis describes work carried out as pathefirst step,section (A) that is a thorough
investigation of different dewatering and drying technologies, in particular mechanical
methodsThe main objeiive at this work is to find a nestate of the arnechanical method

to enhance dewatering.

To burn sludge effiently, it is needed talecrease itsvater content percentagéecause
sludgewith high water conterdgannot be burned efficiently. The energy needed to evaporate
its water contenprior to ignition consumesa great deal oénergy Hgure 1 showsthe
relatiorship between kidgeenergy valueand moisture contenfbove all,the dehydration
stepitself should be cost effectiv8herefore,oneimportant criterion in this work is low
energy water removaldditionally, anefficientdehydration method carelserved irmany
other areas like mining industry because dewatering ikelestep before ore can be sent

for furtherprocessing10].

Sludge
\
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Figure 1. Sludgeenergy valueand moisture content grajphl].

If the ultimate use of dry sludge is as a fuel for a furnace, vacuum can be used to lower the

vaporization point of its water so it can be dried ushmywaste heat of the furnacehe
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benefit of this work is that in vacuum drying there is no need totkigiperature irrying
process to maintain the drying kineticCEherefore, with low temperature and sufficient

amount of heat energy it could be possible to dry slilgeeasonablspan oftime.

Outline of the thesis

First, to study the water extraction processne theories about dewatering and dryang
presentedEffective factoref dewateringare discusseslich agpressure differencaifflow)

and screeninghat isa key issue imajority of water extractiormethodsin additionto an
introduction of vibratingscreens Then some common dewatering machines for sludge
dewatering are presented. From the energy consumption point gfiviemmes out that

dewatering isan economical proess as well aslagh-speedsolutionfor water extraction

Next to the dewatering materials ateying theories as thermal energy consumption under
atmospheric and vacuum conditiprsome data about fedrying machines for sludge
processing, and finallgiscussionabout the energy consumption comparison between

dewatering and drying that shows drying is extremely energy intensive method.

Successively i chapterabout theory of high figuency vibration andiltrasound. The
content material are standing waves theory, ultrasonic effective h@tdsms in water

extraction,ultrasonic equipmenandultrasonic dehydratian

The next section is about the performed practical experiments of atmospheric and vacuum
drying in addition to ultrasonicassisteddehydration. At the end of this pait is
demonstrated that ultrasoundutd be a mechanical method whican extrat the water
contentup to a high levelvithout usng heat energyno other mechanical dewatering method

is available that can perform dewateriikg ultrasound

1.3 Main achievement

One effective method for water extractidmatmarkedlyenhancethe dehydration kinetics
and final TS is using high frequency vibration or ultrasonic wawe both mechanical
dewateringand thermaldrying. To study the ultrasonic mechanisms phenontbaghysics
of sound air columns, and standing waaeginvestigatedo explain the resultant harmonic

mode shapein the material subjected to aroscillatory exciter In addition effective
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ultrasonic mechanismsuchasatomization, sponge effect, cavitatiand micro channels

propagatiorare explored

Finally, an importart weaknes®f ultrasonic mechanisnisased orthe phygcs of standing
waves isfound The weakness,ades of pressure and displacement waves, does not allow
ultrasound to work evenly in all the material text(rased on the research conducted at this
thesis no document about this weaknesssfound). At the endfew methods are proposed

to address this weakness of mechanisms
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2 THEORIES AND METHODS OF DEWATERING AND DRYING

In this research, thmain materiabeing processe sludge The material characteristics
and the composition of sludge are subject to chantetime, although the basimaterial

remains nearlgonstant.

2.1 SewageSludgeof WWTP

The main component of sludge from the munic@WWTP is water something betweed5
to 99, andthis high watercontentmakes ittoo heavy for lowcosthandlingor transport
[12]

Sludgewater content is divided into four masategories
Free Water:This type of moisture is not attached to solid mater and can be easily removed

via simple gravitational settling.2].

Floc orInterstitial Water:Floc water is the trapped moisture inside the flocastrdnslated
with flocs motion It is possible to extract this type of water via mechanical dewat§ti?lg.

Capillary or Surface WaterThis type of water content forms a thin layer on solid particles

and attached to them,danpartially be squeezé out by mechanical dewaterifg2].

Particle or Bound WaterThis type of moisture content etached,ntracdlularly and
chemicdly, to solid particles It is not possible to extrache bound watewvia known
mechanical dewateringiethods Figure 2 shows the four types afater inside schematic
sludge [12]
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Intracellular and
chemically bond water

Interstitial water

| @CC water

Surface water

O

Figure 2. Fourtypes ofwater inside sludgsolid particleg13].

When industrial sewage is mixed up with domestic sewage the resultant is composed of
organic substances (like fecal material, fibers, food wastes, biological flocs, and organic
chemical component$l4]; andinorganic substancescluding heavy metals like cooper,

lead, and zind.1] Table 1lists thetypical metal content composition of municipal sludge.

Tablel. Typicalmetal content composition of municipal sludi@].

Metal contents (mg/kg, dry basis) Range Median
Arsenic 1.1-230 10
Cadmium 1-3410 10
Chromium 10-99000 500
Copper &4-17000 800
Lead 13-26000 500
Mercury 0.6-56 6
Molybdenum 0.1-214 4
Nickel 2-5300 80
Selenium 1.7-17.2 5
Zinc 101-49 000 1700
Iron 1000—154 000 17000
Cobalt 11.3-2490 30
Tin 2.6-329 14
Manganese 32-9870 260
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Sludge ypes

The resdual sludge from the WWTP is divided into three main categorisimary,
secondaryandtertiary sludge The sewagesludge for dehydration process can be any of
these, or a combination of twor all of them.[14]

Primary sludge is physidslprocessed and achieved &iynple gravitational settlingt the
beginning of the treatment proceSee Figure 3. The level of TS in primary sludge is
something between 2 td4 In comparison with the secondary and tertglogge primary
sludge can be dewatered and dried faster and easier because it is compasecttef d
particles and debrid.4]

Secondary, biological, or activated sludge isrdgilt of biologicatreatmentIn this stage,
bacteria consume both soluble and insoluble orgaiites amount of TS is about 1.4 to
1.5%. Dewatering and drying secondary sludgmae difficultthandewatering and drying
primarysludge, because of tlight biological flocs from the biological treatment process.
[14]

Tertiary, or chemically treated sludge is a combination of dissolved and suspended solids

and the resulbf chemical processg [12].

Primary Settlement Tank

Settled Sewage
SEE I

Sewage
—

Figure 3. Primarysludge from gravitational settlir{d5].

The sludge material compositi@amd TScontentdependon the source afludge. Bble2
shows the typical TS and some other characteristigsriofary and secondarsiudge.
Because of the insignificant amountteftiarysludge, this type is not considereere
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Table2. Municipal sludge characteristicfL6].

Parameter Primary Secondary
Total solids (TS).% 3.0-7.0 0.5-2.0
Volatile solids (% of TS) 60-80 50-60
Nitrogen (N.% of TS) 1.5-4.0 2.4-5.0
Phosphorus (P,05,% of TS) 0.8-2.8 0.5-0.7
Potash (K,0.% TS) 0-1.0 0.5-0.7

Oneimportant data about municipal sludigeits heat value based on timin sources of

solid material from primary and secondary slufgesented ifable3).

Table3. Heatvaluein kJ/kg (kilojoule per kilogrampf primary andsecondary sludgg.6].

Heat Value of Municipal Sludge

Sludge type Primary Sludge Secondary Sludge
Heat Value (kJ/kg, dry basis) | 23,0001 30,000 18,5001 23,000

2.2 MechanicaDewatering

Dewatering is the process of extracting water from a wet material or glamyechanical
work. Water contentat any level of attachment to the solid pdre€, floc, capillary, or
bound water)is extracted withouthangingin phaserom liquid to gas\ater is in liquid
form and separated in liquid foralsg. Changingphase inergy intensive and therefore
expensive Therefore, because it does not involve a change of pteweatering iselatively

inexpensive fronthe energy consumption point of vielis also relativelyast

Mechanical @watering is the fst step in dehydratigmandits resultsdependon the type of
sludge(primary or secondary) and further options as the material content and its age (the
older the sludge the lower level of TS after the dewatering and Jliyengell aghe type of
dewatering machinéfter dewateringjt is possible to have sludge cakéh aTS content

of up to 35% dependingon the aforementionedfactors [17]. A few dewatering systems

advertise dewatering #6%. [18]
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Particle sizes adewagesludge
The majority of dewatering machines perform solid liquid separation by taking advantage of
filtration or screeningTherefore, to decide dhetype of filter or screen, the first option is

the particle size of the Bd material inside the slurry19]

Sludge jarticle measurement fgroblemati¢ because of the wide size range of particles.
Moreover thesludgeparticle sizesire subject teshangewith digestion, treatment stage, and

age (all of these factors make treticles smaller)[19]

Martinez and her colleges measured the size of sludge particlesalBaogmann Coulter
LS 13 320 Laser DiffractioRarticle Size Analyzer sophisticated and versatileviee for
particle sizeanalysis.In their measurement$or each sample of sewage sludgen
measurements were performed. The results are dejickeédure4 in termsof percentage

or volume @ particle regarding size randga.9]

Thereis at leasbne peakn Figure4 for each graph that shows the mode of particle $ize

other words, there is a range for each type of sludge that makes up the main portion of particle
size. In all three graphghe range from 800 um(micrometer)is the major particle size.

[19]

PS sssss
7 WAS
SS ooooo v//'\\
[\
~ ‘.-“-
o D A
. A
; oJ N \
£ ' 4
—3 3 -:.,'/ .l\\
g ./ '\

05 1 5 10 50 100 500 1000
Particle Diameter (um)

Figure 4. Particlesize graph PS stands for primary sludge, WAS is waste activated sludge

or secondary sludge, and SShemixture of PS and WA§L9].
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Table4 showsmean values for the particle size and SSpeCific surface arg¢dor all three

types of sludge.

Table4. Themean value for the particle size and §5%.

Sludge Type Size Average (um) SSA (em?/mL)

PS 59.9+2.90 2594+ 129
WAS 61.0+3.01 2672+ 133
SS 65.9+3.25 2031+ 101

Particle size has direct effect on water extractioA smaller particle has bigger SSA
Becauseof the bigger surfacethe adhesin of water tosmallersolid particlesis stronger

thanits adhesion tbiggeronesandmakes the dehydration process maifécult. [19]

2.3 Effectivefactors in dewatering

Here four effective factorsf, flocculants, air pressureffect centrifugal function, and

screening, that improve water extraction in dewatering process are presented.

2.3.1 PolymergFlocculant}

To improve the wateextraction efficiencyf dewatering machinesynthetic polymersr
flocculantsare usedor process conditioninfR0]. Flocculantshavelarge organic molecule
configuratiors made up fromong chairs of monomer ung with positve or negative
electrical chargeA largenumber of monomer unitmakeup eachflocculentchain These
numbesarebetweerafew thousands tmillions of monomer units. Theseng andcomplex
structures work like fishing net® capture solid articles In other wordsthey work as
flocculants thathain solid particles together as smoin Figure5 (left). Figure 5 (right)
depictsthe shape of a monomer unit and polymieain.[21]



20

vAyg
)'4
Monomer Unit

Polymers bridge particles together

Figure 5. (left) Flocculants that ckin solid particles togethdrjght) schematics of monomer
unit and polymer chaif21].

2.3.2 Air pressureeffect

Asmatulu conducted experiments to show the effect of air preasaiged centrifugal
dewatering on galena,natural mineral of lead sulfide. The best restds achieveat the
highest & pressure and G force. Trable5, the moisture contestt different air pressures
and 2500 G are demonstrated’he average size of galena is smaller than 75andthe
moisture content is aboliB%before the dewatering proce3$sis mateial is different from
sewage sludgeindthedehydration of galena is easifi?]

Table5. Results of dewatering using centrifugatde of 2500 Gand air pressuréiiNoned

value of air pressure is ambient pressure, other pressures are added pressures above
atmospherix[22].

Cake moisture (%)

Spin time
(SI; c) air pressure (kPa)

None 50 100 200 300
0 18.0 18.0 18.0 18.0 18.0
30 12.2 8.2 6.4 4.4 4.1
60 11.8 7.8 59 4.0 3.2
90 11.7 7.6 5.5 31 2.6

120 11.6 7.1 5.1 2.7 1.9
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2.3.3 CentrifugalFunction
Centrifugal dewatering ia process of separating solid materfaten slurry by producing
high centrifugal force[22]

0 — )

The amount of the produced centrifugal fo&és calculated from Equation (IMere r is
radius of centrifugal vessely is angularvelocity, and g is the earth gyravitational

acceleratiorj22].

Darcy'slaw
Darcy's law is used tealculate the kel of water extractiowr flow rate through the sludge
cake[22].
o — (2)

In Equation (2) Q is flow rate,K is the permeability of sludge cakepPis pressure drop
inside the sludge cakA,is the surface ahefilter areap is thedynamic viscosityf water,
andL is sludge cake thickne§22].

YO -"1 1 i (3)
The pressure drop inside the sludge cake is calculatedHopration (3) which describes
pressure drop during the filtration procga2)]. In Equation (3)} is waterdensityrsis radial

distance fronthesludge cake surface, angis theradial distance of free water (bathand

rsare measurefifom the rotational axis of the centrifugi@R].

From Equation(3), the pressure difference across the sludge cake becomes zero when water
disappeargrom the cakerg=rs). If the water level decreasturther, thernro will become
greater thams, and the pressure inside the cdkeps belowatmosphed pressureThismay

be the reason that press filters achieve ahigher TScontentthan centrifugs for fine
particles [22]

Sludge cakdnasinnumerablecapillary vesselghattrapwaterin the form ofmolecules and
small water droplets. Wdm the amount of watelecreaseswaterdroplets become smaller
in size the capillary pressure or surface attraction festepass the centrifugal force effect

on the water particlesTherefore the water extraction process will be stopped. In other
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words, the centrifugal force works until tipeessureappliedis greater tan the capillary

pressuref22]
0 — (4)

Equation (4)calculates capillary pressuf®. Here r, is capillary radiusys is surface
tension,d (as illustratedn Figure®6) is the angle between contact surfaces of dajigid-
gas. Based oBquation(4), capillary pressure decreaseith higherd andr along with lower
23. [22]
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Figure 6. Contactsurface anglef solid-liquid-gas[23].

2.3.4 Screening

Most dewatering systems use screens or filters to separataunedisim solid materials by
producinga pressuralifferenceacross doundaryto forcewaterthrough. For example ne
side of screems at higherpressurgwhile theother sideis atlower pressureso moisture
migrates to thdower-pressurearea In discussins regarding screeningnoisturedroplets
can be considered very small particl®sie purpose of screening is dewatering of wet and

slurry maerials.[24]

Screening is a common method for sizing and separatngcles. Thesize range of
materials in this field is from 300 mm @O um, but efficiency diminishelsy decreasing
particle size. Foscreening smaller partidealargerscreerarea is needeahakingthe work

expensive[24]

The main criterionn screeningefficiency is the displaced mass or reagvef the material's
given size Therefore gfficiency is @lculated from the mass balance between two sides of

thescreen. Figur@ showsthe schematics of mass balance cer@en|[24]
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Fth

Uth'!

Figure 7. Massbalance of a scred@4].

In the figure Fthlis thefeed materialJth is thefine pariclesthat pass througthe screen,
andCth is the coaseparticlesthat flow overthe screefi24].

o — )
The combined effectiveness averall efficiencyE on a screercan be calculated from
Equation (5).In this equationf, can bethe amount of particlebigger than the screen
aperturesandc can bethe portion in overflow. Ipractice the amount of lgger particles in
the underflow is assumezkra In other words, the recovery of coarse materiathie
overflow is 100%.The path ofparticles bigger than the apertures is ¢leat for smaller
particles omparticles roughly equal to ttaperturesize the probability ofpassinghroughor

overflowing depends oafew factorg24].

The first and the most importanttigeir size and probability relatiahip. The probability of
particles that aresmaller andclosethe size ofthe apertures passing through the screen

decreasetremendouslyvhen they are too close to the aperture. $24

Screen angle is the next factvhenthe screeis ata shallow anglgheapertures aspect is
smaller Furthemore,angleaffectsthespeed that materials are convey&dother factor is
t he scr een b.sThere dsiadatidl betaeetine acea occupied by screen deck

construction and the whol& smaller void fraction passes less matefid]

The lasteffective factor inscreening is vibratianScreenvibration helpsto both throw off

particles from the holes and conveaterials along the screen. tlie screenvibrates
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effectively, it will stratify thefeed material as shovwn Figure8. Stratificationforcessmaller
particles to move downwatlrough other particleendtowardsthe screenCoarserparticles
moveupwards to the top of the layer. The level of vibration should not be to low ar high
Excessive vibration will bounce material from the screen surf@cethe contrary,weak

excitation cannot prevent screen holes flwsnoming plugged24]

Mixed screen feed of
coarse and fine particles

Material stratifies:
Nearsize and oversize
particles at the top of
the bed

Separate screening:
Nearsize particles in
contact with the screen
surface

0 090
L] O A2 '
« P
o WalTo%00
°
7 0
Stratified region 2 5 'on % pO

experiences a high
rate of screening “aa. .

Figure 8. Stratificationfunction[24].

o — (6)
Equation (6) classifies the level of vibration by its intensity. Hewe vibrationintensityis
0, whichdepends on frequendyand amplitudea. 2a (stroke is referred tgpeakto-peak
amplitude. In general, for screens with big apertumes frequencies and high amplitudes
are more effectiveFor fine apertureshigh frequencies and low amplitudese more

effective Thecalculatedntensityl is a number mltiplied by G. [24]

2.4 Oscillating screen with resonance phenomenon

Screen oscillation consumasot of energyand much of this energy is wastedcontinually
changethe direction of motionTherefore,a screen oscillatiosystem needa powerful
motor with eccentric drives or other oscillatory actuat@sreens that benefit from

resonance phenomenon gaod solutios for this issue[24]

In these systemghe screen frame vibrates between rubber buffers and flexible rhange
stripes These restrict movemenf screen(amplitude)and build up its connection to the
dynamically balanced frame that has the same natural resonance frequency as the vibrating

screemand three to four times more weig@tscillatorymotion, which drives on resonance
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natural frequency of screen and fransetranslated from driver to the screen and stored in
dynamically bé&nced frame and rubber buffefdext, in the returning strokehe stored
energy is ramparted to the screemnd it results ina lively sharp returning motion
Therefore, the wasted energy is minimite throw of dynamically balanced frame is less
than the screen because ofhtavierweight Figure9 shows rubbebuffers andflexible

hanger stripemakingconnection between a screen arttynamically balanced framg24]

Figure 9. Rubber buffers and flexible hanger strip25].

2.4.1 Vibratingpatterngeneration
Vibrating screens mostly move one of thecircular, linear, or ovapatternmotion [24].

Here some short descriptions about each of these patterns are presented.

Circular motion, single shafts systenm this pattern, the shaft of the inclined frame is
located exactly at theenter of gravityof the vibrating screermhe whole frame vibrates in
a circular pattern as shown Fkigure 10 (a). Another shape of motion is ellipticalith
circular oscillatios at the ends and the ddie of screen respectively SeeFigure 10 (b).
This patterns induced when the shaft is located above or below the cergeanofy of the
screenat this condition the main ax@ftheoscillating ovalsare towards the rotatirghaft
[24]

The function sequence of the lasitternon processing materials as follows. To beginthe

oval motion of the feed head threwut the coarse particles forward to make the bed layer
thinner This workfacilitates the discharge dhe finestparticles, whichmust beremoved at
onethird of the screen's leng(in-flow vibration). Then atthe center of screemircular

motion slows down the material conveyariemally, near the ouét of screenthe vbration
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makes the backward elliptical pattern that retamaterial longer fofnearsize particlesto

havemoretime for extractior(contraflow vibration). [24]

Linear vibration, double shaft systermhis pattern igproducedvia a couple ofmatched
unbalanced rotating shafts that rotateopposite directions as shownkigure10 (c). The

normal line to the distance center of the shafts makes the stroke angle to the screen surface
This angle is between 30° to 60Fhe screen can be horizontaipwards sloping, or

downwards sloping24]

Oval motion, triple shafts systerkigure 10 (d) depictsa combination of three rotating
unbalancd shafs. This horizontalassembly offers climbinglliptical vibration that has both
linear vibration and tumbling effexbn the processed materiathichincreass efficiency

and process capacity over both circular and linear vibration macffd¢s

/%
(c)

Figure 10. Differentt y pes of vii bF ait nttedeedmaidlet ead, @ indicates

the outlet, and the stars indicate the center of grédily

2.5 Somesludgedewatering machines

This section presensome of the most common methods and machiseslto dewater
municipal sludgeBecause it is difficult tdransfer sludge with a total solids content greater
than 25%, kidge dewateringo maximum dryness should be carried mua continuous

process[18]
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Centrifuge(Decanter)

The cecanter centrifuge is one of the most common machines for sludge dewadtsring
energy consumption is ntw, but the decantehashigh productivity The decanterelies

on a high centrifugalforce, normally between 2000 to 4000 This centrifugalforce is
applied directly on the feed sewage sludge and produces Thke system works
continuously and flocculent materialshould be fed constdly to be mixedwith sludge to
maintaindewateringefficiency. Centrifugal dewatering is like gravitational settling, it just
benefits from centrifugal force to improve process time and efficidrigure11 shows the

typical configuration ok decanter centrifugg26]

|
Settled solid ﬂ thickened can!mteﬂ
suspension

Figure 11. Schematic of decanter centrifu®s,27].

In centrifugal systemsan overtorqueproblem cardevelopdue to solids that accumulate
inside the bowlThe screw is subjected to high wear by alvagiarticlesnside the sludge
[26]

Vibrating screen

The vibrating screeis acommonsystemusedfor dewateringn themining, environmental
recycling, chemical, and food industridge most important characteristics of these systems
are their high capacity or throughput in addition to low operatingstcand energy
consumptionFurthermorevibrating screendo not needlocculent In thesemachinesthe
optimization of vibrating screen characteristics plays the fundamemtaharmost critical
issue in theiperformance but practical tests are the normal guidelittes work instead of
theoretical ong [28]

Figurel2shows achematic of a vibration screen, the vibrational exciter in majority of cases

is a crank driver, vibration motor, magnetic vibrator, or solenoid actubkere the
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oscillatory motion of the screen acts as a conveyer that trasiatenaterial towards the
outlet [28]

1 Vibrating Maotor

2 Screen

3 Screen Frame

4 Support Application
04

p

Suspension 3

Input Vibrating Angle

Angle of the Screen

Filtrate Output

Figure 12. Schematic of a typical vibrating scre@8].

The machinenas a simple structurgbut deficiencies in thehysical theoryof vibrational
dewatering makes up theain difficulty in designing vibration screens and angily the
vibratory water extraction mechanisifihe vibration frequency in these machines is
normally between 3060 Hz [28]

The range of particle size for these systérigom 300 mm down to 45 um that includes the
range of sludge particle mean size values (from 57um as lower range of PE5oné%he

upper range of SS) presented"Bfarticle size of sewage sludge Aperturesizes and
processed material particles define the capture rate of screen (bigger particles and smaller

apertures resuinh higher capture rate and eiversa)[24]

A fundamental lawn vibrating screens thatsmall particles need higherefjuencies with
lower amplitudegas a role othumb for particles down to 160m o f, fregquenzyeabout
60 Hz are implemented Moreover for materials with high moisture conternbwer
frequencies are more effectjvend fa lower moisture content$igher frequencies work
morepracticaly. [24]

RotaryPress

In the rotary presdlocculate or polymer solution is injected at the inlet of the flocculator
and thens mixedwith sludgein theflocculator unit Flocculated sludge flows to the rotary
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rectangular chamber of the press and rethetween two stinless teel chrome screen
plates Next,the high-pressurdorceswater through the rotational filtecreensand sludge
is continually dewatered dke diskrotates iside thechannel Finally,the dewatered sludge

forms a dewatered cake near the oullbis machine works continuousiyL8]

The level of dryness is adjusted via a gate thabtated by a pneumatic actuatd@y
adjusting this system, the optimized level of dryness can be achigévisdnachine works
atalow speed ofotation Thereforeit is a durable system with low maintenance expgnse

andenergy consumptiofil8]

Rotary press dewatering chamber is depicte&igure 13. The lower curvedarrow (A)
shows thalirection therestriction gate mees to decrease the level of TRheupperarrow
showsthe rotational direction of the sludge inside the chamBgnarrowing the gate gap,
the resultingl'S will be increaseThis dewatering system uses screen plates for-Bquidi
separationFournier, one of the weknown rotary press producers, clamsapture ratdor

its machine®f up to 95% (capte rate of the metallic scregn[29]

SLUDGE
Il svnc mechanicaL compoNENT Bl oewarerinG stwoce (caxe)
I ROUTING MECHANICAL COMPONENT B AuRaTE FLow

)

SCREEN
CAKE FORMATION 1

INTERIOR OF ——
CHANNEL

OUTLETFOR —
FILTRATE

W swoee

FEED

t 4

FILTRATE

Figure 13. Rotary pess[18].
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Belt filter press

The telt filter press is amthercommonlyused machinefor sludge dewatering. This machine
has two continuous filter cloths that are under constant teriSmoculentis addedo the
sludge which is therfed onto the lowecloth. The clothworksas both a pressure belt and
conveyer Primary dewateringtars under theinfluence ofgravity when the belt carries
sludge toward the consolidation zowkere itis increasingly squeezed undée pressure
from the upper beltAs it progressessludge volume is constricted. Simultaneoutig, two
bdts pass ovethe rollersin arelative movement that indugshear stress ahesludge As

a result,the sludge isiot onlycompressedetween the rollerdut it alsois subjected to

shear The combined mechanismpeoduce drgr cake[26]

Flocculate must be added to the sludge for this machine to operate effeatisidlyavoid
accumulation of solid particles inside the filter béltoreover flocculent faciliatesthe
gravitationaldrainage of the sludge during the primary section ofademng.[26]

The belts must be washed prior to thturn cycleand the water flovghould bebetwea 50
to 200% of the feed sludg&he £ed sludge is recommended to havds of TS. Figurel4
showstypical belt filter presg26]

(endless) upper

upper cloth filter cloth

(flocculated) wash zone
feed suspension

discharge

lower cloth

(endless) lower
wash zone

filter cloth

Figure 14. Schematic of a belt filter pre§26].

Filter press
The filter press is another common machfoe sludge dewateringt uses from 60 to 80
filter plates ofabout 15 m*1.5 m or 2m*2 m recently bigger plates are becoming more

common [26]
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In sequence he filter-press dewateringycleis as follows First, flocculatedsludgeis fed
into the machineThen, themembrane cake jgresssqueezed to extrawtater Next, air is
blown through the caké&inally, the trapped particles are washed or blowtfrom thefilter
plates Figure15 (left) illustratesthe filter press membranda some of the new systems to
improve the dewatering performance and have more uniform water extraftsonhe
pressuriationstep sludge is compressed under pressyra diaphragm that is pressurized
up to 16 barSeeFigurel5 (right). [26]

A big weakness of this machine is that the filter dotlustbe washed frequently to maintain
the efficiency of water extractiolhe system does not work continuoystpwevemany

of steps are now automat¢a6]

L— Cloth travelling
Membrane Recessed X \y |
Filter cloth filter plate filter pla{o Filter chamber Filter-plate __)U
77 A 7- T
v

Compression-plate

- |
Slurry _

inlet

Compression
diaphragm

slurry

%
Filter-cloth 3 Slurry feed

Closure parts

-

. Slurry
20 Filter cake ake
Filtrate | [ 9 Filtrate
il
L (e ) Squeezing ' bL'ROHGY
e ~ medium

% Cake discharge

Figure 15. (left) Schem#c of filter press membranegl80]; (right) the mechanism of

pneumatic compression diaphragsi].

Rotaryvacuumdrum filters

Rotary vacuum drunfilters work continuou$y, and they are operated automatically
However, they have some challenginfilter-type limitations for municipal sludge
dewatering The level of vacuum applietb the system defines the driving force of the
dewatering Based on practical experienavacuum levelof more than a quarter of bar
(0.25 bar)is notused for these machigievhich restricts the systeta particle sizes saller
than 2 um[26]

Rotary vacuum drum filters are more suitatdeindustrial sludgalewatering26]. Figure

16 shows the schemat€ a rotary vacuum drum filter
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CAKE
DRYING

Figure 16. Diagram of rotary vacuum drufilter [26].

Other dewatering systesithat are notdescribed herare either not commony usedfor
municipal wastewatersludge dewatering or have weaknessEsr example among
centrifugal machineon the decanter is applied to municipal sludge dewaterimgrew
pressis suited to the dewatering bbrous sludgeEKG dewatering bagare effective, but
demand large areas of land, which makes their application cost prohibisioAally, the

EKD dewateringnethod is slow antime-consuming[32]

2.6 Dewateringenergy consumption

To producetangible data in the form ddlowatt-hours(kWh) andeurosfor somedifferent
dewatering machinegheir energy consumptianin kWh were evaluatedhased on their
productivityand then translatiinto euro. In Finland he price of electricityn the year 2014
was0.0 7 2 u[B3k Wh

The density of sludgeéepends omaterial contenbutit is on averagabout 100&kilograms
per cubic metefkg/n?®) [32]. Table6 shows the result of energy consumption and price for

somedewatering systegin relation to their capacity
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Table6. Energy consumption and price for four dewatenmgchine illustrating price for
increasingthe level of drynedsy 10% more[32].

Dewatering machine| Energy consumption Price
(kWh/ton/10% increase in TS) |[( 4/ t on/ 10 % i
Rotary press 0,083 0,006
Centrifuge (decanter| 0,583 0,042
Belt filter press 0,111 0,008
Filter press 0,125 0,009

The dewatering process imore economicalfrom the energy consumption point of view
Furthermoreijt is a faser process that extraga large percentagd water content in a short

period

2.7 Drying
If a higher solids content than is available from dewatering is needed to support efficient
incinerationor to decrease transportation cost in a disposal solution, a drying solution will

be needed

Theory ofboiling, vaporizationandsublimation

Water H20) canexistsin threecommonly knownrstates: solidliquid, and gaslt can also
existas aplasma afourth stateWhen heat is added, the temperature of the solid, liquid, or
gaseous states increa$inearly. However, as water changes phatssgempeature remains
constant and all the energyputis used tavercome the latent heat of the phase change. A

large amount of energy must be input to change the phase of water from liquid to vapor.

For water six processes of change in phase are clas$ibedre listed belowith the
amount of specific absorbé¢ or released+) latent heaf34]:

Melting: water statehangedrom solid to liquid,-330 kJ/kg

Evaporation: watestate changeftom liquid to gas;2,500 kJ/kg

Sublimation: watestate changefifom solid to gas;2.830 kJ/kg

Freezing: watestate changeffom liquid to solid, +330 kJ/kg

Condensation: watestate changefiftom gas to liquid, +2,500 kJ/kg

Disposition: watestate changeftom gas to solid, +2,830 K3
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For drying purposes,the moisture contentmust be vapeoized or sublimated Both

evaporation and sublimation (freedgying) demand a lot of enerdgd4]

Figure 17 nicely illustrates thdatent heat or enthgy of water atdifferent statesin this
graph,the unit of energy ikilocalories per molékcal/mo)). If the unis wereanything else
the shap of graph would not be change¥k depicted irithe pictureg the highest amount of
energy is consumed in changing the phase from liquid toTg@samount of required heat

energy for vaporization is roughly 6 timgmat ofboiling from 0°C to 100C. [34]
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Figure 17. An illustration oflatent heat or enthalpy of water at different st§3&$.

2.8 Thermalenergy onsumption under vacuum
To increase the drying rate or perform the evaporation process in a gyaitel one
effective way igo applyvacuum. Wateran be boiled at any temperatufréhe pressuré

is subjected t@s properlyregulated|[36]

A surface phenomenonya&porationtakes placevhenwatermolecules have enough kinetic
energy © escape from the liquid sura@Becauset higher temperatusg¢he kinetic energy
of molecules igreatey the evaporation rate is highdio reach that level of kinetienergy
those moleculeshat arebeginningto escape, absorb heat ene(igyge amountof heat of

vaporization)rom their surrounding are$36]
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The evaporatiorphenomenon camontinuein a closed container until the number of
escaping molecules eqadhe moleculesentering the liquid or condeing back intoit. At
this condition,the atmophere of the container is saturgtedin otherwords,vapor reaches

the saturabn vapor pressurg¢36]

The iling point is the temperature at which the saturated vapor pressure of the liquid is
equal tats atmosphec pressureln water,the saturated vapor pressure is°XDat sea level

The pressurdas 760 mmHg, 760 torr, ot atmosphereThe vapor pressure increasad
decreasewith temperatre Thereforejf the pressure decreaséhe baling temperature will

also decreaselt is possible to boil water at ambient temperatnr@vacuum In Figurel18,

the approximate biling points corresponding to higher and lower sea level pressures are
depicted[36]

vapor pressure (atm)

B 4 T 1
0 50 100 150
temperature {(degrees Celsius)

Figure 18. Boiling temperatur@nd pressure grag7].

When pressure decreases, water evaporates at tempebatone L00°C, but it still needs

the enthalpy of vaporization. Basedeigure19, theamount of enthalpy of vaporization at
lower pressure ikigher than the enthalpy at higher pressure. Therefore, when the water is
boiled and vaporized at lower pressuseme energy is saved, becatlssre is no need to

add heat for boiling, anthe water can start boiling at ambient temperat@a the other

hand,it needs more energy for vaporizati¢dg]
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Figure 19. Enthalpyof vaporization for water under different pressures from 0.02 to.6 bar

2.8.1 Comparisorof vaporization energy requirement with and without vacuum

The process to change the phase oflalegram of free water from @C in liquid state to
gas can be performed in two scenar{@se way ig0 increaséts temperaturéo 100°C, and
then go from boiling water to gashich has the same temperature. Anothmatiod is to
make vacuum and boil watatthe ambient or lower temperatures tgeme it enough energy
to change its phas€&or comparisontwo pressuresl and 0.2 barareselected

First scenario (at 1 bar pressure)

Water starts boiling at 99.63 under 1 baiof absolutepressureThe amount of heat to
increase the temperature froMQto 99.63C is 417.51 kJ/kgNow, water needghe
enthalpy of vaporization to change its phase from liqughty whichs about 2257.92 kJ/kg

at 99.63C [39]. Therefore, the total amount of hesatergyis 2675.43 kJ/kgAt 99.63°C

and 1 bar of absolute pressure the specific volume of water vapor is about 1629 times more
than liquid water at the same conditi@8,39].
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Second scem (under vacuum of 0.02 bar)

Water starts boiling at 17.5C under0.02 barof absolutepressureThe amount of heat to
increase the temperature froff0do 17.52Cis 73.45 kJ/kgNow, water reedghe enthalpy
of vaporization to change its phase from liquid to, gelsich is about 2460.19 kJ/kg at
17.52C [39]. Therefore, the total amount of heat energy is 2533.64 katktj7.51°Cand
0.02 bar of absolute pressuhe tspecific volume of watemaporis about67006times more

than liquid wateat the same conditidi838,39]

The difference between the total energy consumption between vaporiz#iof ahd 1 bar
is 141.79 kJ/kgThat is about 5% conservation in the total heat energy consumption of
atmospheric vaporizatiorHHowever, using vacuum increasehe rate of drying speed
significantly. Moreover, it lowers the temperature requirement, making it possible to drive

the processising less expensive energy such as waste heat.

If the latent heat of vaporization is not added to the water under the vacuum cotiaétion
water will freezeand will not eaporatebecausen vacuumwater starts to boil and a small
portion of it will be vaporized For vaporizationit takesthe enthalpy of vaporization from
the surrounding ared hereforethe water content of the material startdb&frozen This
makes ughe fundamental idea @feezedrying. Next, the heat okublimationis gradually
fed into it (normally in the span time of 24 hourShis method of slowlyeatingsaves the
shape of materialn freezedrying, the moisture content that is in the form of ice will be

sublimated.

Vacuum drying effectivelyimprovesdrying kinetcs. Therefore, ongossibility for an
economicaldrying process coultb uselower temperature and vacuum to maintain drying

kinetics.

If the vacuumdrying systemof the sludge processing is located near the furnace and sludge
burning facilitiesthen itcould be possible to use from the waste heat of the furnace as the
heat input for the vacuum drighen this free source of energy can be used as the latent heat

of vaporizatiorfor sludge water content.































































































































































