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In this paper computed tomography was applied terd@ne the density of sediments from the water
treatment process. Coagulation process caused #s¢alilisation of the dispersion, and particles dha
different shapes, sizes and structures. The deokjigrticles had an impact on the settling velpeind is
very difficult to be described mathematically. Tarcle presents the method of X-ray microtompgsa
(XMT) application for dried and pressed sedimetite Bample volume was obtained through X-ray and
image processing. The correct determination of shenple volume depends on a correct number of
thresholds. The image processing was performedtivluse of the LabVIEW environment and the Vision
module. The paper presents the results of testsbaghdary parameters for the pressing and image
process.
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B yiti cmammi komn’ tomepna momoepaghisa 6yna 3acmocosana 01 BUSHAYEHHs 2YCMUHU 0Ccadié & npoyeci
oyuwents 6oou. llpoyec xoazynayii suxkiukas decmaobinizayito OUCnepcii, 4acmuHKu Manu pizHy gopmy,
posmipu ma cmpykmypy. I’ ycmuna 4acmuHoK mMana 8niue Ha weuoKicms OCIOAHHA, yel npoyec Oyice
CKIAOHO onucamu mamemamuyuuo. L{a cmamms npezeHmye Memoouxy 3AdCmOCy8aHHA PEHM2eHI8CbKOI
Mikpomomoepa@ii 0 sucyuieHo2o ma chpecosanozo ocady. OO emuuii  83ipeyb 6y8 00CHONHCEHUL
PDEHMEEHIBCOKUMU NPOMEHAMU, NICAS Y020 OYI0 npogedeHo 0OpobKy 306padicenus. Kopekmue suznauenus
napamempis 83ipys 3aneicums 6i0 NpasuIbHo20 yucia nopozie. Obpodoxa 300padicenss OYIa GUKOHAHA 3
suxopucmantam cepeoosuwa LAbVIEW ma mooyns  Vision. B cmammi npedcmaeneno pesyibmamu
8UNPOOYBAHL MA SPAHUYHI NAPAMEMPU NPOYECY CINUCHEHHS MA 300PANHCEHHS.

Knrouosi cnosa: koazynayis, 8UsHayeHHs 2YCMUHU, PEHM2EHIBCbKA MoMo2pais.

B npeocmasnennoii cmamve KomnviomepHas momozagus Oviia npumerena 0Jis onpeodeseHus niomHOCmu
0caoKo08 6 npoyecce oyucmru 600bl. Ilpoyecc xoazynayuu 6bi36an 0ecmadUIU3AyUI0O OUCNEPCU, YACHULYbL
umenu pasHvivie Gopmul, pasmepsvl u cmpykmypul. Iliomnocmes 4 acmuy G1usIa HA CKOPOCHb 0CeOanus,
9MOM NpoYecc OYeHb CILOJICHO ONUCAMb MAMeMamuiecku. JJannas cmamos npeocmasisien MemoouxKy
NPUMEHEHUS.  PEeHM2EHOBCKOU MUKDOMOMOZPAduUU 0N GbICYUIEHHO20 U CHPEeCCOBAHHO20  0CadKd.
Obvémnoviii  0bpasey Obll UCCIE008AH PEHMESEHOBCKUMU JyHaMu ¢ nocaedylowel 00pabomkoll
uzobpaxcenusi. Koppexmmnoe onpedenenus napamempog o0pasya 3asucum om HpasuibHO20 HUCId
nopoeos.  Obpabomka uzoOpaxicenus ObLIA NPOBEOCHA C UCHOAb30BAHUEM NPOAMMHO20 NPOOYKMA
LabVIEW u mooyas Vision. B cmamve npedcmasiensl pe3yibmamsl UCHLIMAHULL U NPeOenbHble
napamempvi HPOYec Co8 CHCAMUsL U U300PANHCEHUS.

Knioueswvie crosa:. xoazynayus, onpeoenenue niomHOCHU, PeHM2eHOBCKASL MOMO2papust.

Introduction. The coagulation process isrisk to public health if it is polluted. Thus, the
commonly used in water and wastewater treatmetneatment applied to the collected water must ensur
processes. The demand for high-quality drinkinthat it is free of pathogens and chemicals posing a
water is increasing because the number oisk to health when it is to be distributed by the
uncontaminated  water  sources  decreasesater supply system. What is more, physico-
Furthermore, the criteria for the discharge ofhemical parameters must meet the drinking water
wastewater are becoming stricter to prevent trstandards required by the laws of each country
environment contamination and/or the infection ofl1,2]. Coagulation/flocculation is considered the
drinking water sources. Water becomes a potentiaost important process in surface water treatment.
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The type of coagulant used has a significant impaftbc has a major impact on the duration of the
on coagulation processes. Aluminum-basesedimentation process. The classification of flocs
coagulants have been more widely used than ferriormed from the post-coagulation sediment was
based coagulants, probably because aluminuarried out for the purpose of the research. Due to
coagulants have a superior NOM (Natural Organiechnological reasons, the settling time of the
Matter) removal capacity, wherease ferrisediment is the most important parameter.
coagulants create water colour problems [3[Therefore, the classification proposed by the
However, a large amount of alum salts has alsmthors mainly focuses on the separation of groups
been surspected to be harmful to people and othadr flocs according to their characteristic features
living organisms [4]. Consequently, an increasingffecting the settling velocity
attention has been placed on the identification of While examining the images, the authors
novel coagulants to fulfil the increasing demanddecided to classify individual particles statistica
for organic matter removal and a lower coagularilocs were divided into three characteristic groups
amount. Organic polymeric coagulants, such &&he classification takes into account the structiire
polyacrylamide (PAM), have been used to improva floc in terms of mass concentration (presence of
water purification for several decades [5]. Flocsnacropores) and its shape. Flocs were divided into:
formed in this process settle in a very difficultyy compact particles, particles having a distinct mass
A porous structure and various shapes have aaoncentration nucleus, around which sediment
effect on the settling way and velocity. Thecrystallization networks are formed (flocs without
theoretical description of the sedimentation ot flomass concentration), and particles having a porous
suspension is only an approximate way a$ponge structure (porous conglomerates).
describing this phenomenon. The classification does not take into account all
Coagulation may be carried out as a volume&haracteristics. In the future, it will be used for
contact and surface process. This is achieved ineguations describing the settling process. Accgrdin
mixing chamber and mixing time is 1-3 minutesto it, the most important parameters of particles
The second phase of coagulation is flocculatiomnvere only considered. The occurrence and the size
which involves the occurrence of the phenomeraf pores in a single floc were assumed to be the
leading to the formation of agglomerates andriterion of division.
hydrolysis products of the coagulant dissociated by Based on the flocs analysis, there were three
removing impurities. The volume coagulation iseparate types of particles characterised by a
carried out in slow-stirred chambers (flocculation)different settling way (Fig.2a). Compact particles
but the contact coagulation is carried out in afay characterised a homogeneous structure. Their shape

of solid matter [6]. is similar to a sphere filled with the same
- microporous structure. Micropores are specific
gulan . . :
~— __inflow features of a post-coagulation material. Partioles
a this type fall in a straight line with a slight zap
putow motion. Due to their small size and mass, their

movement is repeatedly disrupted by fluid
movement triggered by the movement of other
particles, considerably higher in size, in their
vicinity. The second group of particles (star-sithpe
particles) has a distinct mass concentration nsggleu
around which sediment crystallisation networks are
formed (flocs without mass concentration) (Fig.2b).
Figure 1 — . Reactor clarifier "Precipitator”  Protruding arms cause the particle to move in a

(3] circular motion around its own axis while falling.
A correct application of coagulation andThe circular motion causes the particle, whose

flocculation processes and the selection (girection is constantly changing, to be influenced
coagulants depend on the understanding of t é{t.thle Mfatgpuf efftec]E. "T.h's effecI:t C?&SGS the
interaction between these factors [7]. Flocs can R&CIES OF (IS type 1o 1all In a Spiral moliduver
efficienty removed by the process of ime, star-shaped particles connect to create bigge
sedimentation/flotation and filtration. Contaclagglcl)merat?_s. In cas((ja tﬁf.b'g agglo_meratgs, ”the
settlers (Fig.1) with a suspended sediment are us§6°u ar motion around their own axis gradually

|

to treat water through coagulation and are usuaff>@Ppears, and particles of this type fall in a
called clarifiers. raight line. They are characterised by considgrab

Classification of flocs.The shape and kind of Pig._macropores, through which fluid may flow
during their motion. This type of structure is dami
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to fluid flow through a porous medium [Fig.2c]. ¥

M

Figure 3 — Types of floc structure a) complex
flocs b) star-shaped c) agglomerates

c) Gravity force Fg, is defined according to

Figure 2 — Types of floc structure a) complex Archimedes' principle:
flocs b) star-shaped c) agglomerates F, =(ps —p)aV, (1)

The above-mentioned classification was mad&here: g — gravitational acceleratioV .- particle
on the basis of the microscope observations of thelumes; o, o — density of solid or liquid
coagulation process. Due to the fact that thespectively. _ _
diversity of particles is very high, their Drag depends on the properties of the fluid and
classification to particular groups occurs on then the size, shape, and speed of the object. Genera
basis of the isolation of dominating characteristitormula for drag force HAs as follows:

features. v\v ‘
Mathematical description of the F, =C,Ap, —|—, (2)
sedimentation process.Due to the fact that 2

coagulation and sedimentation proces are importaghere:C, — drag coefficient; A — cross-sectional
in the water treatment process, it is necessary &@ea in the horizontal plane; — speed of descent.
describe these processes by means of mathematicalThe shape of moving particles has a direct
equations [8] impact on their velocity of descending. The
This description may take place only when theetermination of the correct value of drag
definition of basis forces acting on each partisle coefficient D is difficult due to its complexitynl
possible. Based on the presented division @he literature many empirical dependencies are
particles into three types, the formation of diéier applied that allow for the determination of thegira
mathematical models for them is necessary. Th®efficient for non-spherical particles [9,10,11]
speed of particles descent is defined as the balanc In case of star-shaped particles, the particle in
of forces acting on a moving particle. motion rotates around its own axis. It causes dhter
It is possible to formulate equations forforce to occur, which changes the direction of the
compact particles that describe the descent procggsticle descent. Due to the fact that the shape of
on the basis of Stokes equations. The basike particle is irregular, the velocity at whicheth
distribution of forces acting on the descendingarticle rotates around its own axis is not cortstan
particle is shown in Fig.3. Two basic forces hawe at brings the change in the lateral force value,
effect on the particle speed: gravity force always which, consequently, causes the particle to fadrin
the downward directiongrand drag force opposite irregular motion, which is similar to a spiral in
to the direction of motion.F shape. Due to the influence of lateral force, the
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mathematical model should take into account noine for compact particles may be used. Gravity and
only lateral force, but also the fact that the seois drag force will have a dominant impact on the

drag force is always opposite to the directionhef t velocity of the descent. Since the liquid not only

motion. Since the particle descent does not taklews around the agglomerate but also through
place in a straight line, both the sense and vafue macropore canals, drag force should be defined in a
drag force will change and the descent velocity willifferent method.

be influenced by the horizontal component of this Liquid flow through macropore canals is well

force (Fig.4). described in models for a porous medium. Drag
i \M force for porous materials is described by the
F, =C,Ap 7cos¢ , (3) Darcy-Weisbach equation [16]:
A
F, Q=" (6)

where:R - total drag of the porous baffldp —
total d liquid pressure difference on both sides of
the baffle.

Based on this formula, another formula for the
porous material was derived, which is called the
Leva equation:

h . f\_l _ E_;Iz_“ . P il

ﬂp:ﬂ.a - 3 (7)

where: A — drag coefficient; w - liquid flow
velocity through a porous material, — equivalent
diameter of the materiale - porosity of the
: I material.
L RY The value of porosity and n-coefficient should
f Pl be determined experimentally. To analyse the
equations that describe the velocity of falling
: : particles, one of the most basic parameters is
rioure 4 - Forcepsa?gglgg on a star-shaped density of the material, from which the particleswa
created. The main subject of this paper is to
Rotating around its own axis, the particledetermine this parameter experimentally. The fact
induces fluid movement, which induces laterahat post-coagulation sediment contains all tyfes o
force FT. The value of this force may be definegarticles poses a difficulty in the density
based on the iEvus number. It describes a classicletermination of the material. Such a sediment
model of a stress-induced transverse rising for@®ntains a great number of macropores and there is
[12,13]: fluid in the closed micropores. Therefore, the
— Ve Ve density determination is no marginal matter,
Fr=-Croc (V°° VC)X rot Ve, 4) especiyally because the microporous s%ructure cannot
Coefficient G depends on the Reynoldsbe destroyed. This article presents the method for

s the density determination of the post-coagulation
\r/]vtrj1r|r(]:kr)1e|; (Ij:z;‘inaenddaesl: modifieduf/us number Eod, sediment with the use of XMT in order to determine

5 the volume of a sample.
Eo :g(Ps‘Pu)dM B Method for determining the sediment
d

o, ' ©) density. This paper presents the description of the

measurement method used to determine the density
where: dy — maximum particle diameter in aof the post-coagulation sediment using X-ray
horizontal section. microtomography. The method involved the

Agglomerates are formed when star-shapedketermination of the density by means of the
flocs are connected. As a result of this procesgravimetric method. For this purpose, the post-
cavities are created, which are called macropdtes.coagulation precipitate was pressed into cylindrica
network of macropores forms canals, through whickamples with a diameter of 2.5 mm. The samples
liquid can flow during sedimentation. It allows forwere weighed on laboratory scales with a
the stabilisation of the falling particles, whidilfin measurement accuracy of 0.0004g. The volume of
a straight line. In this case, a similar modethe the sample was determined on the basis of the



44 Memoou ma npunaou koumponro saxocmi |ISSN 1993-9981 print
M 2(39) 2017 ISSN 2415-3575 online

reconstructed three-dimensional images from XMT.
The density was determined according to the
following formula:

m
pP= v (8)
where:p - floks density; m — mass; V - floks
volume.

The dried post-coagulation sediment was
subjected to the pressing process on the press (Fig
5). The press is comprised of a cylindrical sleieve
which there are two squeeze rollers, between which
the material is pressed. The pressing process was
carried out by lifting a 1 kg hammer to a constant
height of 5 cm, then dropping it. The compression
was adjusted by means of the number of strokes of
the hammer.

T

- Hammer

A

s
/ NiEN /
/ \\ 2 g Q\\‘\
//% N
Sample.% § %};Sqneeze rollers
N %\\ Figure 6 — Cross-section of the sample for a) 1
[Z/ Z Sleeve stroke of the press, b) 8 strokes of the press
\Nut Sediment structures formed during this process

are diverse in terms of their shapes and degree of
Figure 5 — Scheme of the press impact density. Taking the above into consideration, it ca

- ) - - he observed that the modelling of this process is
distI?beegett“r\]/\glaa?(];rt-?iﬁe%OSt gggggéatlo(nm?;dolmegal articularly difficult. There is a possibility of

macropores) render it difficult to determine th rouping flocs, taking their characteristics into

- ; : ccount, and then forming general equations
volume and the density of particles. Each parttle S : -
the sediment contair¥s ngicropores whigh are escribing the movement of particles belonging to a

characteristic feature of every material, an ven_tgrofut[?]. Hov¥eye{, ::t |sh_r?]qw][led to know th%
macropores which should not be taken into accou ians(ljy of the malerla or W ICh a OI(': IS colmp_?se
in the determination of the density. Due to thd! Order to properly describe the settiing veloaty
above-mentioned reasons, the determination of tharucles. This material has a closed microporous
density for the post-coagulation sediment presents lcja(;[usreedir\xgﬁh is a characteristic feature of the
difficulties [7]. '

: . . A series of cross-sections of the samples
During the sedimentation process, flocs formy-inoq que to the X-ray images was studied. The

?rrlgeéeﬁg%og?%ﬂ?éd%hé%? iéssi(;ﬁ‘illlggtgl?ﬁguﬁgﬁepresentaﬁve images are shown in Figure 6. The
ages from the scanner are shown in grayscale,

of water, which is the result of a very high mas here light areas represent the precipitate, aad th

fraction of water in the sediment usually amountin K is the air in th fth |

to 95-99%. The gravity force is closely related tGa 2r€a IS e airin the macropores of the b
9 y Y fter one stroke of the press (Fig. 6a), there veere

the density of settling particles and liquid density :
ol. This parameter is  important for theIarge number of macropores in the sample, whereas

i i ight strokes (Fig. 6b), the number of
sedimentation process. Therefore, an attempt w, er eg U0
made to form the density pattern of post%%cropores significantly decreased. However, the

; ; : tainment of a single structure will lead to the
coagulation sediment particles based on the stu ; . L
carried out using X-ray tomography. g struction of the microporous structure, which is

characteristic parameter of solids
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The volume of the sample was determined by The volume of the sample was determined by
means of the sum of the volume of stored solidedding the volume of the solid component obtained
obtained from the cross-section images with flom the images of cross-sections with a thickness
thickness of one pixel. In order to determine whicbf one pixel (Fig. 8) [5]. In order to determine
pixel represents the sediment, the image processiwgich pixel represents settlements, the image
was carried out. The application reads the selectadalysis process was carried out.

folder of images. Pixels representing the sedir 160 —
were isolated for subsequent scans. 140 P
20 i i i
100 ! \\
80—

60
40 T i T
20 ! i t— Treshold
00 |

Volume[mm?Z]

0 20 40 60 80 100 120 140 160 180

Figure 8 — Relation between the sample volume
and the threshold amount

Test results. Figure 9 shows the results of
densities calculated for different numbers of stk
of the hammer. Six and more strokes of the hammer
provided a relatively small number of macropores
in the sample without destroying its microporous
structure.

2200

Density [kg/m’]
B
wn
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Press number

0 1 2 3 4 5 6 7 8 9

Figure 9 — Relation between the sediment density

b) and the number of strokes of the hammer
Figure 7 — Cross-section of the sample after , _
threshol for a) 1 stroke of the press, b) 8 strokes Measurement uncertainty was estimated for the
of the press developed method of determining the density of

, _ (S‘ost-coagulation sediment. The value of

The first step was to determine the threshold ¢fncertainty was estimated for the sample after 6
the gray level. In the next step, the artifacts evekirokes of the hammer. For the selected sample, 10
removed, and the number of pixels representing thesssurements of mass and 9 measurements of

sediment was determined. The volume of a singig|yme were performed. Then, the density for all

section was calculated (one pixel of thickness) qRytual combinations was determined: as a result,
the basis of this scale. Then, the density wag) yalues were obtained. The average values for
calculated for each sample [9]. In case of th@ese results were calculated, and they are as
sample subjected to only one stroke of the presgyows: V=5.875012 mrf) m=012498 g, ps

macropores are visible, which results in the3179 779 kg/m3. Based on formula (2), the value
incorrect determination of the volume (Fig. 7). Iny

: - sensitivity coefficients was computed.
case of eight strokes, the size and the number of y P

macropores were significantly reduced, but it was :07,0 __V _ -3761 (9)
not possible to eliminate them completely (Fig..7b) ™ om m?

The determination of the volume of a small number op 1

of macropores can be corrected, and measurement G, = =—=8001097 (10)
errors are not significant. However, the proper ov. m

threshold in the thresholding of gray shades has t0 The standard uncertainty of the density
be chosen. measurement is:
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