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Abstract of Praxis
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Chapter 1: I ntroducti on

1.Motivation:

Marine snow, comprising aggregates of phytoplankton, fecal pellets, dead or decaying
organisms, extracellular polymeric substances (EPS), bacteria, #ikecosganic matter,

and entrained mineral particles, plays a central role in the marine carbonTdyete
aggregates form in the upper ocean when microscopic biological material and suspended
particles collide, adhere, and restructure into larger porous particles. Because marine snow
is rich in organic carbon, its downward transport through the wal@meoois one of the

major mechanisms by which carbon fixed near the ocean surface is transferred away from

direct contact with the atmosphdpdidredge & Gotschalk, 1988b

The importance of marine snow settling lies in its role in the biological carbon pump. In

the sunlit surface ocean, phytoplankton absorb carbon dioxide during photosynthesis and
convert it into organic matter. Part of this organic matter is consbmedoplankton and

higher trophic levels, part is respired back into dissolved carbon, and part is packaged into

fecal pellets, carcasses, and sticky aggregates that combine to form marin8srb&

Jackson, 2009)Once formed, these particlesgbe to sink. Their settling therefore

determines whether carbon remains in the 13eaiace ocean, where it can be rapidly
recycled back to CO , or is transported down
for much longer times. This transportist simply a matter of particles moving vertically

downward. As marine snow sinks, it is continuously modified by biological, chemical, and



hydrodynamic processes. Bacteria and other microorganisms remineralize the organic
matter, converting part of it bladnto dissolved inorganic carbdiMiddelburg, 2026)
Zooplankton may consume or fragment the aggregates, while collisions with other
suspended material may either increase aggregate size through further growth or decrease
it through breakup and restructuring. Therefore, the settling rate of marine snowy direct
affects how long a particle remains suspended in the upper ocean, how much carbon is lost
through remineralization during descent, and how much carbon ultimately reaches deeper
waters. The depth range through which marine snow travels is especiallyanpim the

upper ocean, particularly within the euphotic zone, organic matter remains closely
connected to biological activity and atmospheric exchange. If aggregates settle only slowly,
they spend more time in this region and are more likely to belestypefore reaching

depth. In contrast, when particles settle through the mesopelagic zone and toward deeper
ocean layers, a greater fraction of the carbon can escape rapid surface réoyidimp&
Alldredge, 2000) Thus, the competition between settling, deformation, breakup, and
remineralization determines the efficiency of lelegn carbon sequestration. For this
reason, understanding marine snow settling is important not only frondarfechanics
perspective, but also from the perspective of global carbon storage and -célaatmt

ocean processes.



Figure 1:This figure illustrates the biological carbon pump, showing how marine snow and other organic
particles formed in theurface ocean sink through the water column and contribute to vertical carbon

transport to deeper laye(®inti et al., 2023)

Figure 1 illustrates this broader framework. Phytoplankton in the surface ocean fix carbon
from CO , after whi-pdietgodueton aggregaigmatod, dieli on, f e
vertical migration, respiration, and sinking all redistribute that carbon throughout the water

column. The figure highlights that marine snow is not an isolated patrticle type, but part of

a larger biological and physical pathway linking theface ocean to deeper waters. The

sinking aggregates shown in the figure represent a major route of vertical carbon export,

while the accompanying processes of consumption, fragmentation, and respiration



demonstrate that only part of the originally fixearbon survives to deptRinti et al.,

2023) Because the settling behavior of marine snow controls this downward transport, the
efficiency of the biological carbon pump is strongly influenced by the hydrodynamic
response of these aggregates. Settling velocity, deformation, breakup tendedcy
interaction with surrounding flow all determine whether the aggregates remain intact long
enough to transport carbon downward or instead are reworked and recycled in the upper
ocean. The present study is motivated by the need to understand thded poagesses

in a controlled way. Since natural marine snow is compositionally complex, fragile, and

difficult to reproduce consistently in the laboratory, xanthan gum particles are used here as
mechanical analogs to isolate how soft, cohesive, aggrek@aiearticles settle and deform

under stillwater and turbulent conditions.

Figure 2 (a) and (b): Representative image of marine snow illustrating aggregate morphology and-the non

spherical, deformable nature of orgarrich particles in the oean(Nava, 2025; Sommer, 2024)



Figure2 showsrepresentative images of marine snow aggregates. These images emphasize
that marine snow is highly irregular, porous, and heterogeneous rather than compact or
spherical. It may contain phytoplankton remains, transparent exopolymeric material,
mineral grams, fecal matter, microorganisms, and other suspended debris bound together
into fragile aggregate structures. This complexity is one of the main reasons why marine
snow settling is difficult to predict using classical rigidrticle theory alone. Its
composition and morphology can evolve continuously during descent, altering both

settling velocity and mechanical response to the surrounding flow.

Oceanic flow conditions significantly affect these processes by controlling particle
interactions, motion, andtability. In particular, turbulence can modify the transport
behavior of marine snow, influencing how aggregates settle, deform, and potentially break
apart. To understand these effects, it is essential first to establish a baseline description of
particle settling under stitater conditions. In the absence of turbulent fluctuations,
particle motion is governed by the balance between gravitational, buoyant, and
hydrodynamic drag forces, and the resulting settling behavior reflects the intrinsic
propertieof the aggregate, including its effective density, size, and strugfu®ong et

al., 2023a) This stilkwater regime provides a reference framework against which the
influence of turbulence can later be evaluated. In natural ocean environments, marine snow
does not experience only one flow statetighout its descent, but rather moves through

regions of relatively calm flow and zones of enhanced mixing. Therefore, understanding



settling under both quiescent and turbulent conditions is necessary for a complete
description of its transport behavior timle ocean. The present study is motivated by the
need to systematically examine marine snow settling in both regimes, providing a
foundation for later analysis of particle deformation and turbulershéced changes in

settling dynamicgPrairieet al., 2015)

1. Rackground
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Chapter 2: Literature Review
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terminal velocities than equivalent spheres,
inertial ef h e gte s esrpahterrei acsael parti cdreasg eaxnpder i €
settle more slowly than wequival ent spheres
pronounced as inertial effectbsy AmMemease20@8)
has shown that settling cannot be under st ooc
time requirealt omoteadah tdédremidi spl acement duri
in particle orientation during descent are
has gradually shiftébdskthedieiselrdpfiomssitmomwlae d
undedishgnof real patOutcobkesmbtMdomaliimg ¥ Mt2 %

Song et athowe”@ORIBdt) nraan ndee faogrgm eagnadt eusnder go |
weakening under simulated oceanic shear, pr

although settling theory is well developed f

2.1 Classical sephépangd kelseory for rigid

The classical settling theory for rigid sphe

three main forces acting on a particle fall

effective buoyant) force, hygnasi at ido a@b U oy
(Cheng et. ahe ,$i2n0p2l3eas)t case of a rigid, i mp ¢
infinite Newtpnesaent ¢ di dinFaB RhReEe sRtAu deyt thdyle. |, 109
particle accelerates until the net driving f
force, is exactluy hWalagncd&d bhatheovinsgcothe



terminal settling velocstagndfar chaeltyhtalsidntger mi n
par ttiralnesport models in geophysicsAt clhhewi c al
particle ReReolds h,umble ,fl ow around the sph
can be neglecteknoweraBiokeso Itaw eepdession
the resulting terminal velocity., Foseatsphegr

i nflaui d qgqf a@madsdyiyaenice vtiesrcrmisnaly vel ocity uno

o — (1)

where g is the acceleration due to gravity.
with particle diametenalantdoishent¥vkeusdl yi pco
intuitive observation that | arger or denser

sl ow dowhStseked, ngg009)

Many sinking particles, s Hcehd ears aqugsrt € g anti ecsr,0 |
outside the strict Stokes regi nre,armwdetrtee tfhleo:
begins to separate behind t hReympohlednseer I n t
regi me, the oOdbagomeosfdiweakhlty increasing fun
Stokesd6 | aw no | onger holds.sdmimprrdgel t e ace
correlations Nawumaasn telge a$c linl laere commonl y
fluid dynamitecacknd(gpanuundareast hne & Tokheim, 2
These expressions smoothly interpolate betw

consdramg Newton regime at | arge Re , thereby

10



t he
per

bec

whi

eff

go
def

t he

t ha

Rey
sph

et

settling velocity for a wiFdaen raamgpea ed fi nma
spewamngeet, aktheg 2025§padrctail clsep hferra mewor k i
ause It yiefldsnm esxpobnsi tf ocl dssadni nal vel .

aightforward parameterization of particl

roAmenosgh the anahgestbeoay bBessasmmpl per f
idity, and a hodnuogde neomarsdistuirornosu ntdh entg d&r e
ur alsnmar iargeggr egat es, whi elhi kar, e amfdt edne f pa m
sequent!l y-spWwleirlkeseheliingi d heory provides
ch more compheasphbavical sshapes, tstratif.i
ects, can be evalvuat-sedowanhnyaaspempti hot de
beyond the spherical ideali zadéepanadant i nc

or mat hengowéeoning balance of forces.

SeNdfs phglaorttalc | es

natural and engineered systems, particles
ir settling behavior is strongl ywtihrefrl uenc
n by volumephkEoheast Fpmr moanlkeési psoi ds, rc
egul arthhreggadreagqat esef ficient i's no | onger
nNol dsYObwmbed so depends on detailed shape
ericitayr-eannd usndr Arreagtléeo et al ., 2024; J. Ch

al ., 2023b; Mc.NoAven & rMad wlitk,a, a ngdven set

11



co

nditions can yield substantiahl ywowdi ftther en

particle orients(&oadi hdembl et ah.th2a02LpwTsak

20

Ql)makipmegdt ke i on of settling velocity more

Awek bt abdpprheeadch i s to scale the drag | aw for

s h

ge

pr
t h

ape factors that account for ksnpchreerai scead f
emr(iSexsamee & @BGebaptry®dIB)ti ons for iTrregular
opagul es show t hats pthheer idceaalg i psaoretyipdlcakehy bi

at of awoleugmuei vad retneegeueet oeati ve surface

esdruage conf(lfYamgtieansalThes€@éghppent dr ag I

t aebdl i B ( Dioa druarlda, &aoOMeapt h, ar2e008H t en cast
di fications of <c¢lassical spherifcuan c tdiroang c c
rm multiplies the refedetneeexdpargi meomrtfdli cor
ta across a range of akpetheraotn®dsr@ndf Resg
gregat es, obsbreed csnaldi asd riemagé t hat p a
ongated, f-ll iakk g ,, wir e df r@mrceé mé cand orientatio
nami cal | y( Kasl ptsheyt &M mplr ilneOrdthso wo ra nrad roigrse an
t ural aggrseegtattieisn gs hsopne eedh astc al es mor e cl osel
pr oj escetcetdi ocnr otshsan-egut mat @t vdil amet er , and
n exhibit tumbling or planar orientations

er (Wumet alBec20W2é&i)hHdasedsmhadael ati ons ar e

i mpt ekesmulkae@apgoaphi c nsondoew sf loufx manrcirneeasi ng

12



empi ri ceelmparrisetnalsihmgper el ati onships calibrat
measuremesiplsenifcalbnadidghtce gat enesphefi ngh part.
i ntrodoucneasi nt whall enges: how to define an ef
closure, and hdewptodeepresernttaitmen and rota
tract abSt ediweasy. have developed generalized dr
desorispt(sphericity, circul ar-mua mkdesrp € n daesrpte c t
corrections, enabling the predictsipdirerofcagdget:t
particles wit towuas er eqgqalliArrigriag ioeans ea |l . |, 2024;

2023 a; Loth, 2008)

23Set t ISt NNgplt iem

Settling in quiescent or weakly disturbed water provides the most direct framework for

isolating particlecontrolled behavior. In the absence of strong external flow fluctuations,

the settling trajectory i s gowgty shape, aqdr i mar i |
hydrodynamic interaction with the surrounding fluid. For this reason, quiescent settling is
commonly treated as the reference state against which more complex settling conditions

are compared. It allows the intrinsic settling response drticle to be observed without

the additional influence of turbulent eddies, strong shear, or large background velocity
fluctuations. Even under quiescent conditions, however, the settling process is not always
simple. Natural and soft particles maylsbtate, reorient, or deform slightly as they move

through the fluidLoth, 2008) In weakly disturbed water, these effects may be subtle, but

13



they are still important because they reveal tleditiisg velocity is not always a fixed
material property. Instead, it may evolve with particle geometry andting al., 2024)

Thus, quiescent settling is valuable not only because itges\a clean baseline, but also
because it reveals the first deviations from ideal fispdy behavior. For deformable or
aggregatdike particles, this regime often marks the point where classical theory begins to

lose full predictive accuracy.

24Set gl NoomuniSuorrrmoundi ngs

Il n many natwural environments, particles do n
|l nstead, t hey may pass t hrough regions wi-t
temperature, salinityheeer evehdcttitpynstraeetutft e
complicated because the | ocal hydrodynamic 1
the particle path. A particle may accelerate
earl i er regi onbehparvoidouc itnhgats edtitflfienrgs fr om wha

homogeneous (Kli tipg eol amn, 1994; Prairie et a
For por ous -lainkde apgagrrteigcaltees, nonuni form surrou

(Hunt et. &lu.c,h 20®25)icles may interact strong

entrainment, fluid retention, per meability,
medi um. As a r esuldecrseeatstel itnegmpvoerlaorciiltyy oma ye x
cannot be described by a single terminal V &
therefore, shows that settling should often
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t han as a fiigrdad ctom stt relgotp aarsdasti «crl &1 ad pgireegat es

snow, this issue is especially important be
dept h. Particles may sink through density i
with ahasmdiimity and temperatur e, al | of w h
hydrodynamic response. Because marine snow
heterogeneous, the effective density contr a:

water maly ored smay itself var y Bwirtdh &t hlea ckmhoin

200Q09)Thi s makes aggregate settling especiall)

25SettITunhbuli ence

When patrticles settle in turbulent flow, their motionnBuenced not only by gravity and

drag but also by timdependent fluid fluctuations across a range of spatial and temporal
scales(Brandt & Coletti, 2022; Schroder & Schanz, 2023hlike settling in quiescent
water, where the surrounding fluid is nearly stationary and the particle response is
comparatively steady, settling in turbulextcursin a constantly changing environment.
Fluid velocity fluctuations may accelerate, decelerate, rotate, or laterally displace the
particle as it descend®archioli et al., 2026) Because of this, the observed settling
trajectory is no longer a simple vertical path goveroely by particle weight and drag,

but instead reflects a combined effect of gravitational settling and turbulent transport.
Turbulence can influence settling in several wayshe paper byBrandt & Coletti, 2022)

it can be listed as: firstlyt can alter the instantaneous relative velocity between the particle

15



and the surrounding fluidhereby changing the drag force experienced during descent
Second, it can modify the trajectory of the particle, increasing path irregularity and causing
deviations from purely vertical motion. Third, turbulent fluctuations can affect the time
that a paticle spends within a given region of the fluid, either enhancing downward
transport or increasing suspensidapending on the relative scales of particle motion and
turbulent eddies. These effects mean that settling velocity measured in a turbulent
environment is not always directly comparable to settling velocity measured in still water
(Marchioli et al., 2026)since the former includes contributions from both particle descent
and surrounding flow motionFor aggregatdéike particles, turbulence is particularly
significant because these patrticles are typichlly-density porous, and mechanically
weak compared to rigid solids. In such cases, turbulent eddies do not merely transport the
particle; they can also alter its orientation, expose it to fluctuating straipnaateproduce
repeated changes in the hydrodynamic forces acting @rakteuchi et al., 2019)This
coupling between particle motion and turbulent flow makes aggregate settling
fundamentally diferent from the settling of rigid spherical particles. Even if a particle has

a characteristic stilvater settling velocity, its actual motion in turbulence may differ
substantially because it is continually interacting with local flow structures whesgtts

vary. In aquatic environments, the importance of turbulence is heightened by the fact that
particles ofterpass throughegions of both relatively calm and actively mixed flow during
their descent. A marine aggregate may begin settling in a wdatlybed region, then

encounter enhanced mixing, shear, or velocity fluctuations, and later move again into
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calmer surroundings. Thus, the settling process in nature is not associated with a single
flow condition (Thorpe, 1987) Instead, it reflects the combined influence of particle
properties and changing fluid motion. This makes turbulence a central component of

realistic settling studies.

26Par tbetbematHydnodyRées piodus eSegt | i ng

A major assumption in much of the classical settling literature is that the particle maintains
a fixed geometry while descending. This assumption is reasonable for rigid spheres and
many compact solidshut it becomes much less valid for soft, porous;ligel or
aggregatdike particles. Such particles can deform under hydrodynamic loading, meaning
that the settling problem is no longer simply one of motion through a fluid but also one of
mechanical rggonse to fluid stress. In this case, the particle does not merely move through
the flow; it changes shape because of the flow, and that shape change in turn modifies the
settling behavio(Y. Song & Rau, 2020)Deformation during settling may take several
forms, including elongation, flattening, necking, reorientation, or internal restructuring.
These chages are important because the drag force depends strongly on particle geometry
and projected area. A deforming particle may therefore experiencediyieg drag even

when its mass remains unchanged. This means that the settling velocity of a soft particl
may evolve during descent, not only because of changing fluid conditions but also because
the particle itself is changing shape. As a result, settling of deformable particles must be

treated as a coupled hydrodynanaicd mechanical problem rather than aapurely
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translational ondY. Song et al.,, 2023c; Y. Song & Rau, 201%he hydrodynamic
response of a deformable particle during settling is therefore closely tied to its material
properties.Viscosity, elasticity, internal cohesion, and relaxation time scaleheif)
determine how the particle responds to external stress. A particle with greater internal
resistance may maintain its shape longer and behave more like a rigid body over part of its
path, whereas a more deformable particle may quickly depart fromicgdhee compact
geometry and enter a different hydrodynamic regime. This is why deformation cannot be
treated as a secondary effect. For soft particles, it is often central to the settling process
itself (Burd & Jackson, 2009; Y. Song et al., 2023c; Tolpekin.eR@04) At sufficiently

strong forcing, deformation may progress to hydrodynamic weakening and eventual
breakup (Rau et al., 2024) Even before breakup, however, the pathway toward
fragmentation can gnificantly alter settling behavior. A particle that elongates or develops

a necked structur@-orgacs & Mason, 1959; Y. Song et al., 2028ay experience larger
projected area, increased drag, and altered rotation or orientation during descent. Thus,
fragmentation is only the most extreme outcome ofoadr continuum of mechanically
responsive settling behavior. The literature increasingly recognizes that, for biological and
aggregategich particles, meaningful prediction of settling requires simultaneous

consideration of particle motion, fluid forcingind structural evolution.

2.7 ReGme@arch
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T St-whter and turbul ent settling are often
di fficult to directly compare how flow ¢
def ormati on

T The coupling bedeweoernmasa totnl iinsg aansdo st i | | n
settling velocity alone is often insuffici
soft particles may simultaneously el ongate
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T A further challenge is that real mari ne sn
porosity, and biological content, maki ng
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T Limited experi ment al information on how so

weak, redeamnt turbul ent environment s

Chapter 3: Xanthan Gum aEnrai dvleecch aMa rcian e AAm®d ro

3.1 Role of HEBShani Aggregate

Extracell ul ar pol ymeric substances (EPS) p |
stability, and mechanical responmel e€umari ne
wei ght bi opolymers secreted by phytscelnarekt o
and cell l ' ysi s. Once released into the surr
i norganic particulate matter through physi ce

hydrogen bondi ng, thereby pr cesautlita g cHPgSg r e g
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aggregates exhibit enhanced cohesi(®echel ati v
& Gutierr.gz,om2@l 7mdeh asmpiecdli ve,i nEP Sitelsec e ®8 n g |
def ormation and breakup behavior of aggreg
pol ymeric network formed by EPS i mparts visc
all owing aggregat esw tsot rdeesfsoersm wehl ialset idciaslsliyp aatt
Vi scous mechani sms at hi gher strain rates.
aggregates stretch, reorient, and fragment
( Qi et223alCons20guent| vy, the presence of EPS

aggregates and their resistance to turbulent

EPBSiedi ated aggregate mechanics directly affe

EPS is not onloymeaatstorfuanaurn aale csommpy, but al so
responsible for its formation. As phytopl anl
cel | |l ysis, they release EPS into the surrol
promot esi nngheofbidaelad phytopl ankton, organic

particl es, and other suspf®edbdd &eluit.s ermtea, |
Il n this way, marine snow itself becomes high
acts as the hglkeedhetleanogbonedEEt pLrhteinc leets atlo
2021)By enabling aggregation and increasing
cluster, EPS has a direct i nfluence on sett
aggregates are mohethekwhyetocseslimkntamndugon

carbon transport. At the same time, the visc
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response of these aggregates during moti on
condi ti-ninsch &®PdPr eg ant ecso hmasy vireemanough to sett|
particles, even if they deform-ddmigmat ¢d oar t
turbulent conditions, however, hydrodynamic
overcome -mekdé atedd@d® wa t hi n t he aggregat e, | e
di saggregati on,Haoyra sfhriagmd i at,i &R IDiorna otilbyu tt
both aggregation and disaggregation: its sti
and settling, while its mechanical response
how those same aggregates odgf drdmwandnhlr @ ank ¢

environments at different depths.

3.2 Using Xanahpanosgymto EPS

Direct experi ment al use of natur al EPS i s
compositionally wvariabl e, and challenging t
original structure. As a result, EP&veoll ect
identically in another, maki ng -¢dntdrioflfliecdul
| aboratory experiments. For this reason, a
often needed when the goal i's te soudatt lme , n

set talnided or mati on.
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representing the mechanical ef f eXGfsoroms EPS i
a potlkymeéhr network in water and exhibits a st
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These concentrations were chosen because t he
to mEMmbicch marine conditions while still all
and settling experiments under | aboratory <co
were not arbitrary, but were choses Mfkatnech

approxi mate realistic oceanic aggregate cond

3.EAxperi ment al Rheol ogy of Xanthan Gum

To examine the viscoelastic response of xan
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Fig&reExperi mental Analysis of 5 g/l concentration ¢
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Rheol ogy of Xanthan Gum
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(Whitcomb & Macosko, 1978jtudied XG over a broad concentration range, from dilute

solutions up to 10,000 ppm, and the most relevant results for our current work
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Figure. 5: Shear stress vs shear rate for 10,000, 3500,2000, and 1000ppm solutions in distilled water

(Whitcomb & Macosko, 1978)
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Figure 6 Viscosity vs shear rate for 10,000, 3500, 2000, and 1000 ppm solutions in distilled water

(Whitcomb & Macosko, 1978)

Their data show that tHED00 ppm, 2000 ppm, and 3500 ppotutions all exhibit strong
shearthinning behavior, whereas th6,000 ppnsolution begins to show yielslresslike
behavior at very low shear rates. They also note that@fé ppm, 2000 ppm, and 3500
ppm curves flatten toward a lowshear plateau, which means these solutions still behave
like flowing liquids rather than strongly yieldominated gels. This igelevant to our

current work because the two working concentratid250 ppmand 2500 ppm fall
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directly inside this intermediate regime. Therefore, based on this paperpho#ntrations

used in this thesis are expected to remain strongly-$hieaing, but not so concentrated

that they enter the clearly yiekiressdominated behavior seen only at 10,000 pphe

1250 ppm case should behave slightly above the 1000 ppm curve, while the 2500 ppm case
should lie between the 2000 ppm and 3500 ppm behavitt higher viscosity and greater
resistance to deformation than the lower concentrafhitcomb & Macosko, 1978)Iso
describe xanthan as a highly pseudoplastic material and state that small amounts of xanthan
can increase water viscosity very strongly at low shear ratesumlit less at high shear

rates. That statement is directly relevant to settling and deformation, because it implies that
the material can offer strong resistance under mild deformation while still flowing more
easily once the local shear becomes high. Fadicfasettling, this means the xanthach

particle may resist shape change under weak forcing but respond differently when exposed

to stronger hydrodynamic stress.

In the paper byPereira et al., 2013)
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In Figure 7, they show xanthan gum viscosity over concentrations 8@rB ppm up to
10,000 ppmand the curves clearly show that xanthan gum remains-gtieaing across
the entire concentration range. This is usekdause it places both of the present thesis
concentrations] 250 ppmand2500 ppm within a continuous experimental concentration

spectrum rather than as isolated valueshénpaperthey also report xanthan datal@00
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ppm and 2500 ppm which is espdally useful because it directlipcuseson the lower
concentration and exactly matches the higher concentration used in this thesis. From their
results, it is clear that viscosity rises strongly with concentration, so the 2500 ppm solution
is expected tde substantially more resistant to deformation and flow than the 1250 ppm

solution.

Another important point fronfPereira et al., 2013} their estimate of the xanthan gum
overlap concentration, which they report as approximaiel94Q5 ppm Since bott.250
ppmand2500 ppmare above this value, both concentrations used in the present thesis lie
in a regime where polymgrolymer inteactions are already important. This means the
solutions should not be viewed as very dilute isolafemin systems, but rather as
mechanically interacting polymer systems. That is especially important for marine
aggregate analog particles, because oncedheentration is above the overlap range, the
material begins to show stronger collective resistance, stronger viscous buildup, and
stronger structural response under flomi=igure 6 they plot the rati@ Nj/ aS alfdpction

of oscillation frequency faranthan gum at different concentratipwhereG Mjthe storage
modulus ands NfNjhe loss modulusTheir discussion shows that, for xanthan gum, the
relative importance of elasticity increases with concentration, and at higher concentration
the respose becomes nearly frequencyglependent in a way that they interpregablike

or networkdominated behavioi his supports the interpretationafr current research on

rheologyplotsand is important for your two concentrations. Siti280 ppms abovethe
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overlap but lower than 2500 ppm, it is expected to show viscoelastic behavior but with
weaker network strength. Tt#500 ppmsolution, being higher in concentration, should

show a stronger elastic contribution and a more structured response.

In thepaperby (M, 2018) studies have been performed ¢oncentratios, 0.10 wt% 0.25
wt%, and 0.50 wt% XG. Thesecorrespond tal000 ppm 2500 ppm and 5000 ppm

approximately. Therefore, tH®25 wt% = 2500 ppnease in this paper directly matches
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Figure 9: Plot of Viscosity vs shear rate for different Xanthan Gum concentrairereira et al., 2IB)

Figure9 shows viscositys shear rate at three temperatures, and in all cases the viscosity
decreases as shear rate increases, confirming cleartisimeamg behavior. Sinc&250
ppm concentration lies between th&irl0 wt%and0.25 wt%curves, it is scientifically
reasonable titerpret its rheological behavior as intermediate between those two curves.
That means the 1250 ppm solution should still be strongly shigaring, but with lower
viscosity and lower resistance to deformation than the 2500 ppm solution. This paper

solves the equations usirtbe poweflaw relation

U or (2

whereUis the shear stress,is the shear raté is the consistencpndex, anchis the flow
behavior index. F0D.25 wt% xanthan gum solutipthey reporK = 3.086andn = 0.489

with a high goodness of fit, which confirms strong pseudoplastic behavior becaudse

They further state that fdr.25 wt% xanthan gum at 303 ke viscosity al000i is
3.30 times lowethan the viscosity @00i . It quantifies the degree of shear thinning at

higher workingconcentrations
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Figure 10: Plot of Viscosity vs Xantmagum concentratio(Pereira et al., 2013)

Figure10 shows that viscosity increases with xanthan gum concentration at a fixed shear
rate, and this increase can become stronger above @00® mg/L The higher
concentration used iour current studylies in the range where concentration effects
become more pronounced. Therefore, moving from 1250 ppm to 2500 ppm is not just a
small increase in polymer amount, but a mechanically meaningful increase sityiscl

flow resistanceHence, thel250 ppmsolution used in this thesis can be interpreted as an
intermediate sheahinning behavior, while th2500 ppnsolution is directly supported by

the literature as a more viscous and mechanically stronger Mstoesystem.

3.1 Rel evance of XG shear thinning behavior t
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To relate the rheological behavior to the present experimental conditions, it is necessary to
consider the characteristic shear rates imposed by the flowddition to stilwater
conditions, particles in this study are exposed to a controlled turbulent field generated at

30 rpm, <corresponding to Bprmdadis.iUpirgttheon r at e

Kolmogorovscale estimateshear rate is approxinetd \D - E , giving values on the
order of 13i . This range lies within the shethinning regime of xanthan gum
discussedin section 3.5 indicating that the particles are subjected to moderate
hydrodynamic forcing rather than extremeformation conditions. Such shear levels are
representative of weak, oceeglevant turbulence, where marine aggregates experience
intermittent regions of mild mixing during settling. Under these conditions, the particles
are not expected to behave asdigodies, but rather as soft viscoelastic structures. The
1.25 g/L particles are therefore expected to deform more readily, while the 2.5 g/L particles,

with higher viscosity and stronger structure, are expected to better resist deformation and

maintain a more coherent shape during descent.
36l mplications fobeParmatienSettling and
The settling of particles in a fluid is go
buoyancy, and dspberfioca@lesandode homanaibne par
snow analogs, this behavior becomes more <col

and surrounding¢glLaddt h,pdr20@v0i &yeesr ta efsrramewor k t o

behaviorngytdef particl:e Reynolds number as
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YQ k —— (3)

wherTies the fQius dt e npa rtiyisc Iteh ed isaemetlidirsg vel oc

the dynamic viscosity of the fluid. This e:
controlled by both the particle size and th
presenthestmarnti cl eL v o2lQnaxaldode05i0Me t he char a
particle size, and therefore directly influe

behavior.

The drag force acting on the particle is giwv
0 -Q”" 607 (4)

which indicatespahat ¢Haifalgu ideé peensi tofp, dr ag c

andet tvleilmmgi Apy changeetnypartdefermabmon wi l

the effective drag experienced during settli

I n the I imit of | ow Reynolds number, the dr a
O o Quaf oYQ L p (5)
where drag varies I|linearly with velocity. A

from Stokes flow occur, dgnidtdcdoao2dlidi)tosn sf amu stt|

through a Reynolds number correction factor

QU p THWQE fOYQ Ymnm (6)
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and drhmalni zed drag relationship

Q (7)

which shows that the drag coetédncoenbevareests

as constant acr oss regi mes.

These relationships show that settling vel oc
but also on the combined influence of Reynol
and the viscooefl atshe cparetsipolnesemateri al . I n

particularly relevant because both particle
these quantities. The two working concentra
rheol ogi pakbkwsrleygidinescusseaevhekK®disegltaysn @Br.adnoun
sheari nni ng behavi odepamd ertonaercthraat ican str
concentration increases, the solution devel
structur al sespperseedwhbchncreasei ndhec@drtic
def ormation. Consequently, particles prepare
drag and greater shape stability during sett

meaddrea di fferences in settling and defor mat.

Experi mentbay( Arsgluali ethaak. sha@@4) hat particle
projected area significantly influence sett/|

to increased drag and reduced settling speed
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as xanthan gumheparmabl esaad may change shap:ce
in viamging dr dAdhlirk aaddi& idermgomist e at2@12nat
field surrounding a moving body is strongly

indicating that particle deformation and hyd

Based on these studies, it can Xbpamtnidelress oo
depends on particl e vol ume, Reynol ds numb
chraact er i stwactse.r Tchoen dsittiilobn provi des a baselin
i sol ated, while the turbulent condition int

modi fy particle trajectory, oriemc¢tedoinn tamid
study are therefore desi gale,d £0m0 g ald)n Rabnfdy h o w
xant han gum concentration (1.25 g/L and 2.

def ormation behavior under boomtsh qui escent an

Chapter 4: Methods

4. 1. Experiment Facility
Thexperi mencansifsatcsi laft yan octagonal acrylic
L and overall di mensions of 65 cm in di amet e

with 56 indepepeéherg. dimpenhl er arrays are

sides, with each array arranged in a 7 I 2 c
reserved for | aser access and optical di agn
i nterwalcsn ofn both the horizont al and vertice
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15 cm in height, which serves as the injecti
of the tank. During experi mantls,v etlh e xttaemkd si
the |Iid and reaches approximately halfway u

freerface effects.

mas S

d e'n swiwtkyg /amf d

a

The wor k2i3nAgC wWiltuhi da ni se sttaipm

Ki nematip8timegpaaenofsi t vy
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Fi gllr eExperi mental facility with filled fluid

4.2 Turbulence Forcing

The tank geometry was designed to ensure tha
principal axes, while the overal/l height of

of bottom and top -bauhdaei eff aasttiven Talalso kD ate
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centr al region of the tank to remain | argel

array was selected specifically to maxi mize
and isotropic tuMdbdtudrencentirsalgesefnanplad kel ed sun
al gorithm, in which about 12.5% of the i mpel

intervals t o rotate opposite t o t he maj or

continuously varying tank forcing.
4. 3 High Speed I maging

Hi ¢slpeed i maging was employed to capture th
breakup dynamics of xant h-wat gumampaéartucbaesten
conditions. The i maging s yrsd an weads pdeerstiigenleed
withencentral region of the tank, where the
approxi mat el y h o molgheen eeoxupse rainnde nitsaolt rsoeptiucp. c o n

speed cameras positioned orthogonallsy at a ¢

were aligned along two péanmiemidamcaers atwlpeé ram etsh
axis corresponds to the vertical settling di
enabl es simultaneous i maging oferpsapretcitcilvee smc
all owing reconstruction of paditmernsi dmal] excp a
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FigwreHdipgpaed cameras are |l ocated 90A attached to the

mounts attachead itgonetdhet oc otnipeutX rand Z axes

Botelmer gaméeras were equipped with Rokinon 14

EF mount) and operated at an image resol uti

field of view with suftfrnadlinng sprad i déf adremati il

The cameras were synchronized wusing NorpiX

acquisition from both viewpoints. An extern

cameras, enabling pr ecfi stehet eimpaogrea|s esgyunecnhcreosn.i
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system operated at a frame rate of 10 fr ame
bal ance tempor al redobhadowgwephy maggegclagpmpi
was empl oyed, i n  whi clhh opuaertttiecsl easg aai pnpseta ra absr ic
This configuration enhances edge detection
boundari es, i ncluding fine features such e
Il 1l uminati on was arbangétd backgtbahdawasi mali

the field of view, ensuring consistent contr

ﬂ

Background light for the camera along Y axis

Background light for the camera along Z axis |

Fi guwrBrilght | ight focusing on the opposite side of th

particles lmgakgpnrsaurbd i ght
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The spatial calibration of the i maging syst
l ength of 1 inch (25.4 mm) corresponded to

resolution of approximately

8.mm

plxel—s;ﬁ—xeelr@pmm/mxel ( 8)
This calibrati on \aass euds ente atsou rceomevnetrst iinmaog ep h
for subseqgwant i ahabysweg.e introducedh into t|

controll ed siol ndelsawld WO t wo xant han gum co
1.25 g/L and 2.5 g/L. As each particle was r
i ts motion from orthegomali ndigriencgt | ompsr. o alchhi
accurate tracking of particle position, s ha

Mul tiple trials were conducted for each comb

repeatability. The recorded i mage quemue rn che se
di mensional particle tracking, deformation a
4. 4 Camera Calibration
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Camera 1 Position 3 Position 2 Position 1 Position 1 Position 2 Position 3 Camera 2

FiguwureCamera Calibration plates in three posit

The calibration plate used in this study con
circular markers arranged in a structured gr
points for cal i bration. The phgedt copntaai ned
configuration, with each marker htawemigema di a
spacing of 80 mm in both horizontal and vert
pl ate were 537 mm in |l engtimsaonds2®%@r emmsehet
ensure sufficient spati al coverage within

mai ntaining consistent geometric spacing fo
was printed, l ami nat ed, a n do wmopurnetcei ds eo nptoos i & i
within the tank without def ormation or mi s
cali bration, t he pl ate was submerged i n w

simultaneously visible to bothtoamarcdis ,otwleir:
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The plate waksepabhngegneensnonrihg that its motior

depth direction in the cal idbirnaetnisoino nfarla nteaw oirbk
vol ume, the plate was Or phalkcaeadedtaltbmget Wii S 1
separated by 100 mm. Care was taken to maint

three positions so that the relative geomet
' Il umi nati on for omaltihber apaohi cdlief f emadi nfgg s
shadowgraphy, di ffuse I ighting was applied t
the plate, allowing the black markers to be
At each positsomul bahbocalmeraaptured i mages
Norpi x synchronization system, ensuring tha
represented the same physical configuration.
points distredudepgt s r-dbdéfsir mméhei gc @l iwked 4t i on vo

subsequeasedLgar ameter estimati on.

The purpose of the camera calibration proced
bet ween-dt mens¢ wonal i mage eaohdcamees madsthe
di mensi onal coordinates of the particle 1ins

simultaneousl|ly bywfttwo omemeamas helracedlatbr at i

any -dthmeasi onal reconsnerductliontitcean pbes epnetr f
cali bration was carried out using the Direct
the pinhole camera model. Under this model,

the camera center onothoj etchte piomangte, pilnaangee, paonidn
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center are assumed to remain collinear. Thi
DLT meAhbHough the two cameras were arrangeo
the octagonal ithaé&l,ftwascpéiboamednentirely

|l abels used in the calibration code. I n t hi

N

in depth was dthoasedtade cali bration was not
set talxidemg cri ption of the tank, but rat her u
system that was | ater used consi sAt epdtalnyart hr c
cali bration target was fabricated and wused
cicul ar control p6o i enrt rsa ya.r rTahneg efdu liln pal adt e di m
290 mm, the dots had a diamater cfpaZdngmpbpe
adjacent points was 80 mm in both directions
priori and therewdboltd poovdderdtebeneedkd for
using only a single planar target i mage, t
l ocations in the tank to generaiensa wat ebr:

assigned depth coordinates so that the three

@ RN h oD h & ey hdd (9)

with the subscript inBinatiegchhel ptateopbds
points, the total number of comor s poi nt
This is an i mportant part of the method, be
the control points form a volume rather than
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this directly: the control poontsomugdo!l nme ©b

t hrdeenensi onall cathédr pt esant i mpl ementati on,
positions ret goilmende tploe nsarmeyoaot , and onl vy
W changed from one plate | ocadtin@n etso wiehe mesxs

from the grid @senotesr éntuentbeaildemmitfes the ro

number-pltalme icomordinates of each marker were

~

O oty o 1 tyfi (10)

whi |l e -otffhleamaitcoordi nate wais & 8kmrent laiss t may ,pl a:
pl ate had its own established coordinate set
at all three Ipaotse td mmree s pithred éha r He c @rmdt t o

and thebd t hgmmd Ttoget her, these three sets of

obj-egdce points Uhedciahi balt boati onmges wer e

for the twBecamseasthe cameras viewed the pl

point ordering in the image could not be use
the dots were first detected automatically b
t hei lcradti on regi on, converted to grayscal e,

separate the dark dots from the bright backc
operations so that the circular featheres <co
detected dots were then computed frem the I

pl ane codf\lraﬂﬁ ntatescontr ol poi nTefooidemacmgcal
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step was especially importantrolwwowCéadmema 1,
top to bottombwodumhehroml bemht to right so
points corresponded to the physical point nt
2, the viewing orientationtiwaspoemtereeder ehe

mi rrored beforwombkdigoondi hhAeesealThis ensur e

contr ol point on the pl-sapgeaecevaco ocarsdsii nganteed itrh ek
datasets. Wi thout thiwourl aorpdarri ngncotrape,ctt hen.
incorrect control poi nt s, dnecaed itnhge-stpod cleabrjgeec t

coordid‘nFﬁflt’()aBd t heir corméamenddmc@ﬁ)wiemmges
assembl ed, the camera maptpa mdyp avmashémoede | 2LAT

equati ons,

6 K (11)

0 (12)

These equations d)Fﬁ)Fb"Jdrni boeb j eacwt & pmaienti s proj e
pIan@Fl‘).atThe cawefhfricdlumeet s he DLT pamheametleey, a
describe the full projexpgawve ama@mpdinmgatbetsvweset
i mamgleane coordinate syidtaeen. i nlen tohteh em u nweorradtso
controlling the | i neadrd pagprpte aafe ntohme hpart adjr e catnid

account for the perspective scaling associ
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reference identifies these as t he -ssptaacnedar d

and ipnhaagnee r ef eTrheen cdee nfaminmeast.or rtigrtm ni sasc o mmo n

Y 0 0 ® 0 @ ph (13)
which is the projective scale factor. This t
preserve true Emicdhg dpramnj a@dtsit@am;c eisndtuead, t he

depends on the depth of Thteh es apnmoei npth yrseilcaatli vde st
in object space does not produce th&osame pi
estimate thenD&Tfooethichbh camera, the equatio

l edagguares system of the form

~

®.0 h (14)

and solwvwed wusing

0 O O (15)

Thi sslgeasts step det er mitnlersautgiea ts ebte saf nragesf
known 73pabpectontr ol points to their me as ul
reference describes this sdmationmuslyast ieonn ma
overdetermined so that the number of equati
each control point <contodrainbdu toensg tfwhhemegsat o O n:

points provides substant ieds roefd uinhiteshndciyp r.aensde ni

Python i mpl ementation, the coordinates were
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system in order to improve numerical stabild@
then obtained from tigé thetadbmpodetfei dDiLen ttsh.
extended to inclbouide, désrtroesp @mditdegrrmtso p thii agehle
di storti-memntend nde di storti on, the present c
parameter DLT form. The iDLTe pred =g rethictehnimxdp | ai
sevemrtdrer optical dd atna@ratrieo na stseorcricsagtnewehriwlinggh ¢
di stortion. I n the present study, the standa
reconstructi oenr.a Afad rb eermrc hc clainbr at ed i ndepen
projection matrices were used ‘together t o
di mensions. For a particle seen inc')F\both came
and')Fl‘), wer eo udseefd nte t wo pr ojdda cnteinosn omay s .paTh
|l ocation was then obtained by triangul ati on,
satisfies both camera projections simultane
descri bheed mud mdr a matr i X system in whi ch t
efrare solved from the calibrated coefficie
presents this reconstruction step in matriXx

Brandondowor&arulsieedr an iterative @aptrci xitosmwmal

f actyan¥, wher e
Y 0 o 0 ©® 0 a ph (16)

Y O o 0 o 0 a ph (17)
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and the upgdméersdi thakecoordinates were obtain

0 00 00 (18)

That formul ation is mathematically <consi ste
useful I n undecasamamnadi ngc bosst riftwad monh her oaked
coefficients. I n the present wor k, however,

Pytihased DLT projection matrices and triang
the same under !l yi ng psrqojgercatai oviep Imeasp.p i Fign alnldy ||
of the calibration was assessed by reproject
projected back into each camera wusing the

bet ween the measur ed rienpargog ead ecrdd icnoaotredsi nart e s
reprojection error, which serves as a pract.
reference similarly defines calibration and

measured and reconstructed coordinates.

These equations were appliedsdgwaradd s/l wtail arb
used to determine the DLT parameters for ea:

full projlefcari oenaortataamer a, defalnicnhgariatcst egreiosm

For Camera 1, the computed parameters result
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QYT GTuLY ™UXp TYdpETU
UL P w o8 oo TG QU pUEXPX (19)
WoPX T PHPYTY T PHOPPT p

Ca

with a calibrationtreéyi duale @i mxed sof Sappd ax il

projection matrix was

~ VLT UL p® o Yo T PLEY CU@pPXPT
U T L O Y oP Yo TR tedxcx (20)
XX Wwuwp 1 WBIoT P T p8 c Y m p

with a residual error of appdoxamat ¢élhy ava20
reprojection error between the measured | ma
DLT model |, confirming that the <calibration

subsequent reconstructi on.

Once the DLT par amst avres ef obtlaotmledgcame i angul
reconstr wdctmetnhsei otnharleeposi ti on of each point.
on solving the system of equati onsFoaobtai ne
reconstructioélﬁl‘),p(riorrtrsesfpromrdimogth cameras are |
system, andifheoonkdnownes are obtained by mi
error acrosfshebatrh anigeewsated outputs from t h
confirmed tthatcttelde proecdrss | i e within the def

created by the pdadier enotvieanre.nt Then ddiresi st enc
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coordinates across the three planes validate
geomedlrdtci onship between the cameras and t he
because it ensures that any particle detec
experiments can be a-woufl dt 8IDy cldeggi drad sewslot sl
directly support the subsequent data analys
reliable transformation from image space t
obtained-speeth hmghi ng can be reconsthructed

spati al scaling. This all ows for accurat e

deformation, and tr agmrdkdtdiwey qeaolt ufi ed wiat hibm
provides a bound on the uncertaiagygyerntfi dlhewh
interpreting particle dynamics and compari ng

model s.
4.5 Sample Preparation

The working fluid used in all experiments wa
whi®¥Gwas used as the solute. AlIl sample prep:
| aboratory conditions 2AC aocemsuaet cbasmpst &

properties

Table 1: Quantity of Solvent and solute for sample pr
Soltve(n!l it Solute (g Concentrat
1 2.5 2.5
1 1.25 1.25
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The xanthan gum powder wpsec¢isson meaboaradon
(I'ntelligent Wei-ho ngr g8 ¢ hustiooghdiOgPiif0Oel) g )

The required mass of xant han gum correspond
poured usinwebghpdt ubanemndits pco sweb ¢gehr ebnotadt(sb ) |,
poured from commercially bough®( aSogmaoAddr i

materi al |l oss and ensure accurate transfer.

Fi gwrePlocess of sample preparation (a) Commerci al

collected using a spatula (c) Weighting sample (d)

Once meaXitGwad, tt hasferred intbi guw@e)aBsr beakeé

each concentration, the required mass of xan
of distilled water in the beaker. This step
coaguwlnat € orm clumps due to i1its highly Vvisc:¢
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aggl omeration, the mixture was first manuall

was simultaneously used to promote initial C
powder before increasi ngGwtalse studtfalci eal Uwme .di
additional distilled water was gradually ad
|l iter. The solution was then mixedutussng a T
foll owed by continuous stirring for 24 hour.
Af ter this period, the solution was vVvisual

undi ssolved particles remained. sSianrceen tx aanntdh a

the i maging method used in this study i s sh;
coloring agent was added. Specifically, 5 dr
were introduced i n,t of icfagihen pldi exyt buer eech wsacs! uwatl il conw
stir for an additional 5 hours to ensure uni

samples were extracted wusing micropipettes

di fferent volumes: 500 OL, 200 OL, and 20 OL
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FigureStientific pipettes and designated pipette tips

Separate pipette tips were used for each vol
released droplsepthserficraméedgdhapbeamhbeptpettes
modi fied by trimming their ends, allowing 1t

the tank.
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4. 6 SRenpd ®&s e

Before conducting the experiments, the tank
angdtable fluid conditions. A circular releas
to provide the particles with sufficient S
di sturbance. |l mage acquisition wagl idedemed t
so that the recorded motion corresponded on
attached to a movable stage, which all owed

starting |l ocation for each tmhewvel wkieldedal so
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Fi gureMaunted cylinder for accurate particle

The octagonal turbulence tank (150 L capaci
corresponding to approximately 60 gall ons.
gases and is slightly warmer than the desir e

approxi mately 24 hours to allow the temper at
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to enabl e air bubbles to f or mudnd ersi sientteo fteh
with i mage acquisition, particularly wunder ¢
and introduce noi seoufheestong, pafied, thay?2
attached to the tank wal hsdewawaé¢ ecawepell yThe
a <clear optical pat h and i mproved visibild:@i
visualizati on, a shadowgraphy setup was i mj
positioned opposite the camer avotiad pxacweisde VU
and sharp reflections, diffuser sheets were

a diffused i1l lumination field, all owing the

bright background,acwhirahei setestndonabnéotra
system was then initialized using -Blpepdx sof
camer as and Taht reoumti exren ad) e n eTreakttorroni X heAFG106
Arbitrary/ Functi on Gener atpaurl swi tghenar dtreerqgu e
synchroni zed i mage acqguiasnidt icoonn nbeecttweede ni tt hteo t
Sof t.walrmages were recorded i n .ebsmpp efrorsreaco nad

and stored directly to the system memory.

4. 6.1 Still Tank Conditi on

For the still water experiments, no external
Once the optical setup and synchrowmadedti on
into the tank. The particle sample was extr e
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required volumes (500 OL, 200 OL, and 20 OL)
the pipette was first submergedhleeal cwvl telas ed
slowly, followed by the gradual withdrawal (
di sturbance to the surrounding fluid and avo
particle descended throughet hottlankameidas ga
its motion simultaneously from orthogonal \
particle exited the field of Vi ew, after wlt
software. This procedure esented Skat | tihg be

ne-gui escent conditions.
4. 6.2 Turbulent Tank Conditi on

For the turbulent flow experiments, the init
the same as described previousl yheHowmeeél ery
system was activated to generate turbulence
at a rotation speed of 30 rpm, and the syst
mi nutes to ensure that the Yyl bwrbehehedsthatft e
this condition was achieved, the particle w
injection method as in the stild]l water <case
released sl owly, and the mpinpent ze wastoaabamul
these conditions, the particle motion was ir

surrounding turbul ent flow structures. The
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particle motion from botls vYirawiercgoangl| def o
interaction with the flow. I mage acquisition

observable region.

4. 6.2.1 Velocity Fluctuations and Kinetic FI

The turbulent characerrpseéeviceuslfy tdheanrntainfki eh
| mage Vel ociJoesonatal (2B23W)d btyhese resul ts are us
t he fl ow conaeémnetaisaunrsi nwgi tthhoeurt. rAes reported, thi
exhibits rel atciitvteyl yf lwrcitfucartm omwe| o wi t h bot h
fluctuating velocity components remaining ne
mean fl ow vel oczietryo,i swhsimael It hbeu tf lnuocnt uat i ng c «
order of macgantiitnugd ed otmunndlau leeln d ¢ ow regi me. The
energy (TKE) was shown to remain approxi mat e
of the tank, witgmr nddfuoers3 Golmena shee. oTrhdiesr ionffdi c a
t he twe biug e;ipatially uniform and does not va
reg.iAadmdi t itohrea Ifllyoow was characterized as both |

a central cylindrical region of the tank.
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For 3fhpeamase, the homogdanei @ Iiamdex heatiisoftirep
satifsfg em®, indicating that the turbulence |
directions within this region. The dissipat:|
was reported tpmiméfs,oncdrhfei romidreg tolfat the tan
cont rtallrlbeud ent regi md lmueldevartterfacn | par tsit wlde e
prior measurements, it is assumed-dteHatnetdhe ¢
turbul ent environment . Therefore, particl ec

consistent and repeatabl e turbul ence condi

def ormation, breakup, and settling behavior.
47Dat a Analysis (Il mage analysis and Settling
The recorded particle images from both camer
interest so that the image domain used for
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domain previously wused during calriolprpdtnigon.
rectangl e was aplpelfite dc o rwniebitd |tohcedpt meglp eard | s

and di me n® icompsp X pped xel s. This produced croppe
resolowtpitonppwy xel s. The use of an i1 deémbincal C |
and particle det ectploann ee ncsouorreddi ntaht eets tehxet riama
processing were referenced to the ®@me coord
denotes the original gre¢hs malebiemagettehe asr
06 00 why ® h (21)

whemedt co@mm U pYxpPw®

After cropping, background subimgcxaomnhhamasgp
particle from the stationary optical backagrc
for each camera without the particle presen
interest . Each experimental degsp@moediwag drhemp
background image through an ab®oliutse tchreaysc
cropped par OibWlies itrheege raompded background i mac

o6 i s gi:ven by
06 ~O6f Oof 8 (22)

This operation suppresses static image cont e

from the reference backgr ounadr,t iwhliec hb ocdoyr raensd
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moving features associated with it. To conve
binary threshol d of 20 grayscale <counts W &
6 olbwas defined as

. cuvhb'0o
0 of mh 06

o =

(23)

T
D N

This step completed both the background subt
the particle appeared with swohfidcihertshy!l di @l
counts was adequatleevted ridrmauvwd nmoson|l owi se

particle as a connected bright region in the
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Camera 1 Camera 2

FigwWrePlocess to detudrt miarckiiwmanc kihajiXabrotdi fdil ¢5lp e e d

Camera 1Hi(e®) eGatnde rB3, md v { ng hder iogni n alt hbeinragrey tiomag e
Foll owing bin@amaiskxamnigostepnwadge ntroduced to
physical regions thatororfiigx emch teepdt if d @lm & rmaigfea
regions were set to zero before contour ext

identified as particle contouramm.d ICeame&ra i2mpl
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rectangul ar excl4a36 omi xelgs ofnr emttema i lngf t bou

the i mage height. | n e 6 maly fber myr itthe nmaske

. M 6D N My i
O O 5 sf R ofd © mpa diy

(24)

whemgsgenotes t hedefniimend oex cusuesri on rectangl e
i mproved robustness by preventing stationar
Subsretqueont oulrh ea malsyksxids .i ma-glkese weoledad etho ren
strictly binary representation before conto

performed using a threshold valué& a@f 127 co

such: that

y cuvlbé o6 pclx

Ext ecomttour s were then identified from the &

each detoeucrt,ed hceomptr oj ected area was comput ed

satisfying the prescribed area | imits were r
0 6 o6 h (26)

wi t h

o) o ¢cimnpi x&1 s (27)

Af ttéhri s fil tering step, only the | argest rem
anal ysi s. This choice was appropriate becau
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stages had already removed most Spuarsi ous sm
generally the dominant connected object in t
to produce a cleaned binary particle mask,

Al t hough the code did not explicim]ythimpose

approxi mate size was used as a practical p h
contpawrcessing wor kfl ow. Based on the i mage
219.18 pixel s, which gives a spatiuasll yscal e

measured i nHisgpeledagidn@. of

A particle di(eDmneatneert docfadT um@t ed) uise ngf drmaage

corresponds to :an image diameter of

Q X 5 C@pi xBel s (28)

I f a particle of this diameter is approxi mat
project:ed area i s

Oegq “ = “p&Uu vcpix@ls (29)

This value served only as a reference for ev

physically reasonabl e. l-& r ewaa sc intoa f fu siend tahse air
code. I n the final-pwpskthbwsmaemowvéalijeof snwa:
through sequenti al background subtraction, |

upper bound, and retenti ®mcef tthlreeifd il o @rat oea
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had been i dewptiafmieeadenittroiidmavgges cal cul ated u:

0 denotes the spat‘]F}']aIt:mement of order
0 BBO6ULGO 68 (30)

The centroi@® weroe dti mean esbt @irdeed fnroame ntt kse afcicro:

t:o
& —m —h (31)
whelr erepr esentoesr dehre meemeontth and is proportion

addition to centr ociodntpoousri tairoena, atnhde cpornotjoeucrt epc
computed. These quantities were written to e
produci-ngsal vienhe s edg ureemcsel oonfalt woar t i cl e posi't

independent| y.

The -diwoenlsioemmt roi d coordinates extracted fr
subsequently combined wusing the previously

reconst r udkit metnhsei otnharleeparmﬁl‘)caeabfbr de@aoter yhelLe

measured fcoemt rtchiedst wo camera Vi ews. For eac!l
relation can be written in homogeneous form
o ©
0 0 %9h (32)
_p &

p
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w h

i s

eq

as

08

w h

To
b a

t h

Q

efrisotmprojecti('brliiﬂbmlaerﬁb(e physical _particle

the projective scale factor. Triangul ati c
uations i nto a-claimeegar agy atngm.mef&rp ra bteweasl y st
mh (33)

er e

5 0 0 r .

IIG 6 :’.I (i)

P 1 Y (34)
vV ®

wo oo P

rbe ,0 , andre the first, second, and third
meQ aThe unkadiomen stihoneael coordinates were o

stem through singular value decomposition.,

mi | | mextsr e@&n.d s

assess reconstructiedi meamasi diyal epcihnt rwas
ck into both image pl anes anob"bcdmpated wi t

e reproject@dtpei nepronjeamena error was ca

5 6 b U (35)
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These reprojection-b¢mraonres men ovicd eod a hfer agnuea |
reconstruction and all owed visual veri fica

measured Bsotedecmagerpositions.

Af ter tdhiemetnisn @@ a | centroids had been reco
trajectory was analyzed wusing the coordinat
settlingdeooThdd niathaege acqgsi 40tifomamkesegpeenscgc
the frame number was extracted from the 1 mag

each f:rame as

0 +=={ (36)

whefies t he fRiasmet hedfeixr,st fr &me&Sparf Tthhee tsod e

di stance travelled relative to the initial p
W T Q7 (37)

Thi s absolute definition ensured that t he
regardl ess of whether tkRauseldec¢thed seoodd dinmgat
appear positiveTbhe hnhegaanvenemussilgmc al sett

consecutive frames was estimated from the fi

b ——h (38)
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with the corresponding settling speed taken

0° T —— (39)

These | ocal velocities were saved for the f
vel ocity was not determined from the entire
moti on may contain t edeansiet ht riannseicetnitosn aasnsdo
adjust ment . Il nstead, the first 5 mm of mot i

satisfying
3  umm (40)

were retainedgeftad itnge atnad mismal. A | inear regr

remaining traj:ectory according to

WO a0 uh (41)
whedaés the fivet®odi sgt tclodinpe neret iarickrcept . T
settling speed. wabetguahi tays of the fit was

coefficient of determinati on,
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whebedenotes t he &iist ttehce weelane odnd he measur ed
the fit region. Theetewmpledt ¢éiti meghiosat oand f{

exported for each trial

Finally, the Reynolds number associated with
from the terminal spetcti lfiierg shaecdcdrdiadstusernpa
wa er properties at room temperature, t he F

equivalent for ms.” abhas eddf nami'fcl wii & chen Siyt y

YQ —h (43)

and based on Kinematic viscosity

YQ — (44)
Il n the present | mpl esmewmdrad iitommkern haes fl ui d pro
" pnTtkig /Am p8t pm Pdsi  p8t pm m7Ts (45)
HerYa,s the terminal settlingQspeatthaecbsteanitmead vf

particle diametercentresednomangaltbkbyafor Thkee Re
provi dedi nenmsdrmnal measure of the settling

interpretation of the particle motion in rel

This -amalgesi s workfl owntheseQoeatpabceadnadr

grayscal e | magewsbttroach @dk gorionuanrdy masKk s, from
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contour-di rmen stiwoon a | centroi d epXtarnaec tcieomnt,r ofirdos
t hrdeenensi onal reconstrucatiooan,t hamdghfi Dalll
reconstructed trajectories to settling vel
procedure was designed to preserve consiste
cal i bration whi |l e ensuring rtehmati nedhe pexsiraa

interpretable and reproducible across trials

Chapter 5: Results

Chapter 5 presents the measured settling results for xanthan gum patrticles in still water and
in turbulence. Results are first organized by flow condition for both comtiemis, 1.25

g/L and 2.5 g/L, and for the three particle volumes of 500 uL, 200 pL, and 20 pL. The
chapter concludes with a comparative analysis of settling velocity across all cases and

against the corresponding theoretical predictions.

5.8t i | ISeWattleirng Vel oci ty

For eawdt esrt idds e, ten independent trials we
velocity procedur & dTehsec rd ebtetdl ii mg Scegca @ dbichn adt. e s
the traveled distance was computed as the al
position so that the trajectory increased mo

were excluded to remove t hegriemnsistiioanl orfeltehaes €
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X(tmitkewas then applied to the remaining por

procedure was repeated for all ten trials in
All the data sets acquired from al/l 10 trial
fomul ae mentiohedoinrsi slecti ngntéhe settling ve

i ndi

vi dual data set, and the average of the

generated that computes the meoawnn oifn tthhee tfeinn

average plots was not generated by averagin

col

rep

ored dotted |ines in each figure represei

resents t heetatvleirmag ef & tetrrénoan atdnaatt a seentt.i

Concentration 2.5 g/ L:
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+ Tiall  =--- Trial 7
Trial 2 Ve Triale
v Trial 3 Trial 9
=+ Trial 4 Trial 10
Trial 5 = Average fit (full visual) | slope = 6.929 mm/s
=+ Trial 6
400
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FigwreDRspl acement elvsX®@rme. dugvé €bn2Zeéntration

Figuriz 4d4®ow a cl ear and systematic decreas:é¢
particle volume. 1In Figure 19, the 500 OL p

velocity, given by thm/ ged dniFidume 30.,0ptehef

shows a | ower average settling velocity of
shows the | owest average settling velocity ¢
progressively fe& otmo tthlkee | samalelseéstpapdrtciicl e. Q

from 500 OL to 200 OL is about 24.9%, while
56. 9%. This i ndiwaatteers ctohnadti,t iuonndse r tshtei Illar ger
much strowmngwar dhedr idvoi ng force relative to hy

the smaller particles are more strongly affe
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Concentration 1.25 g/ L:
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FiguwreDRsplacement elvsXQifmer cur2%® @/fL 200ncentr at

For the 1.25 g/ L concentration, t hB24s.ame mo
FiglRecorresponds to the 500 OL particle an
11. 412 mm/ s. Figure 23 corresponds to the 2
velocity of 8.437 mm/ s. Figure 24 coerresponc
settling velocity of -ABr.®elr8i mgn/rse malihreg etf loe es a

concentration, namely 500 OL > 200 OL > 20 C

approximately 26.07%, and the redub?i 28 %fron

Among aMalt egticlalses, the highest average sett
for the 500 OL particle at 2.5 g/L, whereas
in Figure 24 for thBheOoridddiilpdasttei ctlheatats elt.t2l5i
controlled by Dboth particle volume and XG c

from 500 OL to 200 OL and then to ,20dOL, th

the relative influence of hydrodynamic drag
| ower settling velocities. This is why the s
| oweslti nreeds| opes. |l Ttoadent r atgjuonh pema i ti TH ers s e

faster thaondéeret rlaotweorn particles at t he sam

concentration altered the mechanical char ac
rheol ogi cal behavior disclesedrienepapted 3
greater internal cohesi on, stronger resista
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during descent than the 1.25 g/ L particles.
stronger particl e sitgahteer issetddn sigs tveento cwittihe s

compared with 1. 25galt erl metshil $ swag,t atbohe st itll

of the system: | arger particles settle fast
vol ume, thecéangheri & pooduces a higher aver
5.2 TuWatudren3ettling Vel ocity

Compared wat ethecagse liln section 5.1, particle

not steady or purely verticalti Atedewerebee
into a fully developed turbulent field gener
had already been chdopmthatededegsogewiot hub ekt
mean fl ow and vel oci tnyadniutcutduea.t ilnndse ro ft hceosnmep a
observed particl e moti on reflects t he c omb
fluctuating turbulent forcing,flpawtadcuectdied
rather than a purehgeguCesseqguesekty]| ialgthesg
velocities were stildl calcul ated for each t
Section 4.5 and pB8ttadsiagke inrdegqgusest PBn
i's more deffifneuphydiocally than in still wate
continuously modi fies the particle trajector
trajectory pl ots-28howml! i ke Figer emxearhby I i ne

di spkdatieme trends observed in stildl water, 1
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uneven in lIlength, and highly variable from o
early because the particle movelsl oabserfvaheo
wi ndow. This does not necessarily 1indicate

i ndi cates t hat turbul ent -zfelr wc tmeatni ofnl so wa ncda uts

particle to deviate | ateroan Irye goiro m cicrelaenr autnep |
manner . Therefore, in the turbulence tank,
only by settling speed but also by | ateral

| ocal eddi es.

Fi guer5e0e2 parrtaijcelcet otri es of 2.5 g/ L(left) and 1. 25

~

Among the three particle sizes, the 500 OL
portion of the measur ement domai n, and seve
observabTlki ¥ eignadincates that the | argest part
fluctuations relative to their gravitational
greatest volume and mass, they havesshe | ar

easily redi-seatedtoybslimantt eddi es. Their mo
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biased toward downward transport, even thoug
reason, the particles provide tthecaeamplhetst

observable paths among the three particle cl
shortening of trajectories still occur, conf

through turbulemnmenisnoaapumahnyeone

i Trials - X(mm) vs time(s) Al Trials - X(mm) vs time(s)

Fi gurr2eCel2 particle trajectories of 2.5 g/L(left) a

The particl e moti on appears to l i e bet ween
t ur budoemicneat ed transport. Some 200 OBl partic
fraction of the frame, suggesting that gr av
moti on. However, other trials terminate muc!
l ong continuous pat h, i ndicati ng atfdhlagdw t ur bu
effects increasingly compete with the parti

the 200 OL case a transitiondomgnaeedebdeed
particles and t hreespmalsli eere, 2o r &k afldlaoywt i t hes .

~

behavior suggests that the 200 OL ©particl es
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coherence but small enough for turbulence to

ti me -amameé nobservability.

Al Trials - X(mm) vs time(s) Al Trials - X{mm) s time(s)

Figuwr2edL2particle trajectories of 2.5 g/L(left) a

These particles show the shortest and most f
small number of trials extend acr dies fael arge
of view rapidly or display strongly curved &
particles are the most susceptible to turbu
Because the 20 OL particleseflieceitveei small as

of hydrodynamic forcing to gravitational dri

than for the 500 OL or 200 OL particles. The

responsive to | oeval otutpufbeotteddi esasando th
dominated | ess by steady downward settling a
surrounding turbulent field. Thus, the 20 (

| i ght est psatr tsitcrloensg layr ei nnfol uenced by the back

able to preserve a clear, continuous settlin
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r st

vel ocities in the turb
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Fi gB8lr eDi spl acement elvsX@ifmer clurs eg/of Qdncentrati

Figure 28 gseesl angavelagety of 22.764 mm/ s

29 gives 18.523 mm/s for the 200 OL particl e

OL particle. The decrease from 500 OL to 200

to 20 D8 %I sWB&8n compawaetde rwirtehs utlhtes ,stallll t hr e
are higher: the 500 OL particle increases f|
particle from 16.072 mm/s to 18.523 mm/ s, a

8. 654, mmdrsresponding to increases of 6. 39 %,

indicates that, at 2.5 g/L, turbulent transgfg
than in quiescent water, particul artliyi Ifor t
remains the most gravitationally dominated
eddies, while the 20 OL praerstpiocnisei vree.maAitn st hteh e
the | arger increase in the smakrbesent!|! dsel d
weak mean fl ow can augment iits observable d
interval even though its true motion is | es
should be interpreted as meéeémesmrt t Wi mdowersptom

as strictly-siesol anmgd spewrmchisnal

Concentration 1.25 g/ L:
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Fi gB83 eDi spl acement eks XBGi me rCadr.c2eén tgfalt2i0d0n

Trial 1 ===+ Trial 7
Trial 2 Trial 8
Trial 3 Trial 9
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Trial > = Average fit (full visual) | slope = 8.336 mm/s
=+e Trial 6
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E
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g
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[4}
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Fig8reDi splacement elvsXQifmer cur2%® @/fL 200o0ncentr at
Figure 31 gives an average settling velocity

32 gives 11.803 mm/s for the 2ndn®/ sOLf oprartthiec |2
OL particle. The reduction from 500 OL to 2C
OL to 20 OL is 29.w®3d%wer Rehaejvehesetherisal é
hi gher for all three parsteisc|fer osm zlels. :4 1t2h emnd/ 0sO

mm/ s, the 200 OL particle from 8.437 mm/s toc

3.618 mm/s to 8.336 mm/s, corresponding to i
respectively. The stromgedht seladiiese pact e as
the coweentration, mechanically weaker part:.
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by turbulent advection and background fl ow
that at 1.25 g¢d,abhe parpiesesvara ¢empact

moti on becomes more strongly coupled to the

Figurig3 @rlovide wuseful representative settli
again beappr@axiedatass turbul ent settling measu
flanwdi fied trajectories, not as full-y devel

water sense.

Unl i ke -wahtesrs tcialsle , these turbulendoxivmadtues st
representative settling velocities rather t
velocities, because the tiRd] ackeoniféeésnshownca
particles | eave the fieldralf obser batfiooe 1t ec

fitted slopes therefore represent the obser\

where gravitational settling is superi mpose:t
zero mean fl ow, rdaitnmeems itohmmmian g@lur cd yc emte.
5.3 Comparative Study of Settling Velocity

Figure 34 presents the comparative stiditer settling behavior oKG particles as a
function of particle diameter, together with the corresponding model curves based on the
formulation discussed earlier fromL o t h , Ther€pfesentative particle diameters were
obtained from the injected particle volumes by assuming a sphequalalent particle

volume,
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V=—, (46)

Using this relabn, the three particle sizes used in the present study, 500 pL, 200 uL, and
20 pL, correspond to equivalent diameters of approximately 9.85 mm, 7.26 mm, and 3.37

mm, respectively.

Table2: Summary oExperimental Parameters

Conditions C%?]Tgrﬁ;ﬁon Temperature Voﬁ%ﬁec'(il_) P%EE?S?ze
Still Water 2.5 g/L 500 9.85

& & 22 200 7.26
ng:éerm 1.25g/L 20 3.37

These experimental points are compared with two model curves generated fanagthe

based settling framework of Loth, in which the particle Reynolds number in equation 3

the Stokescorrected SchilleNaumann expression in equationaddthe Stokesregime
equationlThe Stokes sett !l ilnogReryengoilundeb erre plriemietntisn tv

vi scous forces dominate the motion of a sett

Il n this regi me, the drag force varies | inea
Stokes settlingovelaosipherexptepairomcl e i n a
modeher,ekfoves as an idealized baseline for ¢
behavi or. For the present particles, it i s
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partiecsl emasyi zdevi ate from t he

In this framework, the settling behavior is governed by the balance between gravity,

buoyancy, and drag, with the drag correction accounting for departure from the creeping

flow Stokes limit as the Reynolds number increases.
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Fi guroemp3abr ecs t he experimentally

particles in stildl water with
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experiment al points show a clear monotonic |
pairctl e di ameter, and for each particle size
g/ L particles. This behavi or i scocnocresnitsrtaetnto ny

xanthan gum particles possess egrveataercoimptaen

settling shape, thereby reducing the relatiyv
overall experiment al trend more realistical
overpredicts settling velotesy, Thastococluasl!l ¥

present particles dofhow Séemaes regametrirat h

Reynolds numb®egyniniuenbienm a afnigrei twdhher e i nerti al

i mporatnadntdr ag can trea lasn arr ebg triemmaear in vel
xant han gum particles are soft, deformabl e,
behavi or is influenced by shape change, pr
dependent mencshea,n i &lall aofeswbhi ch are not repr e
formul ati on. For this reason, the settling I

better inter pReytraudse ngdraad i fni dmewor k such

St okes duwmrsvesredmd ondRegyamiuahbleirmirteif reg elnacwe .
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Figure 36 compares the experimentally measured mean settling velocities of xanthan gum

particles in turbulent water with the corresponding Loth and Stokes model predictions. The

experimental points again show an overall increase in settling velocity neaitbaising

particle diameter, and for each particle size the 2.5 g/L particles exhibit greater net

downward transport than the corresponding 1.25 g/L particles. Because the imposed

turbulence is at a low dissipation rate, the flow is weak enough thatvigygiriven size
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dependence is still preserved, even though the particle motion is no longer purely quiescent.
At the same time, the turbulent values should be interpreted as representative net settling
responses rather than strict classical terminalcitéds, since local eddies, trajectory
wandering, and fluctuating flow components modify the particle path during descent. The
Loth model therefore remains the more realistic draged reference, whereas the Stokes
curve again overpredicts the settlingpense because the particles do not remain in a true
creepingflow regime and are additionally soft, deformable, and influenced by weak

turbulent forcing.

5.4 Def or nmetitolni dgue t o

Il n addition to settling velobahygumheaptecte

deform during dewsacteenrt aunndd etru rbboutl he nstt icloindi t i o1

are soft, vi ssdagd ldg s ttihce,i ransdetndn ng response
transl ational motion; Vveaecpatinaobesishwaps mhwn
Sstresses act on it. For this reason, def or
concentrations selected for detailed study,

particle size wunder pethi vd owf cohidstisewcs i oi
guantify how particle size, concentration, &
settling, and to relate that def ormati on be

previous sections.

5.4.1 Still Wat er
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25g/L 125 g/L 0.625 g/L 03125 g/L

Fi gurr\ei s3ual Deformation analysis of 2.5¢g/L, 1.25 gl/L

Still Water

500esampl e

Although the detailed deformation analysis in the present study focuses on the two main
concentrations, 2.5 g/L and 1.25 gédditional lowefconcentration samples of 0.625 g/L

and 0.3125 g/L were also visually examined in still water in order to observe how particle
integrity changes as xanthan gum concentration decreases. Figure 35 presents this visual
comparison for the 500Lparticles. The figure provides an immediate qualitative view of
how concentration affects the ability of the sample to remain as a coherent particle during
settling.At the higher concentrations, 2.5 g/L and 1.25 g/L, the released samples remain as
compat, welkdefined bodies during descent. In particular, the 2.5 g/L particle shows little

visible deformation in still water and largely maintains its overall integrity throughout the
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sequence. Some minor rotation or reorientation may occur during sditlintpe particle

does not undergo strong stretching, filament formation, or loss of cohesion. The 1.25 g/L
particle also remains as a single coherent body, although it appears slightly less resistant to
shape variation than the 2.5 g/L case. concentrabn decreases further, the visual
behavior changes significantly. At 0.625 g/L, the sample no longer preserves the same
compact form as the higheoncentration cases. Instead, part of the material still remains
attached as a central lump, while elongdtlanents and fringdike structures begin to
emerge from the main body. This indicates partial cohesion, but much weaker structural
resistance compared with 2.5 g/L and 1.25 g/L. The patrticle is therefore no longer behaving
as a compact viscoelastic bodhyt rather as a weakly connected structure that stretches
easily in the surrounding fluidit the lowest concentration, 0.3125 g/L, the sample loses
coherent particle identity almost immediately and spreads into the surrounding water even
under stillwate conditions, that is, without any externally imposed turbulent forcing.
Unlike the higher concentrations, it does not maintain a stable agglégabedy during
descent. This visual observation strongly suggests that such a low xanthan gum
concentrationdoes not possess sufficient elastic or cohesive strength to retain particle
integrity in the fluid. For this reason, the detailed deformation and settling analysis in this
thesis is restricted to 2.5 g/L and 1.25 g/L, which are the concentrations thah rem

sufficiently coherent to behave as meaningful-pafticle analogs during the experiments.
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For the quantitative deformation analysis, t
for each camera view separatepwgrtbygl ancehl pbp
which the pawjecledgmxjiand emigndr were obtair
Tayl or deformation parameter was cal eul ated
di mensi onal projected parftiicclwei eswh a preatwiesi btll
combi ne-di nehnrseieo n a | reconstruction. Usi ng t

def ormation was <calculated through the Tayl o

o — (47)

where L is the majeaxis lengthand B is the mineaxis length of the fitted particle ellipse

in each frameA v al =@ wfresponds to a nearly <circul
camera vVview, whil®i ndicaoetaesiinmgc rvead suiemsg ol ong a
proj ectis@ame i.Bince twe particle images were recorded at 10 frames per

second, the time corresponding to each frame was calculated as

o — (48)

where f is the frame numbéQ is the first frame of the sequence, dhd FPS is 10This
procedure was repeated for all ten trials for each condition, and the deformation histories
were then combined to obtain the average Tay@dormation as a function of time. In the

plots, the individual trial curves are shown together with the corresponding average curve,
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allowing both trialto-trial variability and the representative deformation trend to be

examined for each patrticle sizencentration, and flow condition.

For ParteLcbtenotnb0@ati on:
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Figure 36 shows the Taylor deformation of the 500 uL particle at 2.5 g/L in still water for
ten individual trials together with the average deformation curve. As expected for a high
concentration xanthan gum particle settling in a quiescent environmentpvirall
deformation remains relatively moderate and does not show the strong instability that

would be associated with a highly deformable or weakly coherent particle. The average
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Taylor deformation remains close to approximatelya .09 to 0.12 over nst of the

settling duration, indicating that the particle retains a fairly compact shape with only
limited elongation during descent. This is consistent with the visual behavior already
observed in Figure 35, where the 2.5 g/L particle remained as acbbedy in still water

and did not exhibit strong filamentation or structural breakda@though some triato-

trial variation is present, the individual curves remain within a relatively narrow
deformation range compared with what would be expectedvat looncentrations. A few

trials show higher initial deformation values, likely associated with release condition,
initial particle orientation, or slight early -sdjustment of shape immediately after
detachment. However, these larger values do not pesigss the full settling period.
Instead, the average curve remains comparatively stable, which suggests that the 2.5 g/L
particle possesses sufficient internal cohesion and viscoelastic resistance to oppose large
shape changes under stilater settling Thereforedeformation is present but limited, and

the particle behavior is dominated more by coherent settling than by pronounced

hydrodynamic stretching.
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Figure 37 shows the Taylor deformation of the 500 uL particle at 1.25 g/L in still water for
ten individual trials together with the corresponding average deformation curve. In contrast
to the2.5 g/L case, the particle at 1.25 g/L exhibits a noticeably higher and more sustained
deformation during settling, with the average Taylor deformation increasing progressively
and reaching values close tod0.20 before gradually decreasing at later §mEhis
indicates that the particle undergoes more pronounced elongation during descent and is less
able to maintain the compact shape observed at the higher concentration. Such behavior is
consistent with the lower viscoelastic strength and weaker ihtevhasion expected for

the 1.25 g/L xanthan gum particl&lthough the overall trend remains smooth and

101



coherent, the deformation level is clearly greater than in Figure 36, showing that a
reducti on i n concentration it bydredginaureics t he
stretching even under stiVater conditions. The individual trial curves follow a broadly

similar pattern, with most trials showing an initial rise in deformation, followed by a peak

or plateau region, and then a gradual decline. Thigesig that the particle initially
elongates as it adjusts to the gravitational and drag forces acting during settling, after which
some relaxation, reorientation, or partial shape recovery may occur at later times.
Therefore, for the 500 uL particle inlstvater, the comparison between Figures 36 and 37
shows that decreasing concentration from 2.5 g/L to 1.25 g/L leads to a distinctly more
deformable particle response, even though the particle still remains as a coherent settling

body.

For PartesLctenotn2Bfati on:

102



Trial 1
Trial 2
0.30 Trial 3
Trial 4
Trial 5
Trial 6
o 0.25 Trial 7
N Trial 8
g Trial 9
- 0.20 Trial 10
[ — Average
E
S
45 0.15
o
S
—%0.10
|—
0.05
0.00
0 5 10 15 20 25 30
Time (s)
Fi gd®Teayl or Def ormation in Stildl Water of 2.5 g/ L cor

the aver ade rcelOalr at el e

Figure 38 shows the Taylor deformation of the 200 pL particle at 2.5 g/L imvatiir for

ten individual trials together with the corresponding average deformation curve. Similar to
the 500 pL case, the particle remains as a coherent settling body, but the deformation is
more pronounced and more variable across trials. The averalpe defprmation begins

at approximately [A 0.12, increases gradually to nearhaD.18 to 0.19, and then shows

a mild decrease toward the later part of the settling record. This indicates that the 200 pL
particle undergoes measurable elongation duringcetd, but still retains sufficient
structural integrity to avoid the severe stretching or breakup behavior seen at much lower

concentrationscCo mpar ed with the 500 OL particle at
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particle exhibits tgmoemataend asitérramnpge r o atffroicabla |
suggesting that its settling shape is | ess s
and hydrodynami ¢ ITieandividnagtriats also iexhigit a dides Spreaal t .

than in the 500 pL caseyith some trials showing relatively moderate and stable
deformation while others reach substantially higher values. Thistdartelal variability

likely reflects differences in initial orientation, release condition, and small changes in

particle postug during settling.The average curve remains smooth and consistently

positive, showing that the dominant response is sustained elongation rather than random

fluctuation alone.
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Figure 39 shows the Taylor deformation of the 200 uL particle at 1.25 g/L in still water for
ten individual trials together with the corresponding average deformation Qanwgared

with the 2.5 g/L case in Figure 38, the average deformation here remains slightly lower
overall, with the mean Taylor deformation increasing from abo&iOD6 at early time to

a maximum near @ 0.15, followed by a gradual decrease at later ginfénis indicates

that the particle still undergoes clear elongation during settling, but the deformation
develops more gradually and the average projected shape remains somewhat less elongated
than the corresponding 2.5 g/L, 200 pL particle over mucheofeécordAt the same time,

the individual trials show substantial variability, with several trials reaching deformation
values above > 0.18 to 0.22, while others remain much lower. This spread suggests that
the lowerconcentration particle is more séive to release condition, initial orientation,

and small differences in shape evolution during descent. The average curve nevertheless
remains smooth and consistently positive, confirming that the dominant deformation mode

is still elongation rather thatollapse or loss of particle identity.

For Partth cCenodnt2at i on:
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Figure40 shows the Taylor deformation of the 20 pL particle at 2.5 g/L in still water for
ten individual trials together with the corresponding average deformation curve. Compared
with the larger particle sizes, the 20 pL particle exhibits a much more scatédoechation
response across trials, indicating that the smaller particle is more sensitive to small
differences in initial shape, release condition, and orientation during descent. However,
despite this variability, the average Taylor deformation remaitisn a moderate range

for most of the settling duration, staying close ta D.10 to 0.12. This suggests that, on
average, the particle undergoes only limited elongation in still water and remains relatively

stable as a coherent body over most of itcdet.The spread among the individual trial
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curves is nevertheless important. Some trials reach much higher deformation values, while
others remain comparatively low and nearly constant, showing that the deformation
behavior of the 20 pL particle is lesspeatable than that of the 500 pL and 200 pL
particles. This is physically reasonable because the smaller particle has lower structural
inertia and is more easily influenced by slight variations in shape and hydrodynamic
loading, even under quiescent cdimhs. Even so, the average response does not indicate

severe instability or continuous stretching throughout the entire settling period.
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Figure 41 shows the Taylor deformation of the 20 uL particle at 1.25 g/L in still water for

ten individual trials together with the corresponding average deformation curve. In
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general, the average deformation remains relatively low to moderate throughout the settling
period, increasing gradually from aboutd®.08 at early time to approximatelyd0.13

- 0.14 at lger times. This indicates that, although the particle does deform during descent,
the overall extent of deformation remains limited in still water. Such a response is
consistent with the small particle volume, since a 20 pL particle has a much smaller
chamcteristic size and therefore may exhibit only modest visible shape changes in its
projected image, even while settling over a long durafidre individual trial curves
nevertheless show noticeable scatter, although much of this variation remains within a
comparatively narrow band. This relatively small variation may reflect the fact that the
particle undergoes only limited deformation overall, so the measured changes in D are
subtle and can be influenced by slight differences in initial shape, releaditiczgn
orientation, and imagbased ellipse fittingWhen the full set of trials is considered
together, the average curve remains smooth and stable, indicating that the 20 pL particle

at 1.25 g/L behaves as a weakly deformable but still coherent séttlitygin still water.

5.4.2 Turbul ent Wat er
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Fi guwureVdsual Deformation analysis of 2.5g/L, 1.25

500 uL
Turbulent Water

500esampl e

The quantitative deformation calculations for the turbulesiter cases wernperformed

using the same Taylor deformation method described in Section 5.4.1, in which the fitted
major and minor axes of the particle projection were used to calculate deformation as a
function of time. Although the detailed data analysis in this thedisited to the two
principal concentrations, 2.5 g/L and 1.25 g/L, lower concentrations of 0.625 g/L and
0.3125 g/L were also visually examined in turbulence to provide a broader qualitative
comparison of particle response under flow. Figure 42 prefleistyisual deformation
behavior for the 500 pL particles across all four concentrati@nseen in Figure 42, the

2.5 g/L particle remains largely coherent even under turbulent conditions. Its shape does
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not exhibit strong visible stretching or breakuput its motion becomes much more
irregular than in still water, with noticeable rotation, tumbling, and random reorientation
caused by the surrounding turbulent eddies. The 1.25 g/L particle also remains as a
recognizable body, although with somewhat tgeausceptibility to shape variation. In
contrast, the lower concentrations of 0.625 g/L and 0.3125 g/L show pronounced
deformation, filamentation, and mixing into the surrounding water. These cases display
elongated strings, fringes, and diffuse trailstguctures that are visually much closer to

the fragile, irregular morphology commonly associated with natural marine snow patrticles.
For this reason, although the final quantitative analysis focuses on 2.5 g/L and 1.25 g/L as
mechanically stable and regiable sofiparticle analogs, the lowsoncentration turbulent
images provide useful visual evidence that xanthan gum is capable of reproducing marine

snowlike filamentous and deformable features under hydrodynamic forcing.

For PartesLctoemdf mi o
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Figure 43 shows the Taylor deformation of the 500 pL particle at 2.5 guirbalent water

for ten individual trials together with the corresponding average deformation curve. In
comparison with the stilvater case, the deformation response is more irregular and
fluctuates more strongly with time, which is consistent with theteady hydrodynamic
forcing produced by the turbulent field. The average Taylor deformation remains moderate
overall, generally within the range of & 0.05 to 0.14, but it no longer follows the
comparatively smooth trend observed in still water. Instb@dnean curve shows repeated
rises and drops, indicating that the particle experiences continuous changes in projected

shape as it rotates, reorients, and interacts with local turbulent eddies during dészent.

111

g/ L



individual trials show substantial scattexith some trajectories exhibiting elevated
deformation at early times and others remaining comparatively low before increasing later
in the record. This behavior suggests that, under turbulence, the particle deformation is no
longer governed only by gradl settlinginduced elongation, but also by random
orientation changes and intermittent fluid forcing. Even so, the average deformation does
not indicate catastrophic loss of coherence or sustained fildikerdtretching. This is
consistent with the visal behavior already noted in Figure 42, where the 2.5 g/L particle

remained largely intact but moved in a more random and rotational manner.
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Figure 44 shows the Taylor deformation of the 500 pL particle at 1.25 g/L in turbulent
water for ten individal trials together with the corresponding average deformation curve.
Similar to the 2.5 g/L turbulent case, the deformation response is unsteady and fluctuating
because the particle is continuously interacting with local turbulent eddies, undergoing
randomreorientation and timdependent hydrodynamic forcing. However, in comparison
with Figure 43, the average deformation in this case becomes progressively higher with
time, rising from aboub & 0.06- 0.08 at early times to nearly & 0.16- 0.18 atlater

times. This indicates that the 1.25 g/L particle is more susceptible to sustained elongation
in turbulence than the corresponding 2.5 g/L parti€lee individual trials also show
considerable scatter, which is expected under turbulent conditidriteboverall trend is

still evident: the particle does not merely fluctuate randomly about a constant deformation
level, but instead shows a tendency toward increasing deformation during much of the
settling period. This suggests that, although the pante&mains coherent and does not
completely lose its identity, its lower concentration leads to weaker internal cohesion and

reduced resistance to turbulent stretching.

For PartesLctenotn2Bfati on:
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Figure 45 shows the Taylor deformation of the 200 pL particle at 2.5 g/L in turbulent water
for ten individual trials together with the corresponding average deformation curve. In
contrast to the stivater case, the average deformation here is clearly higher and exhibits
a stronger timelependent response, remaining mostly within the ranBeid.15 to 0.30.

After asmall initial decrease, the average curve rises progressively with time and reaches
a maximum of approximately @& 0.30, before decreasing again toward the end of the
record. This indicates that the 200 pL particle undergoes substantial elongation in
turbdence and is much more strongly influenced by the surrounding flow than under

quiescent settling conditionBhe individual trial curves also show considerable variability,
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which is expected in a turbulent environment where local eddies, fluctuatingratesn

and repeated particle reorientation continuously alter the hydrodynamic stresses acting on
the particle. Even with this scatter, the overall trend remains clear: the 200 uL particle at
2.5 g/L deforms more strongly and more persistently in turbwater than in still water.

This suggests that, although the particle retains its coherence and does not completely break
apart, turbulence enhances stretching and shape distortion by subjecting the particle to

unsteady fluid forcing throughout its desten
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Figure 46 shows the Taylor deformation of the 200 pL particle at 1.25 g/L in turbulent

water Pbr ten individual trials together with the corresponding average deformation curve.
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Similar to the other turbulent cases, the deformation response is highly unsteady because
the particle is continuously exposed to fluctuating hydrodynamic stresses ddies, @and
repeated reorientation during descent. The average Taylor deformation begins at
approximately D& 0.13 to 0.14, increases gradually with time, and remains at a relatively
elevated level for most of the record, generally within the range&®006 to 0.24. This
indicates that the 200 uL particle at 1.25 g/L undergoes sustained elongation in turbulence
and remains more deformed overall than would be expected under quiescent settling
conditions. The individual trial curves show considerable smatwhich reflects the
stochastic nature of the turbulent field and the sensitivity of a soft viscoelastic particle to
instantaneous flow fluctuations. Some trials remain moderately deformed, whereas others
reach substantially higher values, indicatingeimtittent episodes of stronger stretching.
Even with this variability, the average curve shows a clear overall increasing trend with
superimposed fluctuations, suggesting that the particle experiences persistent deformation

rather than only shotived shae disturbances.

For Partth cCenodnt2at i on:

116



Trial 1
Trial 2
Trial 3
0.4 Trial 4
Trial 5
Trial 6
(=] Trial 7
- Trial 8
g 0.3 Trial 9
S Trial 10
1] —_— Average
E
|
g
a 0.2
1
o
5
|—
0.1
0.0 0 10 20 30 40 50 60
Time (s)

FigwreTdyl or Deformation in Turbulent Water of 2.

with the aver @dgle pcaarltciucllaet ed f or 2

Figure 47 shows the Taylor deformation of BteplL particle at 2.5 g/L in turbulent water

for ten individual trials together with the corresponding average deformation curve.
Compared with the stilvater case, the deformation response is clearly higher and much
more unsteady, indicating that the alast particle size is strongly influenced by the
surrounding turbulent flow. The average Taylor deformation remains at a relatively
elevated level throughout the record, generally arourgd0DL7 to 0.30, with noticeable
fluctuations and @ronounced rise at intermediate to later times. This suggests that the 20
ML particle undergoes sustained elongation in turbulence rather than only slight shape

adjustment during settlinghe individual trial curves also show substantial scatter, which
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is expected because a small viscoelastic particle is highly sensitive to local eddies,
fluctuating strain rates, and repeated reorientation in the turbulent field. In comparison with
the larger particles, the 20 uL particle is more easily affected by iasemis flow
variations, and this likely contributes to the stronger-todtial variability observed here.
Even so, the average curve remains consistently positive and relatively high, confirming

that the dominant response is persistent deformatiorerrdkian brief isolated shape

changes.
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Figure48 shows the Taylor deformation of the 20 pL particle at 1.25 g/L in turbulent water

for ten individual trials together with the corresponding average deformation curve. Among
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the turbulent cases, this condition exhibits a strongly unsteady deformafmmse, with

the average Taylor deformation remaining at a relatively elevated level throughout the
record and showing repeated fluctuations with time. The mean curve generally lies in the
range ofD & 0.11 to 0.26, indicating that the particiedergoes persistent elongation rather
than remaining close to a compact shape. This behavior is consistent with the combined
effect of small particle size and lower xanthan gum concentration, both of which make the
particle more susceptible to turbulerttesching and timelependent distortionThe
individual trial curves show substantial scatter, with some trials remaining in a moderate
range and others exhibiting much larger deformation values, including intermittent peaks
at early or intermediate timeSuch behavior is expected in a turbulent environment, where
the particle is continuously exposed to fluctuating local eddies, changing strain fields, and
repeated random reorientation. Because the particle is both small and less concentrated,
even relatiely small variations in the instantaneous flow can produce noticeable changes
in its projected shape. Nevertheless, the average curve remains consistently positive and
moderately high, showing that the overall response is one of sustained deformation rathe

than isolated shape fluctuations alone.

Chapter 6: Di scussions

6. 1. SettddRmeg n\Welldosc iNuymb e r

Tabl @omdpl ete data table of setftoirngluveélud eintty wandcr RewI

condition
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Settling Velocity
Particle Sampl e Revnol ds Tur bul en
( OL) Concentr 3 y ( mm/ s)
2.5 114 22. 764
500 1.25 74 15. 001
2.5 90. 4 18.523
200 1.25 57. 3 11.803
20 2.5 18 8.6514
1.25 17.5 8.336
Tabl e 4: Complete data table of setting velocity and
Settling Velocity
Particle Sampl e Revnol ds Stil I W
( OL) Concentr 3 y ( mm/ s)
2.5 172 21. 397
500 1.25 92. 2 11.412
2.5 80. 3 16. 072
200 1.25 419 8.437
50 2.5 55. 4 6.929
1.25 29 3.618

The se®etbcngy results show that the moti on

simultaneously by particle size, xant han gul
still water and turbulent watemalthkeat|l pragedstc
settled slowest. This overall trend is physi
earlier in Section 3.6, because increasing |

effect relative to dragsi wbereraseade®es efalseé nge
hydrodynamic resistance. Concentration also

volume considered in this study, the 2.5 g/l
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1.25 g/ L partiscltehsat Tthh esc dinrigthaedratoen parti cl e
mechanically stronger and more coherent bod
and t herefore a mor e favorabl e hyd-r odynami
concentration parei mbee, eani lcpyntiefist meadve wh
their effective drag and reduced their sett]l
with the rheological i nterpretation devel ope
shown t o prosvsiesscso sgirteya,t estronger Vviscoelastic

resistance than the 1.25 g/ L system.

The Reynol ds number used I n t he present (
experimentally measur ededqeatmi mmd @cS4€3I%xt lamg (e
4. 7. |l -mi density form, the particle Reynol ds
YQ ——

and equi val emntilsy,osiint ykifnoernmat iacs equation (44

YQ —

wheveis thlharmdaterminalQisetthéengepeéesent gt i

di ameter uséed sfotrhet hfattiudcdd ddee, ndsy mamaics vtihsec o s i |

kinematic viscosity of water. Sinapatlhseisett
wor kfl ow were reported in mm/s, and the repr
mm, banhi ues were converted to SI units bef
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O 67 0 A&l pm

Q a Q aa p T

Thus, for each case, the Reynolds number was
velocity and paret icoolrea edsipaomedti enrg. Il n general f

cal cul ation was carried out as

YQ (49)

Therefore, mher Rewgpsohds @s s u(neodt ha maentCedo8r)i fr
Rat her, it was calculated after the settling
was then used to i mteonpmpat et hd e(dlramtghul ¢2a$0 Qvde)t |
frameWwbir&.point is important because the rol
to generate the experiment al settling veloc

drddgsed baseline (fLoort hc,fomgplaE8viciok . wddhesel ect ec

extends beyondftbew Stokes Crmepiagd is suita
finite Reynolds number, where drag can no |
I n awdithe model is especially relevant her
directly into the drag description, and the
behavi orspheri noabhhepambdel es.s especially rele
Reylndbos number enters directly into the drag

al so di scusses -dplagr ibedlavp arrt ifolresn.onA compar |
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settling description woul d sReyrnoubdely i nform
reference; however, the present particles do

motion al sosigeol desd of mabt es,phaend cmdt erftfiealtls:

descent . For this reason, t hee Loawiht d bblaene pvoir
comparison, while stil!]l recogni zing the conc
For the 2.5 g/L particles, the measured sett

and 6.929 mm/s for 500 Orbespo6OdiOhg mepdorDed
numbers of 172, 80.3, and 55.4. For the 1.25
were 11.412 mm/s, 8.437 mm/s, and 3.618 mm/
of 92.2, 41. 9, and 29.r mlhtehsaee Rehyen opladrst i ncu nebse |
in a Ptuockdegxyd me. They | i enumbea friamigtee whey reo |
effects are already relevant and where a mor
context of thisighehkysi,cdlhlay medrhiemgmhuele beca
of softness and defor mah e oh uwdntudsrend d ti an gr epvee
di fferent but equally important behavior. Tl
22.764 mm/ss, 18n8238. 64 mm/ s for the 2.5 g
Reynolds numbers of 114, 90. 4, and 18 for 5
the 1.25 g/ L particles, the measured turbul e
mm/ s, and s8. 3w3& hmmReynol ds numbers of 74, 57.
are i mportant i n supporting this interpretat

500 OL particles remained the most gravita
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occupnhnedntermedi ate regi me, and the 20 OL p

random advection and path distortion. This r
particle size decreased. The same ddneaelsusi on
the relative increase from still water to tu
and mechanically weaker particles. For the
mm/ s in stil!]l water to 8.3B6ngm/ sndncawuirbagl
observed motion is no |l onger dominated by in
with the surrounding turbul ent flow. Theref

interpreted as represéentratiese rmethedowmaar |
velocities 1 hakeéere tsagetch ¢ is,reantsleeyl nooclidsy number
results shlowt wmpX@®th&)i s useftulprionvitdheiss at hceosnis
drdgagsed basel-Regenadlodbdar fpain ttiecl e, making it
where the xanthan gum particles behave appr .
where they depart from that emdegksz athiean.t hE
results are considered together with the de
t hat showed greater deformation and | ess st
deviated more str erogdyyad rioans etlhien ec. o nTfphaicst me a |
vel ocity and Reynol ds number cannot be i n
mechani csc.conk elnaweart i on particle does not me r
changes shape more readeéeay, dwagchonl eptat po!

the hydrodynamic regime experienced during d
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does not simply move through an i mposed fl o
being transportedthdhef Rreg noémai maambee f ul a ¢
but for def or mabl e xant han gum particles
deformation and trajectory behavior rather

combined interpmatatpbpsisabnenefghhe of the

6.2 Turbulencemdaémennpredictabl e

Il n Section 5waten heedwlrtbul wet e presented p
measured settling trajectories and the <cor:

presentation was necessary to quantidédy the

compare turbulenwasettbasgl wneh Hbweser| |l a s
a single projected trajectory is not suffici
Unl i ke quiescent settl i nghr-eeumebnusiieonnta lt, r aannsdp

particle may undergo simultaneousodfdloavnevar d 1
drift, rotation, and random reorientation as
reason, t -Fendddaij ¢ otaadey dplsoctusssed in this se
provide a clearer picture of how the particl
help explain why the measured turbulent set
transport resppusalsyne@rmsd enaté htleirmg naél oci ti e
way, the present sectiverl oexpggygndd stchuesse amnl ibeg

spati al unpredictability of turbulent partic
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Fig@lReconstruc-wetYeandt b waljerctt ori es as functions of
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gum particles at 2.5 qgblkiandvh.r2 adoignhdintsyisdamadli ngharttehei a

irregularity under turbulent fl ow

For the 2.5 g/L, 500 pL particle, the turbulent flow may be understood as a weak but
continuously fluctuating thredimensional field in which the particle is not acted on by
gravity alone, but also by local eddies and small background velocity compdnehts.

figure, the ¥ and Zcoordinates represent the two reconstructed spatial directions used to
describe particle motion beyond the primary settling direction. Therefore, these plots show
how the particle shifts laterally and out of plane while sgtling. The 2.5 g/L trajectories

remain relatively more organized than the lowencentration case, which suggests that
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the particle preserves stronger coherence and is less easily distorted by the surrounding
turbulence. However, the curves still dd fallow a single smooth path, showing that even
this mechanically stronger particle is repeatedly redirected by the turbulent field and does
not descend as a purely vertical rigid bogr the 1.25 g/L, 500 pL particle, the same Y

and Ztrajectory plotsshow a more irregular and dispersed motion, indicating that the
particle is more strongly coupled to the surrounding turbulent fluctuations. Here again, Y
and Z represent the additional spatial directions of motion, and their variation with time
makes clar that the particle wanders in space while settling rather than following a single
predictable line. The stronger spread in these curves suggests that thedooettration
particle is more flowresponsive, so local eddies more easily alter its posdiuh
orientation during descent. This is important because it shows that the turbulent
environment introduces real thrdemensional path variability and that this effect becomes

more evident as particle mechanical stability decreases.

For parti208le vol ume
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irregularity under turbulent fl ow

For the 2.5 g/L, 200 uL particle, Figure 50 shows that the turbulent flow continues to
produce clear thredimensional path variability, but the motion is now less coherent than
for the 500 L case. The-¥oordinate again represents one reconstructed spadetidn

of particle displacement, while thecoordinate represents the other lateral oradtgilane
direction, so together they show how the particle wanders through the turbulent field while
settling. In the 2.5 g/L case, the trajectories already shiawger spreading and more
directional variation, indicating that the 200 pL particle is less able than the 500 pL particle
to resist redirection by local eddies. Thus, although the particle still has sufficient

coherence to settle as a recognizable badypath is more strongly modified by the
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turbulent flow and becomes less predictable in both spatial directfaorsthe 1.25 g/L,

200 pL particle, the same effect becomes even more evident.-Tdral ¥trajectory plots

show largerdispersion, stronger curvature, and greater differences from one trial to
another, which suggests that the particle is more responsive to the fluctuating turbulent
field. Because this particle has both a smaller size and a lower concentration than the 500
ML case, its motion is more easily altered by instantaneous eddies and background flow
variations. The result is a more scattered tuiegensional trajectory, with less
repeatability across trials. This supports the general interpretation of the turiesldts:

as particle size and mechanical strength decrease, the motion becomes less dominated by
simple gravitational descent and more influenced by unpredictable turbulent redistribution

in space.

For particLe volume 20
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irregularity under turbulent fl ow

For the 2.&r tgi/cll,e ,20FiGjurpe 51 shows that the -
than for the | argemdpaotdichaet ess zagai Mheepr
additional reconstructed spatial directions
partsi crleepeatedly displaced sideways and out

~

the 500 OL and 200 OL cases, the 20 OL part

greater variation from one trial tad iagnmoetdher ,
with downward settling. Thus, even at the |
particle is more strongly influenlikoetdke by | oc

1.25 g/L, 20 pL particle, this behavior becomes even more pronouncedy-Tdnd Z
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