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Abstract of Praxis 

 

Experimental Investigation of Settling and Deformation of Extracellular Polymeric 

Substances-Analog Xanthan Gum Particles under Still-Water and Turbulent Conditions 

 

 

          This thesis investigates the settling and deformation behavior of Xanthan Gum (XG) 

particles as mechanical analogs for Extracellular Polymeric Substances (EPS)-enriched 

marine aggregates under both still-water and turbulent conditions. The study was motivated 

by the need to understand how soft aggregate-like particles respond to quiescent flow and 

to weak, ocean-relevant turbulence, since marine snow transport in the ocean depends not 

only on settling velocity but also on particle deformation and flow-induced trajectory 

modification. Two XG concentrations, 1.25 g/L and 2.5 g/L, were selected as controlled 

viscoelastic analog conditions, and particles of 500 ÕL, 200 ÕL, and 20 ÕL were examined. 

Experiments were conducted in an octagonal turbulence tank equipped with synchronized 

orthogonal high-speed cameras, and three-dimensional particle motion was reconstructed 

using Direct Linear Transform (DLT)-based image analysis. The turbulent condition was 

based on a previously characterized low-dissipation flow field generated at 30 rpm, 

representative of small-scale oceanic turbulence, with dissipation rate on the order of 

ҢḐρπά Ⱦί. In still water, settling velocity decreased systematically with particle size 

for both concentrations, and the 2.5 g/L particles settled faster than the corresponding 1.25 
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g/L particles, indicating stronger cohesion and better shape retention at higher 

concentration. In turbulence, the measured net downward velocities were higher than in 

still water, but the trajectories became irregular, truncated, and strongly influenced by 

background flow and velocity fluctuations, especially for the smallest particles. 

Deformation analysis from both camera views showed that particle elongation, projected-

axis reduction, and reorientation were strongly dependent on particle size, concentration, 

and flow condition. Overall, the results demonstrate that settling of soft marine-aggregate 

analogs is governed by the coupled effects of particle size, viscoelastic concentration, 

turbulence, and time-dependent deformation, and that still-water drag-based models are 

insufficient to fully describe turbulent settling of deformable particles. 
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Chapter 1: Introduction 

1.1 Motivation: 

Marine snow, comprising aggregates of phytoplankton, fecal pellets, dead or decaying 

organisms, extracellular polymeric substances (EPS), bacteria, mucus-like organic matter, 

and entrained mineral particles, plays a central role in the marine carbon cycle. These 

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 water column is one of the 

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

direct contact with the atmosphere (Alldredge & 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 consumed by zooplankton 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 marine snow (Burd & 

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

determines whether carbon remains in the near-surface ocean, where it can be rapidly 

recycled back to CO , or is transported downward into deeper layers, where it may be stored 

for much longer times. This transport is not simply a matter of particles moving vertically 

downward. As marine snow sinks, it is continuously modified by biological, chemical, and 
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hydrodynamic processes. Bacteria and other microorganisms remineralize the organic 

matter, converting part of it back into dissolved inorganic carbon (Middelburg, 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 snow directly 

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 especially important. In 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 be recycled before 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 recycling (Dil ling & 

Alldredge, 2000). Thus, the competition between settling, deformation, breakup, and 

remineralization determines the efficiency of long-term carbon sequestration. For this 

reason, understanding marine snow settling is important not only from a fluid-mechanics 

perspective, but also from the perspective of global carbon storage and climate-relevant 

ocean processes. 
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Figure 1: This figure illustrates the biological carbon pump, showing how marine snow and other organic 

particles formed in the surface ocean sink through the water column and contribute to vertical carbon 

transport to deeper layers (Pinti et al., 2023) 

Figure 1 illustrates this broader framework. Phytoplankton in the surface ocean fix carbon 

from CO , after which grazing, predation, fecal-pellet production, aggregate formation, diel 

vertical migration, respiration, and sinking all redistribute that carbon throughout the water 

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

a larger biological and physical pathway linking the surface 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 
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demonstrate that only part of the originally fixed carbon survives to depth (Pinti 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 tendency, and 

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 these coupled processes 

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, aggregate-like particles settle and deform 

under still-water and turbulent conditions.  

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

spherical, deformable nature of organic-rich particles in the ocean (Nava, 2025; Sommer, 2024) 
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Figure 2 shows representative 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 grains, 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 rigid-particle 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, and stability. 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 still-water 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 

properties of the aggregate, including its effective density, size, and structure (Y. Song et 

al., 2023a). This still-water 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 state throughout its descent, but rather moves through 

regions of relatively calm flow and zones of enhanced mixing. Therefore, understanding 
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settling under both quiescent and turbulent conditions is necessary for a complete 

description of its transport behavior in the 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 turbulence-induced changes in 

settling dynamics (Prairie et al., 2015). 

1.2 Background 

The ability to generate homogeneous and isotropic turbulence under laboratory conditions 

is essential for studying mixing, momentum transport, boundary layer interactions, wake 

evolution, and particle-laden flows. For particle-laden systems, enclosed flow facilities are 

particularly useful because their near-zero mean flow velocity allows long particle 

residence times and reliable particle tracking measurements. Turbulence is characterized 

by irregular, three-dimensional, time-dependent motion spanning a wide range of scales. 

Large eddies contain most of the kinetic energy and break down into progressively smaller 

structures through the energy cascade until viscous effects dominate and kinetic energy is 

dissipated as heat. The smallest relevant turbulent scale is the Kolmogorov scale, 

ɖ= ϳ, where ɜ is the kinematic viscosity of the fluid and Ů is the turbulent kinetic 

energy dissipation rate. The generation and characterization of the turbulent flow within 

this experimental facility have already been established in the prior work of Alonso 

Johnson (2023) [Generation and Characterization of Isotropic Turbulent Flow at Low 

Dissipation Rates, George Washington University]. There, the flow was analyzed using 
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Reynolds decomposition, in which the instantaneous velocity field is separated into mean 

and fluctuating components, allowing evaluation of important turbulence statistics such as 

turbulent kinetic energy, Reynolds stresses, dissipation rate, and measures of homogeneity 

and isotropy. The study demonstrated that the facility can reproduce statistically 

homogeneous and isotropic turbulence at low dissipation rates on the order of 

ҢḐρπά Ⱦȟί, representative of small-scale oceanic motions. The turbulent flow was 

characterized using particle image velocimetry, in which neutrally buoyant tracer particles 

were illuminated by a laser sheet and tracked between successive image pairs to obtain 

spatially resolved velocity fields. Dissipation rate was then determined from the resulting 

spatial velocity gradients, with an additional correction applied to account for spatial-

resolution limitations and measurement noise. Accordingly, the present thesis does not re-

calculate these turbulence properties or re-derive the governing equations, but instead 

adopts the previously established flow field as the hydrodynamic framework for 

investigating particle settling, transport, and deformation behavior. 

Chapter 2: Literature Review 

Large, rapidly sinking particles are much less abundant than fine suspended particles in the 

ocean. However, previous studies have shown that these large particles are primarily 

responsible for the vertical transport of biogenic material and elements through the water 

column. Marine snow settling velocities have been measured directly in laboratory studies 

(Silver & Alldredge, 1981); (Alldredge & Gotschalk, 1988a), in the field (Shanks & Trent, 
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1980), and have also been estimated from in situ imaging (Billett et al., 1983); (Lampitt, 

1985); (Asper et al., 1992). Despite these early efforts, the relationships between settling 

velocity and aggregate properties such as size, mass, and density remained incompletely 

understood. This limitation connects marine snow research to the broader study of settling 

velocity in fluids. Settling velocity has long been an important topic because it governs 

how particles, drops, and aggregates move through liquids and gases in both natural and 

engineering systems. (Whiten & ¥zer, 2015) described the classical framework of settling 

theory for rigid spherical particles, where settling is governed by the balance of gravity, 

buoyancy, and drag. Within this framework, the Reynolds number and drag coefficient 

became the key parameters controlling terminal motion, and later studies by (X. Song et 

al., 2017) further developed drag correlations and dimensionless formulations for 

predicting settling velocity over a wide range of flow conditions, especially for spheres. As 

the field developed, researchers moved beyond ideal spherical particles because most 

natural particles are not perfectly spherical. (Rushd et al., 2021) re-established the basis of 

settling theory numerically in recent times, but they also concluded in their study that 

prediction becomes much more difficult once a particle departs from ideal spherical 

geometry or moves beyond the simplest laminar regime. Attention moved beyond ideal 

spherical particles toward non-spherical and more realistic particles, since most natural 

particles do not retain perfect geometric symmetry. Studies by showed through numerical 

work in quiescent water that non-spherical particles such as prolate spheroids, oblate 

spheroids, cylinders, disks, and cubes generally experience greater drag and attain lower 
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terminal velocities than equivalent spheres, with these shape effects becoming stronger as 

inertial effects increase. In general, non-spherical particles experience greater drag and 

settle more slowly than equivalent spheres, and these shape effects become more 

pronounced as inertial effects increase. At the same time, the literature by (Afonso, 2008) 

has shown that settling cannot be understood only in terms of final terminal velocity. The 

time required to reach terminal motion, the displacement during acceleration, and changes 

in particle orientation during descent are also essential parts of the settling process. This 

has gradually shifted the field from simple drag-based descriptions toward a more complete 

understanding of real particle motion in fluids (Outokesh et al., 2026). More recently (Y. 

Song et al., 2023b) showed that marine aggregates can deform and undergo hydrodynamic 

weakening under simulated oceanic shear, promoting disaggregation. This suggests that, 

although settling theory is well developed for rigid and idealized particles. 

2.1 Classical settling theory for rigid spherical particles 

The classical settling theory for rigid spherical particles originates from the balance of the 

three main forces acting on a particle falling through a viscous fluid: gravitational (or 

effective buoyant) force, hydrostatic (buoyancy) force, and hydrodynamic drag force 

(Cheng et al., 2023a). In the simplest case of a rigid, impermeable sphere settling in an 

infinite Newtonian fluid at rest presented in the study by (FERREIRA et al., 1998), the 

particle accelerates until the net driving force, that is, gravitational force minus buoyancy 

force, is exactly balanced by the viscous drag. At that point, the motion reaches a constant 
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terminal settling velocity, v . This terminal state is the standard of many settling and 

particle-transport models in geophysics, chemical engineering, and oceanography. At low 

particle Reynolds number, Re  << 1, the flow around the sphere is fully laminar and inertia 

can be neglected, leading to the well-known Stokesô law expression for the drag force and 

the resulting terminal velocity. For a spherical particle of diameter d , density ɟ , settling 

in a fluid of density ɟ  and dynamic viscosity ɛ, the terminal velocity under Stokesô regime  

ὺ  
 
                                                                                                                (1) 

where g is the acceleration due to gravity. This relation shows that v  scales quadratically 

with particle diameter and is inversely proportional to the fluid viscosity, capturing the 

intuitive observation that larger or denser particles settle faster, while more viscous fluids 

slow down settling (Stokes, 2009). 

Many sinking particles, such as dust, microplastics, or mineral-laden aggregates, operate 

outside the strict Stokes regime, where the particle Reynolds number is higher and the flow 

begins to separate behind the sphere. In this transitional and high-Reynolds-number 

regime, the drag coefficient ὅ becomes a weakly increasing function of Re , and simple 

Stokesô law no longer holds. To bridge these regimes, empirical and semi-empirical drag 

correlations such as the SchillerïNaumann equation are commonly used in computational 

fluid dynamics and particle-tracking studies (Karunarathne & Tokheim, 2017; Loth, 2008). 

These expressions smoothly interpolate between the Stokes limit at small Re  and the 

constant-drag Newton regime at large Re , thereby providing a continuous description of 
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the settling velocity for a wide range of particle sizes and fluid properties. From a modeling 

perspective (Wang et al., 2025), the classical spherical-particle framework is attractive 

because it yields explicit closed-form solutions for terminal velocity and allows 

straightforward parameterization of particle motion in both quiescent and turbulent 

environments. Although the analysis can be simple, the theory assumes perfect sphericity, 

rigidity, and a homogeneous surrounding fluid, conditions that are rarely satisfied by 

natural marine-snow aggregates, which are often porous, fractal-like, and deformable. 

Consequently, while the rigid-sphere settling theory provides a necessary reference against 

which more complex behaviors, such as non-spherical shapes, stratification, and turbulent 

effects, can be evaluated, any attempt to describe marine-snow transport in the ocean must 

go beyond the spherical idealization and incorporate shape, structure, and time-dependent 

deformation into the governing balance of forces. 

2.2 Settling of Non-spherical Particles 

In natural and engineered systems, particles deviate significantly from perfect spheres, and 

their settling behavior is strongly influenced by shape, orientation, and projected area rather 

than by volume alone. For non-spherical particles such as ellipsoids, rods, plates, or 

irregular aggregates, the drag coefficient is no longer fully determined by the particle 

Reynolds number ὙὩ but also depends on detailed shape descriptors such as aspect ratio, 

sphericity, and surface-area-to-volume ratio (Angle et al., 2024; J. Chen et al., 2024; Cheng 

et al., 2023b; McNown & Malaika, n.d.). As a result, a given set of size and density 
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conditions can yield substantially different terminal velocities depending on how the 

particle orients and tumbles in the flow (Govindan et al., 2021; Tsakalakis & Stamboltzis, 

2001), making the prediction of settling velocity more complex than in the spherical case. 

A well-established approach is to scale the drag law for spherical particles with one or more 

shape factors that account for increased form drag and wake effects in non-spherical 

geometries (Swamee & Ojha, 1991). Recent correlations for irregular sediment and natural 

propagules show that the drag coefficient of non-spherical particles is typically higher than 

that of an equivalent-volume sphere due to a larger effective surface area and stronger 

pressure-drag contributions (Yang et al., 2021). These shape-dependent drag laws 

established by both (Dioguardi & Mele, 2015) and (Loth, 2008) are often cast as 

modifications of classical spherical drag correlations, where an additional shape-function 

term multiplies the reference drag coefficient and is tuned to experimental or numerical 

data across a range of aspect ratios and Reynolds numbers. In the context of marine-snow 

aggregates, observational and image-based studies reveal that particles are often highly 

elongated, flaky, or fractal-like, with projected area and orientation that change 

dynamically as they sink (Kilps et al., 1994). Experiments on marine-snow analogs and 

natural aggregates show that settling speed scales more closely with the smallest dimension 

or projected cross-section than with the volume-equivalent diameter, and that aggregates 

can exhibit tumbling or planar orientations that further modulate drag and vertical velocity 

over time (Wu et al., 2025). Because these shape-induced modulations are not captured by 

simple Stokes formulae, oceanographic models of marine-snow flux increasingly rely on 
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empirical or semi-empirical shape-scaling relationships calibrated to in situ or laboratory 

measurements of non-spherical aggregate settling. The treatment of non-spherical particles 

introduces two main challenges: how to define an effective size and orientation for drag 

closure, and how to represent time-dependent orientation and rotation in a computationally 

tractable way. Studies have developed generalized drag models that combine shape 

descriptors (sphericity, circularity, or aspect ratio) with Reynolds-number-dependent 

corrections, enabling the prediction of settling velocity for a broad class of non-spherical 

particles without requiring case-by-case calibration (Angle et al., 2024; Cheng et al., 

2023a; Loth, 2008). 

2.3 Settling in Still Water 

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

isolating particle-controlled behavior. In the absence of strong external flow fluctuations, 

the settling trajectory is governed primarily by the particleôs own size, density, shape, and 

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 of a particle 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 may still rotate, reorient, or deform slightly as they move 

through the fluid (Loth, 2008). In weakly disturbed water, these effects may be subtle, but 
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they are still important because they reveal that settling velocity is not always a fixed 

material property. Instead, it may evolve with particle geometry and time (Li et al., 2024). 

Thus, quiescent settling is valuable not only because it provides a clean baseline, but also 

because it reveals the first deviations from ideal rigid-body behavior. For deformable or 

aggregate-like particles, this regime often marks the point where classical theory begins to 

lose full predictive accuracy. 

2.4 Settling in Nonuniform Surroundings 

In many natural environments, particles do not settle through a fluid of uniform properties. 

Instead, they may pass through regions with spatial changes in density, viscosity, 

temperature, salinity, or velocity structure. Under these conditions, settling becomes more 

complicated because the local hydrodynamic resistance is no longer constant throughout 

the particle path. A particle may accelerate, decelerate, or temporarily retain fluid from an 

earlier region, producing settling behavior that differs from what would be expected in a 

homogeneous fluid column (Kilps et al., 1994; Prairie et al., 2015; Swamee & Ojha, 1991). 

For porous and aggregate-like particles, nonuniform surroundings are especially important 

(Hunt et al., 2025). Such particles may interact strongly with density gradients because of 

entrainment, fluid retention, permeability, and delayed exchange with the surrounding 

medium. As a result, settling velocity may decrease temporarily or exhibit behavior that 

cannot be described by a single terminal value. The literature on nonuniform settling, 

therefore, shows that settling should often be treated as a local and evolving process rather 
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than as a fixed constant assigned to the particle alone. For natural aggregates such as marine 

snow, this issue is especially important because the ocean is rarely homogeneous over 

depth. Particles may sink through density interfaces, weakly stratified layers, or regions 

with changing salinity and temperature, all of which can modify local buoyancy and 

hydrodynamic response. Because marine snow is highly porous and compositionally 

heterogeneous, the effective density contrast between the aggregate and the surrounding 

water may be small and may itself vary with the ambient conditions (Burd & Jackson, 

2009). This makes aggregate settling especially sensitive to nonuniform surroundings. 

2.5 Settling in Turbulence 

When particles settle in turbulent flow, their motion is influenced not only by gravity and 

drag but also by time-dependent fluid fluctuations across a range of spatial and temporal 

scales (Brandt & Coletti, 2022; Schröder & Schanz, 2023). Unlike settling in quiescent 

water, where the surrounding fluid is nearly stationary and the particle response is 

comparatively steady, settling in turbulent occurs in a constantly changing environment. 

Fluid velocity fluctuations may accelerate, decelerate, rotate, or laterally displace the 

particle as it descends (Marchioli et al., 2026). Because of this, the observed settling 

trajectory is no longer a simple vertical path governed only by particle weight and drag, 

but instead reflects a combined effect of gravitational settling and turbulent transport. 

Turbulence can influence settling in several ways. In the paper by (Brandt & Coletti, 2022) 

it can be listed as: firstly, it can alter the instantaneous relative velocity between the particle 
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and the surrounding fluid, thereby 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 particle spends within a given region of the fluid, either enhancing downward 

transport or increasing suspension, depending 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 motion. For aggregate-like particles, turbulence is particularly 

significant because these particles are typically low-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 strain rates, and produce 

repeated changes in the hydrodynamic forces acting on it (Takeuchi et al., 2019). This 

coupling between particle motion and turbulent flow makes aggregate settling 

fundamentally different from the settling of rigid spherical particles. Even if a particle has 

a characteristic still-water settling velocity, its actual motion in turbulence may differ 

substantially because it is continually interacting with local flow structures whose strengths 

vary. In aquatic environments, the importance of turbulence is heightened by the fact that 

particles often pass through regions of both relatively calm and actively mixed flow during 

their descent. A marine aggregate may begin settling in a weakly disturbed 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. 

2.6 Particle Deformation and Hydrodynamic Response During Settling 

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 solids, but it becomes much less valid for soft, porous, gel-like, or 

aggregate-like 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 response 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 behavior (Y. Song & Rau, 2020). Deformation during settling may take several 

forms, including elongation, flattening, necking, reorientation, or internal restructuring. 

These changes are important because the drag force depends strongly on particle geometry 

and projected area. A deforming particle may therefore experience time-varying drag even 

when its mass remains unchanged. This means that the settling velocity of a soft particle 

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 hydrodynamic and mechanical problem rather than as a purely 
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translational one (Y. Song et al., 2023c; Y. Song & Rau, 2019). The hydrodynamic 

response of a deformable particle during settling is therefore closely tied to its material 

properties. Viscosity, elasticity, internal cohesion, and relaxation time scales all help 

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 from spherical or 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 et al., 2004). 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 significantly alter settling behavior. A particle that elongates or develops 

a necked structure (Forgacs & Mason, 1959; Y. Song et al., 2023a) may experience larger 

projected area, increased drag, and altered rotation or orientation during descent. Thus, 

fragmentation is only the most extreme outcome of a broader continuum of mechanically 

responsive settling behavior. The literature increasingly recognizes that, for biological and 

aggregate-rich particles, meaningful prediction of settling requires simultaneous 

consideration of particle motion, fluid forcing, and structural evolution.  

2.7 Research Gap 
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¶ Still-water and turbulent settling are often investigated separately, which makes it 

difficult to directly compare how flow conditions modify particle motion and 

deformation 

¶ The coupling between settling and deformation is also still not well resolved, and 

settling velocity alone is often insufficient to fully describe particle behavior because 

soft particles may simultaneously elongate, reorient, restructure, or weaken during 

descent under both quiescent and turbulent conditions  

¶ A further challenge is that real marine snow is highly variable in composition, density, 

porosity, and biological content, making it difficult to study in a controlled and 

repeatable way and motivating the use of a similar composition analog 

¶ Limited experimental information on how soft analog particles settle and deform in 

weak, ocean-relevant turbulent environments  

Chapter 3: Xanthan Gum as a Mechanical Analog for EPS-Enriched Marine Aggregates 

3.1 Role of EPS in Aggregate Mechanics 

Extracellular polymeric substances (EPS) play a fundamental role in the formation, 

stability, and mechanical response of marine aggregates. EPS are complex, high-molecular-

weight biopolymers secreted by phytoplankton and bacteria during growth, senescence, 

and cell lysis. Once released into the surrounding fluid, these polymers bind organic and 

inorganic particulate matter through physical entanglement, electrostatic interactions, and 

hydrogen bonding, thereby promoting aggregate formation. As a result, EPS-rich 
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aggregates exhibit enhanced cohesion relative to mineral or detrital particles alone (Decho 

& Gutierrez, 2017a). From a mechanical perspective, EPS strongly influences the 

deformation and breakup behavior of aggregates under hydrodynamic forcing. The 

polymeric network formed by EPS imparts viscoelastic properties to the aggregate matrix, 

allowing aggregates to deform elastically at low stresses while dissipating energy through 

viscous mechanisms at higher strain rates. This viscoelastic response governs how 

aggregates stretch, reorient, and fragment when subjected to shear and extensional flows 

(Qi et al., 2022). Consequently, the presence of EPS alters both the settling velocity of 

aggregates and their resistance to turbulent stresses. 

EPS-mediated aggregate mechanics directly affect carbon sequestration efficiency because 

EPS is not only a structural component of marine snow, but also one of the main substances 

responsible for its formation. As phytoplankton and bacteria grow, senesce, and undergo 

cell lysis, they release EPS into the surrounding water, where its sticky and elastic nature 

promotes the binding of dead phytoplankton, organic detritus, fecal pellets, mineral 

particles, and other suspended debris into larger aggregates (Decho & Gutierrez, 2017b). 

In this way, marine snow itself becomes highly enriched in EPS, and the polymeric matrix 

acts as the ñglueò that holds these heterogeneous particles together (C.-S. Chen et al., 

2021). By enabling aggregation and increasing the effective size and mass of the particle 

cluster, EPS has a direct influence on settling behavior, since larger and more cohesive 

aggregates are more likely to sink through the water column and contribute to vertical 

carbon transport. At the same time, the viscoelastic nature of EPS governs the mechanical 
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response of these aggregates during motion. Under quiescent or weakly disturbed 

conditions, EPS-rich aggregates may remain cohesive enough to settle as relatively intact 

particles, even if they deform slightly or tumble during descent. Under shear-dominated or 

turbulent conditions, however, hydrodynamic forces can stretch, weaken, and eventually 

overcome the EPS-mediated bonds within the aggregate, leading to restructuring, 

disaggregation, or fragmentation (Hayashi et al., 2023). Thus, EPS contributes directly to 

both aggregation and disaggregation: its stickiness and elasticity promote particle assembly 

and settling, while its mechanical response under hydrodynamic loading controls when and 

how those same aggregates deform and break apart in laboratory flows and in oceanic 

environments at different depths. 

3.2 Using Xanthan Gum as a proxy to EPS 

Direct experimental use of natural EPS is often difficult because EPS is fragile, 

compositionally variable, and challenging to isolate and transfer without altering its 

original structure. As a result, EPS collected from one tank or environment may not behave 

identically in another, making it difficult to achieve repeatable and well-controlled 

laboratory experiments. For this reason, a simplified and reproducible proxy material is 

often needed when the goal is to study the mechanical role of EPS in aggregate formation, 

settling, and deformation. 
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Figure 3: Chemical Structure of pure Xanthan Gum (Bhat et al., 2022) 

Xanthan gum (XG) is used in the present study as such a proxy. XG is a high-molecular-

weight extracellular polysaccharide produced by the bacterium Xanthomonas campestris. 

It is widely known for its strong thickening ability in aqueous solutions, even at relatively 

low concentrations, and is characterized by high viscosity, shear-thinning behavior, 

viscoelastic response, and strong resistance to rapid sedimentation (Bhat et al., 2022; 

Nsengiyumva & Alexandridis, 2022). These properties make XG particularly useful for 
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representing the mechanical effects of EPS in fluid systems. Like natural EPS, XG forms 

a polymer-rich network in water and exhibits a sticky, cohesive character that promotes 

binding and structural integrity within suspended material (Milas et al., 1990). The repeated 

hydroxyl-rich polysaccharide backbone and side-chain groups of XG, as shown in Figure 

3, promote extensive hydrogen bonding and strong hydration in water, which help explain 

its sticky, cohesive nature and its suitability as a water-soluble mechanical analog in the 

present experiments. It is also relatively easy to prepare in controlled concentrations, stable 

over laboratory time scales, and much more repeatable than natural EPS collected directly 

from marine aggregates. The use of XG is further justified by the fact that both EPS and 

xanthan gum are polysaccharide-rich biopolymers with similar bulk mechanical 

characteristics. Although XG does not reproduce the full biochemical complexity of natural 

marine EPS, it captures the key physical features most relevant to the present work, namely 

viscosity enhancement, viscoelastic resistance, and cohesion within soft aggregate-like 

particles (Wintersteller et al., 2025). XG is adopted here not as a biological substitute for 

EPS, but as a controlled mechanical analog that enables systematic repeatability for 

laboratory-controlled investigation. 

3.3 Rheological Behavior of Xanthan Gum Concentrations 

The two xanthan gum concentrations used in this thesis are: 

ὅ ρȢςυ ὫȾὒ   ρςυπ ὴὴά  πȢρςυϷ ύὸȟ   

ὅ ςȢυ ὫȾὒ   ςυππ ὴὴά  πȢςυϷ ύὸȟ   
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These concentrations were chosen because they best represent the viscous range intended 

to mimic EPS-rich marine conditions while still allowing reproducible particle preparation 

and settling experiments under laboratory control. In this sense, the selected concentrations 

were not arbitrary, but were chosen as mechanically relevant analog concentrations that 

approximate realistic oceanic aggregate conditions. 

3.4 Experimental Rheology of Xanthan Gum 

To examine the viscoelastic response of xanthan gum, oscillatory measurements were 

conducted using a Discovery Hybrid Rheometer (DHR) at 22ÁC at 5g/l concentration. 
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Figure 4: Experimental Analysis of 5 g/l concentration of XG (viscoelastic response of xanthan gum 

through frequency-dependent storage and loss moduli) 

The plot shown here corresponds to a xanthan gum concentration of 5 g/L. In this frequency 

sweep, the storage modulus Gǋ remains higher than the loss modulus Gǋǋ over most of the 

measured angular-frequency range, indicating that the material stores more energy 

elastically than it dissipates viscously in that region. This suggests that the xanthan gum 

solution behaves as a structured viscoelastic material with a pronounced elastic 

contribution rather than as a purely viscous liquid. The gradual increase of both Gǋ and Gǋǋ 

with frequency indicates that the material response becomes stronger under faster 

deformation. At higher angular frequencies, the two moduli approach each other and 

eventually intersect, which indicates a transition toward a regime where viscous dissipation 

becomes comparable to elastic storage. Physically, this crossover suggests weakening of 

the dominance of the elastic network at high forcing rates. The sharp downturns after the 

intersection should be interpreted cautiously, since they are more likely associated with the 

measurement limit or loss of stable signal than with a true material collapse. Overall, the 

plot confirms that xanthan gum at sufficiently high concentration possesses a measurable 

elastic network response, which is important for understanding deformation resistance and 

shape evolution during settling. 

3.5 Rheology of Xanthan Gum 
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(Whitcomb & Macosko, 1978) studied XG over a broad concentration range, from dilute 

solutions up to 10,000 ppm, and the most relevant results for our current work 

 

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 the 1000 ppm, 2000 ppm, and 3500 ppm solutions all exhibit strong 

shear-thinning behavior, whereas the 10,000 ppm solution begins to show yield-stress-like 

behavior at very low shear rates. They also note that the 1000 ppm, 2000 ppm, and 3500 

ppm curves flatten toward a low-shear plateau, which means these solutions still behave 

like flowing liquids rather than strongly yield-dominated gels. This is relevant to our 

current work because the two working concentrations, 1250 ppm and 2500 ppm, fall 
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directly inside this intermediate regime. Therefore, based on this paper, both concentrations 

used in this thesis are expected to remain strongly shear-thinning, but not so concentrated 

that they enter the clearly yield-stress-dominated behavior seen only at 10,000 ppm. The 

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 behavior, with higher viscosity and greater 

resistance to deformation than the lower concentration. (Whitcomb & Macosko, 1978) also 

describe xanthan as a highly pseudoplastic material and state that small amounts of xanthan 

can increase water viscosity very strongly at low shear rates but much 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. For particle settling, this means the xanthan-rich 

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

to stronger hydrodynamic stress.  

In the paper by (Pereira et al., 2013), 
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Figure 7: Dynamic viscosity as a function of shear rate. The measurements were carried out for XG for a 

range of concentrations, and with the temperature fixed at 25ÁC (Pereira et al., 2013) 
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Figure 8: Gǋ/Gǋǋ as a function of oscillation frequency. The measurements were carried 

out for XG for a range of concentrations and temperature fixed at 25ÁC (Pereira et al., 2013) 

In Figure 7, they show xanthan gum viscosity over concentrations from 37.5 ppm up to 

10,000 ppm, and the curves clearly show that xanthan gum remains shear-thinning across 

the entire concentration range. This is useful because it places both of the present thesis 

concentrations, 1250 ppm and 2500 ppm, within a continuous experimental concentration 

spectrum rather than as isolated values. In the paper, they also report xanthan data at 1000 
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ppm and 2500 ppm, which is especially useful because it directly focuses on 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 to be substantially more resistant to deformation and flow than the 1250 ppm 

solution.  

Another important point from (Pereira et al., 2013) is their estimate of the xanthan gum 

overlap concentration, which they report as approximately ὧᶻ=940ὧᶻ ppm. Since both 1250 

ppm and 2500 ppm are above this value, both concentrations used in the present thesis lie 

in a regime where polymer-polymer interactions are already important. This means the 

solutions should not be viewed as very dilute isolated-chain systems, but rather as 

mechanically interacting polymer systems. That is especially important for marine-

aggregate analog particles, because once the concentration is above the overlap range, the 

material begins to show stronger collective resistance, stronger viscous buildup, and 

stronger structural response under flow. In Figure 6, they plot the ratio Gǋ/Gǋǋ as a function 

of oscillation frequency for xanthan gum at different concentrations, where Gǋ is the storage 

modulus and Gǋǋ is the loss modulus. Their discussion shows that, for xanthan gum, the 

relative importance of elasticity increases with concentration, and at higher concentration, 

the response becomes nearly frequency-independent in a way that they interpret as gel-like 

or network-dominated behavior. This supports the interpretation of our current research on 

rheology plots and is important for your two concentrations. Since 1250 ppm is above the 
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overlap but lower than 2500 ppm, it is expected to show viscoelastic behavior but with 

weaker network strength. The 2500 ppm solution, being higher in concentration, should 

show a stronger elastic contribution and a more structured response.  

In the paper by (M, 2018), studies have been performed for concentrations, 0.10 wt%, 0.25 

wt%, and 0.50 wt% XG. These correspond to 1000 ppm, 2500 ppm, and 5000 ppm, 

approximately. Therefore, the 0.25 wt% = 2500 ppm case in this paper directly matches 

ὅ.  
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Figure 9: Plot of Viscosity vs shear rate for different Xanthan Gum concentrations (Pereira et al., 2013) 

Figure 9 shows viscosity vs shear rate at three temperatures, and in all cases the viscosity 

decreases as shear rate increases, confirming clear shear-thinning behavior. Since 1250 

ppm concentration lies between their 0.10 wt% and 0.25 wt% curves, it is scientifically 

reasonable to interpret its rheological behavior as intermediate between those two curves. 

That means the 1250 ppm solution should still be strongly shear-thinning, but with lower 

viscosity and lower resistance to deformation than the 2500 ppm solution. This paper 

solves the equations using the power-law relation: 

Ű ὑ‎                                                                                                                             (2) 

where Ű is the shear stress, ɔ  is the shear rate, K is the consistency index, and n is the flow 

behavior index. For 0.25 wt% xanthan gum solution, they report K = 3.086 and n = 0.489 

with a high goodness of fit, which confirms strong pseudoplastic behavior because n < 1.  

They further state that for 0.25 wt% xanthan gum at 303 K, the viscosity at 1000 ί  is 

3.30 times lower than the viscosity at 100 ί . It quantifies the degree of shear thinning at 

higher working concentrations.  
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Figure 10: Plot of Viscosity vs Xanthan gum concentration (Pereira et al., 2013) 

Figure 10 shows that viscosity increases with xanthan gum concentration at a fixed shear 

rate, and this increase can become stronger above about 2000 mg/L. The higher 

concentration used in our current study lies 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 in viscosity and 

flow resistance. Hence, the 1250 ppm solution used in this thesis can be interpreted as an 

intermediate shear-thinning behavior, while the 2500 ppm solution is directly supported by 

the literature as a more viscous and mechanically stronger viscoelastic system. 

3.5.1 Relevance of XG shear thinning behavior to the ocean and experimental facility 
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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 flow. In addition to still-water 

conditions, particles in this study are exposed to a controlled turbulent field generated at 

30 rpm, corresponding to a dissipation rate on the order of ŮḐρπ ά Ⱦί. Using the 

Kolmogorov-scale estimate, shear rate is approximately ɔĘḐ‐Ⱦ’ , giving values on the 

order of 1ï3 ί . This range lies within the shear-thinning regime of xanthan gum 

discussed in section 3.5, indicating that the particles are subjected to moderate 

hydrodynamic forcing rather than extreme deformation conditions. Such shear levels are 

representative of weak, ocean-relevant turbulence, where marine aggregates experience 

intermittent regions of mild mixing during settling. Under these conditions, the particles 

are not expected to behave as rigid bodies, 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. 

3.6 Implications for Particle Settling and Deformation 

The settling of particles in a fluid is governed by the balance between gravitational, 

buoyancy, and drag forces. For non-spherical and deformable particles such as marine 

snow analogs, this behavior becomes more complex and depends on particle size, shape, 

and surrounding fluid properties. (Loth, 2008) provides a framework to describe this 

behavior by defining the particle Reynolds number as: 
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ὙὩḳ
◌᷄᷄
                                                                                                                      (3) 

where ” is the fluid density, Ὠ is the particle diameter, ύis the settling velocity, and ‘ is 

the dynamic viscosity of the fluid. This expression shows that the settling regime is 

controlled by both the particle size and the properties of the surrounding fluid. In the 

present study, the particle volumes of 500 ɛL, 200 ɛL, and 20 ɛL define the characteristic 

particle size, and therefore directly influence the Reynolds number and corresponding drag 

behavior. 

The drag force acting on the particle is given by: 

Ὂ Ὠ”ὅύἿ                                                                                                        (4) 

which indicates that drag depends on particle size, ” ὥί fluid density, drag coefficient ὅ, 

and settling velocity w. Any change in particle geometry or deformation will therefore alter 

the effective drag experienced during settling. 

In the limit of low Reynolds number, the drag reduces to the Stokes formulation: 

Ὂ σ“Ὠ‘ύ◌ for ὙὩḺρ                                                                                        (5) 

where drag varies linearly with velocity. As the Reynolds number increases, deviations 

from Stokes flow occur, and corrections must be introduced. (Loth, 2008) accounts for this 

through a Reynolds number correction factor given by 

Ὢ ρ πȢρυὙὩȢ  for ὙὩ ψππ                                                                             (6) 
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and the normalized drag relationship 

Ὢ
ᴼ Ⱦ

                                                                                                 (7) 

which shows that the drag coefficient varies with Reynolds number and cannot be treated 

as constant across regimes. 

These relationships show that settling velocity depends not only on gravitational forcing, 

but also on the combined influence of Reynolds number, drag coefficient, fluid viscosity, 

and the viscoelastic response of the particle material. In the present study, this is 

particularly relevant because both particle volume and xanthan gum concentration affect 

these quantities. The two working concentrations, 1.25 g/L and 2.5 g/L, fall within a 

rheological regime previously discussed in section 3.4, where XG displays pronounced 

shear-thinning behavior and concentration-dependent mechanical strengthening. As 

concentration increases, the solution develops greater viscous resistance and stronger 

structural response, which is expected to increase the particleôs resistance to flow-induced 

deformation. Consequently, particles prepared at 2.5 g/L are expected to experience higher 

drag and greater shape stability during settling than those prepared at 1.25 g/L, leading to 

measurable differences in settling and deformation dynamics. 

Experimental studies by (Angle et al., 2024)have shown that particle orientation and 

projected area significantly influence settling velocity, with larger projected areas leading 

to increased drag and reduced settling speed. This is directly relevant to the present study, 
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as xanthan gum particles are deformable and may change shape during descent, resulting 

in time-varying drag. In addition, (Adhikari & Longmire, 2012) demonstrated that the flow 

field surrounding a moving body is strongly coupled to its geometry and motion, further 

indicating that particle deformation and hydrodynamic response evolve simultaneously. 

Based on these studies, it can be understood that the settling behavior of XG particles 

depends on particle volume, Reynolds number, fluid viscosity, and deformation 

characteristics. The still-water condition provides a baseline in which these effects can be 

isolated, while the turbulent condition introduces additional velocity fluctuations that 

modify particle trajectory, orientation, and deformation. The experiments conducted in this 

study are therefore designed to quantify how particle size (500 ɛL, 200 ɛL, and 20 ɛL) and 

xanthan gum concentration (1.25 g/L and 2.5 g/L) influence settling velocity and 

deformation behavior under both quiescent and turbulent flow conditions. 

Chapter 4: Methods 

4.1. Experiment Facility 

The experimental facility consists of an octagonal acrylic tank with a total volume of 150 

L and overall dimensions of 65 cm in diameter and 75 cm in height. The tank is equipped 

with 56 independently driven impellers. Impeller arrays are mounted on four of the eight 

sides, with each array arranged in a 7 Ĭ 2 configuration, while the remaining four sides are 

reserved for laser access and optical diagnostics. The impellers are uniformly spaced at 

intervals of 10 cm in both the horizontal and vertical directions. Impellers were selected as 
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the turbulence forcing mechanism at 30 rpm to provide continuous forcing and to allow 

flexibility in adjusting both the rotation speed and impeller type. The tank is fitted with a 

removable lid containing a cylindrical opening with dimensions of 10 cm in diameter and 

15 cm in height, which serves as the injection port for introducing particles into the center 

of the tank. During experiments, the tank is filled such that the water level extends above 

the lid and reaches approximately halfway up the opening, minimizing the influence of 

free-surface effects. The working fluid is tap water maintained at 23ÁC, with an estimated 

mass density of ” ωωψkg/mand a kinematic viscosity of ’ ρȢππςρπmȾs. 
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Figure 11: Experimental facility with filled fluid at room temperature 

4.2 Turbulence Forcing 

The tank geometry was designed to ensure that turbulence forcing is symmetric about two 

principal axes, while the overall height of the tank is sufficient to minimize the influence 

of bottom and top boundaries as well as free-surface effects. This configuration allows the 
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central region of the tank to remain largely unaffected by wall interactions. The impeller 

array was selected specifically to maximize the volume of the tank in which homogeneous 

and isotropic turbulence is generated. Motor control followed a simplified sunbathing 

algorithm, in which about 12.5% of the impellers were randomly reassigned at fixed time 

intervals to rotate opposite to the majority, thereby maintaining symmetric and 

continuously varying tank forcing. 

4.3 High Speed Imaging 

High-speed imaging was employed to capture the settling behavior, deformation, and 

breakup dynamics of xanthan gum particles under both still-water and turbulent flow 

conditions. The imaging system was designed to provide time-resolved particle motion 

within the central region of the tank, where the flow has been previously characterized as 

approximately homogeneous and isotropic. The experimental setup consisted of two high-

speed cameras positioned orthogonally at a 90Á angle relative to each other. The cameras 

were aligned along two perpendicular planes, namely the ὣὢ and ὢὤ planes, where the ὢ-

axis corresponds to the vertical settling direction aligned with gravity. This configuration 

enables simultaneous imaging of particle motion from two independent perspectives, 

allowing reconstruction of particle trajectories and deformation in three-dimensional space. 
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Figure 12: High-speed cameras are located 90Á attached to the experimental facility, attached to emergent 

mounts attached to the computer, aligned to the X and Z axes 

Both emergent cameras were equipped with Rokinon 14 mm f/2.8 Series II lenses (Canon 

EF mount) and operated at an image resolution of 4608 Ĭ 2176 pixels, providing a wide 

field of view with sufficient spatial detail for particle tracking and deformation analysis. 

The cameras were synchronized using Norpix software, ensuring simultaneous image 

acquisition from both viewpoints. An external pulse generator was used to trigger both 

cameras, enabling precise temporal synchronization of the image sequences. The imaging 
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system operated at a frame rate of 10 frames per second (fps), which was selected to 

balance temporal resolution with image clarity. A shadowgraphy-based imaging approach 

was employed, in which particles appear as dark silhouettes against a bright background. 

This configuration enhances edge detection and allows accurate identification of particle 

boundaries, including fine features such as filamentation and breakup structures. 

Illumination was arranged such that a uniform bright background was maintained across 

the field of view, ensuring consistent contrast for all experimental runs.  

 

Figure 13: Bright light focusing on the opposite side of the camera lens to perform shadowgraphy for dark 

particles against bright background 
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The spatial calibration of the imaging system was performed using ImageJ. A reference 

length of 1 inch (25.4 mm) corresponded to 219.18 pixels, yielding an effective pixel 

resolution of approximately 

pixel size
Ȣmm

Ȣ pixels
πȢρρφmm/pixel                                                                       (8) 

 

This calibration was used to convert image-based measurements into physical dimensions 

for subsequent analysis. Particles were introduced into the tank using a pipette with 

controlled volumes of 500 ɛL, 200 ɛL, and 20 ɛL for two xanthan gum concentrations of 

1.25 g/L and 2.5 g/L. As each particle was released, both cameras simultaneously recorded 

its motion from orthogonal directions. This dual-view imaging approach allows for 

accurate tracking of particle position, shape evolution, and orientation during settling. 

Multiple trials were conducted for each combination of concentration and volume to ensure 

repeatability. The recorded image sequences provide the foundation for subsequent three-

dimensional particle tracking, deformation analysis, and settling velocity calculations. 

4.4 Camera Calibration 
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Figure 14: Camera Calibration plates in three positions for each camera 

The calibration plate used in this study consisted of a planar white background with black 

circular markers arranged in a structured grid, providing a set of clearly identifiable control 

points for calibration. The plate contained a total of 24 markers arranged in a τ φ 

configuration, with each marker having a diameter of 20 mm and a uniform center-to-center 

spacing of 80 mm in both horizontal and vertical directions. The overall dimensions of the 

plate were 537 mm in length and 290 mm in height. These dimensions were selected to 

ensure sufficient spatial coverage within the field of view of both cameras while 

maintaining consistent geometric spacing for accurate coordinate assignment. The plate 

was printed, laminated, and mounted onto a movable stage to allow precise positioning 

within the tank without deformation or misalignment of the control points. During 

calibration, the plate was submerged in water and positioned such that it was 

simultaneously visible to both cameras, which were oriented orthogonally to each other. 
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The plate was aligned in the ὣὤ-plane, ensuring that its motion occurred strictly along the 

depth direction in the calibration framework. To construct a three-dimensional calibration 

volume, the plate was translated along this direction and placed at three distinct locations 

separated by 100 mm. Care was taken to maintain consistent orientation of the plate at all 

three positions so that the relative geometry of the control points remained unchanged. 

Illumination for calibration differed from the particle imaging setup; instead of 

shadowgraphy, diffuse lighting was applied to uniformly illuminate the white surface of 

the plate, allowing the black markers to be clearly distinguished without glare or reflection. 

At each position, both cameras simultaneously captured images of the plate using the 

Norpix synchronization system, ensuring that corresponding frames from both views 

represented the same physical configuration. This process resulted in a total of 72 control 

points distributed across three depths, forming a well-defined calibration volume used for 

subsequent DLT-based parameter estimation. 

The purpose of the camera calibration procedure was to establish a quantitative relationship 

between the two-dimensional image coordinates measured in each camera and the three-

dimensional coordinates of the particle inside the tank. Since the particle is observed 

simultaneously by two cameras placed at ωπᶼ to one another, calibration is required before 

any three-dimensional reconstruction can be performed. In the present work, this 

calibration was carried out using the Direct Linear Transformation (DLT) method based on 

the pinhole camera model. Under this model, a point in object space is projected through 

the camera center onto the image plane, and the object point, image point, and projection 
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center are assumed to remain collinear. This collinearity condition forms the basis of the 

DLT method.  Although the two cameras were arranged physically at right angles around 

the octagonal tank, the calibration itself was performed entirely in terms of the coordinate 

labels used in the calibration code. In this calibration framework, the position of the plate 

in depth was stored as ὤ . Thus, the calibration was not formulated using the physical 

settling-axis description of the tank, but rather using the coded calibration coordinate 

system that was later used consistently throughout the reconstruction procedure. A planar 

calibration target was fabricated and used as the control object. The plate contained 24 

circular control points arranged in a 4 6 array. The full plate dimensions were 537 mm 

 290 mm, the dots had a diameter of 20 mm, and the center-to-center spacing between 

adjacent points was 80 mm in both directions. These dimensions were fixed and known a 

priori and therefore provided the real-world coordinates needed for the DLT fit. Rather than 

using only a single planar target image, the same plate was placed at three separate 

locations in the tank to generate a calibration volume. The three plate locations were 

assigned depth coordinates so that the three planes could be written as: 

ὢȟὣȟὤ ȟὢȟὣȟὤ ȟὢȟὣȟὤ                                                                                   (9) 

with the subscript indicating the plate position. Since each plate contributed 24 control 

points, the total number of control points used in calibration was: ςτσ χςȢ 

This is an important part of the method, because a true 3D DLT calibration requires that 

the control points form a volume rather than lie on a single plane. The DLT reference states 
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this directly: the control points must not be coplanar and must define a control volume for 

three-dimensional calibration.  In the present implementation, each of the three plate 

positions retained the same in-plane point layout, and only the depth coordinate 

ὤ changed from one plate location to the next. The local plate coordinates were assigned 

from the grid structure itself. If ὧ denotes the column number and ὶ denotes the row 

number, the in-plane coordinates of each marker were generated as 

ὢ ὧẗψπȟὣ σ ὶẗψπȟ                                                                                          (10) 

while the out-of-plane coordinate was taken as the plate depth, ὤ ὤ Ȣ In this way, each 

plate had its own established coordinate set, but the same coordinate rules were preserved 

at all three positions. The first plate corresponded to ὤ π, the second to ὤ ρππ, 

and the third to ὤ ςππ. Together, these three sets of 24 points created the 72 known 

object-space points used in calibration. The calibration images were processed separately 

for the two cameras. Because the cameras viewed the plate from different sides, the raw 

point ordering in the image could not be used directly without correction. For each image, 

the dots were first detected automatically by image processing. The image was cropped to 

the calibration region, converted to grayscale, smoothed to reduce noise, thresholded to 

separate the dark dots from the bright background, and then cleaned using morphological 

operations so that the circular features could be detected robustly. The centroids of the 

detected dots were then computed from the image moments. This produced the image-

plane coordinates όȟὺ of the control points for each calibration frame. The point-ordering 
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step was especially important. For Camera 1, the centroids were sorted row-by-row from 

top to bottom and then column-by-column from left to right so that the measured image 

points corresponded to the physical point numbering on the calibration plate. For Camera 

2, the viewing orientation was reversed relative to Camera 1, so the point order had to be 

mirrored before assigning the real-world coordinates. This ensured that the same physical 

control point on the plate was assigned the same object-space coordinate in both camera 

datasets. Without this reordering step, the DLT fit would pair incorrect image points with 

incorrect control points, leading to large reconstruction errors. Once the 72 object-space 

coordinates ὢȟὣȟὤand their corresponding image-plane coordinates όȟὺwere 

assembled, the camera mapping was modeled using the standard 11-parameter DLT 

equations, 

ό ȟ                                                                                                       (11) 

ὺ                                                                                                         (12) 

These equations describe how a point ὢȟὣȟὤ in object space is projected to the image 

plane at όȟὺ. The coefficients ὒthrough ὒ are the DLT parameters, and together they 

describe the full projective mapping between the object-space coordinate system and the 

image-plane coordinate system. In other words, ὒïὒ define the numerator terms 

controlling the linear part of the projection, while ὒïὒ  appear in the denominator and 

account for the perspective scaling associated with the camera projection. The DLT 
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reference identifies these as the standard DLT parameters used to relate the object-space 

and image-plane reference frames. The denominator term is commonly written as: 

Ὑ ὒὢ ὒ ὣ ὒ ὤ ρȟ                                                                                         (13) 

which is the projective scale factor. This term appears because a pinhole camera does not 

preserve true Euclidean distances during projection; instead, the apparent image position 

depends on the depth of the point relative to the camera. The same physical displacement 

in object space does not produce the same pixel displacement everywhere in the image. To 

estimate the DLT coefficients for each camera, the equations were rearranged into a linear 

least-squares system of the form: 

ὢ. ὒ ὣȟ                                                                                                                         (14) 

and solved using: 

ὒ ὢὢ ὢὣ                                                                                                        (15) 

This least-squares step determines the set of coefficients ὒthrough ὒ that best maps the 

known 72 object-space control points to their measured image coordinates. The DLT 

reference describes this same formulation and notes that the calibration system must be 

overdetermined so that the number of equations exceeds the number of unknowns. Since 

each control point contributes two equations, one from ό and one from ὺ, the use of 72 

points provides substantial redundancy and improves robustness of the fit.  In the present 

Python implementation, the coordinates were first normalized before solving the DLT 



51 

 

system in order to improve numerical stability. The projection matrix for each camera was 

then obtained from the fitted coefficients. Although the complete DLT theory can be 

extended to include distortion terms ὒ ïὒ , corresponding to higher-order optical 

distortion and de-centering distortion, the present calibration used the standard 11-

parameter DLT form. The DLT reference explains that ὒ ïὒ  represent third-, fifth-, and 

seventh-order optical distortion terms, while ὒ and ὒ are associated with de-centering 

distortion. In the present study, the standard formulation was sufficient for calibration and 

reconstruction. After each camera had been calibrated independently, the two calibrated 

projection matrices were used together to reconstruct the particle position in three 

dimensions. For a particle seen in both cameras, its two measured image positions, όȟὺ  

and όȟὺ , were used to define two projection rays. The three-dimensional particle 

location was then obtained by triangulation, i.e., by solving for the point in space that best 

satisfies both camera projections simultaneously. In DLT form, this reconstruction is 

described by the multi-camera matrix system in which the unknown coordinates 

ὢȟὣȟὤare solved from the calibrated coefficients of both cameras. The DLT reference 

presents this reconstruction step in matrix form and again solves it using least squares. 

Brandonôs earlier work used an iterative matrix form involving the camera-specific scale 

factors Ὑand Ὑ, where: 

Ὑ ὒ ὼ ὒ ώ ὒ ᾀ ρȟ                                                                                     (16) 

Ὑ ὒ ὼ ὒ ώ ὒ ᾀ ρȟ                                                                                     (17) 
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and the updated three-dimensional coordinates were obtained from: 

ὄ ὃὃ ὃὅ                                                                                                            (18) 

That formulation is mathematically consistent with the same DLT framework and was 

useful in understanding how two-camera reconstruction proceeds from the calibrated 

coefficients. In the present work, however, the reconstruction was carried out through the 

Python-based DLT projection matrices and triangulation workflow, while still following 

the same underlying projective mapping and least-squares principles. Finally, the quality 

of the calibration was assessed by reprojection. After a 3D point was reconstructed, it was 

projected back into each camera using the calibrated DLT equations. The difference 

between the measured image coordinates and the reprojected coordinates provided the 

reprojection error, which serves as a practical measure of calibration accuracy. The DLT 

reference similarly defines calibration and reconstruction errors as the deviation between 

measured and reconstructed coordinates.  

These equations were applied to all 72 calibration points, and a least-squares solution was 

used to determine the DLT parameters for each camera independently. This resulted in a 

full projection matrix ὖ for each camera, defining its geometric and optical characteristics. 

For Camera 1, the computed parameters resulted in the projection matrix: 
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ὖ
φȢυφψτ ςȢστυψ πȢσυχρ τψφȢπφπυ
πȢρυφω σȢτσψσ πȢωςςυ ρυψωȢτχρχ

φȢσσφχρπ ρȢρψπχρπ ρȢφσφςρπ ρ
              (19) 

 

with a calibration residual error of approximately 5.76 pixels. Similarly, for Camera 2, the 

projection matrix was: 

ὖ
υȢφυτυ ρȢυσψσ πȢςρυφ ςψσρȢτχφτ
πȢρυσψ σȢρψφπ πȢχτππ τφτȢτχςχ

χȢχψωυρπ ωȢπστσρπ ρȢτσψρρπ ρ
           (20) 

 

with a residual error of approximately 7.20 pixels. These residuals indicate the average 

reprojection error between the measured image points and the projected points from the 

DLT model, confirming that the calibration provides a reasonably accurate mapping for 

subsequent reconstruction. 

Once the DLT parameters for both cameras were obtained, triangulation was performed to 

reconstruct the three-dimensional position of each point. The triangulation process is based 

on solving the system of equations obtained from both cameras simultaneously. For 

reconstruction, corresponding όȟὺ points from both cameras are used to form a combined 

system, and the unknown ὢȟὣȟὤ coordinates are obtained by minimizing the reprojection 

error across both views. The triangulated outputs from the three calibration positions 

confirmed that the reconstructed points lie within the defined calibration volume (voxel) 

created by the plate movement in the ὤ  direction. The consistency of reconstructed 
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coordinates across the three planes validates that the DLT parameters correctly capture the 

geometric relationship between the cameras and the physical space. This step is critical 

because it ensures that any particle detected simultaneously in both cameras during 

experiments can be accurately mapped into real-world 3D coordinates. These results 

directly support the subsequent data analysis. Since the DLT calibration establishes a 

reliable transformation from image space to physical space, all particle trajectories 

obtained from high-speed imaging can be reconstructed in three dimensions with known 

spatial scaling. This allows for accurate measurement of particle position, velocity, 

deformation, and trajectory evolution within the tank flow. The quantified calibration error 

provides a bound on the uncertainty of the reconstructed positions, which is essential when 

interpreting particle dynamics and comparing experimental observations with theoretical 

models. 

4.5 Sample Preparation 

The working fluid used in all experiments was distilled water, which served as the solvent, 

while XG was used as the solute. All sample preparation was carried out under controlled 

laboratory conditions at a constant temperature of 22 ÁC to ensure consistency in fluid 

properties: 

Table 1: Quantity of Solvent and solute for sample preparation  

Solvent (litres) Solute (grams) Concentration (g/l) 

1 2.5 2.5 

1 1.25 1.25 
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The xanthan gum powder was first measured using a high-precision laboratory balance 

(Intelligent Weighing Technology PM-300, resolution 0.001 g) showed in Figure 15(c). 

The required mass of xanthan gum corresponding to each concentration was carefully 

poured using a spatula and weighed using disposable anti-static weigh boats figure 13(b), 

poured from commercially bought Sigma Aldrich Xanthan Gum figure 15(a) to avoid 

material loss and ensure accurate transfer.  

 

Figure 15: Process of sample preparation (a) Commercial XG (b) Sample of XG in a measuring boat 

collected using a spatula (c) Weighting sample (d) Sample preparation using a magnetic stirrer 

Once measured, the XG was transferred into a glass beaker for mixing Figure 15(d). For 

each concentration, the required mass of xanthan gum was initially added to a small volume 

of distilled water in the beaker. This step was necessary because xanthan gum tends to 

coagulate and form clumps due to its highly viscous and polymeric nature. To reduce 
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agglomeration, the mixture was first manually stirred using a wand while a magnetic stirrer 

was simultaneously used to promote initial dispersion. This ensured proper wetting of the 

powder before increasing the total volume. Once the XG was sufficiently dispersed, 

additional distilled water was gradually added until the total solution volume reached 1 

liter. The solution was then mixed using a magnetic stirrer for approximately 20 minutes, 

followed by continuous stirring for 24 hours to achieve full hydration and homogeneity. 

After this period, the solution was visually inspected to confirm that no clumps or 

undissolved particles remained. Since xanthan gum solutions are naturally transparent and 

the imaging method used in this study is shadowgraphy (which requires high contrast), a 

coloring agent was added. Specifically, 5 drops of McCormick Culinary red food coloring 

were introduced into each prepared solution, figure 15(d), and the mixture was allowed to 

stir for an additional 5 hours to ensure uniform color distribution. For experimental trials, 

samples were extracted using micropipettes (Fisher Scientific) corresponding to three 

different volumes: 500 ÕL, 200 ÕL, and 20 ÕL.  
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Figure 16: Scientific pipettes and designated pipette tips for collecting and pouring samples inside the tank 

Separate pipette tips were used for each volume to maintain consistency. To ensure that the 

released droplets formed a near-spherical shape, the tips of the pipettes were slightly 

modified by trimming their ends, allowing the fluid to detach cleanly during release into 

the tank. 
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4.6 Sample Release  

Before conducting the experiments, the tank was prepared to ensure both optical clarity 

and stable fluid conditions. A circular release cylinder was mounted at the top of the tank 

to provide the particles with sufficient space to initiate settling without immediate 

disturbance. Image acquisition was defined to begin once the particle exited the cylinder, 

so that the recorded motion corresponded only to free settling. The release cylinder was 

attached to a movable stage, which allowed it to be positioned at a fixed and repeatable 

starting location for each trial while also permitting adjustment whenever needed. 
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Figure 17: Mounted cylinder for accurate particle discharge in tank 

The octagonal turbulence tank (150 L capacity) was filled completely with tap water, 

corresponding to approximately 60 gallons. Since tap water initially contains dissolved 

gases and is slightly warmer than the desired condition, the tank was left undisturbed for 

approximately 24 hours to allow the temperature to stabilize at approximately 22 ÁC and 
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to enable air bubbles to form and rise to the surface. The presence of air bubbles interferes 

with image acquisition, particularly under shadowgraphy conditions, as they scatter light 

and introduce noise. Therefore, after the 24-hour resting period, any remaining bubbles 

attached to the tank walls were carefully removed using an underwater wiper. This ensured 

a clear optical path and improved visibility of the particles during imaging. For 

visualization, a shadowgraphy setup was implemented. Four LED panel lights were 

positioned opposite the cameras to provide uniform backlighting. To avoid excessive glare 

and sharp reflections, diffuser sheets were mounted in front of the light panels. This created 

a diffused illumination field, allowing the particles to appear as dark silhouettes against a 

bright background, which is essential for accurate detection and tracking. The imaging 

system was then initialized using Norpix software, which was connected to both high-speed 

cameras and an external Tektronix pulse generator. The Tektronix AFG1062 

Arbitrary/Function Generator with a frequency of 10 Hz pulse generator ensured 

synchronized image acquisition between the two cameras and connected it to the Norpix 

Software. Images were recorded in .bmp format at a frame rate of 10 frames per second 

and stored directly to the system memory. 

4.6.1 Still Tank Condition 

For the still water experiments, no external forcing was applied after the tank preparation. 

Once the optical setup and synchronization were confirmed, the sample was introduced 

into the tank. The particle sample was extracted using micropipettes corresponding to the 
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required volumes (500 ÕL, 200 ÕL, and 20 ÕL). To minimize disturbances during injection, 

the pipette was first submerged below the water surface. The sample was then released 

slowly, followed by the gradual withdrawal of the pipette. This method ensured minimal 

disturbance to the surrounding fluid and avoided introducing unwanted flow effects. As the 

particle descended through the tank under gravitational influence, both cameras captured 

its motion simultaneously from orthogonal views. The recording continued until the 

particle exited the field of view, after which acquisition was stopped through Norpix 

software. This procedure ensured that the recorded motion represented settling behavior in 

near-quiescent conditions. 

4.6.2 Turbulent Tank Condition 

For the turbulent flow experiments, the initial tank preparation and optical setup remained 

the same as described previously. However, prior to introducing the particle, the impeller 

system was activated to generate turbulence within the tank. The impellers were operated 

at a rotation speed of 30 rpm, and the system was allowed to run for approximately 30 

minutes to ensure that the flow reached a fully developed and steady turbulent state. Once 

this condition was achieved, the particle was introduced into the tank using the same 

injection method as in the still water case. The pipette was submerged, the sample was 

released slowly, and the pipette was carefully withdrawn to minimize disturbance. Under 

these conditions, the particle motion was influenced by both gravitational settling and the 

surrounding turbulent flow structures. The synchronized camera system recorded the 
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particle motion from both viewing angles, capturing its trajectory, deformation, and 

interaction with the flow. Image acquisition was stopped once the particle moved out of the 

observable region. 

4.6.2.1 Velocity Fluctuations and Kinetic Flow Characteristics 

The turbulent characteristics of the tank have been previously quantified using Particle 

Image Velocimetry (PIV) by Johnson et al. (2023), and these results are used here to justify 

the flow conditions without re-measuring them. As reported, the central region of the tank 

exhibits relatively uniform velocity fluctuations, with both horizontal and vertical 

fluctuating velocity components remaining nearly constant at higher impeller speeds. The 

mean flow velocity is small but non-zero, while the fluctuating components are of the same 

order of magnitude, indicating a turbulence-dominated flow regime. The turbulent kinetic 

energy (TKE) was shown to remain approximately constant throughout the central region 

of the tank, with values on the order of ρπmȾsfor the 30-rpm case. This indicates that 

the turbulence is spatially uniform and does not vary significantly within the measurement 

region.  Additionally, the flow was characterized as both homogeneous and isotropic within 

a central cylindrical region of the tank.  
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Figure 18: Colormap of the u (left) and mean- v (right) component mean flows for the 30-rpm 

case [m/s] 

 

For the 30-rpm case, the homogeneity index satisfies ת ρ πȢρ, and the isotropic index 

satisfies ‎ ρ πȢρ, indicating that the turbulence properties are consistent in all 

directions within this region. The dissipation rate corresponding to the 30 rpm condition 

was reported to be on the order of ρπmȾs, confirming that the tank operates within a 

controlled turbulent regime relevant for particle-fluid interaction studies. Based on these 

prior measurements, it is assumed that the central region of the tank provides a well-defined 

turbulent environment. Therefore, particles introduced into this region experience 

consistent and repeatable turbulence conditions, allowing for reliable analysis of 

deformation, breakup, and settling behavior. 

4.7 Data Analysis (Image analysis and Settling Velocity) 

The recorded particle images from both cameras were first restricted to a fixed region of 

interest so that the image domain used for particle tracking remained consistent with the 
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domain previously used during calibration. For both camera views, the same cropping 

rectangle was applied, with the upper-left corner located at ὼȟώ τπυȟςπτ pixels 

and dimensions ύ Ὤ σσφπρχρω pixels. This produced cropped image sequences of 

resolution σσφπρχρω pixels. The use of an identical cropped field for both calibration 

and particle detection ensured that the image-plane coordinates extracted during contour 

processing were referenced to the same coordinate system as the DLT calibration. If Ὅόȟὺ 

denotes the original grayscale image, the cropped image Ὅόȟὺ may be written as: 

Ὅόȟὺ Ὅό ὼȟ ὺ ώ ȟ                                                                                            (21) 

where π ό σσφπand π ὺ ρχρω. 

After cropping, background subtraction was performed to isolate the moving xanthan gum 

particle from the stationary optical background. A single background image was recorded 

for each camera without the particle present and was cropped using the same region of 

interest. Each experimental frame was then compared with the corresponding cropped 

background image through an absolute grayscale difference operation. If Ὅόȟὺ is the 

cropped particle image and Ὅόȟὺ is the cropped background image, the difference image 

Ὀόȟὺ is given by: 

Ὀόȟὺ Ὅ᷄όȟὺ Ὅόȟὺ Ȣ᷄                                                                                        (22) 

This operation suppresses static image content and preserves only those regions that differ 

from the reference background, which correspond primarily to the particle body and any 
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moving features associated with it. To convert the difference image into a particle mask, a 

binary threshold of 20 grayscale counts was applied. The resulting binary image 

ὄόȟὺwas defined as: 

ὄόȟὺ
ςυυȟὈόȟὺ ςπȟ
πȟ Ὀόȟὺ ςπȢ

                                                                                    (23) 

This step completed both the background subtraction and the initial binarization. Because 

the particle appeared with sufficiently high contrast after subtraction, the threshold of 20 

counts was adequate to remove most low-level illumination noise while retaining the 

particle as a connected bright region in the binary mask. 
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Figure 19: Process to determine background subtraction and binarization of XG particles in High-Speed 

Camera 1 (A) and High-Speed Camera 2 (B), moving from the original image to the binary image 

Following binarization, an edge-masking step was introduced to suppress persistent non-

physical regions that originated from image borders or fixed optical artifacts. These masked 

regions were set to zero before contour extraction so that they could not be mistakenly 

identified as particle contours. In the implementation used for Camera 1 and Camera 2, a 
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rectangular exclusion region extending 476 pixels from the left boundary was applied over 

the image height. In general form, the masked image ὄ όȟὺ may be written as: 

ὄ όȟὺ
πȟ όȟὺᶰɱmaskȟ

ὄόȟὺȟ όȟὺᶱɱmaskȟ
                                                                          (24) 

where ɱmask denotes the union of user-defined exclusion rectangles. This masking step 

improved robustness by preventing stationary edge regions from contributing to the 

subsequent contour analysis. The masked images were then re-thresholded to ensure a 

strictly binary representation before contour detection. This binary refinement step was 

performed using a threshold value of 127 counts, yielding a final binary image ὄ όȟὺ 

such that: 

ὄ όȟὺ
ςυυȟὄ όȟὺ ρςχȟ

πȟ ὄ όȟὺ ρςχȢ
                                                                                    (25) 

External contours were then identified from the binary image using contour tracing. For 

each detected contour, the projected area was computed in pixel units, and only contours 

satisfying the prescribed area limits were retained. The implemented criterion was: 

ὃ ὃ ὃ ȟ                                                                                                           (26) 

with 

ὃ πȟὃ ςπȟπππ pixelsȢ                                                                                               (27) 

After this filtering step, only the largest remaining contour in each frame was retained for 

analysis. This choice was appropriate because the background subtraction and masking 
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stages had already removed most spurious small objects, and the physical particle was 

generally the dominant connected object in the frame. The accepted contour was then filled 

to produce a cleaned binary particle mask, which was saved for visual verification. 

Although the code did not explicitly impose a minimum particle diameter of 3 mm, this 

approximate size was used as a practical physical reference during development of the 

contour-processing workflow. Based on the image calibration, 1 inch corresponded to 

219.18 pixels, which gives a spatial scale of 0.116 mm/pixel, which was previously 

measured in section 4.3 of High-Speed Imaging. 

A particle diameter of 3 mm (Diameter of 20ɛL calculated using ImageJ), therefore, 

corresponds to an image diameter of: 

Ὠpx Ȣ
ςυȢω pixelsȢ                                                                                             (28) 

If a particle of this diameter is approximated as circular in projection, the corresponding 

projected area is: 

ὃeq “
px

“ρςȢωυ υςφ pixelsȢ                                                                     (29) 

This value served only as a reference for evaluating whether detected particle regions were 

physically reasonable. It was not used as an explicit lower-area cutoff in the implemented 

code. In the final workflow, removal of non-physical small objects was instead achieved 

through sequential background subtraction, binarization, masking, area filtering with an 

upper bound, and retention of the dominant external contour. Once the final particle contour 
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had been identified, its image-plane centroid was calculated using geometric moments. If 

ὓ  denotes the spatial moment of order ὴȟή, then: 

ὓ В Вόὺὄ όȟὺȢ                                                                                          (30) 

The centroid coordinates όȅȟὺȅ were then obtained from the first-order moments according 

to: 

όȅ ȟὺȅ ȟ                                                                                                                    (31) 

where ὓ , represents the zeroth-order moment and is proportional to the contour area. In 

addition to centroid position, the projected contour area and contour perimeter were also 

computed. These quantities were written to a CSV file for each processed frame, thereby 

producing a time-resolved sequence of two-dimensional particle positions for each camera 

independently. 

The two-dimensional centroid coordinates extracted from Camera 1 and Camera 2 were 

subsequently combined using the previously determined DLT calibration parameters to 

reconstruct the three-dimensional particle trajectory. Let όȟὺ  and όȟὺ  denote the 

measured centroids from the two camera views. For each camera, the DLT projection 

relation can be written in homogeneous form as: 

‗
ό
ὺ
ρ

ὖ

ὢ
ὣ
ὤ
ρ

ȟ                                                                                                                      (32) 
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where ὖis the σ τ projection matrix, ὢȟὣȟὤare the physical particle coordinates, and ‗ 

is the projective scale factor. Triangulation was carried out by combining the two camera 

equations into a linear system. For a two-camera arrangement, the system may be expressed 

as: 

ὃ8 πȟ                                                                                                                          (33) 

where, 
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ὤ
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                                                                                      (34) 

Here, ὖ , ὖ , and ὖ are the first, second, and third rows of the projection matrix for 

camera Ὥ. The unknown three-dimensional coordinates were obtained by solving this 

system through singular value decomposition. The reconstructed coordinates were saved 

in millimetres as ὢmm, ὣmm, and ὤmm. 

To assess reconstruction quality, each triangulated three-dimensional point was projected 

back into both image planes and compared with the measured centroids. If όȟὺ denotes 

the reprojected point in camera Ὥ, the reprojection error was calculated as: 

Ὡ ό ό ὺ ὺ                                                                                        (35) 
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These reprojection errors provided a frame-by-frame metric of the quality of the DLT 

reconstruction and allowed visual verification of centroid consistency between the 

measured and reconstructed image positions. 

After the three-dimensional centroids had been reconstructed, the particle settling 

trajectory was analyzed using the coordinate designated in the workflow as the vertical 

settling coordinate, ὢmm. The image acquisition frequency was 10 frames per second, and 

the frame number was extracted from the image filename. Time was therefore assigned to 

each frame as: 

ὸ
FPS
ȟ                                                                                                                         (36) 

 

where Ὢ is the frame index, Ὢ is the first frame of the sequence, and FPSρπ. The total 

distance travelled relative to the initial particle position was then computed as: 

ɝὢ ὢ᷄ ὢ  ᷄                                                                                                            (37)  

This absolute definition ensured that the traveled distance increased monotonically 

regardless of whether the selected coordinate convention caused the settling trajectory to 

appear positive or negative in sign. The instantaneous local settling velocity between 

consecutive frames was estimated from the finite difference: 

ὺ ȟ                                                                                                                    (38) 
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with the corresponding settling speed taken as the magnitude, 

ὺ᷄᷄᷄  ᷄                                                                                                               (39) 

These local velocities were saved for the full trajectory. However, the terminal settling 

velocity was not determined from the entire particle path, because the early portion of the 

motion may contain release transients associated with injection and initial shape 

adjustment. Instead, the first 5 mm of motion were excluded from the fit. Only points 

satisfying: 

ɝὢ υ mm                                                                                                                       (40) 

were retained for the terminal-settling analysis. A linear regression was then applied to the 

remaining trajectory according to: 

ὢὸ άὸ ὦȟ                                                                                                               (41) 

 

where ά is the fitted settling-velocity component and ὦ is the intercept. The terminal 

settling speed was taken as ά᷄ .᷄ The quality of the fit was quantified through the 

coefficient of determination, 

Ὑ ρ
ȅ
ȟ                                                                                                           (42) 
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where ὢ denotes the fitted value and ὢȅ is the mean of the measured coordinate values in 

the fit region. The complete time history, the selected fit region, and the fit summary were 

exported for each trial. 

Finally, the Reynolds number associated with the measured settling motion was calculated 

from the terminal settling speed and a user-specified characteristic particle diameter. Using 

water properties at room temperature, the Reynolds number was evaluated in two 

equivalent forms. Based on fluid density ” and dynamic viscosity ‘, 

ὙὩ ȟ                                                                                                                        (43) 

and based on kinematic viscosity ’, 

ὙὩ                                                                                                                            (44) 

In the present implementation, the fluid properties were taken as: 

” ρπππ kg/mȟ‘ ρȢπ ρπ Paẗsȟ’ ρȢπ ρπ  mȾs                                   (45) 

Here, Ὗ is the terminal settling speed obtained from the linear fit, and Ὠ is the representative 

particle diameter entered manually for the corresponding trial. The Reynolds number thus 

provided a non-dimensional measure of the settling regime and enabled subsequent 

interpretation of the particle motion in relation to hydrodynamic drag behavior. 

This image-analysis workflow therefore proceeded in a sequential manner from cropped 

grayscale images to background-subtracted binary masks, from masked and cleaned 
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contours to two-dimensional centroid extraction, from paired image-plane centroids to 

three-dimensional reconstruction through DLT triangulation, and finally from 

reconstructed trajectories to settling velocity and Reynolds number estimation. The 

procedure was designed to preserve consistency with the previously established camera 

calibration while ensuring that the extracted particle motion remained physically 

interpretable and reproducible across trials. 

Chapter 5: Results 

Chapter 5 presents the measured settling results for xanthan gum particles in still water and 

in turbulence. Results are first organized by flow condition for both concentrations, 1.25 

g/L and 2.5 g/L, and for the three particle volumes of 500 µL, 200 µL, and 20 µL. The 

chapter concludes with a comparative analysis of settling velocity across all cases and 

against the corresponding theoretical predictions.  

5.1 Still Water Settling Velocity  

For each still-water case, ten independent trials were analyzed following the settling-

velocity procedure described in Section 4.7. The settling coordinates are used ὢ , and 

the traveled distance was computed as the absolute displacement from the initial particle 

position so that the trajectory increased monotonically, after which the first 5 mm of motion 

were excluded to remove the initial release transient. A linear regression of the form 



75 

 

X(t)=mt+b was then applied to the remaining portion of each trajectory. This same 

procedure was repeated for all ten trials in a given case. 

All the data sets acquired from all 10 trials are averaged using the same slope calculation 

formulae mentioned in section 4.7, considering the settling velocity of each trial as an 

individual data set, and the average of the settling velocity data set is calculated. A code is 

generated that computes the mean of the ten slope values. The red line shown in the final 

average plots was not generated by averaging the raw displacement points directly. The 

colored dotted lines in each figure represent the individual trial fits, whereas the red line 

represents the average terminal-settling fit for that entire ten-trial dataset.  

Concentration 2.5 g/L: 
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Figure 20: Displacement vs Time curve of 500ɛL XG for 2.5 g/L Concentration 

 

Figure 21: Displacement vs Time curve of 200ɛL XG for 2.5 g/L Concentration 
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Figure 22: Displacement vs Time curve of 20ɛL XG for 2.5 g/L Concentration 

Figures 19ï21 show a clear and systematic decrease in settling velocity with decreasing 

particle volume. In Figure 19, the 500 ÕL particle exhibits the highest average settling 

velocity, given by the red fit line slope of 21.397 mm/s. In Figure 20, the 200 ÕL particle 

shows a lower average settling velocity of 16.072 mm/s. In Figure 21, the 20 ÕL particle 

shows the lowest average settling velocity of 6.929 mm/s. The settling velocity decreases 

progressively from the largest particle to the smallest particle. Quantitatively, the decrease 

from 500 ÕL to 200 ÕL is about 24.9%, while the decrease from 200 ÕL to 20 ÕL is about 

56.9%. This indicates that, under still-water conditions, the larger particles experience a 

much stronger net downward driving force relative to hydrodynamic resistance, whereas 

the smaller particles are more strongly affected by drag and therefore descend more slowly. 
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Concentration 1.25 g/L: 

 

Figure 23: Displacement vs Time curve of 500ɛL XG for 1.25 g/L Concentration 
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Figure 24: Displacement vs Time curve of 200ɛL XG for 1.25 g/L Concentration 
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Figure 25: Displacement vs Time curve of 20ɛL XG for 1.25 g/L Concentration 

For the 1.25 g/L concentration, the same monotonic trend is observed in Figures 22ï24. 

Figure 22 corresponds to the 500 ÕL particle and gives an average settling velocity of 

11.412 mm/s. Figure 23 corresponds to the 200 ÕL particle and gives an average settling 

velocity of 8.437 mm/s. Figure 24 corresponds to the 20 ÕL particle and gives an average 

settling velocity of 3.618 mm/s. Therefore, the size-ordering remains the same at the lower 

concentration, namely 500 ÕL > 200 ÕL > 20 ÕL. The reduction from 500 ÕL to 200 ÕL is 

approximately 26.07%, and the reduction from 200 ÕL to 20 ÕL is approximately 57.12%.  

Among all still-water cases, the highest average settling velocity is observed in Figure 19 

for the 500 ÕL particle at 2.5 g/L, whereas the lowest average settling velocity is observed 

in Figure 24 for the 20 ÕL particle at 1.25 g/L. The results indicate that settling velocity is 

controlled by both particle volume and XG concentration. As particle volume decreases 

from 500 ÕL to 200 ÕL and then to 20 ÕL, the gravitational driving force decreases, and 

the relative influence of hydrodynamic drag becomes stronger, leading to progressively 

lower settling velocities. This is why the smallest particles in Figures 21 and 24 exhibit the 

lowest red-line slopes. In addition, the higher-concentration xanthan gum particles settle 

faster than the lower-concentration particles at the same volume, which indicates that 

concentration altered the mechanical character of the particle itself. Based on the 

rheological behavior discussed in Chapter 3, the 2.5 g/L particles are expected to possess 

greater internal cohesion, stronger resistance to deformation, and better shape retention 
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during descent than the 1.25 g/L particles. Under quiescent conditions, that mechanically 

stronger particle state is consistent with the higher settling velocities observed in 2.5g/L 

compared with 1.25g/L. In this way, the still-water results establish the baseline behavior 

of the system: larger particles settle faster than smaller particles, and at a fixed particle 

volume, the higher XG concentration produces a higher average settling velocity.  

5.2 Turbulent Water Settling Velocity 

Compared to the still-water case in section 5.1, particle motion in the turbulence tank was 

not steady or purely vertical. As described in Section 4.6.2.1, the particles were released 

into a fully developed turbulent field generated at 30 rpm, and the central region of the tank 

had already been characterized as a turbulence-dominated region with small but non-zero 

mean flow and velocity fluctuations of comparable magnitude. Under these conditions, the 

observed particle motion reflects the combined influence of gravitational settling, 

fluctuating turbulent forcing, particle deformation, and background mean-flow advection, 

rather than a purely quiescent settling response. Consequently, although individual settling 

velocities were still calculated for each trial using the same fitting method described in 

Section 4.5 and plotted later in Figures 28-33, a single ñtrueò settling velocity in turbulence 

is more difficult to define physically than in still water, because the surrounding flow field 

continuously modifies the particle trajectory. This behavior is immediately evident in the 

trajectory plots shown in Figures 25-27. Unlike the nearly linear and repeatable 

displacementïtime trends observed in still water, the turbulent trajectories are irregular, 
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uneven in length, and highly variable from one trial to another. Many trajectories terminate 

early because the particle moves out of the field of view before crossing the full observation 

window. This does not necessarily indicate that the particle stopped settling; rather, it 

indicates that turbulent fluctuations and the small but non-zero mean flow caused the 

particle to deviate laterally or accelerate through the observation region in an unpredictable 

manner. Therefore, in the turbulence tank, the visible trajectory length is controlled not 

only by settling speed but also by lateral displacement and the particleôs interaction with 

local eddies. 

 

Figure 26: 500ɛL particle trajectories of 2.5 g/L(left) and 1.25 g/L(right) concentration 

Among the three particle sizes, the 500 ÕL particles most frequently traverse the largest 

portion of the measurement domain, and several trials extend close to the end of the 

observable region. This indicates that the largest particles are least affected by turbulent 

fluctuations relative to their gravitational driving force. Because these particles possess the 

greatest volume and mass, they have the largest effective inertia and are therefore less 

easily redirected by small-scale turbulent eddies. Their motion remains more strongly 
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biased toward downward transport, even though the surrounding flow is unsteady. For this 

reason, the particles provide the clearest turbulent trajectories and the most complete 

observable paths among the three particle classes. At the same time, some scattering and 

shortening of trajectories still occur, confirming that even the heaviest particles do not settle 

through turbulence in a purely one-dimensional manner. 

 

Figure 27: 200ɛL particle trajectories of 2.5 g/L(left) and 1.25 g/L(right) concentration 

The particle motion appears to lie between gravitationally dominated descent and 

turbulence-dominated transport. Some 200 ÕL particles still travel through a substantial 

fraction of the frame, suggesting that gravity remains an important contributor to the 

motion. However, other trials terminate much earlier or show stronger deviation from a 

long continuous path, indicating that turbulent fluctuations and background mean-flow 

effects increasingly compete with the particleôs downward settling tendency. This makes 

the 200 ÕL case a transition regime between the larger, more inertia-dominated 500 ÕL 

particles and the smaller, more flow-responsive 20 ÕL particles. Scientifically, this 

behavior suggests that the 200 ÕL particles are large enough to retain partial settling 
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coherence but small enough for turbulence to significantly modify their trajectory residence 

time and in-frame observability. 

 

Figure 28: 20ɛL particle trajectories of 2.5 g/L(left) and 1.25 g/L(right) concentration 

These particles show the shortest and most fragmented observable trajectories, and only a 

small number of trials extend across a large fraction of the frame. Most trials leave the field 

of view rapidly or display strongly curved and irregular paths, indicating that the smallest 

particles are the most susceptible to turbulent advection and fluctuating flow structures. 

Because the 20 ÕL particles have the smallest volume and lowest effective inertia, the ratio 

of hydrodynamic forcing to gravitational driving force is much greater for this particle class 

than for the 500 ÕL or 200 ÕL particles. Their smaller characteristic size makes them more 

responsive to local turbulent eddies and velocity fluctuations, so that their motion becomes 

dominated less by steady downward settling and more by the instantaneous structure of the 

surrounding turbulent field. Thus, the 20 ÕL trajectories show that, in turbulence, the 

lightest particles are most strongly influenced by the background kinetic flow and are least 

able to preserve a clear, continuous settling path through the observation region. 
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The average settling velocities in the turbulence tank were determined using the same 

procedure already established for the still-water case in Section 5.1, with the individual 

terminal-fit slopes first calculated for each of the ten trials and then averaged to obtain the 

representative red-line slope for each particle size. 

Concentration 2.5 g/L: 

 

Figure 29: Displacement vs Time curve of 500ɛL XG for 2.5 g/L Concentration 
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Figure 30: Displacement vs Time curve of 200ɛL XG for 2.5 g/L Concentration 
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Figure 31: Displacement vs Time curve of 20ɛL XG for 2.5 g/L Concentration 

Figure 28 gives an average settling velocity of 22.764 mm/s for the 500 ÕL particle, Figure 

29 gives 18.523 mm/s for the 200 ÕL particle, and Figure 30 gives 8.654 mm/s for the 20 

ÕL particle. The decrease from 500 ÕL to 200 ÕL is 18.63%, and the decrease from 200 ÕL 

to 20 ÕL is 53.28%. When compared with the still-water results, all three turbulent values 

are higher: the 500 ÕL particle increases from 21.397 mm/s to 22.764 mm/s, the 200 ÕL 

particle from 16.072 mm/s to 18.523 mm/s, and the 20 ÕL particle from 6.929 mm/s to 

8.654 mm/s, corresponding to increases of 6.39%, 15.25%, and 24.90%, respectively. This 

indicates that, at 2.5 g/L, turbulent transport contributes to a larger net downward motion 

than in quiescent water, particularly for the smaller particles. The 500 ÕL particle still 

remains the most gravitationally dominated and least susceptible to redirection by local 

eddies, while the 20 ÕL particle remains the most turbulence-responsive. At the same time, 

the larger increase in the smallest class suggests that the background turbulent field and 

weak mean flow can augment its observable downward displacement over the recorded 

interval even though its true motion is less coherent. Therefore, these turbulent averages 

should be interpreted as net settling responses within the measurement window rather than 

as strictly isolated terminal-settling speeds. 

Concentration 1.25 g/L: 



88 

 

 

Figure 32: Displacement vs Time curve of 500ɛL XG for 1.25 g/L Concentration 
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Figure 33: Displacement vs Time curve of 200ɛL XG for 1.25 g/L Concentration 

 

Figure 34: Displacement vs Time curve of 20ɛL XG for 1.25 g/L Concentration 

Figure 31 gives an average settling velocity of 15.001 mm/s for the 500 ÕL particle, Figure 

32 gives 11.803 mm/s for the 200 ÕL particle, and Figure 33 gives 8.336 mm/s for the 20 

ÕL particle. The reduction from 500 ÕL to 200 ÕL is 21.32%, and the reduction from 200 

ÕL to 20 ÕL is 29.37%. Relative to the still-water case, these turbulent values are again 

higher for all three particle sizes: the 500 ÕL particle increases from 11.412 mm/s to 15.001 

mm/s, the 200 ÕL particle from 8.437 mm/s to 11.803 mm/s, and the 20 ÕL particle from 

3.618 mm/s to 8.336 mm/s, corresponding to increases of 31.45%, 39.90%, and 130.40%, 

respectively. The strongest relative increase occurs for the smallest particle, showing that 

the lower-concentration, mechanically weaker particles are much more strongly influenced 
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by turbulent advection and background flow than in still water. Physically, this suggests 

that at 1.25 g/L, the particles are less able to preserve a compact settling trajectory, so their 

motion becomes more strongly coupled to the turbulent carrier flow. Consequently, while 

Figures 31ï33 provide useful representative settling values for comparison, they should 

again be treated as approximate turbulent settling measures derived from incomplete and 

flow-modified trajectories, not as fully developed terminal velocities in the classical still-

water sense. 

Unlike the still-water case, these turbulent values should be interpreted as approximate 

representative settling velocities rather than fully developed ultimate terminal settling 

velocities, because the trajectories shown earlier in Figures 25ï27 are often truncated when 

particles leave the field of view before traversing the full central observation region. The 

fitted slopes therefore represent the observable net downward transport under turbulence, 

where gravitational settling is superimposed on velocity fluctuations and small but non-

zero mean flow, rather than a purely one-dimensional terminal descent. 

5.3 Comparative Study of Settling Velocity 

Figure 34 presents the comparative still-water settling behavior of XG particles as a 

function of particle diameter, together with the corresponding model curves based on the 

formulation discussed earlier from (Loth, 2008). The representative particle diameters were 

obtained from the injected particle volumes by assuming a spherical-equivalent particle 

volume,  
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V = ,                                                                                                                              (46) 

Using this relation, the three particle sizes used in the present study, 500 µL, 200 µL, and 

20 µL, correspond to equivalent diameters of approximately 9.85 mm, 7.26 mm, and 3.37 

mm, respectively.  

Table 2: Summary of Experimental Parameters 

Conditions 
Sample XG 

Concentration 
Temperature 

Particle 

Volume (µL) 

Average 

Particle Size 

(mm) 

Still Water  

&  

Turbulent 

Water 

2.5 g/L  

&  

1.25 g/L 

22  

500 9.85 

200 7.26 

20 3.37 

These experimental points are compared with two model curves generated from the drag-

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

the Stokes-corrected Schiller-Naumann expression in equation 6, and the Stokes regime 

equation 1. The Stokes settling regime represents the low-Reynolds-number limit in which 

viscous forces dominate the motion of a settling particle and inertial effects are negligible. 

In this regime, the drag force varies linearly with velocity, which leads to the classical 

Stokes settling velocity expression for a spherical particle in a quiescent fluid. The Stokes 

model, therefore, serves as an idealized baseline for comparison with experimental settling 

behavior. For the present particles, it is used primarily as a reference trend, since larger 
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particle sizes may deviate from the strict Stokes regime due to increasing inertial effects. 

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.  

 

Figure 35: Comparison of the experimentally measured mean settling velocities with the Loth and Stokes 

model predictions as a function of particle diameter under still-water conditions for xanthan gum particles 

at 1.25 g/L and 2.5 g/L (Loth, 2008) 

Figure 35 compares the experimentally measured mean settling velocities of xanthan gum 

particles in still water with the corresponding Loth and Stokes model predictions. The 
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experimental points show a clear monotonic increase in settling velocity with increasing 

particle diameter, and for each particle size the 2.5 g/L particles settle faster than the 1.25 

g/L particles. This behavior is consistent with the interpretation that higher-concentration 

xanthan gum particles possess greater internal cohesion and better preserve a compact 

settling shape, thereby reducing the relative influence of drag. The Loth model captures the 

overall experimental trend more realistically than the Stokes curve, which strongly 

overpredicts settling velocity, particularly for the larger particles. This occurs because the 

present particles do not remain in a strict creeping-flow Stokes regime; rather, the measured 

Reynolds numbers lie in a finite-Reynolds-number range where inertial effects are already 

important, and drag can no longer be treated as purely linear in velocity. In addition, the 

xanthan gum particles are soft, deformable, and not perfectly rigid spheres, so their settling 

behavior is influenced by shape change, projected area variation, and concentration-

dependent mechanical response, all of which are not represented in the ideal Stokes 

formulation. For this reason, the settling behavior of the present xanthan gum particles is 

better interpreted using a finite-Reynolds-number drag framework such as Loth, while the 

Stokes curve remains useful only as a limiting low-Reynolds-number reference. 
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Figure 36: Comparison of the experimentally measured mean settling velocities with the Loth and Stokes 

model predictions as a function of particle diameter under turbulent-water conditions for xanthan gum 

particles at 1.25 g/L and 2.5 g/L (Loth, 2008) 

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 with increasing 

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 that the gravity-driven 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 terminal velocities, since local eddies, trajectory 

wandering, and fluctuating flow components modify the particle path during descent. The 

Loth model therefore remains the more realistic drag-based reference, whereas the Stokes 

curve again overpredicts the settling response because the particles do not remain in a true 

creeping-flow regime and are additionally soft, deformable, and influenced by weak 

turbulent forcing. 

5.4 Deformation due to Settling 

In addition to settling velocity, the present study examines how xanthan gum particles 

deform during descent under both still-water and turbulent conditions. Since these particles 

are soft, viscoelastic, and non-rigid, their settling response cannot be described only by 

translational motion; the particle shape may also evolve continuously as hydrodynamic 

stresses act on it. For this reason, deformation analysis was performed for the two 

concentrations selected for detailed study, 2.5 g/L and 1.25 g/L, using ten trials for each 

particle size under both flow conditions. The objective of this section is therefore to 

quantify how particle size, concentration, and flow regime influence shape change during 

settling, and to relate that deformation behavior to the settling trends presented in the 

previous sections. 

5.4.1 Still Water 
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Figure 37: Visual Deformation analysis of 2.5g/L, 1.25 g/L, 0.625 g/L and 0.3125 g/L concentration of 

500ɛL sample 

Although the detailed deformation analysis in the present study focuses on the two main 

concentrations, 2.5 g/L and 1.25 g/L, additional lower-concentration 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 500 µL particles. 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 

compact, well-defined 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 settling, but the 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. As concentration decreases further, the visual 

behavior changes significantly. At 0.625 g/L, the sample no longer preserves the same 

compact form as the higher-concentration cases. Instead, part of the material still remains 

attached as a central lump, while elongated filaments and fringe-like 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 particle is therefore no longer behaving 

as a compact viscoelastic body, but rather as a weakly connected structure that stretches 

easily in the surrounding fluid. At the lowest concentration, 0.3125 g/L, the sample loses 

coherent particle identity almost immediately and spreads into the surrounding water even 

under still-water conditions, that is, without any externally imposed turbulent forcing. 

Unlike the higher concentrations, it does not maintain a stable aggregate-like body during 

descent. This visual observation strongly suggests that such a low xanthan gum 

concentration does 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 that remain 

sufficiently coherent to behave as meaningful soft-particle analogs during the experiments. 
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For the quantitative deformation analysis, the particle shape in each frame was represented, 

for each camera view separately, by an ellipse fitted to the detected particle contour, from 

which the projected major-axis length and minor-axis length were obtained. Thus, the 

Taylor deformation parameter was calculated independently for each camera using the two-

dimensional projected particle shape visible in that specific view, rather than from a 

combined three-dimensional reconstruction. Using these two projected axes, the 

deformation was calculated through the Taylor deformation parameter, defined as: 

 Ὀ                                                                                                                             (47) 

where L is the major-axis length, and B is the minor-axis length of the fitted particle ellipse 

in each frame. A value of D=0 corresponds to a nearly circular projected shape in that 

camera view, while increasing values of D indicate increasing elongation of the particle 

projection in the same view. Since the particle images were recorded at 10 frames per 

second, the time corresponding to each frame was calculated as 

ὸ                                                                                                                                (48) 

where f is the frame number, Ὢ is the first frame of the sequence, and the FPS is 10. This 

procedure was repeated for all ten trials for each condition, and the deformation histories 

were then combined to obtain the average Taylor deformation 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 trial-to-trial variability and the representative deformation trend to be 

examined for each particle size, concentration, and flow condition. 

For Particle of 500ɛL concentration: 

 

Figure 38: Taylor Deformation in Still Water of 2.5 g/L concentration against time(s) of 10 particles with 

the average calculated for 500 ɛL particle 

Figure 36 shows the Taylor deformation of the 500 µL 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 environment, the overall 

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 approximately D å 0.09 to 0.12 over most 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 a coherent body in still water 

and did not exhibit strong filamentation or structural breakdown. Although some trial-to-

trial variation is present, the individual curves remain within a relatively narrow 

deformation range compared with what would be expected at lower concentrations. A few 

trials show higher initial deformation values, likely associated with release condition, 

initial particle orientation, or slight early re-adjustment of shape immediately after 

detachment. However, these larger values do not persist across 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 still-water settling. Therefore, deformation is present but limited, and 

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

hydrodynamic stretching. 
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Figure 39: Taylor Deformation in Still Water of 1.25 g/L concentration against time(s) of 10 particles with 

the average calculated for 500 ɛL particle 

Figure 37 shows the Taylor deformation of the 500 µL particle at 1.25 g/L in still water for 

ten individual trials together with the corresponding average deformation curve. In contrast 

to the 2.5 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 to D å 0.20 before gradually decreasing at later times. This 

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 internal cohesion expected for 

the 1.25 g/L xanthan gum particle. Although the overall trend remains smooth and 
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coherent, the deformation level is clearly greater than in Figure 36, showing that a 

reduction in concentration increases the particleôs susceptibility to hydrodynamic 

stretching even under still-water 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. This suggests 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 µL particle in still water, 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 Particle of 200ɛL concentration: 
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Figure 40: Taylor Deformation in Still Water of 2.5 g/L concentration against time(s) of 10 particles with 

the average calculated for 200 ɛL particle 

Figure 38 shows the Taylor deformation of the 200 µL particle at 2.5 g/L in still water for 

ten individual trials together with the corresponding average deformation curve. Similar to 

the 500 µL case, the particle remains as a coherent settling body, but the deformation is 

more pronounced and more variable across trials. The average Taylor deformation begins 

at approximately D å 0.12, increases gradually to nearly D å 0.18 to 0.19, and then shows 

a mild decrease toward the later part of the settling record. This indicates that the 200 µL 

particle undergoes measurable elongation during descent, but still retains sufficient 

structural integrity to avoid the severe stretching or breakup behavior seen at much lower 

concentrations. Compared with the 500 ÕL particle at the same concentration, the 200 ÕL 
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particle exhibits greater average deformation and stronger trial-to-trial variability, 

suggesting that its settling shape is less stable and more sensitive to changes in orientation 

and hydrodynamic loading during descent. The individual trials also exhibit a wider spread 

than in the 500 µL case, with some trials showing relatively moderate and stable 

deformation while others reach substantially higher values. This trial-to-trial variability 

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

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

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

fluctuation alone.  

 

Figure 41: Taylor Deformation in Still Water of 1.25 g/L concentration against time(s) of 10 particles with 

the average calculated for 200 ɛL particle 
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Figure 39 shows the Taylor deformation of the 200 µL particle at 1.25 g/L in still water for 

ten individual trials together with the corresponding average deformation curve. Compared 

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 about D å 0.06 at early time to 

a maximum near D å 0.15, followed by a gradual decrease at later times. This 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 µL particle over much of the record. At the same time, 

the individual trials show substantial variability, with several trials reaching deformation 

values above D = 0.18 to 0.22, while others remain much lower. This spread suggests that 

the lower-concentration particle is more sensitive 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 than collapse or loss of particle identity.  

For Particle of 20 ɛL Concentration: 
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Figure 42: Taylor Deformation in Still Water of 2.5 g/L concentration against time(s) of 10 particles with 

the average calculated for 20 ɛL particle  

Figure 40 shows the Taylor deformation of the 20 µL 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 µL particle exhibits a much more scattered deformation 

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 remains within a moderate range 

for most of the settling duration, staying close to D å 0.10 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 its descent. 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 µL particle is less repeatable than that of the 500 µL and 200 µL 

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 conditions. Even so, the average response does not indicate 

severe instability or continuous stretching throughout the entire settling period.  

 

Figure 43: Taylor Deformation in Still Water of 1.25 g/L concentration against time(s) of 10 particles with 

the average calculated for 20 ɛL particle  

Figure 41 shows the Taylor deformation of the 20 µL 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 about D å 0.08 at early time to approximately D å 0.13 

- 0.14 at later 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 µL particle has a much smaller 

characteristic size and therefore may exhibit only modest visible shape changes in its 

projected image, even while settling over a long duration. The 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, release condition, 

orientation, and image-based ellipse fitting. When the full set of trials is considered 

together, the average curve remains smooth and stable, indicating that the 20 µL particle 

at 1.25 g/L behaves as a weakly deformable but still coherent settling body in still water.  

5.4.2 Turbulent Water 
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Figure 44: Visual Deformation analysis of 2.5g/L, 1.25 g/L, 0.625 g/L and 0.3125 g/L concentration of 

500ɛL sample 

The quantitative deformation calculations for the turbulent-water cases were performed 

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 thesis is limited 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 presents this visual deformation 

behavior for the 500 µL particles across all four concentrations. As seen 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 breakup, but 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 greater susceptibility 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 trailing structures that are visually much closer to 

the fragile, irregular morphology commonly associated with natural marine snow particles. 

For this reason, although the final quantitative analysis focuses on 2.5 g/L and 1.25 g/L as 

mechanically stable and repeatable soft-particle analogs, the lower-concentration turbulent 

images provide useful visual evidence that xanthan gum is capable of reproducing marine-

snow-like filamentous and deformable features under hydrodynamic forcing. 

For Particle of 500ɛL concentration: 
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Figure 45: Taylor Deformation in Turbulent Water of 2.5 g/L concentration against time(s) of 10 particles 

with the average calculated for 500 ɛL particle  

Figure 43 shows the Taylor deformation of the 500 µL particle at 2.5 g/L in turbulent water 

for ten individual trials together with the corresponding average deformation curve. In 

comparison with the still-water case, the deformation response is more irregular and 

fluctuates more strongly with time, which is consistent with the unsteady hydrodynamic 

forcing produced by the turbulent field. The average Taylor deformation remains moderate 

overall, generally within the range of D å 0.05 to 0.14, but it no longer follows the 

comparatively smooth trend observed in still water. Instead, the mean 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 descent. The 



112 

 

individual trials show substantial scatter, with 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 gradual settling-induced 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 filament-like stretching. This is 

consistent with the visual 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.  

 

Figure 46: Taylor Deformation in Turbulent Water of 1.25 g/L concentration against time(s) of 10 particles 

with the average calculated for 500 ɛL particle  
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Figure 44 shows the Taylor deformation of the 500 µL particle at 1.25 g/L in turbulent 

water for ten individual 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 

random reorientation and time-dependent hydrodynamic forcing. However, in comparison 

with Figure 43, the average deformation in this case becomes progressively higher with 

time, rising from about D å 0.06 - 0.08 at early times to nearly D å 0.16 - 0.18 at later 

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 particle. The individual trials also show 

considerable scatter, which is expected under turbulent conditions, but the overall 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 particle remains coherent and does not 

completely lose its identity, its lower concentration leads to weaker internal cohesion and 

reduced resistance to turbulent stretching.  

For Particle of 200ɛL concentration: 
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Figure 47: Taylor Deformation in Turbulent Water of 2.5 g/L concentration against time(s) of 10 particles 

with the average calculated for 200 ɛL particle  

Figure 45 shows the Taylor deformation of the 200 µL particle at 2.5 g/L in turbulent water 

for ten individual trials, together with the corresponding average deformation curve. In 

contrast to the still-water case, the average deformation here is clearly higher and exhibits 

a stronger time-dependent response, remaining mostly within the range of D å 0.15 to 0.30. 

After a small initial decrease, the average curve rises progressively with time and reaches 

a maximum of approximately D å 0.30, before decreasing again toward the end of the 

record. This indicates that the 200 µL particle undergoes substantial elongation in 

turbulence and is much more strongly influenced by the surrounding flow than under 

quiescent settling conditions. The individual trial curves also show considerable variability, 
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which is expected in a turbulent environment where local eddies, fluctuating strain rates, 

and repeated particle reorientation continuously alter the hydrodynamic stresses acting on 

the particle. Even with this scatter, the overall trend remains clear: the 200 µL particle at 

2.5 g/L deforms more strongly and more persistently in turbulent water 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 descent.  

 

Figure 48: Taylor Deformation in Turbulent Water of 1.25 g/L concentration against time(s) of 10 particles 

with the average calculated for 200 ɛL particle  

Figure 46 shows the Taylor deformation of the 200 µL particle at 1.25 g/L in turbulent 

water for 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, local eddies, and 

repeated reorientation during descent. The average Taylor deformation begins at 

approximately D å 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 of D å 0.16 to 0.24. This 

indicates that the 200 µL 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 scatter, which 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, indicating intermittent 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 short-lived shape disturbances.  

For Particle of 20 ɛL Concentration: 
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Figure 49: Taylor Deformation in Turbulent Water of 2.5 g/L concentration against time(s) of 10 particles 

with the average calculated for 20 ɛL particle  

Figure 47 shows the Taylor deformation of the 20 µL particle at 2.5 g/L in turbulent water 

for ten individual trials together with the corresponding average deformation curve. 

Compared with the still-water case, the deformation response is clearly higher and much 

more unsteady, indicating that the smallest particle size is strongly influenced by the 

surrounding turbulent flow. The average Taylor deformation remains at a relatively 

elevated level throughout the record, generally around D å 0.17 to 0.30, with noticeable 

fluctuations and a pronounced rise at intermediate to later times. This suggests that the 20 

µL particle undergoes sustained elongation in turbulence rather than only slight shape 

adjustment during settling. The 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 µL particle is more easily affected by instantaneous flow 

variations, and this likely contributes to the stronger trial-to-trial variability observed here. 

Even so, the average curve remains consistently positive and relatively high, confirming 

that the dominant response is persistent deformation rather than brief isolated shape 

changes.  

 

Figure 50: Taylor Deformation in Turbulent Water of 1.25 g/L concentration against time(s) of 10 particles 

with the average calculated for 20 ɛL particle  

Figure 48 shows the Taylor deformation of the 20 µL 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 deformation response, 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 of D å 0.11 to 0.26, indicating that the particle undergoes 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 turbulent stretching and time-dependent distortion. The 

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 times. Such 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 relatively 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 rather 

than isolated shape fluctuations alone.  

Chapter 6: Discussions 

6.1. Settling Velocity and Reynolds Number 

Table 3: Complete data table of setting velocity and Reynolds number for Turbulent water experimental 

condition  



120 

 

Settling Velocity 

Particle Volume 

(ÕL) 

Sample 

Concentration (g/L) 
Reynolds Number 

Turbulent Water 

(mm/s) 

500 
2.5 114 22.764 

1.25 74 15.001 

200 
2.5 90.4 18.523 

1.25 57.3 11.803 

20 
2.5 18 8.654 

1.25 17.5 8.336 

 

Table 4: Complete data table of setting velocity and Reynolds number for Still water experimental condition  

Settling Velocity 

Particle Volume 

(ÕL) 

Sample 

Concentration (g/L) 
Reynolds Number 

Still Water 

(mm/s) 

500 
2.5 172 21.397 

1.25 92.2 11.412 

200 
2.5 80.3 16.072 

1.25 41.9 8.437 

20 
2.5 55.4 6.929 

1.25 29 3.618 

 

The settling-velocity results show that the motion of xanthan gum particles is controlled 

simultaneously by particle size, xanthan gum concentration, and flow condition. In both 

still water and turbulent water, the largest particles settled fastest and the smallest particles 

settled slowest. This overall trend is physically consistent with the force balance discussed 

earlier in Section 3.6, because increasing particle size increases the gravitational driving 

effect relative to drag, whereas decreasing particle size increases the relative importance of 

hydrodynamic resistance. Concentration also played a major role. For every particle 

volume considered in this study, the 2.5 g/L particles settled faster than the corresponding 
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1.25 g/L particles. This indicates that the higher-concentration particles behaved as 

mechanically stronger and more coherent bodies, with greater resistance to deformation 

and therefore a more favorable hydrodynamic shape during descent. The lower-

concentration particles, in contrast, were more easily deformed, which likely increased 

their effective drag and reduced their settling efficiency. This overall behavior is consistent 

with the rheological interpretation developed in Chapter 3, where the 2.5 g/L system was 

shown to possess greater viscosity, stronger viscoelastic structure, and greater deformation 

resistance than the 1.25 g/L system. 

The Reynolds number used in the present discussion was calculated from the 

experimentally measured terminal settling velocity using equations (43) and (44) in Section 

4.7. In density-viscosity form, the particle Reynolds number is written as equation (43), 

ὙὩ  
  
  

and equivalently, in kinematic-viscosity form, as equation (44), 

ὙὩ  
 
  

where ύ is the measured terminal settling velocity, Ὠ is the representative particle 

diameter used for that case, ” is the fluid density, ɛ is the dynamic viscosity, and ɜ is the 

kinematic viscosity of water. Since the settling velocities obtained from the image-analysis 

workflow were reported in mm/s, and the representative diameters were also expressed in 

mm, both quantities were converted to SI units before substitution, such that: 
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ύ άȾί  ύ άάȾί  ρπ   

Ὠ ά   Ὠ άά  ρπ  

Thus, for each case, the Reynolds number was obtained directly from the measured settling 

velocity and the corresponding particle diameter. In general form, using equation (44), the 

calculation was carried out as: 

ὙὩ  
   

                                                                                                 (49) 

Therefore, the Reynolds number was not assumed a priori from the (Loth, 2008) model. 

Rather, it was calculated after the settling velocity had been measured experimentally, and 

was then used to interpret the drag regime and compare the results with the (Loth, 2008) 

framework. This point is important because the role of the Loth model in this thesis is not 

to generate the experimental settling velocities, but to provide a physically meaningful 

drag-based baseline for comparison. The (Loth, 2008) framework was selected because it 

extends beyond the strict creeping-flow Stokes limit and is suitable for particles settling at 

finite Reynolds number, where drag can no longer be treated as purely linear in velocity. 

In addition, the model is especially relevant here because the Reynolds number enters 

directly into the drag description, and the broader Loth framework also discusses drag 

behavior for non-spherical particles. the model is especially relevant here because the 

Reynolds number enters directly into the drag description, and the broader Loth framework 

also discusses drag behavior for non-spherical particles. A comparison with the pure Stokes 
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settling description would still be informative as a limiting low-Reynolds-number 

reference; however, the present particles do not remain strictly within that regime, and their 

motion also involves finite-size, deformable, and potentially non-spherical effects during 

descent. For this reason, the Loth framework is used here as the more suitable primary 

comparison, while still recognizing the conceptual value of the Stokes limit as a baseline. 

For the 2.5 g/L particles, the measured settling velocities were 21.397 mm/s, 16.072 mm/s, 

and 6.929 mm/s for 500 ÕL, 200 ÕL, and 20 ÕL, with corresponding reported Reynolds 

numbers of 172, 80.3, and 55.4. For the 1.25 g/L particles, the measured settling velocities 

were 11.412 mm/s, 8.437 mm/s, and 3.618 mm/s, with corresponding Reynolds numbers 

of 92.2, 41.9, and 29. These Reynolds numbers confirm that the particles are not settling 

in a purely Stokesô regime. They lie in a finite Reynolds-number range where inertial 

effects are already relevant and where a more general drag formulation is required. In the 

context of this thesis, that difference is physically meaningful because it reflects the effect 

of softness and deformation on settling performance. The turbulent-water data reveal a 

different but equally important behavior. The measured turbulent settling velocities were 

22.764 mm/s, 18.523 mm/s, and 8.654 mm/s for the 2.5 g/L particles, with reported 

Reynolds numbers of 114, 90.4, and 18 for 500 ÕL, 200 ÕL, and 20 ÕL, respectively. For 

the 1.25 g/L particles, the measured turbulent settling velocities were 15.001 mm/s, 11.803 

mm/s, and 8.336 mm/s, with Reynolds numbers of 74, 57.3, and 17.5. The trajectory results 

are important in supporting this interpretation. The turbulent trajectories showed that the 

500 ÕL particles remained the most gravitationally dominated, the 200 ÕL particles 
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occupied an intermediate regime, and the 20 ÕL particles were the most susceptible to 

random advection and path distortion. This means that the role of turbulence increased as 

particle size decreased. The same conclusion is reflected in the turbulent settling velocities: 

the relative increase from still water to turbulence becomes especially large for the smaller 

and mechanically weaker particles. For the 1.25 g/L, 20 ÕL case, the increase from 3.618 

mm/s in still water to 8.336 mm/s in turbulence is particularly strong, indicating that the 

observed motion is no longer dominated by intrinsic settling alone, but by strong coupling 

with the surrounding turbulent flow. Therefore, the turbulent settling values should be 

interpreted as representative net downward transport rates rather than classical terminal 

velocities in the strict sense. Taken together, the settling velocity and Reynolds number 

results show why the (Loth, 2008) model is useful in this thesis. It provides a consistent 

drag-based baseline for a finite-Reynolds-number particle, making it possible to identify 

where the xanthan gum particles behave approximately like compact settling bodies and 

where they depart from that idealization. One further point emerges when the settling 

results are considered together with the deformation results in Section 5.4. The particles 

that showed greater deformation and less structural stability were also the particles that 

deviated more strongly from the compact-body drag baseline. This means that settling 

velocity and Reynolds number cannot be interpreted independently from particle 

mechanics. A lower-concentration particle does not merely settle more slowly; it also 

changes shape more readily, which alters projected area, drag, orientation, and therefore 

the hydrodynamic regime experienced during descent. Similarly, in turbulence, the particle 
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does not simply move through an imposed flow; it deforms, rotates, and reorients while 

being transported. The Reynolds number therefore remains useful as a regime indicator, 

but for deformable xanthan gum particles it should be interpreted together with 

deformation and trajectory behavior rather than as a complete descriptor by itself. This 

combined interpretation is one of the main physical insights of the present thesis. 

6.2 Turbulence data unpredictable movements 

In Section 5.2, the turbulent-water results were presented primarily in terms of the 

measured settling trajectories and the corresponding average settling velocities. That 

presentation was necessary to quantify the net downward motion of the particles and to 

compare turbulent settling with the still-water baseline. However, a single settling curve or 

a single projected trajectory is not sufficient to fully describe particle motion in turbulence. 

Unlike quiescent settling, turbulent transport is inherently three-dimensional, and the 

particle may undergo simultaneous downward motion, lateral displacement, out-of-plane 

drift, rotation, and random reorientation as it interacts with the surrounding eddies. For this 

reason, the additional Y- and Z-trajectory plots are discussed in this section. These plots 

provide a clearer picture of how the particles actually move through the turbulent field and 

help explain why the measured turbulent settling velocities should be interpreted as net 

transport responses rather than purely one-dimensional terminal-settling velocities. In this 

way, the present section expands the earlier settling-velocity discussion by showing the 

spatial unpredictability of turbulent particle motion more explicitly. 
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For particle volume 500 ɛL 

 

Figure 51: Reconstructed turbulent-water Y- and Z-trajectories as functions of time for the 500 ÕL xanthan 

gum particles at 2.5 g/L and 1.25 g/L, showing trial-to-trial variability and three-dimensional path 

irregularity under turbulent flow 

For the 2.5 g/L, 500 µL particle, the turbulent flow may be understood as a weak but 

continuously fluctuating three-dimensional field in which the particle is not acted on by 

gravity alone, but also by local eddies and small background velocity components. In this 

figure, the Y- and Z-coordinates 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 it is settling. The 2.5 g/L trajectories 

remain relatively more organized than the lower-concentration 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 do not follow 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 body. For the 1.25 g/L, 500 µL particle, the same Y- 

and Z-trajectory plots show 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 clear that the particle wanders in space while settling rather than following a single 

predictable line. The stronger spread in these curves suggests that the lower-concentration 

particle is more flow-responsive, so local eddies more easily alter its position and 

orientation during descent. This is important because it shows that the turbulent 

environment introduces real three-dimensional path variability and that this effect becomes 

more evident as particle mechanical stability decreases. 

For particle volume 200 ɛL 
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Figure 52: Reconstructed turbulent-water Y- and Z-trajectories as functions of time for the 200 ÕL xanthan 

gum particles at 2.5 g/L and 1.25 g/L, showing trial-to-trial variability and three-dimensional path 

irregularity under turbulent flow 

For the 2.5 g/L, 200 µL particle, Figure 50 shows that the turbulent flow continues to 

produce clear three-dimensional path variability, but the motion is now less coherent than 

for the 500 µL case. The Y-coordinate again represents one reconstructed spatial direction 

of particle displacement, while the Z-coordinate represents the other lateral or out-of-plane 

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 show stronger spreading and more 

directional variation, indicating that the 200 µL particle is less able than the 500 µL particle 

to resist redirection by local eddies. Thus, although the particle still has sufficient 

coherence to settle as a recognizable body, its path is more strongly modified by the 
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turbulent flow and becomes less predictable in both spatial directions.  For the 1.25 g/L, 

200 µL particle, the same effect becomes even more evident. The Y- and Z-trajectory plots 

show larger dispersion, 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 

µL case, its motion is more easily altered by instantaneous eddies and background flow 

variations. The result is a more scattered three-dimensional trajectory, with less 

repeatability across trials. This supports the general interpretation of the turbulent results: 

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 ɛL 
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Figure 53: Reconstructed turbulent-water Y- and Z-trajectories as functions of time for the 20 ÕL xanthan 

gum particles at 2.5 g/L and 1.25 g/L, showing trial-to-trial variability and three-dimensional path 

irregularity under turbulent flow 

For the 2.5 g/L, 20 ÕL particle, Figure 51 shows that the turbulent motion is more irregular 

than for the larger particle sizes. The Y- and Z-coordinates again represent the two 

additional reconstructed spatial directions of motion, and their fluctuations show that the 

particle is repeatedly displaced sideways and out of plane while settling. Compared with 

the 500 ÕL and 200 ÕL cases, the 20 ÕL particle shows larger changes in direction and 

greater variation from one trial to another, indicating that its path is less consistently aligned 

with downward settling. Thus, even at the higher 2.5 g/L concentration, the smallest 

particle is more strongly influenced by local turbulent structures during descent. For the 

1.25 g/L, 20 µL particle, this behavior becomes even more pronounced. The Y- and Z-


