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Abstract

Filtration and Clogging Dynamics in Suspensions: Mechanisms, Models, and

Optimization

by

Justin Maddox

The filtration behavior of suspensions in various physical systems presents both chal-

lenges and opportunities. In confined flows, filtration is often an unintended and unde-

sired e↵ect, such as in irrigation systems, where flowing suspended particles can become

trapped internally, leading to a gradual clogging e↵ect. Conversely, when it is necessary

to remove certain particle types from a suspension, the filtration e↵ect can be desirable

and useful. This work aims to use experimental methods to further the understanding

of suspension filtering/clogging and empower others with methods to either prevent or

leverage the filtration of suspensions, depending on their needs.

The first part of this thesis examines the filtration and sorting of fiber-type suspen-

sions based on fiber size; this presents a challenging problem because of the fibers’ two

characteristic dimensions, L and D. However, the process of dip coating by immersing

a substrate in a suspension bath presents some interesting sorting capabilities; as the

substrate is withdrawn, the meniscus acts as a filter which repels certain particles from

the liquid bath and accepts others, becoming entrained in the coating film. With flat

substrates, particles are categorically sorted by diameter; however, the curved meniscus

created by withdrawing a cylindrical substrate forces a preferential fiber alignment which

can sort a well-mixed fiber suspension by particle length. This length sorting process is

investigated and recommendations are made on best practices.

The focus then turns to the clogging behavior of rigid fiber suspensions flowing around
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a 90-degree bend. The fiber suspensions travel at constant flow rate through a channel

with a uniform cross-section, and their movement is analyzed as they pass through the

bend, where both the channel width and radii of curvature are precisely controlled.

Fibers are characterized as “clog”, “slip”, or “no-slip” cases, and numerical methods are

used to produce predictive models of clogging. Additionally, guidelines are presented for

designing clog-resistant bends within millifluidic systems dispensing fiber suspensions.

Finally, a comprehensive review of clogging in drip irrigation systems is presented from

a fluid mechanics point-of-view, studying specifically the phenomena of physical clogging

by sand, silt, and clay type particles. The current research in the area of improving

anti-clogging performance of drip emitters is investigated, highlighting the role of both

active and passive methods in decreasing the replacement rate of drip emitters due to

clogs. This review gives a direction to possible future studies on geometry optimization

of drip emitters, and presents the current best practices in extending the lifetime of drip

irrigation systems using fluid mechanics principles.
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Chapter 1

Introduction

1.1 Suspension Flow, Filtration, and Clogging

The filtration and transport of particulate suspensions are fundamental processes in

both natural and industrial systems. These phenomena exhibit duality, o↵ering signifi-

cant opportunities when filtration is desirable while posing challenges when clogging dis-

rupts intended flows. This thesis investigates these dynamics, focusing first on anisotropic

fiber-type suspensions and later on natural wastewater suspensions containing sands,

silts, and clays, along with their interactions with flow geometries and filtration systems.

In many industries, filtration is a key method to purify liquids, separate particles,

and control size distributions [1, 2, 3, 4]. Conventional methods, such as sieving, cen-

trifugal filtration, and cross-flow filtration, are often e↵ective for spherical particles [5, 6].

However, the filtration of anisotropic particles, such as fibers, presents unique challenges

due to their multiple characteristic dimensions. Chapter 2 examines capillary filtration

via dip coating, demonstrating a promising approach for sorting fibers based on either

diameter or length [7]. By leveraging the interplay between capillary forces, coating film

thickness and shape, and particle geometry, this technique o↵ers a novel solution for sort-
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Introduction Chapter 1

ing fiber-based suspensions by length. This section explores the conditions under which

such methods achieve e�cient filtration, optimizing factors such as substrate geometry

and withdrawal velocity to enhance sorting capabilities.

Conversely, the unintended accumulation of particles can lead to clogging in confined

flows, disrupting processes across various applications, such as additive manufacturing

and biomedical systems [4, 8, 9]. While extensive studies have addressed clogging by

spherical particles, anisotropic particles such as fibers introduce additional complexities

[10, 11, 12, 13]. Chapter 3 investigated the clogging arising from fiber suspensions flowing

around a millifluidic scale 90-degree bend. Notably, the fiber length and initial position in

the channel significantly a↵ect clogging probabilities, particularly in systems with bends

or irregular geometries. This work examines the critical parameters influencing fiber

transport and clogging, aiming to provide predictive models and design guidelines for

more resilient fluidic systems.

Finally, in chapter 4, the attention shifts to drip irrigation, specifically the clogging

of drip emitters [14, 15, 16]. By examining real wastewater-type suspensions under con-

trolled conditions, strategies are identified to mitigate particle accumulation based on

specific application needs. These insights contribute to a deeper understanding of sus-

pension dynamics, advancing the design of systems capable of resisting filtration e↵ects.

By investigating drip irrigation from a fluid mechanics perspective, this work o↵ers a

framework for addressing the challenges that currently hold back a critical water-saving

technology.

2
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1.2 Permissions and Attributions

1. The content of chapter 2 is the result of a collaboration with Alban Sauret, and

has previously appeared in Physical Review Fluids.

https://doi.org/10.1103/PhysRevApplied.22.034071

2. The content of chapter 3 is the result of a collaboration with Thomas Nguyen,

Harishankar Manikantan, and Alban Sauret. [Pre-publication draft]

3. The content of chapter 4 is the result of a collaboration with Camron Hosseini and

Alban Sauret. [Pre-publication draft]
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Chapter 2

Capillary Sorting of Fiber

Suspensions by Dip Coating

2.1 Introduction

Filtration of particulate suspensions is critical in many industries as a method of

purifying liquids, controlling particle sizes, and separating groups of particles [1, 2, 3, 4].

Some of the most commonly used methods are sieving, where the fluid passes through

a filter of certain pore size [10]; centrifugal filtration, where centrifugal force is used

to filter particles based on density [5]; and cross-flow filtration, where flow is tangen-

tial to a membrane and a transmembrane pressure di↵erential is responsible for pulling

smaller particles out of the flow [6]. These standard filtration methods can struggle with

anisotropic particles as they present two lengthscales that can be defined, for instance,

through a minimum and a maximum Feret diameter [17, 18, 19].

A potential solution to filter anisotropic particles, specifically fibers, is capillary fil-

tration using a dip coating process. The principle is that a substrate is submersed within

a suspension bath, and based on the withdrawal velocity of the substrate and the proper-
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ties of the interstitial fluid, only particles below a certain threshold size will be entrained

in the liquid film coating the substrate after removal [20, 21, 22, 23]. Previous works have

demonstrated the e�cacy of sorting spherical particles using dip coating with a planar

substrate [24, 25] and cylindrical substrates [26, 27]. These sorting methods rely on the

importance of the size of the particle compared to the size of the capillary film. Such

interplay between liquid/air interfaces and solid particles have also been considered for

liquid thread [28, 29, 30, 31, 32] and films [33, 34].

To provide some physical context, after a substrate has been immersed into a liquid

bath, upon withdrawal, it becomes coated with a thin liquid film whose thickness, h,

depends on the withdrawal velocity U , the properties of the liquid (surface tension �,

density ⇢, dynamic viscosity µ), and the surface properties (geometry, roughness, etc.

[35, 36]). For a planar substrate and a Newtonian fluid, the Landau-Levich-Dejarguin

law predicts:

h = 0.94 `c Ca
2/3

, (2.1)

where `c =
p

(�/(⇢g) is the capillary length and Ca = µU/� the capillary number

[37, 38]. For cylindrical substrates, the coating thickness involves the Goucher number,

Go = Rs/`c [39, 40, 41, 36] (where Rs is the radius of the substrate) and can be estimated

through [26]:
h

Rs
=

1.34Ca2/3

1 + 2.53Go1.85/[1 + 1.79Go0.85]
(2.2)

The filtering of spherical non-Brownian particles has been shown to depend on h
⇤

[42, 24], which corresponds to the thickness of the liquid at the point where the static

meniscus ends and the dynamic meniscus begins, also known as the stagnation point

[43]. This point also corresponds to the location that separates the flow into two regions:

a region that continues into the coating film and a region where the fluid recirculates

into the liquid bath. The particles that make it past the stagnation point and that are
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of size comparable to h
⇤ see a sharp increase in frictional forces, which allows for the

overcoming of capillary forces [44]. In the limit of small capillary numbers, the thickness

at the stagnation point and the film thickness are related through h
⇤ ⇡ 3h [26]. For

spherical particles, the sorting by diameter sorting occurs when h
⇤ . d/2 [24]. From a

qualitative point of view, the mechanism associated with the capillary sorting of particles

is similar to a dynamic ”filter” whose size is governed by the film thickness h (and thus

by the thickness at the stagnation point h
⇤). As the substrate is withdrawn from the

suspension bath, the liquid film creates a ”channel” that particles must enter to become

entrained, bounded on one side by the substrate and on the other side by the air-liquid

interface [25].

In the case of fiber suspensions, the situation becomes more complex as, in addition to

the diameter d, a new lengthscale is introduced: the length L. A recent study suggested

that for dip coating with cylindrical substrates, fibers of length larger than the diameter of

the substrate were entrained only at larger withdrawal velocities than predicted based on

their diameter [7]. This observation suggests that using di↵erent kinds of substrates (flat

or cylindrical) could potentially control whether sorting fiber suspensions by capillary

filtration occurs through the diameter d or the length of the fibers L and could thus

provide a unique sorting platform. In this chapter, we examine if such a filtration method

is possible, and we report the conditions under which this could be realized. We first

present our experimental methods before considering the filtration by diameter with a

flat substrate. In a second time, using a cylindrical substrate, we report the condition and

the e�ciency of length-based filtration. Finally, we discussed the limits of this method

and how to optimize the filtration process.
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2.2 Methods

Schematics of the experimental setup are shown in Figs. 2.1(a)-(b). The suspen-

sions are made of non-Brownian nylon fibers of diameter 200µm  d  400µm and

length 1.5mm  L  4.5mm dispersed in Fluorosilicone (FMS-221, Gelest), a New-

tonian fluid of viscosity µf = 109mPa.s, surface tension � = 21mN.m�1 and density

⇢f = 1160 kg.m�3. The fibers used are cut to the desired length by mechanical chopping

(WC302 Automatic Wire Cutter, The Eraser Company), resulting in a well-controlled av-

erage length L and a standard deviation on the length of 0.25mm. Due to the mechanical

chopping, the edges of the fibers are not perfectly cylindrical, but, for instance, a little bit

flattened irregularly. Nevertheless, we did not observe any e↵ects of the edge geometry

on the sorting process. In our experiments, no deformation of the fibers was observed for

any aspect ratio considered. The density of the liquid is close enough to the density of the

fibers (⇢ ' 1150 kg.m�3) so that buoyancy e↵ects can be neglected over the timescale of

the experiments. The volume fraction of fibers used, � = Vfib/Vtot = 0.5%, ensures that

we remain in the dilute regime [45]. The suspensions are initially mixed overnight using

magnetic stirrer bars and mixed for 5 minutes between trials. Using optical absorbance,

we ensured that our experimental protocol led to fibers initially homogeneously dispersed

in the suspension bath.

We perform the experiments with two substrate geometries: a planar substrate that

consists of a glass plate (7mm thick, 50mm wide, 70 mm length; see figure 2.1(c)) and

a cylindrical substrate setup consisting of an array of three rods (each of radius Rs =

1.2mm; see figure 2.1(d)), withdrawn simultaneously from the suspension bath. The sub-

strates are withdrawn from the suspension bath using a linear translation stage (Thorlabs

NRT150 linear stepper motor) at a velocity ranging from 2.5mm.s�1 to 20mm.s�1 over

a distance of 30mm. In both cases, between trials, the substrates were cleaned using

7
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Substrate

Liquid Film

(c) (d)

Figure 2.1: (a) Side and (b) top view schematics of the dip coating process with a
suspension of fibers of diameter d and two di↵erent lengths L1 and L2. Note that the
size of the fibers, the substrate, and the meniscus are not to scale. (c)-(d) Examples
of entrainment of fibers on (c) a flat substrate where no preferential orientation is
observed and (d) on a rod where the fibers entrained are of length comparable to the
substrate diameter and thus mainly align with the axis of the rod.

isopropyl alcohol, rinsed with Deionized (DI) water, and dried using compressed air.

After each trial, the number of particles entrained was measured visually by examining

the substrate over the entire length that had been withdrawn from the liquid. We should

emphasize that over the time scale of the experiment and the measurement of the fiber

entrained, we did not observe any significant sliding down of the fibers along the substrate.

We performed experiments with a single population of fibers to determine the threshold

capillary number corresponding to each fiber geometry and to study how the number

of particles entrained depends on the withdrawal velocity. For the experiments with

mixed suspensions, the liquid bath contains two di↵erent fiber geometries, each at an

equal volume fraction. The results of these tests were used to determine the e�ciency of

8
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sorting two di↵erent fiber lengths or diameters. In the following, each data point reported

in the di↵erent figures consists of 60 dip coating trials, i.e., withdrawal of the substrate,

and counting the number of fibers entrained.

We introduce di↵erent parameters to describe our results. The threshold Capillary

number, Ca⇤ = µf U
⇤
/� refers to the threshold value at which a given geometry of fiber

begins to be entrained for a specific substrate (U⇤ is the threshold capillary number).

We consider here the capillary number based on the viscosity of the interstitial fluid µf

since the volume fractions � used in this study are very small, so the change in viscosity

can be neglected [45, 46]. The e↵ects of the substrate size compared to the fiber lengths

are captured through a normalized fiber length, L⇤ = L/2Rs, corresponding to the ratio

of fiber length to the substrate diameter (for a flat plate, L⇤ = 0). We also define the

normalized sorting e�ciency as the di↵erence between the mass of ’small’ fibers entrained,

mS, and the mass of ’large’ fibers entrained, mL (where ’small’ and ’large’ can refer to

the diameter or to the length depending on the situation) rescaled by the total mass of

all fibers entrained:

⌘ =
mS �mL

mS +mL
(2.3)

Therefore, ⌘ = 1 refers to perfect sorting, and ⌘ = 0 to no sorting at all. Note that

here, the volume fraction of both fiber populations is the same. Finally, we define �F/�U

defined as the average volume fraction of particles entrained in the liquid film on the

substrate post-withdrawal rescaled by the unfiltered volume fraction of particles in the

suspension bath.

9
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2.3 Flat substrate: Sorting by Diameter

We first consider a suspension made of fibers of similar length (L = 1.5mm) but two

di↵erent diameters d = 200µm and d = 400µm. The fibers are mixed at a 1:1 ratio,

occupying a volume fraction � = 0.5%. Because all fibers were cut from a continuous wire

of approximately constant diameter, there was no notable distribution of sizes within each

diameter group. Dip coating was performed with a planar substrate at various velocities,

and we measured the distribution of fibers found on the substrate post-withdrawal.

N
o 

en
tr

ai
nm

en
t 

re
gi

on

Figure 2.2: (a) Examples of post-filtration fiber distributions observed on a flat sub-
strate for increasing capillary numbers and an initial suspension made of fibers of
length L = 1.5mm and diameter d = 200µm and d = 400µm. From left to right: No
entrainment, perfect sorting, high-e�ciency sorting, low-e�ciency sorting. Scale bar
is 3mm. (b)-(c) Examples of probability density functions of the fiber diameter before
(top PDF) and after (bottom PDF) for (b) a good-e�ciency sorting at Ca = 10�2 and
(c) low-e�ciency sorting at Ca = 5 ⇥ 10�2 for the same suspension than in (a). (d)
Evolution of the diameter sorting e�ciency ⌘ as a function of the capillary number
with a planar substrate and the same suspension. The shaded area denotes the region
with no fiber entrainment. The vertical dashed lines indicate the threshold capillary
numbers of each fiber type contained within the suspension. The suspension consists
of L = 1.5mm long fibers, with a 0.5% volume fraction of d = 200µm diameter fibers
and a 0.5% volume fraction of d = 400µm diameter fibers.

Fig. 2.2(a) shows examples of the results of the filtration process when varying the

withdrawal velocity and, thus, the capillary number. At very low values of Ca (Ca = 10�3

in the example presented here), no fiber entrainment occurs because each of the two

10
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fibers has its own threshold capillary number, Ca⇤, larger than Ca = 10�3, all particles

are filtered out. At values of Ca between the individual Ca⇤ values of each fiber, there

is theoretically perfect sorting, as seen here for Ca = 3 ⇥ 10�3. At values of Ca above

Ca⇤ of both particles (Ca = 9 ⇥ 10�3 in the present example), there are some sorting

e↵ects, but its e�ciency decreases as Ca increases further. We report in Figs. 2.2(b)

and 2.2(c) a more quantitative analysis: the probability density functions of the fiber

diameter before (i.e., in the suspension) and after the withdrawal for Ca = 10�2 and

Ca = 5⇥ 10�2, respectively. As suggested by the observations in Fig. 2.2(a), we observe

that the filtration e�ciency decreases as the capillary number is increased as fewer fibers

with a diameter d = 400µm are filtered out [Fig. 2.2(c)].

Fig. 2.2(d) shows that using a planar substrate, it is possible to achieve high e�cien-

cies of diameter sorting between fibers of nearly equal length. Notably, 100% diameter

sorting e�ciency was achieved for the trials between Ca ⇠ 10�3 and Ca ⇠ 7 ⇥ 10�3,

which corresponds to capillary numbers between the two thresholds of entrainment for

1.5mm fibers: Ca⇤(d = 200µm) < Ca < Ca⇤(d = 400µm). At capillary numbers above

the threshold value for both fibers, there is a drop in sorting e�ciency ⌘, eventually ap-

proaching 0%, i.e., value associated with complete randomness and no sorting capability,

around Ca ' 10�1 for the fibers considered here. In the present case, this value of Ca

corresponds to a film thickness of order 300µm and a thickness at the stagnation point

of around 900µm, so that the meniscus does not act as a filter anymore, allowing all the

fibers to flow through.

2.4 Cylindrical Substrate: Sorting by Length.

To explore the possibility of sorting fibers having the same diameters but di↵erent

lengths, we first performed entrainment experiments using cylindrical substrates of radius

11
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Figure 2.3: Evolution of the volume fraction of fibers entrained in the liquid film
�F rescaled by the volume fraction of fibers in the suspension bath, �U = 0.5%, as
a function of the capillary numbers for fibers of diameter d = 200µm, and length
L = 1.5mm (blue circles) and L = 2.5mm (orange squares). The vertical dashed
lines indicate the threshold capillary numbers of each fiber type for experiments with
only one fiber population in suspension.

Rs = 1.2mm and two di↵erent fiber lengths, L = 1.5mm and L = 2.5mm separately. The

results reported in Fig. 2.3 show that, despite having the same diameters, the threshold

Capillary numbers are di↵erent: Ca⇤(L = 1.5mm) ' 3 ⇥ 10�2 and Ca⇤(L = 2.5mm) '

5 ⇥ 10�2. This is due to the fact that L⇤ = L/(2Rs) is di↵erent for each population of

fibers and the fibers have to reorient to enter the liquid film [7]. Therefore, theoretically,

the ideal range of parameters for sorting these two populations of fibers by length with a

cylindrical substrate of radius Rs = 1.2mm would be for 3⇥ 10�2
< Ca < 5⇥ 10�2. Fig.

2.3 also shows that �F/�U, i.e., the ratio of the volume fraction of fibers filtered rescaled

by the volume fraction in the initial suspension increases with Ca. When �F/�U ! 0,

no fibers are entrained on the substrate and when �F/�U ! 1, the meniscus does not

filter any fiber, which are then all entrained in the film. Here, we observe that for values

of Ca approaching 10�1, both fiber populations are poorly filtered, each reaching volume

fraction ratios of nearly 1, meaning that no separation by length would occur.

Following these tests with each fiber geometry, we then considered the possibility

to filter a suspension presenting two populations of fibers of d = 200µm and average

12
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1
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1.5 2 2.5 3 1 1.5 2 2.5 3

No entrainment region

Figure 2.4: (a) Examples of post-filtration fiber distributions observed on a cylindrical
substrate for various capillary numbers. From left to right: No entrainment, perfect
sorting, high-e�ciency sorting, low-e�ciency sorting. Scale bar is 3mm. (b)-(c)
Examples of probability density functions of the fiber length before (top PDF) and
after (bottom PDF) for (b) a good-e�ciency sorting at Ca = 3.9 ⇥ 10�2 and (c)
low-e�ciency sorting at Ca = 7.8 ⇥ 10�2. In (a)-(c), the initial suspension is made
of fibers of d = 200µm and average lengths L = 1.5mm and L = 2.5mm. (d)
Comparison of length sorting e�ciency between various fiber lengths demonstrating a
downward trend with increasing capillary numbers. The red area denotes the region
of no fiber entrainment. All trials were performed with fibers of 200µm diameter and
a substrate radius of Rs = 1.2mm. For all data points, the suspension consisted of
0.5% of 1.5mm long fibers and 0.5% of the other length by volume fraction.

lengths L = 1.5mm and L = 2.5mm, respectively. Qualitatively, Fig. 2.4(a) shows that

filtration is also observed here: (i) no fibers beyond the threshold capillary number of

both fiber populations, (ii) a regime where almost only short fibers are entrained, (iii)

increasing the capillary number leads to the entrainment of more long fibers as well,

until (iv) entraining almost the same composition than the liquid bath at large capillary

number (corresponding to �F/�U ! 1 in Fig. 2.3).

More quantitatively, two examples of the distribution of fiber lengths are shown in

Figs. 2.4(b) and 2.4(c) for Ca = 3.9 ⇥ 10�2 and Ca = 7.8 ⇥ 10�2, respectively. Before

filtration, we observe a bimodal distribution of fiber lengths in both cases (top histograms)

peaked around L = 1.5mm and L = 2.5mm. The deviation from the mean value comes

from the initial cutting of the fibers to obtain the desired lengths. After the withdrawal

13
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of the cylindrical substrate, we observe that the distribution skews more towards the

1.5mm fibers for Ca = 3.9 ⇥ 10�2. We should emphasize that in this case, even with

a high sorting e�ciency, there are a few long fibers (L = 2.5mm) that were entrained

on the substrate at a capillary number below its threshold value. This observation is

likely due to the collective entrainment of particles, as we shall discuss later. At larger

capillary numbers, the filtered distribution is almost similar to the initial distribution in

the liquid bath [Figs. 2.4(c)].

To explore a broader range of potential length sorting, the 1.5mm fibers (L⇤ = 0.63)

were also mixed with 3mm, 3.5mm, and 4mm fibers, leading to L
⇤ = 1.25, 1.46, and

1.67, respectively. For all the situations, capillary numbers of 3.9 ⇥ 10�2, 7.8 ⇥ 10�2,

and 1.5⇥ 10�1 were tested. The purpose of these trials is to explore the evolution of the

sorting e�ciency ⌘ for di↵erent values of L⇤ and di↵erent ratios of fiber length (but the

same diameter). Fig. 2.4(d) showed that, as expected, the trials at Ca = 3.9⇥ 10�2 has

a higher e�ciency than for larger capillary number, e.g., Ca = 7.8 ⇥ 10�2. Fig. 2.4(d)

also illustrates that when mixed with L = 4mm fibers, the 1.5mm fibers are perfectly

sorted at both Ca = 3.9⇥ 10�2 and Ca = 7.8⇥ 10�2, indicating that this latter value is

still lower than the entrainment threshold of the 4mm fibers. At Ca = 1.5⇥ 10�1, none

of the mixed suspensions are able to achieve perfect filtration, and the mix of 1.5mm

and 2.5mm fibers showed a poor filtration. Considering the di↵erent mixes of fibers and

a given capillary number, we observe that a suspension of greater length disparity has a

higher sorting e�ciency than those with two fibers of more similar length.

Since the threshold capillary number for a given cylindrical substrate increases with

the fiber length, in particular when L
⇤ becomes larger than unity, the value of L⇤ controls

the filtering of a given population of fibers. Low values indicate a decrease in the influence

of meniscus curvature around the cylindrical substrate on fiber behavior. The higher the

value of L⇤, the tighter the tolerance is for fiber orientation in order to fit within the
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Figure 2.5: Evolution of the length sorting e�ciency ⌘ for a planar (light green circles)
and a cylindrical substrate (brown circles). The suspension consists of 0.25% of 1.5mm
long fibers and 0.25% of 3.5mm long fibers and of diameters d = 200µm. The vertical
dashed line indicates the capillary threshold for the entrainment of the short fibers
for both geometries.

meniscus and become entrained. Our results suggest that a value of L⇤ � 1 is reasonable

to achieve a good sorting e�ciencies. Maximizing L
⇤ as much as possible improves the

filtering e�ciency, but the main drawback to higher L
⇤ values is that the threshold

withdrawal velocities increase.

2.5 Discussion

The fibers used here are of length L � h, so that they will need some amount

of reorientation to fit within the meniscus as viscous forces pull them upward or else be

subjected to surface forces, which will push them back downward, as described in Ref. [7].

In addition, a key di↵erence between planar and cylindrical substrates is the curvature in

the horizontal direction (around the cylindrical substrates). Past experiments have shown
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that planar substrates allow for most fibers to have their axis become along the meniscus

near the entrainment threshold [7], thus allowing the coupling between capillary e↵ects

and the frictional force. Conversely, a cylindrical substrate has a curved film, which means

that long fibers (L⇤ & 1) must reorient such that their main axis becomes parallel to the

axis of the substrate to become entrained. This means that for a cylindrical substrate,

longer fibers must take a path of higher resistance to entrainment, fully rotating to the

preferred orientation, and without an alternative lower resistance path like the planar

substrate, longer fibers will be consistently repelled. As a result, the threshold capillary

numbers for longer fibers (L⇤ & 1) increases with L
⇤. The consequence of this di↵erence is

that attempting to sort by length with planar substrates is less e�cient, as illustrated in

Fig. 2.5. However, with cylindrical substrates, a better sorting e�ciency can be achieved,

as reported in Fig. 2.5 where when attempting to sort fibers of 200µm diameter and

length between 1.5mm and 3.5mm, a planar substrate (where L⇤ = 0) resulted in a peak

e�ciency of 36%, while a Rs = 1.2mm radius cylindrical substrate (where L
⇤ = 0.6 for

the 1.5mm fibers and L
⇤ = 1.4 for the 3.5mm fibers) resulted in a peak e�ciency of

100%. We should emphasize that the di↵erence in operating capillary numbers between

the two substrates is due to the di↵erent evolution of the film thickness with Ca, as shown

in Eqs. (2.1) and (2.2) for the flat and cylindrical substrates, respectively.

The results presented so far have shown that diameter and length sorting can be

performed independently with a very good e�ciency, given that the other parameter is

held constant. We also performed experiments with fiber populations with both di↵erent

lengths and diameters: d = 330µmm and L = 1.5mm mixed with d = 200µm and

L = 3.5mm. Here, we also consider a case with d = 200µmm and L = 1.5mm mixed

with d = 200µm and L = 3.5mm for comparison. The evolution of the e�ciency ⌘ for

both mixed populations is reported in Fig. 2.6.

At small values of Ca (Ca . 0.1 in the example here), a large di↵erence between
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Figure 2.6: Comparison of the sorting e�ciency for various values of Ca. The varying
diameter dataset refers to dip coating experiments with a suspension with volume
fractions of 0.25% of 0.33 mm diameter, 1.5mm long fibers, and 0.25% of 200µm
diameter, 3.5mm long fibers. Constant diameter dataset refers to dip coating exper-
iments with a suspension with volume fractions of 0.25% 200µm diameter, 1.5mm
long fibers, and 0.25% 200µm diameter, 3.5mm long fibers and serve as the control
dataset to observe the relative di↵erence in e�ciency when the diameter is varied.

the e�ciencies is observed in Fig. 2.6. While the experiments with a constant diameter

exhibit a high e�ciency, the experiments with two di↵erent fiber diameters initially show

a very low e�ciency, indicating that the diameter sorting e↵ect is roughly of the same

order as the length sorting e↵ect. However, for higher values of Ca (Ca & 0.1 here), as the

ratio of film width to fiber diameter became larger, the diameter sorting e↵ects became

negligible for the two diameters considered here, and the two trials reached similar values,

showing that the length sorting e↵ect is at play.

A practical guideline when attempting to sort a suspension by length when di↵erent

fiber diameters are present would be to first consider sorting using a planar substrate since

the diameter sorting e↵ects will usually be of higher order than length sorting e↵ects.

In a second time, for the di↵erent diameter populations, the sorting could be done with

17



Capillary Sorting of Fiber Suspensions by Dip Coating Chapter 2

cylindrical substrates as described earlier in this article. If the two-step filtration is not

possible, it is desirable to operate at a Capillary number significantly greater than Ca⇤

for the largest diameter in the suspension so that the main filtration e↵ect is by length.

2.6 Conclusions

Using a flat or a cylindrical substrate in a dip coating process, we have shown that

it is possible to sort fiber suspensions by length or by diameter. Diameter sorting e↵ects

are prevalent when using a planar substrate, typically greatly outweighing length sorting

e↵ects. Mechanically, there is no di↵erence in the process of sorting fibers by diameter

using a planar substrate or using a cylindrical substrate if L⇤ ⌧ 1. The diameter sorting

process provides a level of reliability that is typically greater than that of length sorting

because fibers larger than the threshold size physically cannot pass through the filter; that

is to say, it is not susceptible to statistical anomalies. The sorting by diameter is similar

to the sorting considered in the past for spherical non-Brownian particles [25, 27]. Using

the di↵erent dimensionless quantities introduced in the manuscript (capillary number,

Goucher number, d/L and h/d allows to easily adapt the results to di↵erent interstitial

fluids or fiber sizes.

The theoretical range of optimal e�ciency is in the range of capillary numbers between

the threshold values of each individual particle suspension. However, it is not always

possible to achieve perfect sorting for a mixed suspension, especially if the ratio of the

two nominal lengths is close to 1. Fig. 2.4 illustrates this point: at Ca = 3.9⇥ 10�2, the

sorting e�ciency of the mixed 1.5mm and 2.5mm suspension should have theoretically

been 100%, but in practice, it is lower. This observation is similar to observations done

in regular filters, where some suspensions cannot be sorted perfectly on the first trial

because the geometries are too similar. When this is the case, one potential workaround
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is to sort the same suspension several times, as theoretically, with enough iterations, an

e↵ective e�ciency of nearly 100% can be achieved.

Even when a fiber suspension has a large enough disparity in length to ideally sort

perfectly, volume fraction e↵ects can lead to a decrease in e�ciency due to the entrain-

ment of clusters of particles [24]. Indeed, when the local volume fraction at the meniscus

is too high, collective e↵ects may appear, and the desired length fibers will form clusters

that can become tangled with the undesired length and pass through the meniscus as

one large aggregate [47]. Reducing the average volume fraction of the entire suspension

will help to minimize this e↵ect. Ideally, the volume fraction would be as low as possible;

however, very low volume fractions lead to a much smaller average number of particles

entrained per trial, which may be undesirable in creating a rapid filtering process. As

such, the volume fraction chosen should provide an acceptable balance between filtering

e�ciency and process duration to meet their individual requirements.

To provide an e�cient sorting by length using a cylindrical substrate, the best com-

bination is to have one fiber population satisfying L
⇤  1 and the other one L

⇤ � 1.

This threshold can be tuned by changing the radius Rs of the cylindrical substrate. The

condition L
⇤ � 1 enforces a preferential alignment that will delay the entrainment of the

fiber. Our results also show that, when sorting by length, it is more e�cient if the fiber

diameter standard deviation is minimized. Given that diameter sorting e↵ects can be of

equal or higher order to length sorting, having a wide distribution of diameters allows

some undesired fibers to be entrained.

In this section, we have outlined a systematic approach that can be used to achieve

high-e�ciency capillary diameter and length filtering. We should emphasize that various

fundamental questions remain open that would allow to increase further the e�ciency of

the capillary sorting method presented here. For instance, the presence of surfactants is

known to modify the streamlines in the liquid bath [43], which could tentatively lead to
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new sorting e↵ects. Additionally, most capillary sorting and filtering studies have been

done with Newtonian fluids, and the extension to non-Newtonian rheology would be

interesting to consider. Nevertheless, in summary, the method presented here provides a

promising novel soft filtration strategy, which, if designed correctly, has the potential to

achieve an e�cient selective length or diameter sorting of elongated particles, illustrated

here with fibers.
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Chapter 3

Transport and Clogging of Fibers in

Millifluidic Channels

3.1 Introduction

The transport of solid particles in tubing, channels, and nozzles is common in additive

manufacturing [48, 49] biomedical systems [19], and food processing [50]. The particles

involved can be of various sizes and shapes and may have to flow through complex

fluidic systems that can include contractions, expansions, bends, separation or merging

of channels, as well as valves and fits. The suspension flow through such channels can

lead to clogging when particles block a cross-section of the channel and prevent further

particles from being transported downstream [51]. The clogging of a system usually

leads to process failure and will require unclogging or, in severe cases, replacement of the

system. Both of these scenarios are time-consuming and costly. Therefore, being able to

predict the parameters to avoid or at least limit clogging in di↵erent types of suspensions

and fluid systems could lead to more resilient and sustainable systems [8].

A critical challenge in estimating the clogging probability or the lifetime of a system
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is that di↵erent clogging mechanisms can be simultaneously involved in the blockage of

the channels [4, 8]. Besides, di↵erent length scales are present in the system. Usually,

one needs to consider a characteristic particle size, such as its diameter d and the width

of the constriction W . Small colloidal particles (d ⌧ W ) with attractive interactions

between themselves and the channel walls can form successive layers that clog a channel

by aggregation [52, 53, 54, 55, 56, 57]. When the particles are smaller but of the same

order of magnitude as W , stable arches can form at constrictions leading to clogging

by bridging [11, 12, 58, 59, 60, 61]. Lastly, clogging by sieving has been reported at

constrictions when the size of the particles d is larger than the constriction width W

[10]. This clogging mechanism is usually straightforward to predict with rigid spherical

particles but is more challenging to capture for complex particles. For instance, past

studies have reported that deformable particles such as protein aggregates [19] and gel

beads [13] may clog because they are larger than the constriction. Nevertheless, increasing

the driving pressure leads to the deformation of the particles, which can then squeeze

through the constriction and thus do not clog the channel [62, 63].

Most studies investigating clogging have considered spherical particles. However,

many practical processes, especially in extrusion-based additive manufacturing, use sus-

pensions of anisotropic particles. For instance, the addition of fibers to a matrix can

improve the physical properties of the final material [64, 65, 66]. An issue in predicting

the clogging in the dispensing system is that the geometry of the fibers introduces two

length scales: their length L and diameter d. Since the length of the fiber L can be quite

large compared to W , fiber suspensions are prone to clog the system, especially at the

nozzle. Indeed, the nozzle constitutes a constriction, and in situ X-ray radiography and

X-ray computed tomography studies have shown that clogging is often caused by the

pileup of misoriented fibers near the nozzle tip [67, 68]. The clogging can also be trig-

gered by the accumulation of misoriented fibers at reductions in the channel cross-section

22



Transport and Clogging of Fibers in Millifluidic Channels Chapter 3

Q x y

z

(a) (b)

L

Figure 3.1: (a) 3D computer-aided design (CAD) rendering and (b) top picture of an
example of millifluidic channel of constant width W with a fiber flowing from left to
right. The arrows indicate the flow direction. The flow is driven at constant flow rate
Q, and rigid fibers of diameter d and length L flow through the bent of angle ✓, and
of outer (resp. inner) radius of curvature Rout (resp. Rin). The scale bar is 1.5 mm.

[69, 70]. At a di↵erent scale, such geometry is found in the transport of log jams that

can accumulate in rivers and lead to floodings [71, 72].

One challenge in describing the clogging of a fiber in a channel is the di�culty,

compared to a spherical particle, in modeling its motion. Since the aspect ratio of a

fiber, i.e., the ratio of its length to its diameter ↵ = L/D, is usually large, classical

approaches to describe the transport of a fiber rely on the slender body theory [73, 74,

75]. Past studies have usually considered the transport of rigid and flexible fibers, for

instance, during the sedimentation of the fiber in an unbounded fluid or in the vicinity of

a wall [76, 77, 78]. Pressure-driven flows of rigid fibers and flexible filaments introduces

subtleties such as cross-streamline migration and depletion near the channel walls [79,

80, 81]. Analogous experimental approaches have often relied on microfluidic systems.

For instance, Berthet et al. have investigated the transport of free fibers in straight

microchannels and, in particular, the evolution of its orientation [82]. The influence of

straight walls has been investigated in confined channels and exhibited di↵erent peculiar

dynamics [83]. The possible flexibility of the fibers introduces additional complexity

since now one needs to account for the possible deformation of the slender fiber and its

resulting dynamics [84, 85, 86, 81].

Whereas the possible sieving of particles in a channel has been described for spherical
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particles, the situation remains less clear for the transport of fibers. In particular, whereas

most studies devoted to the clogging of suspension have considered the presence of a

constriction, other geometrical changes are present in a channel. For instance, a recent

numerical study has considered the flow of a dense suspension of particles at the bend

of a channel of constant cross-section [87]. Such geometry is quite common in practical

systems since the tubings need to connect di↵erent parts and cannot only be straight.

One issue when considering the transport of fibers in such geometry is that the fiber

needs to rotate at the bend to pass. Therefore, even if the diameter of the fiber is small,

a long fiber may not be able to reorient itself and could clog the elbow. Being able to

predict the critical parameters for which a fiber suspension will clog an elbow is important

in dispensing systems, but the role of the di↵erent parameters remains elusive. In this

chapter, we consider the probability of clogging for a rigid fiber flowing through a bent

millifluidic channel. In particular, we aim to characterize the role of the length of the

fiber, the width of the channel, and the radius of curvature on the clogging dynamics.

We first present in section 3.2 the experimental and numerical methods used in the

following. We then report the di↵erent possible dynamics observed when varying the ex-

perimental parameters in section 3.3, and we established the evolution of the probability

of clogging of the fibers at the bent. We then consider a geometrical model that predicts

the limit case for which the fiber clogs the channel, and we further demonstrate that the

evolution of the probability of clogging is also linked to the probability distribution of

the position of the fibers in the channel upstream of the bend. Our results provide some

guidelines for designing fluid systems for the transport of fiber suspensions resilient to

clogging.
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3.2 Methodology

3.2.1 Experimental Methods

The millifluidic devices used in this study are obtained using a stereolithography

printing method (Formlabs, Form 3). For more details, see Ref. [59]. The geometry of

each device is first designed with a Computer-Aided Design (CAD) software, as shown

in the rendering in Figure 3.1(a). For all devices, the channel consists of three parts.

First, a narrowing section allows us to connect the inlet with a circular section to the

rectangular channel. Second, the channel consists of a rectangular section of height H

and width W . In this section, we add a bend of angle 90� and of outer (resp. inner)

radius of curvature Rout (resp. Rin). This part of the channel is our region of interest in

this study and is shown in figure 3.1(b). Finally, another narrowing section connects the

rectangular channel with the circular outlet. We designed the rectangular channel with

an upstream and downstream part that is su�ciently long to neglect the influence of the

narrowing section on the flow in the main channel (i.e., longer than the entry length).

The height of the channel is kept constant and equal to H = 1.55 ± 0.15mm along

the entire rectangular channel. This value of H allows us to neglect vertical confinement

e↵ects on the fibers since their diameter is much smaller than H. Each channel is char-

acterized by two parameters: the channel width W and the radius of curvature of the

outer wall Rout (see figure 3.1(b)). Note that the radius of curvature of the inner wall is

simply given by Rin = Rout �W . Thanks to the tune-able manufacturing method of the

devices, we can change these parameters independently.

The dilute suspensions consist of non-Brownian fibers dispersed in a Newtonian in-

terstitial fluid. The fluid used in our experiments is a mixture of polyethylene glycol

(PEG with an average molecular weight of 3,900g, from Sigma Aldrich), DI water, and

zinc chloride (ZnCl2, from Sigma Aldrich) at the mass fraction of 0.35, 0.55, and 0.10,
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Geometry # 1 # 2 # 3 # 4 # 5
W 1.5 mm 1.5 mm 1.5 mm 1 mm 2mm
Rout 2 mm 1.5 mm 4 mm 2 mm 2mm

Table 3.1: Geometrical parameters used in the di↵erent geometries of the bent chan-
nels considered in this study.

respectively. The density is measured with an Anton Paar DMA 35 densimeter and is

equal to ⇢ = 1.1342 g.cm�3. This density was chosen to be close to the density of the

fiber so that the suspension can be considered as neutrally buoyant over the timescale of

the experiments. The dynamic viscosity of the interstitial fluid has been measured with

a rheometer equipped with a cone-plate geometry (Anton Paar MCR302) and is equal

to ⌘ = 156mPa.s.

The fibers are made from nylon wires of diameters d = 120µm and d = 200µm.

These wires are cut into small fibers of di↵erent lengths ranging from L = 1.5mm to

L = 6.5mm. The resulting aspect ratio of the fibers, L/d is thus between 7.5 and 54.

The density of nylon fiber is ⇢ ' 1.13 g.cm�3, close to the density of the interstitial fluid.

We considered two flow rates in our experiments, Q = 0.4mL.min�1 and 1.6mL.min�1.

The elasto-viscous number is defined as Sp = 16 ⌘ U L
4
/(d 4

E), where U is the flow ve-

locity, E the Young’s modulus of the nylon wire, and �̇ = U/L the shear rate. In the

present situation, E ⇠ 1 � 3GPa, U ⇠ 3.0m.s�1, so that Sp ⌧ 1 for all experiments

performed in this study. We also visually checked possible deformations of the fibers in

the channel for several flow rates. For the flow rates used here, the fibers do not exhibit

any visible deformation, and we can thus approximate that the fibers used behave like

rigid rods.

The values of the flow rate also lead to a laminar flow inside the square channel

since the associated Reynolds number is of order 0.1. Therefore, inertial e↵ects can be

neglected compared to viscous ones, and the flow in the channel can be assumed to be
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purely viscous.

The experimental setup consists of a syringe filled with the fiber suspension, placed in

a syringe pump (KDS Legato 110) that drives the flow in the device at a constant flow rate

Q. The syringe is connected to the millifluidic device using 3.2mm inner diameter plastic

tubings. The system is backlit using an LED panel (Phlox) to enhance the contrast

and ease the processing of the experiments. The flow and the fiber dynamics in the

channel are captured using a CMOS camera (FlowSense) at 40 fps and a resolution of

68.4 pixels/mm. The suspension is delivered with a continuous flow, and once a fiber is

about 5 cm upstream of the entrance of the millifluidic device, we trigger the recording.

The suspension is dilute enough so that the fibers arrive one by one inside the channel,

as illustrated in figure 3.1(a), and we can focus on the clogging probability of a lone fiber

with no interactions with others.

As fibers are often longer than the inner diameter of the connective elements used to

link tubing, clogging at the connectors became an issue for some of the trials, resulting

in a loss of control over flow rate, blockages where individual fibers could no longer reach

the test section, and most significantly, an inability to isolate individual fibers in the test

section. To address this issue, for certain trials, the experimental setup was modified

slightly to recycle individual fibers through the system using a parallel path connected

to a hand-controlled syringe. This was found to be an e↵ective method for accelerating

experimentation and isolating individual fibers in cases where the fibers were so long

that they regularly clogged and formed aggregates in connectors or inside of the syringe

containing the suspension.

Theoretically, a fiber is considered clogged if it does not move for an infinite time.

Experimentally, we define a time after which a fiber that stopped at the bent can be

considered definitively clogged. We consider in the following that the channel is clogged

if a fiber is stuck at the bend for more than 5 seconds, which nearly corresponds to the
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time taken by a fiber to cross the main channel of the channel. The channel height H

is comparable to the channel width. As a result, a fiber can slightly tilt. We, there-

fore, assimilate the apparent length of the fiber to their length. The apparent length

corresponds to the projection of the fiber length on the x� y plane.

The detection and tracking of the fibers in the channel are performed using a custom-

made ImageJ macro. Each video is binarized, and the coordinates of the channel walls

are recorded. Then, the first frame is subtracted from the full video, and the noise is

reduced to obtain only the fiber in the images. We then measure the apparent fiber

length, its position in the channel, and its orientation, 2 mm upstream from the bend.

The orientation is characterized by an angle ' between the axis of the fiber and the

direction of the channel. We can also track the fibers during this entire process to

measure the time evolution of their position and their orientation along the channel. We

finally characterize whether the fiber clogged the channel or not.

3.2.2 Numerical Methods

[Numerical Methods section by Harishankar Manikantan and Thomas Nguyen.]

We will compare experimental observations of free transport versus clogging of rods

via a simplified model of fiber-fluid interactions and wall friction. We model the fibers

of aspect ratio ✏ = d/2L as rigid rods parameterized by the arc length s 2 [�L/2, L/2]

such that x(s, t) = (x(s, t), y(s, t)) describes its centerline coordinates. The position of

any point along the rod’s centerline can be written as x = x0 + sp̂, where x0 is the

fiber’s center of mass (corresponding to s = 0), and p̂ is a unit tangent vector prescribing

its orientation. Using a resistive force description for slender fibers in viscous flows
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[74, 88, 89, 75], the centerline velocity of a rigid rod is

ẋ0 + s ˙̂p�U0 (x+ sp̂) =
ln ✏

4⇡⌘
(I+ p̂p̂) · f (x+ sp̂) . (3.1)

Here, over-dots represent time derivatives so that ẋ0 is the fiber’s translational velocity

and ˙̂p is its rotational velocity about the center of mass. U0 is the background fluid

velocity and f is the force distribution acting on the fiber. The background fluid velocity

corresponding to each experimental geometry is obtained via direct numerical simulation

(COMSOL Mulitphysics). The simulation results are then interpolated into a third-order

bivariate spline rectangular grid. In this simple local treatment, we ignore hydrodynamic

interactions between parts of the fiber or between the fiber and the channel walls.

Fibers are freely suspended in the fluid unless they come into contact with a channel

wall. Integrating Eq. (3.1) across the length of such a freely transported fiber and setting

the total hydrodynamic force acting on the particle to zero gives its translational velocity:

ẋ0 =
1

L

Z L/2

�L/2

U0 (x+ sp̂) ds. (3.2)

Similarly, integrating the first moment of Eq. (3.1) with s and requiring that the net

torque on a freely suspended fiber be zero yields, after some manipulations [75, 74],

˙̂p =
12

L3
(I� p̂p̂) ·

Z L/2

�L/2

sU0 (x+ sp̂) ds. (3.3)

With U0 fully known across an Eulerian grid and interpolated onto a discretized La-

grangian representation of the fiber, the time evolution of a fiber’s center and orientation

can be determined by numerically integrating Eqs. (3.2)–(3.3). The full fiber is then

reconstructed as x = x0 + sp̂.

The governing equations for translational and rotational dynamics change when the
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fiber makes contact with a wall. We lump contact forces into discrete point forces Fi at

one or more points parametrized as s = �
i along the rod that are activated when parts

of the fiber are within, �, a threshold distance from a wall. More generally, lubrication

e↵ects influence the close approach. For this work, we do not seek to model details of the

near-field hydrodynamics but instead, lump such contact interactions into a simplified

solid-solid friction model. As the net force on a fiber during wall contact is non-zero,

integration of Eq. (3.1) and its first moment now gives [75, 74] modified expressions of

translational and rotational velocity of the center of mass:

ẋ0 =
1

L

Z L/2

�L/2

U0 (x+ sp̂) ds� ln ✏

4⇡⌘
(I+ p̂p̂) ·

X

i

Fi. (3.4a)

˙̂p =
12

L3
(I� p̂p̂) ·

Z L/2

�L/2

sU0 (x+ sp̂) ds� 12

L3

ln ✏

4⇡⌘
(I� p̂p̂) ·

X

i

�
i
Fi. (3.4b)

At the point of contact, we determine the unit tangent vectors and normal vectors,

t̂ and n̂, respectively, along the channel walls near the point of contact. Note that n̂ is

always pointed into the channel and away from the walls, whereas t̂ is pointed in the

direction of flow. Fi is comprised of both a normal force that prevents rod penetration

into the wall and a frictional force that either opposes the motion of the rod at the point

of contact or prevents its movement about that point.

To determine Fi, we first calculate the hydrodynamic force, Fflow, that is experienced

by the rod:

Fflow =

Z L/2

�L/2

f(s) ds = �
✓
ln ✏

4⇡⌘

◆�1 ✓
I� 1

2
p̂p̂

◆
·
Z L/2

�L/2

U0 ds, (3.5)
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and then project it onto the unit normal and tangent vectors respectively:

↵ = Fflow · n̂ (3.6a)

� = Fflow · t̂ (3.6b)

To estimate the frictional force, we apply a simple Coulomb friction model during contact

between the fiber and the channel wall. More specifically, we determine if the hydrody-

namic force in the tangential direction exceeds the static friction threshold:

|�|  µs|↵| (3.7)

Here, µs is the coe�cient of static friction. If Equation 3.7 holds true, that means that

the static friction of the wall is strong enough to prevent the rod from further sliding.

To estimate this, we calculate uc, the velocity of the point of contact on the rod as if it

were freely-floating [74]:

uc = ẋ0 + �
i ˙̂p (3.8)

We time-march the rod’s position using Equations 3.4a and 3.4b, and then correct for

the rod’s position with uc to e↵ectively “pin” the rod about that point.

During instances where the rod is sliding along the wall (i.e.: Equation 3.7 does not

holds true), we adapt from the contact algorithm from previous works [90, 81, 85]. Fi is

of the following form during these instances:

Fi(s) = �µk|↵|t̂+ FRn̂, (3.9)

where µk is the coe�cient of kinetic friction, and FR is the steric repulsion force required
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to prevent rod penetration into the walls. To determine FR, we first calculate d, the

absolute distance between each rod point and the closest point along the wall. FR is then

determined by the following:

FR(s) = max


|↵|, |

✓
1�

✓
�

2d

◆m◆
↵|
�

(3.10)

Equation 3.10 is written such that the magnitude of FR is at its maximum when d  �/2,

and thus acts to push the rod away from the walls. When �/2  d  �, the repulsion

force is comparable to the frictional force.

Our rod discretization, ds, was chosen to be 0.02� 0.10 mm. For our simulations, we

choose m = 8 and � = 0.0375mm. dt, the time step to solve for the future rod position,

was chosen to be 10�3 s; we adaptively reduce dt to 10�4 s should the rod come into

close proximity with the flow geometry walls. In our simulations, there are two potential

instances in which a rod could become clogged. A rod is determined to be “clogged”

in our simulations if there are two or more points of contact where the rod is “pinned”.

A rod is also clogged if it is unable to past through the bend of the flow geometry in

the same amount of time that it takes to travel vertically down the initial portion of the

geometry.

3.3 Results

3.3.1 Phenomenology: Clogging or Not Clogging?

In our experiments with a fiber flowing past a 90� bend, we find that the sieving

clogging mechanism best describes how the fibers clog. Using knowledge of the sieving

mechanism, it can be concluded that if all of the fiber’s characteristic dimensions (notably

length) are less than the diameter of the tubing, fibers can be characterized as never
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clogging, as seen in Figure 3.2(a). Experimentally, it was also observed that even slightly

larger rigid fibers (Lfiber > Dtube) tend not to clog the channel if they do not make contact

with at least two di↵erent points on the channel walls, as they never develop a su�cient

frictional interface to resist the drag force within the channel. Although it is hard to

conclusively predict whether any one fiber will satisfy such a condition, the experimental

probability of avoiding two points of contact decreases with increasing fiber length and

initial fiber position xc.
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Figure 3.2: Examples of experimental (left) and numerical (right) behavior observed
for a fiber flowing through a bend. (a) Below a threshold length, a fiber can reorient
without touching the channel walls and flow through the bent (L = 2mm). (b) Beyond
a threshold length, the fibers can get clogged at the bent by making contact with the
channel walls (L = 3.8mm). (c) A long fiber that would clog when flowing at the
center of the channel can reorient and flow through if it is close enough to the inner
wall (L = 3.5mm). Scale bars are 2mm, the flow goes from top to right, and the time
goes from red to purple.

An opposite behavior is observed for very long fibers, beyond a certain threshold

length; in this case, when the fiber approaches the bend and starts to reorient itself, the

leading end of the fiber will touch the channel walls at two locations (Figure 3.2(b)).

Even if we consider a slip boundary condition at the surface, a su�ciently long fiber will

keep rotating until eventually touching the the channel walls at three di↵erent points:

two contact points on the outer walls upstream and downstream from the bend and a

third contact on the inner wall in the bend. Such long fibers do not have su�cient space
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to orient parallel to the streamlines exiting from the bend and as a result remain stuck

in the channel.

Between these two regimes, the fibers display more complex dynamics; for moderately

long fibers, the fiber can collide with the walls at two locations, but because of its size, it

either “slips” along the walls (Figure 3.2(c)) or “sticks” onto them. The dynamics of fibers

in this regime are due to a competition between the external flow field that transports the

fiber through the flow geometry and past the bend, and frictional contact/viscous drag

forces that aim to hinder and change the fiber’s trajectory. Because of random variations

in fiber position and orientation at the bend, it is nearly impossible to predict clogging

for any individual fiber in this regime without knowing its position and orientation at

the bend, however, we can use statistical models to make general predictions of fiber

behaviors.

Figure 3.3: Clogging probability Pclog as a function of the normalized fiber length
L/W in the geometry #1 for (a) two di↵erent fiber diameters (d = 120µm and
d = 200µm) and a flow rate Q = 0.4mL.min�1. Each data point represents the
probability for 20 fibers. (b) Comparison of the clogging probability for two di↵erent
flow rates (Q = 0.4mL.min�1 and Q = 1.6mL.min�1). Each data point represents 30
fibers. Error bars represent 1 standard deviation.
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Overall, the simulations are able to capture the three di↵erent behaviors of “no clog”,

“clog”, and “slip” observed in our experiments. For some fiber lengths, we observe one or

two behaviors, and for the others, we observe all three. This suggests that the probability

of clogging in some cases are neither zero nor unity. However, the probability of clogging

could potentially be dependent on both the size of the fiber or the background flow

rate. To investigate this, we use geometry #1 with flow rates of Q = 0.4mL.min�1 or

Q = 1.6mL.min�1, and allow fibers with a diameter of d = 120µm and d = 200µm to

flow through. We then perform image processing analysis on our experimental data and

plot the probability of clogging in Geometry #1 based on the fiber’s length (Figure 3.3).

For the two fiber diameters that we studied, we observe that the tendency of a fiber

to clog does not seem to depend significantly on the diameter (Figure 3.3 (a)). As we

increase the fiber’s length, the probability of clogging monotonically increases from zero to

one, with no strong di↵erences between the probability curve between the two di↵erent

diameters. Therefore, for the two diameters considered in this study, the influence of

fibers diameter can be neglected.

With our chosen flow rates of Q = 0.4mL.min�1 or Q = 1.6mL.min�1, this leads

to Reynolds numbers of Re = 0.034 and Re = 0.135, respectively, allowing the fiber to

stay in Stokes flow. With these flow rates, we do not observe any noticeable di↵erences

on their e↵ects of the fiber probability curves( Figure 3.3(b)). Moreover, the flow rates

do not seem to significantly a↵ect the fiber position distribution in the channel (see

supplementary materials). As a result, we use a flow rate of 0.4mL.min�1 for the rest of

our study. We should emphasize that it would be interesting to study how the clogging

probability evolves at larger Reynolds numbers, in particular when inertial e↵ects would

come into play. However, these e↵ects are beyond the scope of the present study that is

restricted to viscous flows.

These probability curves also show the three distinct behaviors previously described

35



Transport and Clogging of Fibers in Millifluidic Channels Chapter 3

1 1
PDF

2 3 4 5

0

0.25

-0.25

-0.5

0.5

0.75

-0.75
2 3 4 5

0

0.25

-0.25

-0.5

0.5

0.75

-0.75

0

0.25

-0.25

-0.5

0.5

0.75

-0.75

0

0.25

-0.25

-0.5

0.5

0.75

-0.75
1

0.1

0.2

0.4

0.5

0.7

0.8

0.9

0.3

0.6

2 3 4 5
0

1

(a) (b) (c)

Figure 3.4: (a) Phase diagram showing the outcome of an initially vertical fiber’s
motion at the bend. The symbols are experimental data for “Clog” indicates that the
fiber is stuck inside the bend (blue crosses), “Free” indicates that the fiber does not
come into contact with the walls in the bend at all (green circles) and “Contact” with
walls but sometimes clogs and sometimes does not clog (orange squares). The shaded
area are the numerical domains. Simulations were run using friction coe�cients of
µk = 0.85 and µs = 0.60. (b) PDF of the position of the center-of-mass of the fiber
extracted 2.0mm upstream of the bent in the channel geometry #1 (W = 1.5mm,
✓ = 90�, and Rout = 2mm). The dashed line shows the best fit using a normal
distribution. (c) Resulting clogging probability Pclog as a function of the fiber length
L/W in the geometry #2.

for our experimental and simulation data. First, for small lengths (L/W < 1.8), the

clogging probability, Pclog is close to zero. As a consequence of their high aspect ratio,

most fibers considered in this study tended to reorient parallel to the streamlines when

flowing around the bend if they had enough space to do so. At values L/W < 1.8, there

was su�cient space for reorientation, and in turn, a very low clogging probability.

In the second regime, long fibers, here L/W > 3.5, are seen to clog at a probability

Pclog = 1. In this case, fibers are longer than the maximum length of fibers allowed to

pass through the bend; therefore even with a completely frictionless interface, their long

lengths relative to the width of the channel prevent them from flowing past the bend.

Later, we will discuss the bounds of fiber lengths beyond which fibers must always clog.

A transition regime between the two previous behaviors can also be seen, where the
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clogging probability monotonically increases from Pclog = 0 to Pclog = 1. This transition

regime is the most complex to explain as it depends on the fiber behavior in the channel;

in our experiments, it is hard for two fibers to behave exactly the same due to the

randomness of initial fiber position and orientation. Thus, the following sections in this

chapter will focus on discussing important fiber and geometry parameters that lead to

clogging. Then we will create a model that accounts for these characteristics, thus leading

to a prediction of whether the fiber will clog or not in this sieving regime.

3.3.2 Clogging Probability in the Bent Channel

To determine which fiber characteristics lead to clogging, we first examine the fiber’s

orientation angle, ', and x-center of mass position, xc, where xc = 0 corresponds to the

outer wall, and xc = W corresponds to the inner wall. From examining these values prior

to the flow bend in our flow geometry, we can determine the range of these parameter

values that lead to clogging in various scenarios. Figure 3.5 shows the distribution of

xc and ' values that either lead to clogging or no clogging. We find that a clogging

event strongly depends on the position of the fiber within the channel. The distribution

associated with clogged fibers is shifted towards larger values of xc, and centered around

xc/W = 0.54 (Figure 3.5(a)). Conversely, fibers that do not clog have a higher tendency

to be located towards the inner wall. The distribution associated to these last fibers is

centered around a smaller value xc/W = 0.47.

The role of the fiber’s orientation on its ability to clog is less obvious. In Figure 3.5(b),

we can see that both distribution associated to clogged and not clogged fibers are similar.

We find that the distribution of fibers orientation upstream from the bent section is

narrow for both cases, suggesting that the fibers remain mostly parallel to the streamlines

prior to the bend as expected. For di↵erent and more complicated geometries with less
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Figure 3.5: Distribution of (a) the position of the fiber center-of-mass xc and (b) of the
orientation of the fiber '. The measurements are performed 2.0mm upstream from
the bent section. Fibers that lead to a clogging or no clogging event are represented
in red or blue, respectively. The fiber length ranges here from 1.65mm to 5.2mm and
flowing in the geometry #1 (W = 1.5mm, ✓ = 90�, and Rout = 2mm).

prevalent areas of unidirectional flow, We can expect a broader distribution of '.

Figure 3.6 shows the evolution of ' as the fiber attempts to move past a flow bend

angle of ✓ = 90�. We find in our experiments that a fiber has to rotate more than 45�

in order to pass through the bend, even during contact with the wall. Short fibers have

an easier time rotating in the flow bend compared to long fibers, suggesting that fiber

lengths a↵ect its ability to clog. Therefore, we also assume that that there is a threshold
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Fiber clogs
Fiber flows through

Figure 3.6: Example of the evolution of the orientation of the fiber with the vertical
direction in the geometry #1. Initially, the fibers are aligned with the flow (' = 0�)
before rotating when approaching the bent. If the fibers are able to reorient more
than |'| = 45o they are able to flow through and slowly align themselves with the
flow at the outlet (|'| = 90�). Here, the red and blue triangles are two experiments
where the fibers clogged, whereas the yellow and green flow through. s denotes the
curvilinear coordinates along a streamline.

fiber length that determines whether a fiber becomes clogged or not.

3.3.3 Influence of Channel Geometry

As a fiber attempts to pass through the channel bend, the ratio of length to channel

width, L/W , is a key parameter in determining if there is su�cient space for the fiber

to reorient. However, the exact e↵ect on clogging probability correlating with changes in

channel width is not fully understood. To test the influence of channel width, experiments

were conducted with 3 channel geometries, each with a 2 mm radius of curvature but

varying widths. Each channel geometry was tested with fibers ranging from 1.5 mm to

6 mm, and for each length tested, a clogging probability was developed, defined as the
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(a) (b)

Figure 3.7: Clogging probability for fiber lengths between 1.5 mm and 6 mm travelling
around a 90 degree bend. (a) Raw data. (b) Data normalized by channel width. Three
geometries are used, each with a constant bend radius of 2 mm and varying channel
widths. Blue represents 1 mm channel width, pink represents 1.5 mm channel width,
cyan represents 2 mm channel width. A sample size of 30 trials is used for each data
point to determine clogging probability.

number of clogs divided by the number of trials.

Figure 3.7 shows that there is a strong influence of channel width on the fiber clogging

behavior. Increasing the channel width from 1 mm to 1.5 mm resulted in the maximum

passing fiber length increasing from 2.7 mm to 4 mm; similarly, a further increase to 2

mm width resulted in fibers up to 5 mm long passing through the bend. Interestingly, the

ratio L/W of the sieving threshold fiber length saw a very slight decrease with increasing

width, initially at 3.2 for the shortest width, then 3.0, and 2.8 for the widest channel;

this is consistent with the theory that channel bend radius is a limiting factor in fiber

transport, even when the channel width is increased substantially.

Another noteworthy parameter is the radius of curvature at the bend; in theory,

a larger radius of curvature should give fibers more space to reorient themselves and

successfully pass through the bend without clogging the channel or forming a significant

frictional interface with the walls. To develop a further understanding of the e↵ect of
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(a) (b)

Figure 3.8: Clogging probability for fiber lengths between 1.5 mm and 6.5 mm trav-
eling around a 90 degree bend. (a) Raw data. (b) Data normalized by channel width.
Three geometries are shown, each with a constant channel width of 2 mm and varying
bend radius. Blue represents 1.5 mm bend radius, pink represents 2 mm bend radius,
cyan represents 4 mm bend radius. A sample size of 30 trials is used for each data
point to determine the clogging probability.

the radius of curvature, clogging experiments were conducted with a channel width held

constant at 1.5 mm and three di↵erent values of Rout: 1.5 mm, 2 mm, and 4 mm.

Fiber length was varied between 1.5 mm and 6.5 mm for these experiments to develop a

relationship between clogging probability and fiber length for each di↵erent geometry.

Figure 3.8 shows the relationship between the bend radius of the channel and clogging

probability. Notably, the 4 mm bend radius had much lower clogging probabilities com-

pared to the 1.5 mm and 2 mm geometries for the same fiber lengths. Additionally, fibers

up to 5.5 mm in length were observed to pass through the 4 mm bend radius geometry,

whereas the longest fiber able to pass through either of the other geometries without

clogging was 4 mm. Interestingly, there was very little di↵erence in the clogging behavior

of the 1.5 mm and 2 mm outer radius channel geometries, with each having the same

maximum passing length, and the same lengths of 0% clogging probability. Compared

to 0.5 mm changes in the channel width, a 0.5 mm change in the bend radius appeared
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to have a lower order e↵ect.

3.3.4 Estimating the Threshold Fiber Lengths for Clogging

Figure 3.9: Schematics of a fiber of length L and diameter d flowing through the bent
channel with radii of curvature Rout and Rout, width W , and bend angle ✓. The
center of mass of the fiber is a distance xc of the inner wall, and the fiber depicted
here is at the onset of clogging.

Suppose a fiber attempting to move past the bent region of a flow geometry with an

inner radius of Rin, outer radius Rout, bend angle ✓, and width W (Figure 3.9). Its center
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of mass is located xc away from the inner wall (xc = 0 and xc = W correspond to the

inner wall and outer wall respectively). We define Lc as the threshold length that always

leads to clogging. The geometrical constraints of the fiber in the flow geometry at the

onset of clogging leads to several relationships: 1) the angle ↵ is the orientation angle of

the fiber and is related to the flow bend angle ↵ = ⇡/2� ✓/2, 2) � is the distance such

that cos↵ = Rout/� , and 3) � as the distance between the outer wall and the fiber’s

center of mass such that � = ��Rin � xc. Combining these relationships leads us to an

expression for Lc:

Lc =
2Rout

cos(✓/2)


1� sin(✓/2)

✓
1� W � xc

Rout

◆�
. (3.11)

In particular, we can see that under our assumptions the longest fiber that can flow

without clogging through a bent channel is obtained for xc ! 0 and equals to:

Lc =
2Rout

cos(✓/2)


1� sin(✓/2)

✓
1� W

Rout

◆�
. (3.12)

Equation 3.11 applies for when the fiber makes contact with the inner wall. However,

if the fiber is at a distance xc larger than a threshold value x⇤
c , the fiber will make contact

at the outer curvature of the channel. In this case, the critical initial position for a fiber

to clog is given by:

x
⇤
c = W �Rout


1� sin

✓
✓

2

◆�
. (3.13)

For xc > x
⇤
c , the threshold length for a fiber to make contact with the two boundaries in

the curved part of the channel is:

Lc = 2Rout

"
1�

✓
1� W � xc

Rout

◆2
#1/2

. (3.14)
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The conditions described above account for the fiber touching the outer wall of the

channel. However, we should emphasize that in this case, the friction at the wall may

not be su�cient to hold the fiber in place, which may still flow through. These conditions

are therefore di↵erent from a pure clogging condition.

3.4 Conclusion

Using a 3D printing method, we have been able to obtain millifluidic devices with

di↵erent controlled geometries and study the behavior of an isolated neutrally buoyant

and non-Brownian rigid fiber in di↵erent configurations. We have considered fibers of

di↵erent lengths in each of these devices and have been able to characterize the probability

of clogging as a function of the fiber length. We have shown that in small Reynolds

number flows, the clogging of a bent channel by a rigid fiber is controlled by the geometry

of the system, most importantly L/W and the initial position of the fiber xc. We also

extend our analysis through numerical simulations that describe the hydrodynamics of

a slender rigid rod through slender-body theory. Our simulation results confirm our

hypotheses regarding fiber clogging.

However, the clogging probability is not a simple step function going discontinuously

from Pclog = 0 to Pclog = 1. We have identified three di↵erent regimes: (i) at small

lengths compared to the width of the channel, the fibers have su�cient space to reorient

while following a streamline without interacting with the channel walls. As a result, the

clogging probability is Pclog = 0 in this regime. (ii) For very long fibers compared to the

width of the channel, the bent section is too narrow, and the fibers stay stuck in the

channel by being in contact with three points on the inner and outer walls. Even for

frictionless particles, this situation always leads to a clogging event such that Pclog = 1.

(iii) Between these two regimes, we have highlighted a transition regime for which the
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fibers can flow through the bent section or clog depending on their length, their position

in the channel, and their interaction with the lateral walls. In this regime, Pclog increases

monotonically from 0 to 1, and the evolution depends on the friction at the wall. The

boundaries between these three regimes shift with the geometry of the bent channel,

characterized by its width W , its angle ✓, and its inner and outer radii of curvature, Rin

and Rout.

The experimental results have been rationalized by a simulation that describes the

clogging of a bent channel of a given geometry by a fiber of length L. To describe the

evolution of the clogging probability with the di↵erent parameters, we have accounted

for the distribution of the position of the center-of-mass of the fibers in the channel

and the geometric condition. Using this technique, we were able to develop morphology

diagrams and clogging probability data which can be used to predict fiber behavior for

some scenarios; futhermore, this method could be applied to any scenario. Finally, for

future improvement, the model needs to account for the possible sliding of the fibers on

the sidewalls depending on the angle at which the fibers touch the wall.

The role of the friction and the possible sliding of the fibers will need to be considered

in more detail in the future to improve the model. The role played by the apparent

roughness of the device still needs to be better understood. A more extensive database

varying ✓, W and Rout will need to be obtained to get a better understanding of the

influence of the channel geometry. Some hypotheses we have made in our model would

also have to be compared to numerical simulations. For instance, the computation of

the streamlines inside the bent section for a laminar flow, combined with a model of the

transport of the fiber, would allow seeing if a rigid neutrally-buoyant fiber follows the

same streamline when flowing through the bent section, and if at any time its orientation

is tangential to the streamlines [75]. Understanding the clogging of a bent channel by

rigid fibers is a first step towards understanding a variety of other clogging phenomena
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involving fiber suspensions. For instance, a good comprehension of the influence of the

channel geometry on the clogging event would allow us to better understand the clogging

of porous media by small fibers. Indeed, streamlines going through a porous medium can

be approximated by a succession of bent sections of di↵erent geometries and local radii of

curvature. Knowing the role of the curvature, of the local width, and of the angle of each

of these sections would enable us to model the clogging dynamics in media of a given

porosity. For instance, this configuration could provide an estimate of how microplastics

of elongated shapes can travel in soils.

Despite the hypotheses made, the present approach to studying the clogging of bent

channel clogging by a rigid fiber paves the way to investigate additional complexity, such

as the flow of flexible fibers. In particular, we expect that by considering various types

of more or less flexible slender fibers, from polymeric rods to vegetal residues, we could

account for the role of the flexibility in the clogging dynamics. In addition, manufacturing

applications involve more or less concentrated suspensions of fibers, and the role of the

collective motion at the bend on the clogging probability will have to be considered.
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Chapter 4

Fluid Mechanics and Clogging in

Drip Emitters

4.1 Introduction

Earth’s growing population, combined with diminishing water resources, are expected

to result in nearly six billion people su↵ering from clean water scarcity by 2050 [91].

Agricultural irrigation accounts for 70% of global water use, with a further 60% increase in

projected by 2025 [92, 93]. Therefore, improving irrigation e�ciency is a critical priority

for maximizing clean water availability and increasing overall agricultural production.

Drip irrigation, also known as micro-irrigation, can reduce the volume of water required

by up to 70% when compared to sprinkler or furrow irrigation [94, 14], with a 20-90%

increased crop yield [95, 96]. But only a small percentage of irrigated land uses drip

systems [97]. This low adoption rate is due to the high maintenance demand of drip

irrigation systems, which rely on small pores to deliver water to individual plants. One

main issue is that the narrow channels in drip irrigation emitters can easily be clogged

by suspended sediment, fertilizers, and biofilms like algae and bacteria. As a result, they
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require continual monitoring and replacement [15, 98]. Therefore, clog mitigation is of

paramount importance to improve the adoption rate of drip systems, saving water, and

increasing crop yield.

In drip irrigation, the water is distributed through a pipe network and emitters at a

low controlled discharge rate to each plant or adjacent to it [16]. Drip emitters, shown

in figure 4.1(b), are the most important components of a system. The emitters are

used to discharge the water from the pipe to the plants and control the quantity of

water delivered. Di↵erent emitter arrangements on the pipe are possible; a widespread

commercial method is integrating the emitter into the pipe at equally spaced intervals,

corresponding with crop locations. Additionally, di↵erent types of drip emitters exist:

pressure-compensating (PC) where each emitter has a pre-set flow rate, and non-pressure

compensating (NPC) [99]. Whereas PC emitters incorporate a flexible membrane to

regulate their resistance to flow [96], NPC emitters provide better longevity and lower

maintenance thanks to the absence of any moving parts. Both types of emitters use

long channels in the form of a labyrinth [100, 101]. The water flows from the pipe to

the emitter, typically first through a lateral grid/filter that limits the entrance of large

contaminants that could clog the channel of the emitter. The water then flows along a

labyrinth path of varying length, on the order of 10 cm, with a cross-section on the order

of a few millimeters square [Fig. 4.1(b), right]. This geometry is the most common one

since it leads to a pressure drop in the form of head loss induced by the repetition of

sudden changes in the flow direction [100, 102]. In NPC emitters, the evolution of the

discharge rate Q and the pressure drop �P across the emitter is given by Q = k�P
↵,

where ↵ ⇠ 0.3 � 0.8 and k are constants that depend on the emitter design [103]. This

relation governs the performance of the emitter and ensures a similar distribution of water

between the emitters in the drip line. Many recent developments in emitter design focused

on improving the labyrinth configuration, with respect to overall hydraulic performance
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Figure 4.1: (a) Schematic view of a drip irrigation system [106]. (b) Left: Drip emitter
in the main pipe. Right: Back view showing the labyrinth channel used to achieve
the pressure drop. (source: Netafim) (c) Flow rate vs. pressure curves for flow across
pressure compensating (top) and non-pressure compensating (bottom) drip emitters.
[107]

and clogging characteristics [104, 105].

The large-scale deployment of drip-irrigation is limited by the decline of the discharge

rate over time induced by the clogging of the emitters. Indeed, the narrow cross-sections

and the constrictions are present in all emitters, making them susceptible to clogging.

Given that clogging is the major cause of performance degradation, emitters are typically

the main determinant of irrigation line life-time [98]. The problem of clogging can be

produced by physical, biological and/or chemical causes. It is di�cult and complex to

determine the exact cause of emitter clogging, and the three forms of clogging can often
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be observed simultaneously [108].

Physical Clogging

The primary mechanism of clogging in drip irrigation systems is physical clogging

[15, 98, 99], however, there is variation in the clogging behavior depending on the type

of particles suspended in irrigation water [109, 15]. Driven by the presence of physical

particles, mainly sands, silts, and clays, this phenomenon occurs when particles become

trapped in the channel, and over time, form aggregates with other particles flowing

through the system [15, 14]. For larger particles, their clogging can be identified as a

bridging mechanism; however, with smaller particles, clogging is mainly caused by an

agglomeration e↵ect where chemical bonds create large aggregates of sediments over long

timescales [109, 110]. Often these e↵ects can work together in real systems which have a

mix of many particle types.

Biological Clogging

The second leading cause of clogging of drip-emitter is biological clogging; this mech-

anism is due to the presence of organic material in the water, especially in reclaimed

water [111, 112]. The presence of organic matter leads to the formation of dense surface-

dwelling communities, which begin to secrete an extracellular polymeric substance (EPS)

that invades the cross-section of the microchannel, blocking downstream flow to crops

[113].

Chemical Clogging

The presence of dissolved chemical elements in the water also has the potential to drive

an alternate mechanism - chemical clogging. Depending on the temperature and the pH

of the water, along with the salt concentration [114], chemical precipitation can occur

within the drip-emitter channels. Although the e↵ect is dependent on the particular

chemical composition of the irrigation water being used, one common mechanism of

chemical clogging is the formation of calcium carbonate inside of drip-emitters, which
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can completely block the channel with solid matter [15].

In this review, we discuss the recent developments in drip irrigation technology, with

respect to clogging performance. First, we discuss the relationship between drip emitter

geometry and internal flow patterns. Additionally, the phenomena of physical clogging

is examined in more depth, with focus on lab tests, small and large particle clogging.

Finally, we discuss the current state of the art technologies and give an outlook to future

improvements of reducing small particle clogging in drip emitters.

4.2 Geometry of Drip Emitters

The emitters are the most important component in drip irrigation systems. Indeed,

they distribute water in controlled quantities as close as possible to the crop and are

often the point of failure of drip irrigation systems. Drip emitters can mainly be cate-

gorized into two categories: on-line and in-line emitters. On-line emitters are typically

attached externally to the irrigation pipes, allowing for flexible placement according to

crop arrangements. They o↵er the advantage of customized dripper spacing but have the

disadvantage of having to be installed manually [96]. In-line drip emitters are molded

directly inside the pipe. They have the advantage of being cheaper, easier to set up

in the field, and the benefit of providing a more uniform distribution of water, but the

drawback is that they are installed at fixed intervals that cannot be changed [115].

In drip irrigation systems, emitters are strategically placed throughout irrigation lines,

each one redirecting a small portion of the main channel flow through a constricting

millifluidic channel consisting of a ”labyrinth” pattern, before reaching an outlet at the

base of a particular crop [99, 14]. This narrow and winding path within the emitter creates

significant momentum losses through friction and turbulence, keeping the flow rate to

crops relatively low, despite the high pressure driving the flow. In turn, a well-designed
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Figure 4.2: (a) Schematic of a drip emitter cross section, reproduced from Narain et
al. [116] (b) Key geometrical parameters of drip emitter tortuous path designs. Tooth
radius = R. Tooth o↵set = b. Tooth height = h. Tooth width = t. Tooth gap width
= W . Number of tooth pairs = N. Channel depth = D.

drip emitter will minimize the coe�cients k and ↵ of the flow relation Q = k�P
↵ [103].

Emitter channels are designed with careful consideration to ensure that their pressure

drop is large enough to reduce flow rate, but not so large that it completely prevents flow.

However, when particles become trapped inside the channel, the pressure drop increases

above the nominal amount, causing the flow rate to decrease to undesired levels, or in

extreme cases stall completely [15, 109]. As such, it is important to design emitters that

create certain flow conditions which simultaneously mitigate the build-up of particles and

proactively prevent clogging behavior.

In the majority of literature on drip irrigation, emitters are designed with alterations

to the same key geometric parameters, based on the designs of most labyrinth emitters

used in practice currently [117, 100, 116, 103]. Starting with a typical emitter labyrinth

path like those commonly used in agriculture today, as seen in [Fig. 4.2], there are 7 key

parameters which can be altered to influence flow behavior, and in turn, anti-clogging

performance. Although there are of course more complex geometries possible, this simple

pattern captures most of the common variations.

52



Fluid Mechanics and Clogging in Drip Emitters Chapter 4

One consequential parameter to altering flow patterns in drip emitters is the tooth

o↵set. As tooth o↵set is maximized, flow becomes concentrated in the center of the

channel, creating a high velocity central flow and areas of relative stagnation in gaps

between the teeth [117, 105]. Pressure drop is minimized and particles collected between

teeth are relatively undisturbed by the flow. Conversely, as tooth o↵set is minimized, even

below zero to where negative values are reached, the flow is forced to go around a series

of bends, creating more turbulence and distributing kinetic energy more homogeneously

throughout the channel [117, 105]. Pressure drop is maximized and particles collected

between the teeth are subjected to turbulent flows. As such, it is typically desirable to

minimize tooth o↵set to promote better anti-clogging performance.

Also noteworthy is the geometry of the teeth themselves, including width, height,

radius, and gap width. The overarching principle with these parameters is that a tooth

design which is larger relative to the channel, and less streamlined, will create more

turbulence throughout the channel and create a larger pressure drop, similar to the e↵ect

of minimizing tooth o↵set [100, 117, 101]. However, there can be a variety of complex

flow and particle deposition phenomena as a result of changing the angles and sizes of the

internal features of the channel, some of which may be useful for improving anti-clogging

performance. Another important parameter is the number of tooth pairs, a quantity

which has a linear relationship with the pressure drop [100]. This parameter is especially

interesting because it can be used to directly manipulate flow rate if other geometrical

alterations used to address clogging have resulted in an undesirable irrigation flow rate.

Ultimately, the purpose of altering these parameters is to design an emitter which

maintains a low flow rate while preventing particle deposition and aggregation within the

emitter channel. However, it is important to discuss specifically what characteristics of

the flow make this result possible. Some studies in emitter literature suggest that there is

a relationship between quantity/size of vortex zones and the clogging behavior in emitters;
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that is to say, by reducing the presence of low-velocity vortex zones, particle deposition is

categorically reduced [118, 110]. Another important quantity is turbulent kinetic energy

(TKE). Indeed, a study has shown that channels with smaller low-TKE zones and larger

high-TKE zones had the best anti-clogging performance [118]. Despite the complexity

and many variations of this two-phase clogging problem which often includes physical,

biological, and chemical factors, the same concept remains across literature; emitter

channels with well distributed flow and a high degree of turbulence seems to clog less

and have the potential for the longest lifespan [104, 118, 110].

4.3 Physical Clogging Mechanisms

4.3.1 Experimental Tests

To develop robust drip emitter designs, it is crucial to test drip emitters for their

anti-clogging performance under appropriate flow conditions, using suspensions of com-

positions that match irrigation water in the desired area of deployment. Laboratory

tests of drip emitter clogging tend to take one of two forms: i) a rapid test (order of

hours/days) where the goal is to achieve clogging as fast as possible with the aim of

measuring the comparative anti-clogging performance of emitter designs [119, 120, 121]

or ii) a long-duration test (order of weeks/months) meant to emulate real field conditions

(or some aspect of real conditions) and predict the time evolution of practical perfor-

mance of emitters [109, 110]. Both tests have their own unique purpose. Rapid tests are

very useful for quickly iterating on emitter designs, and long-duration tests are useful to

properly verify performance before emitters are deployed in the field [119, 120, 109, 110].

Importantly, each type of test relies on di↵erent types of suspensions. Rapid tests

normally use large particles such as sands because of their large size and relative quickness
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Figure 4.3: Decay of emitter discharge rate over time with 3 di↵erent water-based
suspension compositions in a common drip emitter geometry across 22 irrigation cy-
cles. Each cycle consisted of 30 minutes of flow and 6 hours of intermission. Particle
diameters, dp, and concentrations of each suspension type listed in the legend. Driving
pressure of 0.1MPa. Reproduced from Niu et al.[119]

of deposition behavior [119, 120, 121]. Conversely, long-duration tests typically use silt

and clay particles to more realistically experiment on the types of particles that are likely

to pass through a filter in a drip irrigation system [109, 110]. In the following sections,

we will discuss more on the specifics of each type of test.

Importantly, there is the issue of timing; various studies have looked at di↵erent

cycles, ranging from a continuous test [104], to tests with irrigation and intermission

cycles on the same time scale [110, 109], to tests with a short irrigation cycle and long

intermission cycle [119]. Notably, the duration of irrigation and intermissions has a

profound e↵ect on where particles tend to collect inside the drip emitter. Continuous

tests tend to have the lowest particle volume fractions in vortices regions [104], whereas

tests with significant intermissions tend to have the highest particle volume fractions in

vortices regions [110, 109]. Therefore, it is critical to select a test procedure that matches
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the actual operating conditions of planned system deployment, since without such careful

considerations, any results may be misleading.

4.3.2 Physical Clogging of Large Particles (Sand, Silt)

In real irrigation systems, the water being used is typically some kind of suspension

that may containing sand particles (> 50µm), silt particles (1�50µm) and clay particles

( 1µm) [110, 15]. Importantly, in di↵erent locations, the water will contain di↵erent

types of particles. Larger particles (sand and silt) tend to create a clogging e↵ect due

to a direct obstruction of the emitter channel [120, 119]. The process starts with a few

particles becoming trapped in a low velocity and low tuerbulent kinetic energy region,

and over time, more particles accumulate around them, creating a bridging e↵ect [4]. At

small timescales (hours/days), this phenomena will cause a gradual decrease in emitter

flow rate, as shown in Figure 4.3 [120, 119]. However, at large timescales (weeks/months),

the accumulation of particles of varying sizes fills in all gaps in the granular media and

eventually causes a complete clog, like those depicted in Figure 4.4.

Studies of the clogging behavior of large particles in drip emitters is commonly done in

literature by conducting rapid clogging tests which consist of multiple stages, using sands

suspended in water [118, 119, 121]. In such tests, there is initially a low concentration

of sand particles in the test solution, then at each stage, more particles are added to the

suspension, increasing the concentration. During each stage, the suspension is flowed

through an emitter for a certain duration, and an intermission period occurs before the

process repeats [119, 120]. The sand particle sizes can vary for such tests depending on

the study, however, the test procedure ISO 8486-1-1997 outlines a standardized procedure

designed specifically for drip emitters. Reported by Wei et al. [120], this standard ISO

testing method consists of adding 250 mg/L of sand to water flowing through an emitter
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in 8 di↵erent 50-minute stages, with the sand being added at each stage corresponding

to a di↵erent ”grit” rating, based on mean particle size. The first test stage uses ”F220”

particles, corresponding to sands with a mean diameter of 50 µm; the size is increased

in the following stages, with the 8th and final stage introducing 250mg/L of ”F60”

particles, with a mean diameter of 250 µm [120]. Clogging during such a rapid test is

typically evaluated based on variations in the discharge rate, rather than waiting for a

total clogging event. Emitters which maintain a flow rate near their typical pure water

levels are considered to perform well, and those which drop significantly are considered

to perform poorly [118, 119, 121].

Composition

of solid phase

Concentration

[mg/L]

Particle sizes Other Additions to

suspension

Source

Bentonite 200 < 1 µm NaCl Bounoua et al.[109]
Illite + Calcite 200 < 1 µm NaCl Bounoua et al.[109]
Kaolinite 500 Mean diameter:

2.65 µm
NaCl or CaCl2· 2H2O or

Al2(SO4)3· 16H2O
Oliveira et al.[110]

Montmorillonite 500 Mean diameter:
2.30 µm

NaCl or CaCl2· 2H2O or

Al2(SO4)3· 16H2O
Oliveira et al.[110]

Sand + Silt +
Clay

250-2000
(in stages)

Sand: 50-100 µm
Silt: 5-50 µm
Clay: <5 µm

None Niu et al.[119]

Sand 250-2000
(in stages)

50-250 µm None Wei et al.[120]

Sand 500 53-105 µm None Fernandes et al.[121]
Sand 500 250-500 µm None Fernandes et al.[121]

Table 4.1: Some examples of the composition of water-based suspensions used in
literature for lab-based drip emitter physical clogging studies

4.3.3 Physical Clogging of Small Particles (Clays)

Small particles such as clays and silts pose a di↵erent problem. Although the associ-

ated clogging e↵ect takes longer to develop, aggregation e↵ects over time can become very

significant, and their collection in the emitters is much harder to prevent [119, 122, 123].
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A key challenge is that in contrast with larger particles, placing filters with a small

enough mesh to catch clay particles (under  1µm) throughout the system is not an

option, due to the huge pressure drops it would cause. Smaller particles also present a

di↵erent clogging mechanism; instead of becoming rapidly jammed between the teeth,

silt and clay particles form deposits over time on the sides of the teeth, mainly in regions

of vortices and zones of stagnation [110, 109], as is shown with kaolinite particles in

Figure 4.5(a) and (c). This build up of small particles creates additional pressure drop

over time, and can eventually lead to the channel becoming entirely clogged [109]. The

deposition of small particls is currently a huge limiting factors in widespread drip irriga-

tion implementation, as almost all irrigation water contains such particles, and there is

no simple solution to stop them entering emitters. To overcome this challenge, emitters

must thus be carefully designed to allow such small particles to flow through and exit

with limited deposition.

When it comes to experimental studies, rapid clogging tests are not suitable for

studying the deposition of small particles in drip emitters and the potential clogging. This

is because these blockages tend to develop over much longer time scales of weeks or months

due to their mechanism of gradual particle aggregation on the channel walls, rather

than occurring suddenly via a bridging or sieving mechanism like with larger particles

[119, 122, 123]. As a result, various di↵erent testing approaches have been used to study

small particle clogging, all of which consist of flowing a suspension through an emitter

across timescales on the order of days or weeks, using emitter flow rate measurement

to determine anti-clogging performance [109, 110]. However, unlike with large particles,

there is no common (standardized) testing procedure for measuring emitter performance

against the deposition and clogging of small particles. A challenge to experiments is that

in water used in agriculture, there is a huge variety of di↵erent particle types that can

be present on the order of 1 micron or less. As a result, throughout literature, studies
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with small particles such as clays have been conducted with many di↵erent suspension

compositions, some of which are listed in Table 1.

It should be noted here that the clogging behavior of small particles is also highly

dependent on the ionic strength of the suspension, as ionic strength influences the aggre-

gation behavior of colloidal particles[123, 122, 109, 110]. Some additions used in literature

to vary ionic strength are NaCl, CaCl2· 2H2O, and Al2(SO4)3· 16H2O, and the concen-

tration of each present in a suspension may cause variation in results [110]. Ultimately,

the wastewater used in irrigation will have di↵erent compositions in di↵erent parts of

the world. As such, confirming the widespread physical anti-clogging performance of a

certain emitter design with respect to many di↵erent conditions, using various particle

types, sizes, and ionic strength is important.

Figure 4.4: Images of two drip emitters with complete physical clogs resulting from
a mix of sand, silt, and clay. Top photo shows the development of a clog which
originated at the inlet grid, and the bottom photo shows the development of a clog
which originated within the labyrinth of a drip emitter. Reproduced from Niu et al.
[119]
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4.4 Strategies to Mitigate Clogging

Currently, there are some strategies which are used to mitigate each of the clogging

mechanisms. However, the adoption rate of drip irrigation systems remains very low

worldwide (3% of all irrigation in 2020) [91]. This indicates that the problems have not

been solved to an adequate extent to make drip irrigation feasible and practical for most

situations. Although the clogging rates are heavily dependent on water composition,

replacing drip emitters which have become clogged creates a new added cost which can

eclipse the system’s reduced water spending if clogs occur too often [91, 99]. Regardless,

some of the current strategies have been shown to consistently reduce clogging rates,

making them an attractive basis for any new designs or strategic additions.

Typically, to prevent physical clogging of large particles such as sands, filters are

used upstream of the labyrinth channel, [14] catching the particles in the main tubing

and preventing their further transport inside of emitters. This upstream filtration has

been shown to improve performance when sands or similar size particles are present

[104]. When attempting to prevent deposition of smaller particles, one common strategy

is to design emitters which promote turbulent flows internally [14]. This is a promising

concept, however, even in the current state-of-the-art systems which utilize turbulent

flow, the turbulent kinetic energy in certain regions falls short of the necessary quantity

to fully prevent particle deposition and aggregation [110].

Although out of the scope of this review, we should mention that when addressing

chemical and biological clogging, a common approach is to add some kind of chemical

agent to the mixture that prevents biological growth and/or electromagnetic and chemical

e↵ects [14]. For biological clogging prevention, it is typical to use antimicrobial agents or

to carry out acidification/chlorification to slow the growth of organic matter within the

emitter [14]. To prevent chemical clogging, typically salt or a similar substance is added
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to the water, modifying the ionic strength as desired [110].

These strategies, while useful, still leave something desired in terms of overall per-

formance, and this is shown in the lack of widespread adoption of drip irrigation. Small

particles like silts and clays still make their way through the current filters, and through

agglomeration e↵ects, clog systems at unsustainable rates [14, 110, 109]. As such, im-

proving the understanding the issue of small particle clogging is a promising topic of

study, as it is imperative for worldwide water conservation that improvements are made

in the area of emitter clogging.

4.4.1 Active Strategies to Prevent Physical Clogging

One of the most straightforward, yet e↵ective active strategies to delay or prevent

physical clogging is the flushing of lateral pipes which feed the drip emitters. Typically,

drip irrigation systems contain large main lines with smaller lateral branches which redi-

rect water directly to the base of crops, where it flows through a drip emitter [14, 98].

Each lateral branch is capped at its end, and it has been shown that by regularly remov-

ing this cap for a period of time and allowing irrigation water to freely flow out of the

lateral branch into the surrounding environment without passing through drip emitters,

anti-clogging performance is improved in the long run by removing particles which linger

in laterals that may later clog drip emitters[124, 125]. One study by Yu et al. found that

a higher flushing pressure helped to dislodge larger, coarser particles, but a longer flush-

ing time had the greatest e↵ect on removing finer particles [125]. Additionally, laterals

which were flushed once a month had on average a 35% longer lifespan than those that

were not flushed [125].

One interesting new approach which has been shown to reduce the rate of physical

clogging is the use of pulsatile flows. By varying the driving pressure harmonically, it
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Figure 4.5: Deposition of (a) kaolinite and (b) montmorillonite particles combined
with NaCl ions inside a drip emitter after 53 h of testing. Flow direction from left
to right. Reproduced from Oliveira et al. [110] (c) Velocity field in a drip emitter
channel obtained through direct numerical simulation with pure water and a standard
k-✏ model. The color bar is the amplitude of the velocity field in m/s. Flow direction
from left to right. Reproduced from Feng et al. [104]

has been shown that the increased turbulence in the emitter channel makes deposition

of sediments far less frequent, typically occurring only near existing impurities, rather

than deposits forming consistently along the back-sides of teeth as in constant pressure

systems [126, 121]. As a result, one notable study by Zhang et al. showed that over the

course of 32 hours, cycling a water-based suspension containing sand particles smaller

than 125 µm through a drip emitter resulted in three times less channels clogged when
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a pulsatile driving pressure was used, compared to using a constant driving pressure

[126]. Although there is a lack of studies on how pulsatile flows could a↵ect clogging

for smaller particles (on the order of 1 µm, one could infer that the same principle of

reduced particle deposition as a result of increased turbulence would still apply for smaller

particles, making pulsatile flows a promising method for future drip emitter technology.

4.4.2 Passive Strategies to Prevent Physical Clogging

Although e↵ective in improving anti-clogging performance, active strategies such as

pulsatile flows and lateral flushing require additional regular system maintenance, and in

some cases, a higher initial cost [126, 121, 124, 125]. These issues can be prohibitive to

system adoption, especially with larger-scale agricultural irrigation operations. Passive,

scalable approaches to clogging mitigation would, therefore, significantly simplify the use

of drip-irrigation systems. Additionally, there is the possibility that passive strategies

could be deployed simultaneously with active strategies to achieve even greater anti-

clogging results.

A primary method of passive clog mitigation in drip irrigation is the optimization

of drip emitter internal geometry. Strategic changes in channel parameters can be used

to induce beneficial flow patterns, such as increasing turbulent kinetic energy in key

locations of typical high particle deposition [118, 127]. In systems with long intermissions

between irrigation cycles, sediments will settle in the channel during pauses in operation,

forming bonds and agglomerates, and if the flow is not properly designed to disrupt

sediment formation in certain areas, particles will begin to collect, as shown in Figure

4.5(a) [98, 120, 109]. To address this, the geometry of the drip emitter channel can be

optimized to create greater turbulence and flow velocity in vulnerable areas. However, we

should emphasize that there are some possible drawbacks that must be considered. One
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potential pitfall of geometry optimization is that drip emitters are designed carefully

to create a certain pressure drop, which in turn, determines the flow rate. Yet, by

changing geometrical parameters, one generally hopes to induce increased turbulence,

however, this can result in an undesirably large increase in pressure drop if not done

carefully [104]. This could lead to flow slowing down to levels that will not support plant

growth, or even shutting o↵ completely. However, if proper considerations are taken, it

is possible to design new emitter geometries that optimize flow to reduce clogging while

simultaneously maintaining irrigation performance.

Zhang et al. used computational fluid dynamics (CFD) to optimize a conventional

drip emitter geometry and found that tooth gap width, W (Figure 4.2(b)), seems the

most important parameter for decreasing the clogging rate of drip emitters [117]. By

minimizing W, the number of vortices in the channel were reduced, and energy was

dissipated more uniformly throughout the channel compared to designs with a larger

tooth gap, benefiting the emitter’s performance against small particle clogging [117].

Other studies have also looked at some new possible designs. Feng et al. used CFD

analysis to show that a design with a large round arc in the gap between teeth, rather

than a flat surface, caused increased turbulent intensity in the region where sand was

most likely to collect. Their design resulted in a decreased sand volume fraction in those

areas, while still maintaining an acceptable pressure drop [104]. Haosu et al. also used

CFD to look at novel designs, and came to a similar conclusion that adding a large arc

in the tooth-tip facing zone and a small arc at the end of teeth (R in Figure 2b) had

the best performance in terms of hydraulics and anti-clogging [127]. These studies, while

an interesting basis for any new drip emitter design, mostly rely only on computational

methods, and as such, all results should certainly be verified with a variety of di↵erent

particle types experimentally.
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4.5 Conclusion and Future Directions

Clogging is currently a major issue for a wider deployment of drip irrigation. As a

result, further advancements in preventing the deposition and agglomeration behavior

of silt and clay type particles within drip emitters are strongly needed. These small

particles are especially problematic, due to their ability to bypass filtration systems at

inlet grids and deposit gradually within emitter channels. Over time, with intermittent

flow, these particles can accumulate in low-velocity or stagnant zones, slowly constrict-

ing the channel and even completely blocking flow. This gradual process is exacerbated

by operational cycles, where intermissions allow sediments to settle and bond. Current

prevention strategies have shown promise in mitigating large particle clogging to a signif-

icant degree, but still fall short with such small particles. However, some improvements

in silt and clay anti-clogging performance can be achieved through optimizing the geom-

etry of the emitter to create turbulence, along with employing active strategies such as

lateral flushing and the use of pulsatile flows. Yet while these improvements collectively

enhance system performance, they require further refinement to meet the needs of diverse

irrigation conditions and expand the feasibility of drip irrigation systems across di↵erent

scales.

Future advancements may rely on a combination of passive and active methods to

optimize clog prevention. In particular, geometry optimization can lead to strong anti-

clogging performance, and there are certainly more improvements possible, such as fine-

tuning internal geometric features to disrupt sediment deposition even more e↵ectively,

reducing vortex zones entirely and greatly enhancing turbulent kinetic energy distribution

within the emitter channel. Additionally, for proper validation of new drip emitter de-

signs, comprehensive experimental studies under varying particle types, ionic strengths,

and irrigation water compositions are essential. The conventional method of lateral
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flushing remains useful for removing small particles from irrigation systems by combin-

ing higher flushing pressures with longer durations of flushing, but require action from an

operator. When used in combination, flushing and geometry optimization can comple-

ment each other: flushing actively clears particles from laterals that may block emitter

entrances, while optimized emitter designs reduce the frequency and severity of sediment

accumulation inside of drip emitters. By advancing the anti-clogging performance of

drip irrigation systems through such integrated approaches, the long-term reliability and

adoption of drip irrigation systems can be significantly improved, contributing to global

water conservation and sustainable agricultural practices.
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Conclusion

The research presented in this thesis further developed our understanding of suspen-

sion flow dynamics under varying geometrical and physical constraints, addressing both

fundamental mechanisms and practical applications. We have successfully considered

length-based filtering of anisotropic particles suspended in liquids, the clogging of fiber

suspensions, and the development of drip irrigation clogging.

In chapter 2, it is shown that by using flat or cylindrical substrates in a dip-coating

process, fiber suspensions can be sorted by length or diameter, however, diameter sorting

can prove more reliable due to physical constraints preventing fibers larger than a thresh-

old from passing through the filter. Optimal e�ciency of length sorting can be achieved

using a cylindrical substrate, and with careful consideration of dimensionless parameters

such as capillary number, Ca, volume fraction, � and the particle length to substrate

diameter ratio L
⇤ = L/2Rs. Length sorting between two fiber population is most ef-

fective when one population satisfies L
⇤  1 and the other one satisfies L

⇤ � 1, each

of which can be tuned by changing the radius Rs of the cylindrical substrate. Further,

volume fraction of the suspension and diameter standard deviation must be minimized

to avoid undesired fibers being entrained. Values of Ca for best e�ciency depend on the
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Conclusion Chapter 5

particular fibers being used. This novel capillary sorting strategy o↵ers highly e�cient

selective sorting for elongated particles when best practices are used.

In chapter 3, millifluidic devices with controlled geometries were developed to study

the clogging behavior of neutrally buoyant, non-Brownian rigid fibers. Experimental

and numerical analyses revealed that clogging probability, Pclog, depends on fiber length

relative to channel width and follows three regimes: (i) for short fibers, Pclog = 0 due

to reorientation within streamlines; (ii) for long fibers, Pclog = 1 as they contact three

points in the channel; and (iii) in the transition regime, Pclog monotonically increases

with fiber length and wall friction. Geometry parameters such as channel width W

and radii of curvature Rin and Rout shift these regime boundaries as shown in various

figures. Specifically, reduction of W and Rout lead to increased clogging behavior at

equivalent fiber lengths. This study establishes a framework for modeling clogging of

fiber suspensions around a bend with more complex scenarios, such as flexible fibers or

concentrated suspensions.

Finally, chapter 4 reports challenges and advancements in anti-clogging strategies for

drip irrigation systems. Typically, during system intermissions, sediments deposit and

bond to the internal channel walls, and when flow resumes, there are regions where the

flow intensity is not su�cient to wash away agglomerates, eventually forming clogs. How-

ever, innovations in emitter design have been shown to reduce physical clogging rates by

optimizing geometry to promote self-cleaning flows, reducing vortex zones and increas-

ing turbulent kinetic energy distribution. Studies suggest that such desired flows can

be promoted by both minimizing the tooth gap width, and adding arcs to tooth tips

and tooth gaps, however, there is no limit to the possible variations of emitter design

which may further improve performance. By optimizing emitter geometry to enhance

turbulence and disrupt sediment deposition, combined with active strategies like lateral

flushing and pulsatile flows, future systems can better manage fine silt and clay particles
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that bypass filtration. Comprehensive experimental validation under realistic water com-

positions and sediment types will be critical to refining these solutions. Integrating and

further advancing such methods o↵ers a promising path toward enhancing the reliability,

e�ciency, and adoption of drip irrigation, contributing to sustainable water management

and agricultural productivity.
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