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Abstract

Many technological and biomedical applications ranging from water filtration and oil extrac-
tion to arteriosclerosis and vein thrombosis rely upon the transport of solids in liquids. Particulate
matter suspended in liquid flowing through channels that are often microscopic or millimeters in
size which leads to clogging. This dissertation examines the clogging behavior of microscopic chan-
nels by microscopic particles suspended in liquid. We physically model clogging in microchannels
by flowing microparticles through microfluidic channels. Unlike previous studies, we choose non-
uniform microchannels; specifically, we study clogging in microchannels whose width narrows over
the length of the channel. Converging channels are inspired by the pore size variations in real porous
media like membrane filters and sandstone.

Initially we study the clogging behavior of microparticles in arrays of parallel microchannels as we
vary the microchannel entrance (mouth) width and microchannel length. We measure the time until
each channel clogs and we calculate the number of particles that pass prior to clogging. Contrary to
expectation, we show that the number of particles passing through a pore increases exponentially
with increasing mouth width but decreases linearly as the channel length increases. Changing the
dimensions of the channels changes the particulate suspension’s flow rate which in turn changes
the shear stresses that particles experience near the channel wall. When particles experience higher
near-wall shear stress, the particles are less likely to adhere to channel walls and engender clogging.
We confirm the effect of flow rate on channel clogging by demonstrating that the number of parti-
cles needed to clog a tapered channel increases as the pressure applied to the particulate suspension
increases.

The connection between flow rate and clogging highlights the interplay between hydrodynamic
forces and intermolecular forces that govern particle attachment and ultimately clogging. We further
explore this relationship by modulating the interaction between the particle and channel wall in a
single tapered channel. While observing single channels clogging, we also resolve individual particles
gradually building up on channel walls and forming clogs. Interestingly, particles also cluster on
upstream channel walls only to later detach and clog at the downstream constriction. At low
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s
pressures, the channel clogs when particles accumulate individually near the constriction. At high
pressures, the channel clogs when particle clusters detach from channel walls upstream and flow
into the constriction. Finally, we compare the clogging behavior of particles with long, electrosteric
stabilizing molecules on the surface to the clogging behavior of particles with shorter electrostatic
stabilizing molecules on the surface. We also compare the clogging behavior of both particle types
in the presence of varying concentrations of a monovalent salt. We show that clogging is mitigated
when Debye length is comparable to the length of the stabilizing molecule on the particle’s surface.
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Thoroughly conscious ignorance is the prelude to every

real advance in science.

James Clerk Maxwell

1
Introduction

The transport of solids suspended in liquids through conduits impacts a large num-

ber of commercial and scientific applications. Occasionally these solids become trapped, and

accumulate in the conduit and severely restrict fluid flow; this condition will be referred to as clog-

ging. In the simplest case, size exclusion causes clogging when suspended particles attempt to flow

through conduits whose diameter is smaller than the particle size. Even when the particles are much

smaller than the size of conduit, clogging can occur when particles successively adhere to the conduit

walls and impede fluid flow. This clogging process is present in a variety of situations, ranging from

biological settings like heart disease to industrial settings like oil extraction.

Crude oil, extracted from underground reservoirs, is often pumped through porous rock at high

pressure. Pores in the rock frequently clog due to the solids contained in the crude oil. 1 As more
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crude oil flows through the porous rock, more pores clog which limits the extraction of the valuable

crude oil. While clogging is an expensive problem in oil extraction, it can be lethal in plants and ani-

mals. In leafy plants and trees, for example, bacteria and fungi can lodge in the xylem. Accumulated

bacteria or fungi in the xylem can choke the flow of nutrient laden water through the plant. 31 With

their xylem clogged, these plants slowly wilt and die, leading to crop failure or disruptions in the nat-

ural habitat. Clogging in humans, can also be deadly. Substances like cholesterol and fatty plaques

deposit and buildup in arteries, impede blood flow and contribute to heart attacks and strokes. 24,26

Given the destructive nature of clogging in these instances, industrial engineers and medical scien-

tists have worked intently, but unsuccessfully to eliminate arterial clogging. 31,3

Instead of viewing clogging as destructive, filtration companies view clogging as a vital feature.4

Filters are designed to remove harmful solids like dirt and bacteria from soiled fluids in order to

clean and sanitize it. Because clogging is essential to filtration function, filtration companies strive

to enhance and optimize clogging in membrane filters – rather than eliminate clogging altogether.

Minimizing bacterial wilt in crops, fouling in oil wells and atherosclerosis while enhancing clogging

in filter membranes, requires a deep scientific understanding of clogging; rather than a concerted

engineering effort to eliminate clogging. For decades, there have been attempts to understand the

nature of clogging, with varying degrees of success.

1.1 Early Work on Clogging Mechanisms

Clogging mechanisms have been studied in the context of filtration since the 1930’s 13. Four processes

were envisioned: complete blocking, standard blocking, intermediate blocking and cake filtration.

In complete blocking, size exclusion prevents particulates from entering the pores. Standard block-

ing occurs when particles smaller than size of the pore stick in the interior of the pore and eventually

block it. Intermediate blocking results from particles that block at the entrance but can also reside

in the space between pores and therefore has a lower probability of blocking than in the complete
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blocking case. Finally, cake filtration occurs when the particles are significantly larger than the pore

and multiple layers of particles deposit on top of the pore surface.

Using Darcy’s law and assuming a flow driven by a constant pressure source, it was found that each

process follows the same power law, but with a different exponent, n:

d2t
dV2 = k

( dt
dV

)n
(1.1)

The complete blocking mechanism fulfills the power law with an exponent of two. The exponent

for standard blocking is 1.5. In the case of Intermediate blocking, the power law has an exponent of

one and in the case of cake filtration the exponent is zero. This power law successfully connected

unobserved clogging mechanisms with the two primary measurable components of filtration: time

and volume passed through the filter. These laws were later expanded to include non-Newtonian

fluids. 17 The Newtonian and non-Newtonian versions of the power laws continue to be used in sci-

entific and industrial settings 14,22,27,19,28. These blocking laws represented a significant leap forward

in the 1930’s and enable clogging mechanisms to be detected in in membranes. However, the utility

of these laws largely resides in detection, not comprehension. The power laws offer little to help in

understanding the physical nature of clogging mechanisms. Additionally, the power laws do not

cover all clogging mechanisms and their application is usually confined to membranes.

1.2 Challenges in Studying Clogging

Understanding the mechanisms that control individual pore clogging is challenging without imag-

ing the clog formations. In situ, real time imaging of clogging in arteries and plant xylem is not yet

practical. Although computerized axial tomography of porous rock is often used to study multi-

phase flow in porous rock 29, CT scans have yet to provide high spatial resolution and high temporal

resolution at reasonable cost. These difficulties can be circumvented with a micro model that en-
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ables clog formation to be imaged. In addition to imaging, the microchannel model system should

feature the ability to alter the interactions that lead to clogging.

The interactions that occur between a particle and a wall or between two particles are usually cate-

gorized as intermolecular forces 15 and are effective at lengths scales that range from nanometers to a

few micrometers. Therefore, a micromodel must be a small enough to allow intermolecular forces

to influence the system while remaining large enough to be visualized using optical microscopy. Ad-

ditionally, the applications of clogging feature a wide range of interactions between the constituent

particles and pores and channels. For example, intermolecular forces experienced by particles in

crude oil flowing through porous rock are different from the intermolecular forces experienced by

bacteria in plant xylem. A relevant micromodel will enable the examination of these differences by

permitting the modification of the interactions between two particles or particles and the wall.

Like intermolecular forces, the hydrodynamic forces differ in various different real-world scenar-

ios. For example, the fluid dynamics of a suspension flowing through porous rock is very different

from a suspension flowing through a plant xylem. Again, a widely applicable micromodel will allow

the researcher to control the fluid behavior by modulating the size and shape of the microchan-

nel as well as the flow through the channels. As our micromodel is intended to clog, we anticipate

the need to use a new micromodel for each experiment. Accordingly, we impose a final condition:

the micromodel should be disposable. Thus we require the micromodel to be inexpensive and easy

to replicate. Even though we impose a variety of strong requirements, we find a system that meets

them.

A combination of (poly) dimethyl-siloxane (PDMS) microfluidic channels and colloidal particles

suspended in fluid comports with our imaging, force control, hydrodynamic customization and dis-

posability requirements. PDMS microfluidic channels can be made by polymerizing inexpensive

PDMS elastomer and coatings can be applied to the channel walls. Each mold is easily reused more

than 100 times and can be made in a wide of range of sizes and in any 2 dimensional shape using soft
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lithography techniques. 5 Colloidal science also offers cost effective methods to fabricate monodis-

perse polymer particles while controlling their size and surface functionalization. 5

1.3 Microfluidic Clogging Studies

Since the 1990’s, engineers have utilized microfluidic technology to engineer solutions to biomedical

and industrial problems while scientists have exploited microfluidics as a platform to study science

at the microscale. Microfluidics has been used to study clogging since the early 2000’s. In 2006, re-

searchers clogged arrays of 30 parallel PDMS microchannels by flowing latex particles suspended

in water through the channels. 30 The particle size was always smaller than the channel size even

though the ratio of microchannel size to particle size varied by an order of magnitude. The particles

were stabilized with carboxyl groups and spontaneously attached to the PDMS surface and even-

tually clogged the channels. The average time to clog an array of microchannels was halved when

the applied pressure was doubled and the particle size and channel size were held constant. * The

inverse proportionality between clogging time and applied pressure implied that a constant volume

of suspension must pass through the channels prior to clogging. A constant volume passed prior to

clogging indicates that a constant number of particles also passed before clogging and therefore the

number of particles passing through a pore determines whether a channel will clog. The number of

particles needed to clog microchannels increased with channel size and particle size. Additionally,

the time to clog decreased with increasing salt.

Another study tested the clogging behavior of polydisperse particle suspensions in large arrays of

microchannels shaped identically to the microchannels tested in the previous study.20 Even a small

number of particles that were large compared to the mean particle size dramatically altered the time

to clog a microchannel. These observations showed that the mean particle sizes of polydisperse sus-

*However, the authors only reported the average time using two relatively high applied pressures (2 PSI
and 4 PSI
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pensions are poor estimators of clogging time and the degree of polydispersity influences whether

microchannels are likely to clog by the buildup of multiple particles or size exclusion.

The aforementioned qualitative findings were later confirmed quantitatively in another study 23

that also utilized microchannels with a shape similar to the previously published experiments. This

more quantitative study showed that the interval between clogging events in large microchannel

arrays followed the Poisson distribution and that the mean interval between clogging events varies

inversely with the relative concentration of large “contaminants”. Using the relationship between

mean clogging interval and contaminant concentration, the clogging behavior of microchannels can

be leveraged to measure contaminant concentration in particulate suspensions.

The microfluidic experiments show that flowing colloidal suspensions through microfluidic chan-

nels can provide broad insights into the process of obstructing flow through channels by accumu-

lating particles on the channel walls. Wyss et al.’s 30 experiments illuminate the physics of clogging

by providing an elegant scaling law. Instead, Stoeber et al. and Sauret et al.’s insights are more ap-

plied and suggest a novel use for clogging in microchannels. 20,23 However, the three aforementioned

experiments are limited in two important ways: channel geometry and clogging mechanisms. Each

microfluidic study used similarly shaped channels in arrays of 20-40 channels as shown in Figure

1.2. Additionally, each series of experiments only considered clogging to result from the blockage

of single particles whose size is approximately the size of the channel or clogging resulting from the

buildup of particles that are smaller than the channel.

Another study eschewed the common channel shape and compared straight microchannels to a

network of microporous channels that were connected and/or staggered. 2 The authors, observing

the channels as an aggregate, found that the connected channels retained the most particles in the

network interior while the straight channels prevented the most particles from ever entering the

channel network. The authors observed similar behaviors at even when the fluid speed increased. In

relation to filtration, the authors found that connected and staggered (tortuous) channel networks
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Figure 1.1: Illustration of a cluster of particles detaching from a surface and redepositing downstream.

showed the highest capture efficiency. These experiments provided a significant step away from

the more frequently used microchannels with uniformly varying width. However, this study was

limited by channels by a common, unchanging channel width and by observing the channels in

aggregate rather than individually.

1.3.1 Other Microfluidic Studies

Additional clogging mechanisms, such as particle and cluster detachment and re-entrainment, are

thought9,12 to induce clogging but not well studied. In cluster detachment, flowing particles that

are smaller than the channel width aggregate into clusters on pore wall that are similar in size to the

channel through which they flow. The cluster grows as more particles attach to it and eventually

detaches from the wall and re-entrains in the fluid. Microfluidic channels and colloids also provide a

convenient system to study cluster growth and resuspension.

Microchannels have also been used to observe cluster formation on channel walls by particles flowed

at a constant volume 10. Electrically neutral, sterically stabilized microparticles were flowed through

rectangular PDMS microchannels. The particle size and channel height were similar to the particle

size and the microchannel height used in previous microchannel clogging experiments. However, in
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these experiments, the length and width of these channel were more than one order of magnitude

larger the microchannels used in microchannel clogging studies. Instead of clogging the wide chan-

nels, the particles successively adhered to channel walls and formed clusters. The area of a surface-

bound particle cluster was found to grow linearly over time. The total cluster area increases with

particle volume fraction increase and increasing the particle size increases the number of clusters

while maintaining a constant cluster area. Interestingly, the particle clusters tended to merge and

break apart in response to flow-induced stress. Although observation of cluster formation and de-

tachment hints that particle clusters can form and detach in microchannels, cluster induced clogging

has yet to be directly observed.

1.4 Structure of the Dissertation

This dissertation presents two projects that look for new insights into clogging microchannels by

altering experimental parameters that were overlooked in previous studies.

In Chapter 2, we examine the effect of altering microchannel geometry. One of the biggest advan-

tages of using microfluidic channels is two dimensional spatial control. The size and shape of mi-

crochannels are easily varied over a range of scales. Yet, most previous microfluidic studies of clog-

ging focused on clogging in channels whose channel width varies periodically along the length of the

channel as seen in Figure 1.1. While this periodically varying width channel geometry provided an

effective shape for clogging, re-using this shape neglects an experimental parameter than is both easy

to manipulate and likely plays an important role in clogging.

Changing the shape and size of the microchannels strongly affects the flow profile and hydrody-

namic forces of the fluid flowing through the channels. Altering the hydrodynamic forces should

strongly affect clogging because clogging results from competition and cooperation between hy-

drodynamic and intermolecular forces. Instead of channels with periodically varying width, we

use channels whose width decreases along the length of the channel, or converges. Converging mi-
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Figure 1.2: Illustrationof array of channels with periodically varying width. These channels are similar to the channels

used in published clogging experiments.30,20,23

crochannels reflect the properties of real porous materials. Porous media often have a distribution of

pore sizes which are sometimes organized into a gradient. In particular, membrane filters are often

designed to be “asymmetric” where the pores at membrane entrance are larger than the pores near

the membrane exit as shown in Figure 1.3. Membrane filters are designed with asymmetry because

asymmetry enhances filtration efficiency for reasons that are not completely understood.Kas

In our experiments, we alter the convergence rate of microchannels in 10 channel arrays by varying

the mouth (entrance) width of the channel while keeping the throat (exit) width constant. We clog

these channels using particle suspensions that are driven by pressure and we vary the particle size.

We measure the time needed to clog the channels. Using clogging time and other measurements, we

calculate the number of particles that pass through the channels prior to clogging with two meth-

ods. Additionally, we vary the pore length and flow rate through the channel for a constant con-

vergence rate and compare the number of particles that pass before clogging. Our observations in

Chapter 2 clearly show that flow rate is an important factor in clogging and also suggests that the
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Figure 1.3: Top: Scanning electronmicroscope image of a polymermembrane filter cross section showing a gradient in

pore size. Pores are indicated by the dark areas dispersed among lighter areas. The dark areas increase in size from the

top to bottom indicating increasing pore size. Bottom: Scanning electronmicroscope image of the bottom surface of

the (large pore area) of themembrane filter. Image courtesy of Dr. Onur Kas (EMDMillipore).
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interaction between particles and the channel walls is also a feature that requires study.

In Chapter 3, we continue varying the flow rate through converging microchannels. In contrast

to previous experiments, we examine the clogging behavior of single microchannels instead of ten

channels in parallel. We also probe the aforementioned competition between hydrodynamic and

intermolecular forces using a different approach. In another departure from previous projects, we

exert control over the interaction between the surface and particles. We control the interaction by

coating the channel walls with charged molecules and by changing the stabilization of the particles.

We further modulate the particle-particle and particle-wall interaction by dissolving salt into the

particulate suspension.
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An approximate answer to the right question is worth

a great deal more than a precise answer to the wrong

question.

John Tukey

2
Clogging in Arrays of Tapered

Microchannels

In our first project we consider the effect of geometry and flow rate on clogging behavior

in tapered microchannels. Principally, we seek to address the question of whether changing a

channel’s entrance width, while keeping the constriction width constant, will affect clogging in the

channel.
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Figure 2.1: Outline of amicrofluidic device with an array of 10 channels converging from amouth width of 100μm to a

constriction width of 10μm over a length 1200μm.

2.1 Experimental Methods

To create microchannels, we utilize standard soft lithography techniques that first require

drawing and printing photolithographic masks. Using CAD software (Autodesk 2004/2012) we cre-

ate 2 dimensional drawings of 10 converging microchannels arranged in parallel as shown in Figure

2.1. The mouth (opening) width of the microchannels varies between 20μm and 100 μm while the

throat (constriction) width is always 10μm. We vary the length of the microhannel arrays between

300μm and 1200μm. The microchannel arrays are connected to 1.5 mm diameter round inlet and

outlet areas as shown in Figure 2.1. The 2 dimensional drawings are printed by CAD/Art Services,

INC (Bend Oregon) on Mylar in the negative at a resolution of 10μm.*

The masks are then used to create molds in photoresist (epoxy) that is sensitive to ultraviolet light.

*For higher resolution we use: FineLine Imaging (Colorado Springs, CO) to print photolithographic
masks with 8 µm resolution. For an even higher resolution Heidelberg μPG 501 (Heidelberg, Germany) to
write chrome masks with 1 μm resolution.
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We spin SU-8 2025/3025 (Microchem, Newton, MA) photoresist onto previously cleaned test-grade

silicon wafers (University Wafer, Boston MA). Using a Spincoat G3p-8 spincoater (SCS Coatings,

Indianapolis, Indiana) the wafers are spun at 3000 rpm to coat the wafer with a 25μm thick layer of

resist. The resist covered wafer is pre-baked on a hot plate (VWR) at 65oC and then at 95o C † and

then allowed to cool. The wafer is then covered with the photolithographic mask and exposed to

150-170 mJ
cm2 of ultraviolet light (OAI San Jose, CA). After exposure the wafer the wafer is baked on

a hot plate for 1 minute at 65oC and 5.5 minutes at 95oC. It is then developed in propylene glycol

monomethyl ether acetate (Sigma Aldrich) and washed with isopropanol alcohol (Sigma Aldrich).

After placing in a plastic 100 mm diameter petri dish, the wafer is covered with liquid (poly) dimethyl-

siloxane elastomer mixed at a 10:1 ratio with curing agent (Dow Corning). The petri dish is baked at

65oC for at least 1 hour. Then the PDMS is cut and peeled from the wafer and 1.2 mm inlet and out-

let holes are punched using a biopsy punch (Harris Uni-Core). The punched PDMS chips are thor-

oughly cleaned and dried using isopropanol alcohol and compressed air. Then, the chips adhered to

a substrate using a soft-bake method6.

In the soft-bake method, a 20:1 PDMS elastomer to curing agent mixture is spun at 100 rpm onto

a pre-cleaned glass slide. The glass slide is allowed to bake for 30 minutes at 65oC until the PDMS

is soft and tacky. The punched PDMS chip is then placed onto the soft-baked PDMS-slide and the

combination is baked at 65oC for at least 30 min. The soft bake method ensures that the channels

have a consistent PDMS surface which ensures the particle experiences a constant surface interac-

tion. Other adhesions methods like oxygen plasma exposure cause temporary changes to one surface

of the microchannels which may confound experimental results 25.

The microfluidic channels’ 1.2 mm inlet holes allow 1/16th (outer diameter) polytetrafluoroethylene

(PTFE) tubing (Idex Health & Science Middleborough, MA) to form a tight seal to transport par-

ticulate solution from the reservoir. The section of PTFE tubing leading from the microchannels

†For SU-8 3025 resist the initial 65oC bake is not required.
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Figure 2.2: Schematic drawing of experimental apparatus. Compressed air pressurizes a glass bottle containing partic-

ulate suspension. After the bottle pressurizes, the suspension flows into the submerged tubing and out of the bottle.

Continuing to flow through tubing, the suspension flows through a section of calibration tubing located between two

pressure transducers (PX). The suspension then flows through the array of microchannels that are watched by amicro-

scope and eventually flow out into a waste beaker.

has an inner diameter of 0.30 inch and connects the microchannel to a T-junction thats joins to a

pressure transducer (PX409 Omega, Bridgeport, NJ) and a portion of the PTFE tubing that is used

to monitor flow rate.

Using the real time measurements of the pressure difference across a length of tubing with a known

resistance enables the approximation of the flow rate of the particle solution in real time even though

the particulate suspension is flowed using pressure driven flow.

The tubing used to measure flow rate also has a 1/16th inch outer diameter, has a 0.023 inch inner

diameter and connects to another pressure transducers. Connecting the 25 cm length tubing to two

pressures transducers allows the pressure difference across the length of tubing to be measured in

real time. Using the pressure difference (Δp) and the hydraulic resistance (R), if known, the flow

rate (Q) can be calculated using the simple formula: Q = Δp/R. To determine tubing resistance,

we flow water (MilliQ) through the length of tubing at varying flow rates using a syringe pump

(Harvard Apparatus, Holliston, MA) while measuring the pressure decrease across the tubing. The

slope of the line created by plotting δP vs. Q reveals the tubing’s hydraulic resistance as shown in

Figure 5. The measured resistance is typically less than: 10−3 PSI
μL/min which matches the hydraulic
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resistance expected from the Hagen-Poisuille equation:

Δp
Q =

8μL
πr4 (2.1)

Using measurements of the pressure difference across a length of tubing during the clogging experi-

ment enables us to approximate the flow rate of the particle solution in throughout the experiment

even though the particulate suspension is flowed using pressure driven flow. Once the flow rate is

known, the particle flux is estimated by multiplying the flow rate with the suspension’s number den-

sity. For example, 3μm diameter particles suspended in water a volume fraction of 4% has a number

density 2.83 × 109 particles/mL.

We can also estimate the number of particles that pass a channel before clogging in another way:

using the measured clogging time of each channel and the hydrodynamic resistance of a channel.

Similar to the calibration tubing, we measure the hydrodynamic resistance of each channel array

using a syringe pump and pressure transducers Figure 2.2. We use this method to measure the re-

sistance of the microfluidic device for each unique channel geometry. The resistance of the channel

array is much larger than the other parts of the microfluidic device and we therefore consider the

resistance of the microfluidic device as the approximate resistance of the microchannel array. Since

our ten identical channels reside in parallel to one another, each channel’s resistance is ten times the

resistance of the ten channel array. After estimating the resistance of an individual channel using

our measurements, we compare our estimates to a calculated resistance. We calculate an approxi-

mate resistance using Equation 2.2 for the flow rate of a fluid with viscosity mu, driven through a

rectangular channel of width, w, height, h, length, L, and by a pressure difference, Δp.

Δp
Q =

12μL
wh3

(
1 − 6(25)

π5
h
w

)
(2.2)

Our measured estimates comport well with our calculations.
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Figure 2.3: (a) A graph of Pressure Difference vs. Flow rate for 50 cm length of calibration tubing where the slope

gives the resistance of the calibration tubing. The resistance will later be used to provide an estimate of the flow rate

through the channels. (b) A diagram of the calibration tubing showing the inner diameter and outer diameter and

the length. The resistance can be expressed as a function of the viscosity, length and inner diameter. Instead of re-

calculating the resistance, we use Equation 2.1 to estimate the inner diameter of the tubing to be 0.108 inches. This

estimate agreesmanufacturer’s diameter estimate, and indicates that the resistancemeasure is accurate.
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Figure 2.4: A sample pressure trace showing the pressure difference across calibration tubing during a clogging ex-

periment. The pressure trace will be usedwith themeasured tubing resistance to estimate the flow rate during the

experiment.

Figure 2.5: A graph showing Pressure Difference vs. Flow Ratemeasurements for amicrofluidic device containing an

array of 10 channels. The width of each channel decreases from 80μm to 10μ over a length of 1200μm.
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To calculate the number of particles that pass through a channel before clogging, we first assume

that each channel experiences a total flow rate of Q = ΔP/Rchannel until the moment it clogs. We

use the measured elapsed time before clogging to calculate the total flow through the channel before

clogging and then we calculate the number of particles passed before clogging by using the number

density of particles in the suspension. We then compare the two estimates and find that they agree

within 50

To flow the particulate suspension, we enclose it in an airtight Pyrex bottle (IDEX Health & Science

Middleborough, MA). The bottle cap (IDEX Health & Science Middleborough, MA) contains

a tapered Luer hole for air supply and a 1/16th inch opening though which tubing can be passed.

Tubing that has an 0.030 inch inner diameter PTFE passes through the bottle top and submerges

in the enclosed particulate suspension. Particulate solution flows through the when the bottle is

pressurized (between 0.5 and 4.0 PSI). The pressure is supplied by 100 PSI house source that is then

regulated (Omega) and measured (SSI Technologies). All components of the system are kept at the

same height to prevent gravity from affecting the flowrate. Pressure is used to drive the particulate

suspension because pressure driven flow ensures changes in flow rate in one channel does not affect

the other channels.

The particulate suspensions consist of polystyrene latex microspheres (IDC/ Invitrogen, Woburn,

MA) suspended in 37%/63% Water-Deuterium Oxide (D2O) mixture (Western Analytical Products,

(Wildomar, CA). The H2O-D2O has a density of 1.04 g/cm3 which closely matches the suspended

microspheres and hinders the microspheres from settling during the course of the experiment. The

microspheres are suspended at a volume fraction of 4% (w/v) and are electrostatically stabilized with

carboxyl groups. We use particles that are 1 μm, 2 μm or 3 μm in diameter and each suspension is

largely monodisperse with a typical coefficient of variation of 0.008. We observe the particulate

suspension flowing through the microchannel arrays using optical microscopy (Navitar) and digi-

tally record video at 1 fps (Sony). After exiting the microchannels the particulate suspension flows
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through exit tubing into a waste collection that is held at atmospheric pressure.

2.2 Results and Discussions

We first analyze clogging in arrays of 10 microchannels with varying mouth width when

the suspension is flowed using an applied pressure of 14 kPa. In the recorded video and resulting

micrographs, flowing particles appear as gray, PDMS and liquid absent particles appear white or

light and packs of particles appear as very dark or black. A channel is defined as clogged when the

stream of particles flowing into the channel is retained somewhere in the channel and no particles

can exit the channel. Clogs are identifiable by a sudden appearance of a light region (liquid) just

below a very dark region (particle packing) as seen in Figure 2.6.

Using recorded video (Sony, Tokyo, Japan) we measure the time elapsed until each channel clogs.

The shape of the fraction of channels clogged vs. time plot is similar for each mouth opening as

seen in Figure 2.7. However, the magnitude of clogging time increases as the mouth widths of each

channel increases. There is less than order of magnitude difference in the average clogging time for

the first clogged channel in a 20 μm-10 μm channel array and the first clogged channel in a 100 μm-

10 μm channel array. There is more than an order of magnitude difference in the time to clog the

final channel of the two channel arrays.

We also analyze the measured clogging times to detect preferential clogging among the 10 channel

array, or whether some channels in the array are more likely to clog than others. For example, if one

channel position frequently clogged first among all channels, our channel array would exhibit spatial

bias in clogging. If channels in our array are more susceptible to clogging based on their spatial loca-

tion in the array, then our experiments would probe the effect of array geometry instead of channel

geometry.

To test for the spatially biased clogging in our arrays, we assign each channel a value between one
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Figure 2.6: (a)Microscopic image of an array of channels clogging. (a) Array just before suspension flows through chan-

nel. (b)-(k) Images of the channel array recorded immediately after each channel clogs. (l) Image 38 s after final channel

clogs.
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Figure 2.7: A graph showing Fraction of Channels Clogged vs Average Time until clogging for arrays of channels with

mouth widths varying from 20μm to 100μm.
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Figure 2.8: Normalized histograms of clogging times for microchannels withmouth widths varying from 20μm to

100μm.
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Figure 2.9: A graph of Average Position in Array vs. Order Clogged. Graph shows that clogging is not strongly influ-

enced towards the left or right side.

and ten, where one is the leftmost channel in the array and 10 is the rightmost channel in the array.

We then compute the average value of the first channel to clog in each array. If the likelihood for

each channel to clog is roughly equal, we expect the average value of the first pore clogged to be close

to 5.5 which is equal to the average of the set of numbers one through ten, inclusively. We also com-

pute the average value for the second channel to clog, the third channel to clog and so on until the

10th channel is clogged. We find that the average value, or average position, oscillates closely around

5.5 for each ordinal clogging position as shown in Figure 2.9. Therefore, the tendency of a channel to

clog is not dependent upon its spatial position in the array.

We complete a similar analysis to analyze whether the distance from the wall influences channel clog-

ging. We assign the channels to groups determined by their distance from the wall. Channels that

are closest to the wall and previously label #1 and #10 are now considered group #1. Channels pre-

viously labeled #2 and # 9 are now group #2 and so forth. We compute the average group number

for each ordinal position clogged (first through tenth) as shown in Figure 2.10. If each group has
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Figure 2.10: A graph showing the Average Group Value vs. theOrder clogged. Group one is comprised of the leftmost

and rightmost channels while group 5 is composed of two innermost channels. This graph shows that proximity to wall

does not strongly influence clogging.

an equal chance of clogging first, we expect the 1st channel in the array that clogs to have an aver-

age group number of 3 (the average of the numbers one through 5. In our experiments the average

group value of ordinal position oscillates closely around 3 as shown in figure 2.10.

Based on these observations, we conclude that a channel’s spatial location in the array does not

strongly influence its tendency to clog. Assured of the independence between a channel’s clogging

behavior and array position; we now calculate the number of particles that pass through the channel

prior to clogging.

Using our measurements of time elapsed before clogging, we calculate the number of particles that

pass before clogging using two methods. The two methods produce approximations that agree

within 50%. However, the first method, which utilizes a calibrated length of tubing produces es-

timates that are consistently higher than the method that relies upon the channel resistance. The

difference in the estimates likely results from an over estimation of the of the flow rate through the
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Figure 2.11: A plot of average number of 3μm diameter particles, N*, that pass through a1200μm long channel be-

fore clogging vs. the channel mouth width. An exponential curve fits the data well. This graph shows that that mouth

width strongly affects clogging behavior of a tapered channel.

calibration tubing when only one channel in the array is unclogged.

The average of the two methods, N*, provides a good estimate of the total number of particles that

pass through a channel before it clogs. N* increases exponentially as the mouth width increases

linearly. Applying an exponential fit yields a characteristic length of 20 μm according to Equa-

tion 2.3. This value of 20 μm is very close the characteristic length of the channel’s constriction

lc = (2w+ 2h)/4.

Nclog = 106e
W
20 (2.3)

Although our data fit an exponential model quite well for 3 μm diameter particles previous clogging

models do not account for the exponential relationship. To gain further clarity we also test the clog-
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Figure 2.12: A graph showing the Average Number of 1μm, 2μm and 3μm diameter particles, N*, that pass through

a channel before clogging vs. the channel mouth width. All channels are 1200μm long. This graph demonstrates that

smaller particles are less likely to clog which comports with results from literature30,20.

ging behavior of 1 μm and 2 μm diameter particle suspension that have identical volume fraction

and driven using the same pressure. As expected, the suspensions containing 2 μm diameter parti-

cles pass more particles prior to clogging than 3 um particulate solutions while suspensions of 1 μm

diameter particles require the most particles to flow through a given channel prior to clogging. We

attempt to scale our results using the scaling law previous reported 30. We find that tapered channels

do not scale in a similar manner as channels used in the reported studies.

We continue testing the effect of channel geometry on clogging behavior by varying the length of

a microchannel with a fixed taper rate. We choose a taper rate that decreases the channel width by

1 µm per 30 μm channel length, which is the same taper rate as the channels whose width decreases

from 40 μm to 10 μm over 1200 μm. Maintaining a constant rate of taper and a constant height

of 25 μm, we fabricate three sets of channels: Channels that are 900 μm long and have 33 μmwide

entrance, channels that are 600 μm long and have a 25 μmwide entrance and channels that are
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Figure 2.13: Plot showing hydro- dynamic resistance vs. Mouth width for 1200μm long tapered channels with varying

mouth width.

300 μm long and have a 18 μmwide entrance. The average number of particles that pass through

a channel prior to clogging decreases linearly as the length of the channel decreases with a slope of

4.9 × 104μm−1 as shown in Figure 2.15.

Channel length was not considered by previous experimental studies and we are unable to directly

compare these results to an established model. Instead we connect the hydrodynamic properties of

our channels to the observed clogging behavior.

In tapered channels with a constant length, N* increases exponentially as the mouth width increases

linearly (Figure 2.11) whereas the hydrodynamic resistance of channels is inversely proportional to

the mouth width ((Figure 2.13). To make a parallel comparison we measure the resistance of the
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Figure 2.14: Graph of the Average Number of 3μm diameter particles, N*, that pass through a channel before clogging

vs. the Channel Length. Each channel has the same taper angle as a channel whose width decreases from 40μm to 10

μm over 1200μm. Graph shows that longer channels aremore likely to clog.
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Figure 2.15: A graph showing Channel Resistance vs. Channel Length for channels that have the same taper angle as a

channel whose width decreases from 40μm to 10μm over 1200μm. Channel resistance increases as channel length

increases.

channels that have a decreasing channel length but a constant taper rate. Interestingly, the measured

hydrodynamic resistance increases linearly with increasing channel length whereas N* decreases lin-

early with increasing channel length. Because our experiments operate at the same applied pressure,

the flow rate through each microchannel is proportional to is resistance. Therefore, our results point

to a relationship between N* and the flow rate of the passing suspension.

We investigate the role of flow rate in clogging by altering the pressure applied to channels whose

width tapers from 40 μm to 10 μm over a length of 1200 μm. In these experiments we use 30 chan-

nel arrays to maximize the number of data points per experiment. We increase the pressure from

3.4 kPa to 28 kPa and estimate the number of particles that pass before clogging‡. N* increases with

‡In these experiments we only utilize the method involving channel resistance to estimate N*
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Figure 2.16: A graph showing Average N* vs. applied pressure, pa for an array of 30micochannels whose widths de-

crease from 40μm to 10μm over 1200μm. Clogging decreases with increasing pressure until 2 PSI. Between 2 PSI

and 4 PSI there is little change in clogging.

increasing applied pressure.

Pressure applied to the suspension is directly proportional to the suspension’s flow rate through

the channel and hence our results confirm the idea that increasing the flow rate through a channel

decreases that channel’s likelihood of clogging. As the suspension’s flow rate through the channel

increases, the average velocity of the suspension through the channel increases as well. Although

the average velocity through the channel increases with pressure, the fluid velocity at the channel

walls remains zero, due to the no-slip condition. Hence, the gradient of the velocity increases as the

applied pressure increases. The near wall velocity gradient is directly proportional to the near wall

shear stress, as shown in equation 2.4.

τ = mu dU
dx⊥

(2.4)
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The near wall shear stress engenders a force on particles near channel wall, pushing the particles

away from the way. Thus the near wall shear stress limits particle adhesion to the wall. Particles that

are less likely to adhere to the wall are less likely to aggregate on the wall and engender clogging. As

a result, particles that experience higher shear stresses in the channel, are less likely to form clogs.

Therefore, increasing the flow rate of a suspension through a channel allows more particles to pass

before that channel clogs.
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Being a scientist requires having faith in uncertainty,

finding pleasure in mystery and learning to cultivate

doubt. There is no surer way to screw up an experiment

than to be certain of its outcome.

Stuart Firestein

3
Clogging in Single Tapered Microchannels

We saw unexpected clogging behavior in arrays of 10 microhannels in the preceding

chapter. Unlike previously published experiments that utilized uniformly varying mi-

crochannels, tapered microchannels are less likely to clog in response to increasing flow rate. We con-

nect the change in clogging behavior resulting from increased flow rate to increasing shear stress that

hinders particle adhesion which induces clogging. However, due to the resolution limit inherent

to imaging 10 channels at once, we could not resolve individual particles behavior in the channels.

When individual particles are not resolved, the clogging mechanism cannot be resolved and hence

the mechanism cannot be visually confirmed. These limitations stymied our ability to deeply un-

derstand the clogging behavior witnessed in the previous channel. Previously published studies on

clogging in microchannels used even larger arrays of channels and also did not resolved single par-
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Figure 3.1: Illustration of themicrofluidic device with channel used for clogging Themouth width, (i), is 40μmwide,

the channel isμ300μm and the constriction is 10 mumwide.

ticles nor image the clogging mechanism. 30,20,2,23 In this chapter, we present the first experimental

study of microscale clogging in which single particles are resolved using single microchannels. In the

single microchannels, we examine how clogging behavior changes in response to changes in the flow

rate through the channel and changes in the particle interactions.

3.1 Experimental Methods

Single microchannels are again fabricated using printed photolithography masks for later use in the

soft lithography fabrication process. In CAD software we draw 2-Dimensional patterns that begin

with round 1.5 mm inlet areas that decrease linearly to a width of 60 μm. At this point, the channel

width steps from 60 μm to 40 μm and the tapered channel begins. The initial width of the tapered

channel is 40 μm and decreases linearly to a 10 μm throat width over a length of 300 μm. After the

10 μm constriction, the channel pattern gradually opens back up to a 1.5 mm round outlet area. The

CAD drawings are printed on Mylar in the negative at a 10 μm resolution.

Once printed, the masks are used to create channel molds in SU-8 3010 photoresist. The photoresist

is spun onto cleaned silicon wafers at a 1000 rpm to leave a 15 μm thick layer. The wafer then pre-

bakes on a hot plate (VWR) for 10 minutes at 95oC and after cooling 200 mJ
cm2 of ultraviolet light is

shown through the photomask onto the photoresist. Next, the wafer is post-baked on a hot plate for

1 minute at 65oC, 4 minutes at 95oC and then developed in PGMEA for six minutes. After rinsing
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the photoresist with PGMEA and then with Isopropanol Alcohol (IPA), it is placed into a plastic

petri-dish. Liquid PDMS elastomer is mixed with crosslinker at a 10:1 ratio and poured onto the

wafer. After baking in an oven (VWR) for at least 1 hour at 65oC, a PDMS section containing the

imprinted channels is cut and peeled from the wafer. Next, 1.20 mm holes are punched into the

PDMS using a biopsy punch and the PDMS chip then undergoes a cleaning process. Initially, the

transparent tape (Scotch-3M, St. Paul Minnesota) is used to lift PDMS fragments and dust from

the PDMS chips and glass slides. Next, the PDMS chips are then submerged in an IPA bath that

is sonicated for 2 minutes (Branson) before finally being dried with nitrogen and baking in a 65oC

oven for at least two minutes. Separately, glass slides are cleaned using acetone (Sigma Aldrich), lint

free wipes (VWR) and IPA.

The glass slide and PDMS chip are placed in a Plasma System (Diener, Ebhausen, DE) and exposed

to an oxygen plasma for 10 s. Immediately after removing the two pieces from the plasma chamber,

the PDMS chip and glass slide are pressed together. After a few minutes, the two pieces are bonded

together. Exposure to oxygen plasma temporarily changes the surface energy of materials. However,

the change in surface energy due to oxygen plasma decays to an imperceptible level25 15 hours after

exposure. Therefore, the newly formed microfluidic chips rest for at least 24 hrs before the surface is

further modified.

The microfluidic devices are treated with 0.1 M sodium hydroxide for 1 minute before rinsing with

distilled water and flushing with nitrogen. Then a 1 % (wt/wt) poly diallydimethylammonium

(polyDADMAC) in 2M sodium chloride solution is applied for five minutes. After rinsing with

distilled water and blowing with nitrogen, the surfaces of the microfluidic devices are coated with

the cationic polyDADMAC which effectively renders the surface positively charged. A negatively

charged surface is created by applying a solution of 1% poly sodium styrene sulfonate (PSS) in 2 M

NaCl for 5 min. to a surface that has a layer of adsorbed polyDADMAC. The negative surface is cre-

ated when a layer of PSS adsorbs onto the polyDADMAC.
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We use pressure to drive particulate suspension through the microchannel. The particulate suspen-

sion reservoir is enclosed in an airtight Pyrex bottle whose cap permits the entrance of air via a Luer

hole and the withdrawal of liquid by a hole for a 1/16th outer diameter polymer tubing. One end of

the 1/16th outer diameter (0.030 inch inner diameter) tubing connects to the inlet while the other

end rests submerged in the particulate suspension. The height of the suspension is always matched

to the height of the microfluidic chip to prevent gravity induced flow. We pressurize the bottle at

levels ranging from 690 Pa (0.1 PSI) to 6.9 kPa (1.0 PSI) which forces the suspension through the

tubing, through the microchannel and eventually out to a waste beaker that is held at atmospheric

pressure. We observe the suspension flowing through the microchannels using optical microscopy

(Nikon) and record the behavior at 10 fps (Fastec). Before the particulate suspension flows through

a channel, the channel is flooded with a liquid identical to the continuous phase of the suspension.

The initial channel flooding prevents pockets of air that form in the channel if the particle suspen-

sion enters a dry channel.

The particulate suspension is comprised of 2.1 μm diameter polymerized methacrylate (Figure 3.3)

suspended in water. The particles are made of a copolymer of triuoroethyl methacrylate and tert-

butyl methacrylate and stabilized with the anionic monomer 3-sulfopropyl methacrylate which has

a length on the order of a nanometer. A portion of these particles also have the 50 nm long neutral

polymer, N,N-dimethylacrylamide polymers grafted from the particle surface to provide steric sta-

bilization. In addition to pure water, a portion of the particles are suspended in potassium chloride

solutions ranging from 100 μM to 2.5 M.

3.2 Results and Discussion

Before we begin clogging the microchannel, we measure the hydrodynamic resistance of the mi-

crochannel. Using a syringe pump (Harvard Apparatus, MA), we flow water at a controlled flow

rate through the microfluidic device. We vary the flow rate from 5 μL/Hr to 600 μL/Hr.
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Figure 3.2: Schematic of experimental apparatus. Compressed air pressurizes a glass bottle containing particulate

suspension. After the bottle pressurizes, the suspension flows into the submerged tubing out of the bottle themi-

crochannel which is watched by amicroscope and eventually flow out into a waste beaker.

Figure 3.3: Scanning ElectronMicroscopy image of electrostatically stabilized particles made of PMMA. Particles are

2.1μm in diameter.
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Figure 3.4: A plot of Pressure difference vs. Flow Rate across amicrofluidic device containing a single microchannel

that is 300μm long, 15μm deep and has a width that decreases from 40μm to 10μm. A linear fit gives the slope.

We connect pressure transducers to the inlet and outlet of the microchannel with 1/16th outer diame-

ter (0.030 inch inner diameter) tubing to measure the pressure difference across the microfluidic de-

vice while water flows through the channel. As we increase the flow rate using the syringe pump, the

pressure difference across the channel increases. When plotted, the slope of this line reveals a hydro-

dynamic resistance 2.98 × 10−3 PSI
(uL/min . We use this hydrodynamic resistance to estimate the initial

flow rate through our microchannels when we use pressure to drive particulate suspensions through

a channel. In our experiments the initial flow rate varies between 34 μL/Hr and 670 μL/Hr.

When we flow anionic particles through a channel with an anionic polyelectrolyte layer, the particles

do not stick to the channel walls. The like charge between the particles’ surface and the channel walls

causes a Coulombic repulsion between the two and prevents adhesion. Without adhesion, particles

are unable to build up on the channel walls and obstruct flow. Consequently, the particulate solu-
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tion flows unobstructed for more than one hour, at which point we manually stop the stream. By

contrast, anionic particles will adhere to the channel walls if the walls have only been coated with a

layer of cationic polyelectrolytes. As more particles channel stick to the walls, the channel becomes

obstructed by a packing of particles and clogging ensues.

We define a clogged channel to be one which no longer permits particles to exit the channel constric-

tion due to a packing particles in the channel. Although the channel is clogged, fluid still traverses

through the clogged microchannel. Fluid continues moving through the spaces between the par-

ticles that pack together in the channel. The size of voids in the particle packs is smaller than the

particle’s diameter and only a small volume of fluid can flow through a clogged channel. Therefore,

the flow rate through a clogged channel is small compared to the flow rate through the channel just

before clogging and the fluid velocity of through a clogged channel very small. This decrease in fluid

velocity is evident in the last particles that exit the channel before it clogged. These particles con-

tinue to move away from the constriction after the channel clogs, but at a much lower velocity.

Using our definition of clogging, we measure the total time the suspension flows through each chan-

nel before clogging ceases. At applied pressures below 3 kPa, the average time to clog a channel in-

creases as we increase the pressure applied to the particle suspension as shown in Figure (3.4). At

pressures higher than 3 kPa, the average time to clog dramatically decreases.

In contrast to our observations, traditional clogging models 30 predict that clogging time will de-

crease in response to increasing applied pressure, not increase. Thus traditional clogging paradigms

cannot be used to explain our results. The sudden decrease in clogging times at pressures greater

than 3 kPa is also surprising due to its contrast from clogging times at lower pressures. When exam-

ining the increasing clogging time below 3 kPa and decreasing clogging time above 3 kPa, we notice

that the change in the uncertainty in the clogging time mirrors the change in clogging time as shown

in Figure 3.4. As the applied pressure grows to 3 kPa, the uncertainty increases. Whereas when pres-

sure grows larger than 3 kPa, the uncertainty also decreases. The surprising trends in the average

39



Figure 3.5: A plot of time to clog vs. applied pressure. At low applied pressures, the average time to clog increases as

the applied pressure increases. At higher pressures, the time to clog decreases with increasing pressure.
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clogging time and the corresponding trends in the uncertainty of the average clogging time suggests

that the clogging behavior is not well described by an overall average of the clogging time. Our re-

sults therefore warrant a closer inspection of each clogging experiment.

Using the movies of individual microchannels clogging at 10 fps, we spatially and temporally resolve

the clogging behavior of each microchannel. Upon close inspection of each video we observe the

presence of two distinct types of clogging events. In the first type, we see particles successively adhere

near the constriction. This buildup obstructs the channel near the constriction and causes clogging,

as schematically shown in Figure 3.6. The successive particle adhesion appears in the formation of

a black layer along the channel walls in the optical micrograph in Figure 3.6. In the second type, we

see particles adhering upstream from the constriction. The particles aggregate on the wall, detach

and flow into the constriction causing a clog as shown schematically in Figure 3.6 and on the optical

microscope image in Figure 3.6.

We categorize each clogging experiment by monitoring the experiment for the presence of parti-

cle clusters. If there are moving clusters in the flow, the clog is classified as forming due to particle

clusters. If we observe no clusters moving in the channel, we classify the channel as having clogged

via the buildup of single particles. For each applied pressure, we calculate the average time required

to clog a channel for each mechanism. When clogging is caused by the first mechanism, a buildup

of particles near the constriction, the average time to clog increases as applied pressure increases as

shown in Figure 3.7. By contrast, the average time to clog decreases with increasing applied pressure

if particle clusters engender clogging, as is the case for the second mechanism.

Like other clogging events, these inverse behaviors result from the competing forces of hydrody-

namic drag and adhesion. At higher applied pressures, the flow rate through the channel is higher

resulting in a higher maximum velocity in the channel. Although the maximum velocity increases

with pressure, the velocity near the wall remains near zero due to the no-slip condition. Therefore,

the velocity gradient perpendicular to the wall increases at the pressure increases and a larger velocity
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Figure 3.6: (a) Sketch of clogging due to the buildup of single particles. (b)Micrographs of clogging caused by single

particles accumulating near the constriction. (c) Sketch of particle cluster detachment. (d)Micrographs of clogging

caused by a detaching particle cluster. Scale bar represents 100μm. Arrows indicate location of clog.
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Figure 3.7: Plot of time to clog vs. applied pressure. Clogging by the accumulation of single particles near the constric-

tion is represented by blue circles and clogging by clusters of particles is represented by red squares.
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gradient imparts a larger shear stress on particles in the channel as shown in equation 2.2. The higher

shear stress causes the particle clusters to detach from upstream walls before individual particles at-

tach to the walls near the constriction. The competition between particle cluster detachment and

single particle adhesion highlights the particle-wall interaction as an important parameter for further

exploration.

To probe the role of the particle-wall interactions we use particles with differing surface stabilization.

We use particles that have only electrostatic stabilization and we also use electrostatically stabilized

particles that have a neutral molecule adsorbed onto the surface rendering it electrosterically stabi-

lized. These particles are the same size as used in previous experiments and are suspended in water or

solutions of potassium chloride (KCl) in water at a fraction of 12 % (w/w). We vary the molarity of

the KCl-H2O solutions from 100 μM to 2.5 M. We then then flow the particle suspension through

channels with the same geometry as used in previous experiments using an applied pressure of 1.4

kPa.

In the absence of salt, both particle types clog in an average time 10 s as shown in Figure 3.8. If dis-

persed in solutions containing more than 100 μM of salt, the electrosterically stabilized particles do

not clog the channels within the 1000 s observation time. When dispersed in solutions containing

of 50 mM of salt, the electrostatically stabilized particles require hundreds or thousands of seconds

to clog or sometimes do not clog the channel within the 1000 s observation time. At salt concen-

trations greater than 50 mM, the electrostatically stabilized particles do not clog within the 1000 s

observation time.

The surfaces of both particle types contain charge groups leading to an attractive electrostatic inter-

action between the anionic particles and channel walls which are covered with cationic particles. The

addition of salt creates dispersed ions that screen electrostatic interaction. This electrostatic interac-

tion decays exponentially a with characteristic length, the Debye length,7 according to:
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Figure 3.8: A plot of the Average Clogging Time vs. Concentration of PotassiumChloride inWater (cKCl) at an 1.38 kPa
applied pressure for electrostatically stabilized particles (green) and electrosterically stabilized particles (blue). Open

circles indicate that clogging was not observed. The electrostatically stabilized particles ceasing clogging at 50mM

while the electrosterically stabilized particles cease clogging with the addition of a small amount of salt.
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Figure 3.9: Sketch showing negatively charged (a) electrostatically stabilized particles and (b) electrosterically stabi-

lized suspended in water near a positively charged poly-electrolyte layer adsorbed onto a surface in the presence. The

micrographs in (c) show clogging of electrostatic particles suspended in water. Themicrographs in (d) show clogging of

electrostatic particles suspended in water. Arrows indicate the location of clogs. The scale bar represents 100μm.
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Figure 3.10: Sketch showing negatively charged (a) electrostatically stabilized particles and (b) electrosterically stabi-

lized suspended in an electrolyte solution near a positively charged poly-electrolyte layer adsorbed onto a surface in

the presence. Themicrographs in (c) show clogging of electrostatic particles suspended in amMKCl in water solution.

Themicrographs in (d) show clogging of electrostatic particles suspended in a 500mMKCl in water solution. Clogging

was not observed in (c) and (d). The scale bar represents 100μm.

κ−1 =

√
εrε0kbT
2NAe2I

(3.1)

The electrosterically stabilized particles no longer clog when the added salt concentration creates a

Debye length approximately equal to the length of the steric polymer adhere to the surface of the

particle as shown in Fig. 4. Surprisingly, the electrostatically stabilized particles also cease clogging

when the Debye length is approximately the size of the much smaller, charged molecule that is ad-

sorbed onto the surface of the particle. Thus clogging can be completely stopped by modulating the

electrostatic length of interaction which affects ability of particles to stick to channel walls.

Our results again affirm the prominence of particle adhesion in the process of clogging. In this chap-
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Figure 3.11: A plot of the Average Clogging Time andDebye Length vs. Concentration of PotassiumChloride inWater

(cKCl) at an 1.38 kPa applied pressure for electrostatically stabilized particles (green) and electrosterically stabilized
particles (blue). The red line represents the Debye Length. Open circles indicate that clogging was not observed. The

electrostatically stabilized particles ceasing clogging at 50mMwhile the electrosterically stabilized particles cease

clogging with the addition of a small amount of salt. The red line represents the calculated Debye length for amonova-

lent salt in water. The blue dashed line indicates the length of steric polymer while the green dashed line indicates the

length of the electrostatic molecule. The electrosterically stabilized particles cease clogging when the Debye length is

less than 50 nmwhile the electrostatically stabilized particles cease clogging when the Debye Length is on the order of

1 nm.
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ter we used hydrodynamic induced shear force to probe the tendency of particles to adhere to chan-

nel walls in the constriction or detach in clusters from upstream channel walls. We then modified

the effective length of the electrostatic interaction to prevent particles from attaching to the channel

walls. Whereas changing the flow rate through the channel engenders switching between clogging

mechanisms, we show that salt concentration can switch off clogging by decreasing interaction dis-

tance between particles and surfaces.

49



Ignorance follows knowledge, not the other way around.

Stuart Firestein

4
Conclusions and Outlook

This dissertation explores clogging at the microscale using microfluidic channels and

colloidal particles as a model system. In Chapter 1, we discuss the general process of clogging

and the prevalence of clogging in a range of industrial processes. We present the idea of a micro-

model to overcome the limitations encountered when studying clogging in situ. Our model can

reflect multiple clogging scenarios when the micromodel’s parameters are varied. In each of the ex-

periments presented in this dissertation, we analyze the clogging behavior of tapered microchannels

instead of the uniformly varying microchannels of earlier studies. Over the course of this disserta-

tion, we alter a variety of parameters that are either thought to have little effect on clogging or are

unperturbed by preceding studies.
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4.1 Conclusions

In Chapter 2, we focus on the effects of varying channel geometry. While maintaining a constant

height and constriction width, we vary: the particle size, taper angle, channel length and pressure

applied to the suspension. We test three particles sizes and find that smaller particles are less likely

to clog channels which is in agreement with results from literature 30. We proceed to test the clog-

ging behavior channels with different mouth widths, but constant channel height, particle size and

applied pressure. The number of particles that pass before clogging increases exponentially with

increasing mouth width. We see a strong positive correlation between the dimensions of the chan-

nel upstream constriction and the average number of particles that pass through a channel prior to

clogging even when the constriction is the same size among all channels. However, when we vary the

mouth width of the tapered channels while holding other parameters constant, we simultaneously

vary the volume of the channel and the taper rate of the channel.

To isolate the effect of the upstream channel volume on clogging behavior, we clog channels with

the same taper rate and variable channel length. When the channel’s taper rate is constant but the

upstream channel volume increases, the channels clog more readily. The number of particles that

pass through channels with a constant taper rate increases linearly with increasing channel length. In

contrast to the variable mouth width channels, increasing the upstream volume while maintaining a

consistent constriction increases the likelihood of clogging.

These seemingly contradictory results point to another culprit that influences clogging in tapered

channels: hydrodynamic resistance. For channels of identical length and constriction width, in-

creasing the mouth width decreases the channel’s hydrodynamic resistance. Decreasing the length

of channels with an identical taper rate also decreases the channel’s hydrodynamic resistance. As the

channel’s hydrodynamic resistance increases, the number of particles that pass before clogging de-

creases. The flow rate through a channel is directly proportional to the pressure applied across the

51



channel and the channel’s hydrodynamic resistance. Hence our channels are less likely to clog when

the suspension is flown at higher rates.

We then confirm our observation by testing the influence of flow rate on clogging by varying the

pressure applied to the particulate suspension. At the lowest flow rates, an increase in flow rate

corresponds to an increase in the number of particles that pass through a channel before clogging.

These results affirm our previous results and illuminate the importance of a variable that was given

little thought in previously published work. We explain the importance of flow rate via its connec-

tion with shear force. At higher flow rates, the particles experience higher shear forces, especially, in

the constriction. The higher shear forces deter particles from approaching and adhering to channel

walls, a prerequisite for clogging.

To conclude Chapter 2, we consider the clogging behavior when the suspension’s flow rate increases

to the highest levels we are able to test. Unlike at low flow rates, the number of particles needed

to pass before clogging at the highest flow rates shows very little increase. We are unable to fully

explain this behavior because our experiments are not imaged at sufficiently high resolution due to

the numerous channels used. Also, we do not test other parameters that influence sticking behavior.

In Chapter 3 we image the clogging behavior of individual, tapered microchannels at a resolution

high enough to image individual particles. In these experiments we do not alter the channel size

or geometry. Once again, we apply a constant pressure to drive the flow through our microchan-

nels and we vary the applied pressure to alter the flow rate. Instead of using commercially available

microparticles, we fabricate particles and with two different types of surface functionalization for

comparison. We also adjust another parameter, the surface potential, by adsorbing polyelectrolytes

onto the channel walls. When we flow negatively charged particles through a channel whose walls

are coated with anionic polyelectrolytes, the channel does not clog. Conversely, when we flow the

negative particles through channels with cationic particles, clogging ensues.

We observe that at low applied pressures the time to clog a single channel increases as the applied
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pressure increases. At higher pressures, however, the time to clog decreases as the applied pressure

increases. Closely examining each clogging event reveals two distinct clogging mechanisms that

respond differently to changes in flow rate. At low pressures we find that clogging occurs via the

buildup of single particles but at high pressures, clogging results from detaching particle clusters.

Each clogging mechanism corresponds to a trend in clogging time. Clogging via the buildup of sin-

gle particles requires more time as the applied pressure increases, whereas, clogging via cluster de-

tachment proceeds more quickly as the applied pressure increases.

These inverse behaviors most likely result from the competing shear force and adhesion force. At

low applied pressures, the particles move slowly throughout the channel allowing particles to adhere

and build up near the orifice. Increasing applied pressure to the particle suspension speeds up the

particles and hinders their sticking ability, especially near the constriction where particles move most

quickly. Thus at higher applied pressures, particles require more time to accumulate on the channel

surface, increasing the average clogging time. At even higher pressures, particles are unlikely to ad-

here to channel walls near the constriction but they still adhere to upstream channel walls where the

channel is wider and thus the particles travel more slowly. As more particles adhere and form a parti-

cle cluster on the channel wall, the fluid flowing around the cluster exerts a drag force on the cluster

and eventually detaches it. Once detached, the cluster can flow into the constriction and engender

a clog. Particles detach more readily as the drag force increases due to increasing applied pressure.

Thus as applied pressure increases, particle clusters detach more readily and clogging time decreases.

Also in Chapter 3, we test the role of particle-wall interactions by clogging particles with different

surface stabilizations in the presence of salt. Particles with short, negatively charged molecules on

the particle surface clog in the absence of salt and at low salt concentrations. When salt is added at a

concentration of about 50 mM, clogging ceases. Particles with short, negatively charged molecules

and long neutral molecules attached to the surface clog in the absence of salt. However, clogging

with these particles ceases with even small additions of salt. We attribute the difference in clogging
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behavior between the particle types to the length of the stabilizing molecules on the particle surface.

The particles are able to adhere to the polyelectrolyte coated surface until the length of interaction

between the particle surface and channel surface is comparable to the length of stabilizing molecule.

When the two lengths are comparable, particles no longer adhere to channel walls and do not clog

the channel. Indeed, the salt concentration at which each particle type ceases clogging is comparable

to the Debye length at that concentration.

4.2 Remarks on Future Work

Our work in Chapter 2 reveals that a simple alteration in the shape of a channel has a large effect on

the channel’s clogging behavior. Understanding the clogging behavior of tapered channels can lead

to improvements in microsieves and nozzles similar to nozzles used in inkjet printers. For example,

the clogging of nozzles in devices like 3D printers may be delayed by widening the entrance of the

nozzle. Moreover, our findings may also help predict clogging in more complicated systems such as

blood vessels and porous media.

A logical next experiment is alteration in the particle’s exit trajectory from the tapered channel. Our

microchannels (in Chapter 2) tapers to a constriction that abruptly open into a wide area immedi-

ately after the constriction. Such a rapid change in geometry causes an abrupt decrease in the parti-

cle’s velocity upon exiting the constriction. Our geometry change is much more abrupt in our chan-

nel arrays in Chapter 2 than in our single channel of Chapter 3. Understand the velocity decrease

may offer insight into the channel array’s clogging behavior and may also enable the clogging behav-

iors of single channels to be better understood in channel arrays. Future experiments may also test

the influence of spatial variations in particle velocity immediately after the constriction. Specifically,

increasing the ratio between a particle’s speed in the constriction and the particle’s speed immedi-

ately after exiting may allow particle to collide in the vicinity of the constriction even at low volume

fractions. Increased particle collisions would dramatically alter the clogging behavior and may reveal
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a new clogging mechanism.

In Chapter 3 we demonstrate clogging due to the detachment of clusters for the first time *. In re-

gards to our specific experimentss, we suggest that future work focus on extracting even more quan-

titative data in relation clogging mechanisms. Specifically, particle velocity is likely connected to

whether a channel clogs due to cluster detachment. We expect that a particle’s velocity will play a

critical role in determining whether a particle will adhere to the wall. Additionally, knowing more

information about the local fluid velocity will enable more precise estimations of the near wall shear

stress and even the drag force experienced by particles and particle clusters. We also suggest mea-

suring the interaction between particles and between particles and channel walls. We expect a rela-

tionship between interaction strength and the clogging mechanism. Going further, we foresee the

possibility of clogging phase diagram that connects the clogging time, clogging mechanism and salt

concentration.

Due to the qualitative resemblance between cluster detachment and embolisms, we foresee poten-

tial experiments to model veins and arteries. If the elasticity and surface interaction of blood vessels

can be successfully mimicked in in microchannels, then embolisms can also be mimicked using tech-

niques similar to the methods used in this dissertation. Once the physical conditions that engender

embolisms are known, it will also be possible to determine the conditions that will eliminate or pre-

vent embolisms altogether.

Finally, we directly connect the clogging behavior to length of the stabilizing molecule on the par-

ticle’s surface and to the amount of salt dissolved in the continuous phase of the suspension. Our

results show an ”on-off” switch for clogging. When the correct amount of salt is added, clogging

ceases. One exciting prospect of this idea is the injection of brine into clogs that have already formed

to destabilize the buildup and unclog. Another application of this knowledge lies in particle analysis

*At the time of publication, the authors were unable to find any other experiments showing clogging
induced by detaching particle clusters.
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and characterization. Given the observed ”on-off” behavior, it is feasible to devise a microfluidic chip

that can cheaply estimate the length of stabilizing molecules on a particle’ surface.

Rather than an exhaustive future research itinerary, the aforementioned projects represent just a few

projects that immediately come to mind and are relevant to the work completed in this dissertation.

Undoubtedly, there are many more investigations to be performed on this topic. Throughout the

course of the experiments described in this dissertation, it became very clear that clogging is a fasci-

nating, multifaceted enigma that will give decades of challenges and joy to the dedicated researcher

who doggedly pursues her mysteries.
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In an honest search for knowledge, you quite often have

to abide by ignorance for an indefinite period.

Erwin Schrodinger

A
Negative Results and Experimental Advice

Publishing negative scientific results is a controversial issue 21,11,18,8, even though it is

rarely it is rarely practiced. This dissertation is not going to make an argument in this debate

except to state that negative results had a large impact on my work. I learned as much from exper-

iments with negative results as I did from experiments whose outcomes are published. During the

exploratory phase of my experiments, I learned more my negative results than from studying the lit-

erature. I reason that if I learned a great deal from my negative results, perhaps my reader can benefit

in some way as well. In service of this cause, I have included a concise description of a couple exper-

iments whose results were not included in the previous projects. Also in the spirit of helping other

researchers, I have also included a short section on experimental tips and techniques that have served

me well.
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Figure A.1: Illustration of array of 16 channels whose width varies between 70μm and 20μm over a length of 1mm.

These channels are similar to the channels used in published clogging experiments.).

A.1 Clogging Periodically Varying Microchannels

Initially I sought to replicate the ”bottleneck” design channels that were used in the previously pub-

lished experiments 30 as shown in Figure A.1.

Similar to experiments in Chapter 2, we used pressure driven (2 PSI) flow to drive a suspension of

3 μm diameter polystyrene particles through the channel array. The particles were suspended at a

volume fraction of 4% (w/v) and the particle surface was electrostatically stabilized with carboxyl

groups. Using optical microscopy, we recorded the clogging experiments at 1 fps (Sony) and mea-
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Figure A.2: Clogging experiment in progress using the bottleneck channel design.).

sured the time for each channel to clog (Figure A.2).

Using the time each channel takes to clog, we estimated the number of particles that pass through

each channel before clogging the methods similar described in Chapter 2. On average, 4 × 107 par-

ticles pass before the first channel in the array clogs, an average of 6 × 107 particles pass before the

second channel clogs and so on until all channels clog after an average of 109 particles pass through

the channel array as shown in Figure A.3.

An average of 108 particles per channel pass before clogging (with an uncertainty of 40%). This

number is nearly five times larger than the number of particles per channel reported to pass through

before clogging in earlier published experiments. 30 This large difference in clogging behavior can

be explained by differences in channel shape and particle type. Although we attempted to closely

replicate the channel design published in previous experiments, our replications were not exact. Dif-
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ferences between our replicated channels and the channels from published experiences may have

contributed to the difference in clogging behavior. Additionally, published experiments used par-

ticles whose surface was stabilized with carboxyl and sulfate groups while our experiments used

particles’ surfaces were stabilized with only carboxyl groups. Therefore, a difference in surface inter-

action may have also contributed to the difference between our results and the previously published

results.

Figure A.3: Plot of Fraction Clogged vs. Time to Clog.

A.1.1 Multi-Channel Arrays

Using the bottleneck channel shape, we tested whether the number of channels in an array affects

the clogging behavior. We clogged arrays of: 2 channels, 4 channels, 8 channels, 16 channels, 32 chan-

nels and 64 channels. As in previous experiments, we used 3μm diameter polystyrene particles sus-

pended at 4% (w/v) in water. Again, we applied a pressure of 2 PSI to the particulate suspension and

recorded the clogging behavior. We estimated the number of particles that passed before clogging by
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collecting the suspension that exited the channel arrays and measuring the mass of the suspension.

With the mass of the suspension, its density (approximately the density of water) and the particle

number density, we estimated the total number of particles that passed through the array before

completely clogging. The total number of particles that pass through the array prior to clogging

increases linearly with the number of channels in the array as shown in Figure A.4. This linear rela-

tionship shows that the number of particles that pass through each channels is independent of the

total number of channels in the array.

Figure A.4: Plot of N* vs. Number of Channels in the Array.

A.2 Experimental Tips and Warnings

During the initial stages of the work presented in this dissertation, I spent an inordinate amount

worrying about dust in my experiments. In fact, my concern was so severe that it bordered on para-

noia. Dust was of a great concern because if a single piece of dust entered the microfluidic channels,

it would engender clogging. Any experiment with dust would be discarded because of the dust’s
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interference with the channels’ clogging behavior. After spending a lot of time worrying, I realized

two things about dust.

First, I learned that unfortunately dust cannot be completely eliminated in typical laboratory set-

tings.* Dust is unavoidable. No matter how hard I tried there was always a piece of dust, a bit of

dirt or even a tiny chip of PDMS that broke free from the channel wall. There was no way to avoid

discarding microchannels or to avoid aborting experiments before completion. Fortunately, with

PDMS based microfluidics it is easy to fabricate many arrays of microchannels or many single mi-

crochannels as once. I quickly became comfortable discarding microfluidic channel arrays if dust was

present. Also, I gravitated towards shorter experiments. If dust interrupts a short experiment, little

time and effort is sacrificed.

Second, I learned that the presence of dust could be minimized with a few simple habits and tools.

First, I developed a habit of using lint-free wipes to clean any laboratory area prior to use. Addition-

ally, I liberally used Scotch tape and Ziploc bags. The Scotch tape was very useful in removing dust

from PDMS and other surfaces while the Ziploc bags provided a lint-free, airtight environment to

store microfluidic chips. Also, even if all environmental dust is eliminated, PDMS chips and flakes

can detach and clogg the channel. Many of the PDMS flakes orginated in the punched hole for the

inlet and outlet tubings. To minimize PDMS flakes, we used sharp biopsy punches that cut more

smoothly. Prior to rinsing with IPA, we applied compressed air to any punched hole in an attempt

to detach any PDMS flakes. Even with these habits, I discarded many microfluidic channels and

stopped many experiments due to the presence of dust.

As briefly mentioned in the Acknowledgments, my work in clogging began with yeast cells as a clog-

ging agent. I strongly discourage anyone interested in clogging from using live cells, at least in initial

work. The cells were polydisperse and their interaction with surfaces was difficult to control because

*A cleanroom is nearly free of dust. However, dust can also manifest from the particle suspension and
chips of PDMS can break off in the channel. Therefore a clean room will not necessarily solve the dust prob-
lem.
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cells of surface of cells are significantly more difficult to modify than colloidal particles. Addition-

ally, cells must be grown in an incubator and inevitably a proportion of the cells die. Presumably

dead cells have different properties from live cells and thus any experiments with cells are sensitive to

the ever changing proportion of live cells to dead cells.
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