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ABSTRACT

Dynamics of particulate suspensions in
complex flow: vortex formation, channel

clogging, and agglomerate breakup

Kim, Youngseok
School of Chemical and Biological Engineering
The Graduate School

Seoul National University

In this thesis, the dynamics of particulate suspensions in complex flow,
such as vortex formation, channel clogging, and agglomerate breakup,

was studied. Three main goals have been pursued in this thesis.

First, the effect of silica particles in poly(ethylene oxide) (PEO)
solutions on both rheological properties and vortex dynamics in micro
contraction channel flow was investigated. Although the materials used
in industry are not merely polymeric solutions or melts but also
suspensions consisting of particles as well as polymers, the researches
on the interaction between particle-polymer and their vortex behaviors
inside the contraction are rare. The effect of silica particle was



demonstrated by comparing between PEO solutions and silica/PEO
suspensions. The addition of 1.0 wt% silica particles caused the
decrease in vortex size and delayed the formation of lip vortex and the
proceeding to corner vortex. Then, as the silica concentration increased,
the vortex size increased and the flow rate, at which the lip vortex and
corner vortex formed, decreased. The vortex behavior inside micro
contraction channel was related to the storage modulus than viscosity.
The storage modulus also decreased at first and then increased with
silica concentration like the vortex size. The decrease in both the vortex
size and the storage modulus was arisen from the adsorption of
polymers onto the silica particles. Even though 1.0wt% silica particles
were added, the storage modulus decreased because the amount of free
polymer in the medium significantly decreased. Then, the storage
modulus increased because the amount of free polymer was kept nearly
constant and the silica concentration increased. The same tendency was
observed when the suspension was compensated with the additional

polymers corresponding to the amount of adsorbed polymer.

In the second part of the study, the clogging mechanism of poly(styrene)
particles in the flow through a single micro-pore was investigated.
Together with the microscopic observation, the pressure drop was also
measured. The pressure drop fluctuated according to the amount of
particles deposited inside the channel. When the particles deposited and
blocked the channel, the channel was clogged and the pressure drop
increased sharply. During the clogging process, the particles were often
detached by the flow, and interesting behaviors, such as “rolling” and

“stick and detach”, were found to be the key factors that determine



whether the clogging completely occurs or not. Above a certain flow
rate, the channel was not clogged and the pressure drop did not increase
further. The particles deposited in the upstream had an influence on the
flow path. When the particles were deposited in the upstream, the flow
detoured and the vortex was formed. The effect of viscosity was
examined by controlling the concentration of glycerol solution. As the
viscosity and flow rate increased, the shear stress applied to the
particles became larger and it was more difficult for the particles to get
accumulated. When the shear stress was high enough, the particles

could not withstand the flow and the channel was not clogged.

As the last part of the thesis, the deformation and breakup of a single
agglomerate exposed to purely planar extensional flow in a cross
channel were experimentally observed and investigated. Aggregation
was generated by applying shear with destabilized poly(styrene)
particles, and the fractal dimension, df, of the agglomerate was 2.25.
The aggregation focused on the center of the channel by the sheath
flow was rotated while approaching the stagnant point. Then, the aspect
ratio increased as it was deformed close to the stagnant point. The
probability of breakup and the fragment distribution were dependent
upon the viscosity and flow rate, and were superimposed on a master
curve as a function of the applied stress. Also, with the increase in
stress, the projected area of the fragment which was split by the flow
decreased with the power-law relationship and the exponent was in

good agreement with the model prediction.
This work provides an insight on the effect of the interaction between



polymer and particle on the rheological properties and flow field, and it
is thought to be helpful for designing various particle suspensions. It is
also expected that the mechanism of agglomerate formation and
breakup in the flow field will contribute to the control of the size of

agglomerate required in many processes.

Keywords: particulate suspension, adsorption, vortex, clogging

mechanism, aggregation, agglomerate, breakup
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Chapter 1. Introduction



1. Introduction

1.1 General introduction

Flow in contraction geometry

The flows inside contraction geometries have long been studied and
have attracted attention due to their industrial importance and range of
potential applications [1-7]. These flows have been utilized as
benchmarks both in experiments and in computational rheology. There
have been many studies on the flows of viscoelastic fluids due to
notable features they show, such as divergent flow [8-10], elastic lip
vortex [2, 4, 11], and extra pressure drop [11], none of which appear in

Newtonian fluids.

While these features originate from the elasticity of the fluid, it is
difficult to study the effect of fluid elasticity because high deformation
rates are not easily realizable in macro-scale channels larger than a few
millimeters employed in previous studies [2, 4, 7]. On the other hand,
in micro-fabricated devices, strong viscoelastic effect can be observed
even with dilute polymer solutions because a high rate of deformation
can be achieved [9-14]. Moreover, when the flow rate is increased to
obtain high Weissenberg number in a macro-channel, both the effect of
elasticity and the Reynolds number increase, indicating that the inertial
effect cannot be neglected. In contrast, the effect of fluid elasticity can
easily be studied with a micro-channel because a high Weissenberg
number can be obtained while keeping the Reynolds number low

enough due to the small length scale [9, 11, 12].
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The contraction geometry and the properties of the fluid affect the flow
patterns. There have been a few studies on the effect of fluid elasticity
and the contraction ratio [2, 4-6]. One study investigated various flow
patterns inside micro-fabricated 4:1 contraction channels [15]. In that
report, an initially Newtonian-like flow passed through various
sequences and developed into the vortex growth regime, in which the
corner vortex grew with an increase in the Weissenberg number.
Diverse flow patterns were observed depending on the fluid
viscoelasticity and aspect ratio of the channels. For example, an
initially Newtonian-like flow could develop into a corner vortex
directly or could develop first into a lip vortex, a divergent flow, and

then into a corner vortex.

There are relatively few studies on the flow of particulate suspensions
despite the fact that they are widely used in industry. The flow
behaviors of the suspensions inside slit channels have been examined
by a few researchers [16, 17]. Most particles have charges on their
surfaces when dispersed in water. The electric potential at the slipping
layer of a particle is known as the zeta potential [18]. In a suspension
consisting only of particles and solvent, the particles are well dispersed
when the absolute value of the zeta potential is large. In contrast, the
particles can be coagulated when the value is small or zero. Complex
flow behaviors, such as yielding and shear banding, can be observed
depending on the dispersion state [16, 17]. However, a suspension
consisting of particles as well as polymers shows more complicated
behaviors. When a polymer moves close to a particle, the polymer can

be adsorbed onto the surface of the particle by the van der Waal force,
-3-



hydrogen bonding, or electrostatic attraction. The extent of polymer
adsorption onto particles depends on the interaction between the
particles and the polymers [19-26]. Although it is important both in
industry and academia to understand how the microstructure of a
suspension consisting of both particles and polymers influences the
rheological properties and the flow behaviors in a complex geometry, it

has rarely been studied systematically.

Clogging mechanism

A membrane carries numerous pores and the flow through this pore can
be represented by a flow through a single contraction channel [27, 28].
When a fluid flows inside a single micro pore, various flow behaviors,
such as elastic vortex, divergent flow and extra pressure drop, can be
observed depending on the properties of the fluid, flow rate, and the
shape of the channel as mentioned above [2, 4, 11]. Also, Han et al.
studied the flow of alumina suspension in the contraction channel [17].
The effect of polymer-particle interaction on the fluid dynamics in
micro contraction geometry was also studied [29]. The common feature

in these studies is that the particles did not adsorb onto the wall.

However, it is typical that the particles deposit on the wall of a channel,
and the retention of particles cause several problems, such as pressure
drop, clogging or fouling. To prevent a fouling problem, patterned
membranes [30-32] or self-cleaning membranes [33] have been applied.

It is important to understand how a membrane is fouled or clogged and
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how they block the channel, which is very complicated. There have
been many studies on clogging [27, 28, 34-41]. Ramachandran and
Fogler [41] studied that the clogging formation of particles smaller than
the pore size originates from the hydrodynamic bridging in dead end
filtration. Although the particle size is smaller than the pore size, the
clogging was built up by the hydrodynamic bridging and the pressure
drop increased when the hydrodynamic force was strong enough to
overcome the interparticle and particle-pore surface colloidal repulsion.
In clogging or fouling, colloidal interactions play an important role.
When the particle mass flux cannot overcome the particle-pore surface
force, the particles cannot deposit on the wall. This concept is referred
to as the critical flux density [42]. Agbangla et al. [34] studied the
effect of the volume fraction of the particles, flow rate, and the
properties of the particle on the clogging process both in the dead-end
mode and in the cross flow mode. When the flow was slow or the
volume fraction of the particle was low, the clogging did not take place.
Brans et al. [43] studied the effect of transmembrane pressure (TMP)
on the transmission of a micro-sized particle suspension. At low TMP,
minimal adsorption and blocking was observed, and stable flux and full
transmission was maintained. As TMP increased, the wvalue of
transmission changed and it finally decreased to zero for high TMP due

to the formation of bridging.

The particle-wall interaction had an influence on the clogging process
[44, 45]. For a PDMS channel treated with KCI, the channel became
hydrophobic and the particles formed dendrites. On the other hand, for

a PDMS channel treated with water, the channel was hydrophilic and a
- 5 -



bridging between the patterns was built up by the particles. The shape
of a membrane affected the process how the particles stacked up. For a
straight channel, dendrites were formed on the top of the wall while the
particles clogged inner and outer channels for connected and staggered
channels [35]. The extent of clogging was also different due to their
different shape. The effect of entrance angle on the clogging rate was
also analyzed based on transition-state theory [38]. When adding a
surfactant to control the particle-particle interaction, this model
predicted significant decrease in aggregation time and showed a good
agreement with experimental data. The interplay between
hydrodynamic conditions and colloidal interactions on the particle
deposition in the pores was also investigated [46, 47]. Depending on
flow conditions and ionic strength, the shape of the aggregates was
changed. For a strong repulsive particle, a corner-shaped aggregate was
formed while various shapes of aggregates were observed for large
ionic strength. The erosion of the aggregates at high Péclet number and
the steady shape of aggregates were observed [46]. It was also reported
that high flow rate not only overcomes the particle-particle repulsive
force but also breaks up particle-wall bonding, resulting in the delay of
clogging [47]. When there exists a significant secondary energy
minimum, a consequential clogging delay was observed. Therefore, it is
important to understand the role of the hydrodynamic force and
physiochemical interactions in order to figure out the clogging
mechanism. To elucidate the clogging mechanism, the clogging process
in a single pore needs to be studied [27, 28]. Dersoir et al. [27] reported
that the length of clog was equal to the width of pore, and the aspect of

-6 -



clog was changed with the pressure applied.

However, the factors, such as the volume fraction of particles or the
particle-particle interaction, do not affect the clogging mechanism
individually. For example, the clogging was easily formed as the
volume fraction of the particle increased [34]. However, the viscosity
can be increased too when the volume fraction increased further, which
can have an influence on the particle deposition as well as on the
hydrodynamic force. Also, the suspension can have the elasticity
depending on the volume fraction and the type of the fluid. Although
the viscosity and the elasticity of the fluid can have a strong influence
not only on the fluid dynamics but on the clogging process, there exist

few studies on the effect of the rheological properties of the fluid on the

clogging.

Agglomerate breakup

The formation and breakup of a cluster of aggregates in a flow have
drawn attention in both experiments and numerical simulations [48-60].
Aggregation is formed by reducing the electrostatic repulsion with
suitable salts or depletion attraction with to a small amount of polymer,
and it has a fractal-like structure [59, 61]. When it is exposed to a flow,
it experiences deformation and breakup. The breakup in shear flow has
been studied intensively [48, 62, 63]. However, the study on the
breakup of agglomerates under the extensional flow has rarely been

performed. The breakup of aggregation in mixed flows that can be
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observed in contraction channel or nozzle has been explored recently
[54, 57, 58, 60]. However, in contraction flow, the extensional flow is
significant just right before and after the contraction throat, and shear
flow is still dominant in upstream and downstream [57]. In addition, the
capillary breakup extension rheometer (CaBER), which can be used to
generate a uniaxial flow experimentally, has a disadvantage in that the
flow cannot reach the steady state [64]. Thus, in the previous
experiments using extensional flows, the time, during which an
agglomerate can experience the extensional flow, is too short or it is not
suitable to observe the behavior of the aggregation. As a way to
overcome these problems, a cross channel which generates a planar

extensional flow can be used [65].

In this thesis, the dynamics of particulate suspensions in complex flow,
which includes vortex formation, channel clogging, and agglomerate
breakup, was studied. Firstly, by comparing the rheological properties
and vortex development of silica/PEO suspensions with those of PEO
solutions, the effect of silica particles on the rheological properties and
vortex dynamics was examined. Secondly, as a first step to examine
how rheological properties of the fluid have an influence on the
clogging mechanism, the effect of the fluid viscosity on the clogging of
poly(styrene) particles inside a single pore was investigated. Lastly, the
breakup of a single agglomerate under purely extensional flow was

studied.

1.2 Outline of the thesis



The objective of this thesis is to study the dynamics of particulate
suspensions in complex flow including vortex formation, channel

clogging, and agglomerate breakup.

In section 2, the experimental set-up will be introduced. In this studies,
two different type of channels were employed: first is the contraction
channel and the other is the cross channel. So, in section 2.1, how to
generally fabricate a micro channel is described and the specific
geometry of channels is dealt with in each topic. In section 2.1, the
observation system to observe the flows or the agglomerate behaviors

1s shown.

In section 3, the effect of silica particles on vortex dynamics of
poly(ethylene) oxide solutions is examined. In this section, the vortex
development in PEO solutions will be explored. The vortex
development characteristics of silica/PEO suspensions will then be
demonstrated to show the effect of silica particles, after which the
rheological properties and the amount of adsorption are investigated in

an effort to explain the vortex behaviors.

Section 4 describes the effect of the fluid viscosity on the clogging of
poly(styrene) particles inside a single pore. In this section, notable
behaviors during the clogging process and the relationship between the
deposition of particles and pressure drop will be explored. Then, the

effect of the shear force on the clogging pressure drop will be treated.

Section 5 quantitatively analyzes the breakup process of the

aggregation under the extensional flow. In this section, the behavior of

-9-



a single agglomerate at stagnant point was observed. The fragment area
showed a power-law relationship with the applied stress, which was in

good agreement with a model prediction.

Chapter 2.

Experiment section
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2. Experiment section

2.1 Channel fabrication

In this thesis, micro channels, such as contractions and a cross-shaped
geometry were used to observe flows and agglomerate behaviors inside
channels. In this section, the way to fabricate the channel is described

and the specific geometries will be introduced in each topic.

The mold of the micro channel was made with typical photolithography
method by using a SU-8 photo resist and a chrome mask [66, 67]. The
micro contraction channel was fabricated by using poly(dimethyl
siloxane) (PDMS, Sylgard 184A, Sewang Hitech Silicone, Korea).
PDMS and curing agent (Sylgard 184B, Sewang Hitech Silicone, Korea)
were pre-mixed with the ratio of 10 to 1, and the mixture was used after
removing bubbles by a vacuum pump. PDMS was evenly coated on a
cover-glass using a spin-coater and was poured onto an SU-8 mold.
Both the PDMS coated cover-glass and mold were pre-baked in an
oven at a temperature 80 °C for 20 min. After softly cross-linked
PDMS which was separated from the mold was placed on the PDMS-
coated cover-glass, the channel was left in the oven overnight. This
PDMS-fabricated channel is known to be hydrophilic [68]. Because the
-11 -



channel is transparent, it is suitable to observe the flow or clogging

inside the channel.

2.2 Observation system

To observe inside the channels, the inverted microscopy, IX-71
(Olympus, Japan) was used. The light from a halogen lamp was
illuminated above the channel and the flow inside channel was
monitored by a lens with various magnification below the channel (Fig.

2.1).

In section 3, to monitor the streamlines of the flow, 0.03 wt% of 1 um
carboxylate-modified red fluorescent particles (excitation/emission =
520/580 nm) were introduced. The light from the mercury lamp used in
this study (Olympus, Japan) had a wavelength of 530 nm, with the light
filtered by an XF102-2 filter (Omega Optical, USA) with illumination

onto the contraction part.

To record flows inside channels, CCD camera or high-speed camera
were adopted. CCD camera (resolution: 1000 x 1000 pixels)
(Hamamatsu, Japan) was highly sensitive. For a high-speed camera
(Photron Fastcam Ultima 512, Photron Inc., USA), the frame rate was
2000 fps, and the camera resolution was 512 x 512 pixels, covering

392.7 x 392.7 pnt’.
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Fig. 2.1 Observation system. Contraction or cross geometries were used.

Depending on channels, the number of inlets and outlets is different and

it is dealt with in each section.
-13 -
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Chapter 3.

Effect of silica particles on
vortex dynamics of

poly(ethylene) oxide

- 14 -



solutions

3. Effect of silica particles on vortex dynamics of

poly(ethylene) oxide solutions

3.1 Experimental

3.1.1 Materials

The silica particles used in this study were synthesized by the Stober
method [69]. First, 250 ml of anhydrous ethyl alcohol (Daejung, Korea)
and 27 ml of an ammonia solution (28 wt%, Aldrich, USA) were mixed
for 20 minutes. Then, an amount of 15.6 ml of tetracthoxysilane
(Aldrich, USA) was quickly added and the mixture was stirred at room
temperature for four hours. A magnetic stirrer was used, and the mixing
rate was fixed at 500 rpm in all mixing steps. After the synthesis step,
the particles were washed three times in absolute alcohol. Well-
dispersed silica particles could then be obtained by washing the
particles with water four times. The diameter of the silica particles was
approximately 260 nm, as shown in the SEM image in Fig. 3.1. Silica
particles are known to have a negative zeta potential in a wide range of
pH levels [70]. Using zeta-potential & particle size analyzer ELS-Z
(Otsuka Electronics, Japan), the zeta potential was measured and found
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to be negative from pH 3 to pH 11 (Fig. 3.2). The BET surface area of
the particles was 143.85 m’/g.

Fig. 3.1 SEM image of the synthesized silica particles (average

diameter = 260 nm, standard deviation =11.7 nm).
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Fig. 3.2 Zeta potential of the synthesized silica particles (error bars

included). The dotted line is a simple guide line.

Poly(ethylene oxide) (Sigma-Aldrich, USA, Mw=2,000,000 g/mol) was
used as a polymer. PEO adsorbs onto the surface of silica due to
hydrogen bonding. This mechanism was explained in previous studies
[19-21]. To observe the vortex development of PEO solutions without
silica particles, 0.6, 0.8, and 1.0 wt% of PEO solutions were used, with
the samples labelled as PEO0.6, PEO0.8 and PEOL1.0, respectively. To
investigate the effect of silica, the PEO concentration was fixed at 1.0
wt% and silica concentrations of 1.0, 2.0, 4.0, and 8.0 wt% were used,
with labels of PEO1.0_S1.0, PEO1.0_S2.0, PEOI1.0 S4.0, and
PEO1.0_S8.0, respectively. PEO0.6 S1.0 and PEO0.85 S1.0 denote
the suspensions of 1 wt% silica in the 0.6 and 0.85 wt% PEO solutions,
respectively (Table 3.1).
S17 -



Table 3.1. Sample names, concentrations, rheological properties and
the adsorption of polymer per unit area. 1 is the zero-shear viscosity, G’
is the storage modulus at a frequency of 10 rad/s, A denotes the
characteristic relaxation time (measured by CaBER) and I is the
amount of adsorbed polymer per unit area (measured by zeta-potential

& particle size analyzer ELS-Z7).

Name PEO Silica Mo G’ A r
conc. conc. [Pas] [Pa] [ms] [mg/m’]

[Wi%]  [wt%]

PEOO0.6 0.6 0.0 0.040 0.076 -
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PEOO.8 0.8 0.0 0.095 0.23 -

PEOL1.0 1.0 00 020 048 40 -

PEO1.0_S1.0 1.0 1.0 015 036 24 3.0
PEO1.0_S2.0 1.0 20 022 044 32 1.5
PEO1.0_S4.0 1.0 40 033 070 43 0.8
PEO1.0_S8.0 1.0 8.0 0.61 1.20 77 0.4
PEO0.6_S1.0 0.6 1.0 0.033 0.049 1.7
PEO0.85_S1.0 0.85 1.0 0.11 0.078 2.6

To produce the silica/PEO suspensions, pre-calculated amounts of
polymer were dissolved in distilled water overnight. In each case, the
silica suspension was well dispersed in water and was used after being
dispersed by sonication for 30 minutes. After a pre-calculated amount
of the silica suspension was added to the PEO solution, mixing took
place under a mild condition using a magnetic stirrer for 48 hours. It
was confirmed that the adsorption process of PEO onto silica was
completed within 24 hours. The amount of polymer adsorbed onto the
silica particle per unit area was measured using a total organic carbon
analyzer sievers 5310C (TOC, GE, USA), which can measure the

carbon concentration in a sample. It was considered that the difference
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between the initial concentration and the concentration of the
supernatant solution as measured by the TOC system was equivalent to

the amount of PEO adsorbed onto the silica particles.

3.1.2 Channel geometry

The micro-channel shown in Fig. 3.3 was designed and used. Here, W,
is the upstream width, Wy is the downstream width, and h is the
channel height. W,, Wy, and h are 400, 100, and 50 pum, respectively.
The upstream length of the channel was 1 cm, which was enough to
guarantee a fully developed flow. The downstream length was fixed at

3 cm, which was long enough to remove the influence of the vortex

[12].
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Fig. 3.3 Schematic of the 4:1 contraction channel: W, = upstream width

of the channel, W4 = downstream width, h = channel height.

3.1.3 Rheological measurements

A rotational rheometer DHR-3 (TA Instruments, USA) was employed

to measure the viscosity and moduli of the polymer solutions and
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silica/PEO suspensions. As both the viscosity and modulus are
relatively low, a 60-mm parallel plate was used. All rheological
properties were measured at 25 °C. To measure the material properties
(the storage and loss modulus), a dynamic strain or stress sweep test
was conducted at small strain amplitude (SAOS). It was not easy to get
reliable data at low strain and low angular frequency, especially for low
PEO concentration. The condition (the strain 10 % and the angular
frequency 10 rad/s) was set to guarantee linear viscoelasticity with

good data reliability.

The relaxation time of the sample was measured using a capillary
break-up extensional rheometer (CaBER, Haake, USA). Reproducible
and reliable relaxation time of semi-dilute and low viscous solutions
could be measured [71]. The dimensionless numbers were calculated
with these relaxation times (see section 3.1.4). The viscosity, storage

modulus, and relaxation time of each sample are given in Table 3.1.

3.1.4 Dimensionless numbers

To characterize the dynamics of the flow passing through the micro-
contraction channel, the Weissenberg number (/i) and Reynolds
number (Re) were introduced [9, 11]. First, the Reynolds number is the
ratio of the momentum force to the viscous force. It is defined as

follows,

o = pV.Dy, _ 2pQ
Mo Wy + h)ny’
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where p is the fluid density, 7, is the zero-shear viscosity,
V. = Q/(W,h) is the average velocity, and D, = 2W, h/(W,; + h) is

the hydraulic diameter.

The Weissenberg number is defined as the product of the characteristic

time of the material and the characteristic rate of deformation:

AV,
Wy/2

Wi=2 =

Here, A is the characteristic (relaxation) time and y is the shear rate.

For the PEO1.0 solution, the zero-shear viscosity was 0.2 Pa‘s and the
relaxation time was approximately 40 ms. When the flow rate is Sml/hr,
the Reynolds number and Weissenberg number are 0.09 and 222.2,
respectively. Because the Reynolds number is very small and the
Weissenberg number is large, the elasticity dominates the fluid

dynamics in this system.

3.2 Behavior of PEO solution

First, the vortex development in the poly(ethylene oxide) solutions
without silica particles in the contraction channel was observed. The
concentration of the PEO solution was varied from 0.6 to 1.0 wt%. For
PEO with a molecular weight of 2 million, the calculated overlap
concentration (") was 860 ppm according to
c*=0.77/[n] = 0.77/0.072M3°%> [72, 73]. Here, My is the

molecular weight and [n] is the intrinsic viscosity. As a result, the
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concentration was semi-dilute and was approximately ten times higher
than the overlap concentration. For a low concentration of PEO
solution (approximately 0.3 wt% and below), a vortex did not appear
under the tested conditions. For higher concentrations, a considerable
amount of time was needed to dissolve the polymer, and it was difficult

to obtain a homogeneous sample.

Fig. 3.4 shows the vortex sizes of the 0.6, 0.8 and 1.0 wt% PEO
solutions versus the flow rate. For the PEO1.0 solution (triangle
symbol), the vortex gradually developed as the flow rate was increased.
When the flow rate was low, the vortex did not appear, as shown in Fig.
3.4(a); this state is known as a Newtonian-like flow. Thus, the vortex
size cannot be measured until a specific flow rate is reached. When the
flow rate was larger than 0.3 ml/hr, a vortex appeared next to the throat
of the contraction; this type of vortex is termed a lip vortex (Fig. 3.4(b)).
The lip vortex expanded towards both the upstream and corner
directions with an increase in the flow rate. When the lip vortex
develops such that it is located at the corner, it is referred to as a corner
vortex (Fig. 3.4(c)). After the formation of the corner vortex, the vortex
grew toward the upstream direction. This vortex sequence is in good

agreement with earlier findings [15].

The flow rate at which a lip vortex or corner vortex was formed was
found to depend on the properties of the fluid, while the vortex
developed in the same sequence for different concentrations. As shown
in Fig. 3.4, the higher the PEO concentration was, the larger the vortex
became due to the high degree of elasticity.
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Fig. 3.4. Vortex development of PEO solutions as a function of the flow
rate. The images are for PEO concentration of 1.0 wt%: (a) Newtonian-
like flow at Q=0.2 ml/hr, (b) lip vortex at Q=0.3 ml/hr, and (c) corner
vortex at Q=0.7 ml/hr.

3.3 Behavior of PEO/silica suspension

First, a sedimentation test was conducted on all samples to assess the
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stability of the suspensions. A vial with a diameter of 19 mm and a
volume of 12 ml was filled with the suspension and then left
undisturbed. The silica alone without polymer completely settled down
in three days, whereas the silica in all silica/PEO suspensions did not
settle down, even after a month. Also, in each case, the particles
observed in the cryo-SEM were well dispersed. In other words, the

stability of all the samples was guaranteed.

3.3.1 Vortex development

Similar to PEO solutions, the vortex in the suspensions increased with
an increase in the flow rate. The overall vortex shape of the suspensions
looked similar to that of the PEO solution. In addition, it was
Newtonian-like flow initially, in which the vortex did not form at low
flow rate and then formed as a lip followed by a corner vortex. Thus,
the addition of silica particles did not have any influence on the vortex

sequence.

On the other hand, the particle affected the vortex size. It also changed
the flow rate at which the lip vortex formed and developed into a corner
vortex. To understand the effect of silica particles, the vortex
development was observed as the silica concentration was increased
from 0.0 to 8.0 wt% while fixing the PEO concentration at 1.0 wt%.
Fig. 3.5(a) shows the vortex size as a function of the Weissenberg
number which was calculated using the CaBER relaxation time. As

shown in Fig. 3.5(a), the lip vortex grew with increasing the
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Weissenberg number approximately from 10 to 20, while the corner
vortex developed at the Weissenberg number larger than 20. It is
interesting to note that in most cases, the slope of the vortex size
changed at the point where the lip vortex developed to the corner
vortex. For an easier comparison of the vortex size, all vortex sizes
were normalized with the vortex size of the PEO1.0 solution at an
identical flow rate (Fig. 3.5(b)). For the suspensions with silica
concentrations of 1.0 and 2.0 wt%, the vortex was smaller than that of
the PEO1.0 solution. When the concentration of silica increased further,
the vortex size increased and became larger than that of the PEO
solution (Fig. 3.5(b), 4.0 and 8.0 wt%). When the flow rates were 1.0,
1.5, and 2.0 ml/hr, the curves for the normalized vortex size overlapped
regardless of the flow rate. In contrast, the normalized vortex size with
silica concentrations of 1.0 and 2.0 wt% did not overlap with each other,
as a lip vortex formed for PEO1.0_S1.0 and PEO1.0_S2.0, whereas the
vortex had already developed as a corner vortex for PEO1.0_S4.0 and
PEO1.0_S8.0 when the flow rate was 0.5 ml/hr.

As the concentration of silica influences the vortex size, it also affects
the flow rate at which the lip vortex is formed and the flow rate at
which the lip vortex develops into a corner vortex. For the PEO1.0
solution, the lip vortex had already appeared at a flow rate of 0.3 ml/hr.
However, the lip vortex was observed at 0.5 ml/hr for the suspension
containing 1.0 wt% of PEO and 1.0 wt% of silica (PEO1.0_S1.0).
When the silica concentration increased to 2.0, 4.0, and 8.0 wt%, the
flow rates at which the lip vortex formed were found to decrease to 0.4,

0.3, and 0.2 ml/hr, respectively. Similar to the lip vortex, the flow rate
- 08 -



at which the lip vortex developed into a corner vortex also changed
according to the silica concentration. While the flow of PEOI1.0 had
already led to the formation of a corner vortex at a flow rate of 0.5
ml/hr, the flow of PEO1.0_S1.0 developed into a corner vortex at 0.7
ml/hr. With an increase in the silica concentration, the flow rate at
which the corner vortex formed decreased again (0.7 ml/hr for
PEO1.0 S2.0, 0.5 mlhr for PEO1.0 S4.0 and 0.4 ml/hr for
PEO1.0_S8.0).

In other words, the silica concentration has an influence on both the
vortex size and the flow rate at which the lip or corner vortex was
formed when the PEO concentration was fixed at 1.0 wt%. Depending
on the silica concentration, the vortex size decreased and then increased
while the flow rate at which a lip or corner vortex was formed

increased and then decreased.
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Fig. 3.5 (a) Vortex size of PEO/silica suspensions as a function of
Weissenberg number. (b) Normalized vortex size of the suspension
relative to the vortex size of the PEO solution. The PEO concentration

was 1.0 wt% and silica concentration varied from 0 to 8.0 wt%.
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3.3.2 Effect of viscoelasticity

Fig. 3.6(a) shows the shear viscosity of the suspensions. Strong shear-
thinning is observed for all the samples. For the suspension with a silica
concentration of 1.0 wt%, the viscosity was lower than that of the
polymer solution without silica [21], while the viscosity of the
PEO1.0_S2.0 suspension was comparable to that of the PEOI1.0
solution. On the other hand, a gradual increase in the viscosity was
observed for the suspensions containing 4.0 and 8.0 wt% of silica.
Although the viscosity of PEO1.0_S1.0 was lower than that of PEO1.0
and the viscosity of PEO1.0_S2.0 was similar to that of PEO1.0 (Fig.
3.6(a)), the growth in the size of the vortex for these two suspensions
(PEO1.0_S1.0 and PEOI1.0_S2.0) was less than that of the PEO1.0
solution (Fig. 3.5(b))

In addition to the viscosity, the elasticity affects the vortex development.
The storage modulus was measured to estimate the elasticity. As shown
in Fig. 3.6(b), the storage moduli of the two suspensions composed of
1.0 and 2.0wt % silica particles were smaller than that of the pure PEO
solution. In contrast, the storage moduli of PEOI1.0 S4.0 and
PEO1.0_S8.0 were larger than that of the PEOI.0 solution. This

tendency is consistent with the vortex size.

The relaxation time also showed a trend similar to that of the storage
modulus. As shown in Table 3.1, the relaxation time of PEO1.0 was
approximately 40ms. The relaxation times for the suspensions with 1.0
and 2.0 wt% silica were 27 and 32 ms, respectively. However, when the
silica concentration was 4.0 and 8.0 wt%, the relaxation time was larger
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than that in the PEO1.0 case (Table 3.1); this tendency is in excellent

agreement with the storage modulus data (Fig. 3.6(b)).
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Fig. 3.6. Rheological properties of PEO/silica suspensions: (a) shear

viscosity as a function of shear rate, (b) storage modulus (G’) and

relaxation time (A) as a function of silica concentration. The PEO
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0.0 to 8.0 wt%. Error bars are included in (b).
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It was reported that the viscosity decreases and then increases with an increase
in the PEO concentration when the silica concentration is fixed; the decrease
in the viscosity with an initial increase of the PEO dosage is attributed to
steric hindrance arising from the polymers being adsorbed onto the surface of
the particles [17]. Likewise, the adsorption of PEO onto the surface of silica

particles can affect not only the viscosity but also the storage modulus.

3.4 Adsorption of polymer

The amount of adsorption per unit area of each sample is shown in
Table 1. The amount of adsorption was 3.0 mg/m® when the PEO
concentration and the silica concentration were both 1.0 wt%. In
previous studies, though the amount of adsorption depended on the
molecular weight of PEO and the size of the silica particles, the value
was approximately 1.0 mg/m® [19, 20]. It was also reported that the
amount of adsorption reached 2.5 mg/m’ [74]. Though the amount of
adsorption in this study is larger than those in previous results, it does

not deviate significantly.

As shown in Table 3.1, the amount of adsorption decreased with the
increase in silica concentration because the amount of adsorption per
unit area depends on the ratio of the polymer to the silica particles.
When the particle concentration is constant, the amount of adsorption
usually increases with the polymer-to-particle ratio. When this ratio
exceeds a specific value, no additional sites for polymer adsorption
remain, with adsorption thus reaching the saturation point. The amount

of adsorption can be calculated by dividing the total amount of
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adsorbed polymers by the total area of the particles. Because the
density of silica is roughly 2 g/cm’, 1.0 wt% of silica is equivalent to
0.5 vol%. When 0.5 vol% of silica particles is dissolved into water,
there is no distinguishable difference in the viscosity from that of water.
(At 25 °C, the viscosity levels of water and of the suspension consisting
of 0.5 vol% of silica were 8.52 mPa-s and 8.55 mPa-s, respectively.).
On the other hand, the viscosity and storage modulus of the suspension
with 1.0 wt% of PEO and silica decreased by as much as 27 and 25%,
respectively. It can be considered that this change arises from the
interaction between the polymer and the particles; that is, PEO adsorbs

onto the surface of the silica particles.

When 1.0 wt% of silica was added, some of the polymer in the medium
was adsorbed onto the silica and the amount of free polymer decreased.
Because the amount of adsorption per unit area was 3.0 mg/m” with 1.0
wt% of silica (Table 3.1) and given that the surface area of the silica
particles was approximately 143.85 m®/g, the total amount of
adsorption was approximately 0.43 g/100 g suspension, indicating that
the mass of silica was 1 g and the amount of adsorption was 0.43 g
when the total mass of the suspension was 100 g. This corresponds to
43% of the initial polymer concentration. Therefore, the polymer
concentration in the medium was only 0.57 wt%. The storage modulus
for 1.0 wt% of PEO solution was 0.48 Pa, while that of PEOQO0.6 (~0.57
wt%) was 0.076 Pa, which is only 16% of the value for PEO1.0. The
decrease in the storage modulus arises from the decrease in the polymer
concentration in the medium, however, the adsorbed polymer remains

on the surface of the particles. Thus, the storage modulus did not
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decrease to the degree noted with PEOQ.6, but it did reach 75% of the
value for PEO1.0, i.e., about 0.36 Pa.

When the silica concentration was 2.0 wt%, the total amount of
adsorption was 0.43 g/100 g suspension (Table 3.1). Likewise, the total
amount of adsorption was 0.46 g/100 g suspension with both 4.0 and
8.0 wt% of silica, and the total amount of adsorption remained nearly
constant, at 0.43~0.46 g, regardless of the silica concentration. This
result arose because the sites on which the polymers could adsorb
increase with an increase in the number of silica particles despite the
fact that the amount of adsorption per unit area decreases. Thus, the
storage modulus increased because the number of silica particles with
adsorbed polymers increased while the amount of free polymer in the

medium remained nearly constant.

Extra polymer was added to compensate for the reduced free polymers
due to adsorption and to confirm that the total storage modulus
decreased due to the decrease in the amount of free polymer in the
medium. For this purpose, the PEO0.6 solution and the PEO0.6_S1.0,
and PEOO0.85 S1.0 suspensions were compared. When 1.0 wt% of
silica was added to 0.6 wt% of PEO solution, the amount of adsorbed
PEO was measured and found to be 0.25 g/100g suspension. The
proper amount of polymer corresponding to that amount was added,

and the sample was denoted as the PEO0.85 S1.0 suspension.

Similar to the previous result, both the viscosity and the storage

modulus decreased when an amount of 1.0 wt% of silica particles were

added to 0.6 wt% of PEO solution (Fig. 3.7). For PEO0.85_S1.0, which
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was compensated with additional polymer, the storage modulus
recovered such that it was comparable to PEOO0.6, although the
viscosity increased by 2.8 times that of PEOQ.6. The storage moduli of
PEO0.85 S1.0 and PEOO0.6 were 0.079 Pa and 0.076 Pa, respectively
(Fig. 3.7(b)).
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modulus.

In addition, the vortex of PEO0.6 S1.0 was smaller than that of
PEOO0.6 (Fig. 3.8). Similar to the previous result, this arose because the
polymers in the medium were adsorbed onto the silica and the amount
of free polymers decreased. In contrast, the vortex of PEO0.85 S1.0,
for which the effect of the lost free polymer was mitigated via
additional polymer, developed in a manner similar to that of PEOO.6, as
the polymer concentration in the medium in this case increased by

compensating for the amount of adsorbed polymers.
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Here, the correlation of rheological properties with the vortex
development becomes more apparent. Although the viscosity levels of
PEOO0.6 and PEOO0.85 S1.0 were different, it was observed that the
vortices of the two samples developed similarly, from which it can be
said that the fluid elasticity had a stronger influence on the vortex

dynamics in the micro-contraction channel than the viscosity.

When 1.0 wt% of silica was added to the PEO solution, the modulus of
the suspension decreased because the PEO in the medium was adsorbed
onto the silica surface. At this point, the polymer concentration in the
medium was only 0.57 wt%, which resulted in a decrease in the storage
modulus. When the silica concentration increased to 2.0 wt% and
surpassed that level, the total amount of adsorption rarely changed
because the amount of adsorption per unit area decreased with an
increase in the silica concentration. The storage modulus increased
because more silica particles were added, while the amount of free

polymer remained nearly constant.

The change in the storage modulus due to polymer adsorption
influenced both the vortex size and the flow rate at which the lip vortex
or corner vortex was formed. Although the amount of free polymer
decreased when the particles were added to the PEO solution, the total
storage modulus could be recovered with additional polymers
corresponding to the amount of adsorbed polymer. Moreover, the

vortex developed similarly with the recovery of the storage modulus.
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From these results, it can be concluded that the addition of particles
into a viscoelastic fluid does not monotonously increase the viscosity or
the storage modulus of the suspension. It is important to understand the
interaction between the polymer and the particles. When the polymer
adsorbs onto a particle, the concentration of free polymer can vary,
having a strong effect on both the rheological properties and the vortex

development.
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Chapter 4.

Clogging mechanism in

contraction channel flow
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4. Clogging mechanism in contraction channel

flow

4.1 Experimental

4.1.1 Materials

A suspension was prepared by adding poly(styrene) particles into a
glycerol solution, which is a Newtonian fluid. To control the viscosity
of the Newtonian medium, the concentration of glycerol in DI water
was controlled. The viscosity of glycerol solution was measured with
DHR-3 (TA instruments, USA), which is a stress-controlled rheometer.
A 60-mm parallel plate and peltier were used and the temperature was

kept at 25 C. The viscosity behaved as a Newtonian fluid in which the

viscosity does not change with the shear rate. The viscosity gradually
increased with the increase in concentration of glycerol. The
concentration of glycerol used in this study was 60, 70, and 80 wt. %
and the shear viscosity was 8.7, 18.0, and 42.9 cp, respectively. The
particle used in this study was poly(styrene) (PS) synthesized by the
emulsifier-free emulsion polymerization [75]. The size of the particle
was about 565 nm with high monodispesity, in which the standard
deviation was about 9.6 nm. The PS particle was dispersed in DI water
by sonication for 30 minutes before use. To make a suspension, a
glycerol solution was prepared at a specific concentration. After pre-
calculated amount of PS particles dispersed in water was added into the
glycerol solution, the sample was mildly mixed (rpm=200~300) for one
day. The pH of this PS-glycerol suspension was 4.5~4.7 and the zeta-
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potential of PS particle in glycerol solution was -43.3 mV. The
concentration of the particle was 0.05 wt. %. A vacuum adapter filter
funnel (SciLab, Korea) with porosity of 16~40 pm was used to make
sure that there was no aggregation, which can block the channel. For a
convenience, glycerol solutions with the concentration of 60, 70, and80
wt. % were labelled as Gly60, Gly70, and Gly80, respectively. PS-
glycerol suspensions were denoted by Gly60PS, Gly70PS, and

Gly80PS according to the concentration of glycerol, respectively.

4.1.2 Channel geometry

A micro-contraction channel was employed to examine the clogging
process of particles in a single pore (Fig. 4.1). W, and Wy are the
upstream and downstream width and they were 180 and 45 um,
respectively, which means that the contraction ratio was four. The
channel height was 100 um. The length of the upstream from inlet to
contraction was 10 mm, and the length of the downstream from

contraction to outlet was 15 mm (Fig. 4.1 (b)).

- 45 -



(b)

Inlet
@—‘ 10mm / | 15mm

b

Outlet

Contraction /
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height. (b) Schematic of a channel and visualization system. Upstream
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and downstream length were 10, 15 mm, respectively. () represents a

pressure sensor.
4.1.3 Differential pressure drop measurement

In addition to capturing images by CCD camera, differential pressure
drop was also measured to quantify the clogging process. For this, an
uPS pressure sensor (LabSmith, USA) was used. Two types of sensors
were employed according to the pressure range. One (uPS0250) could
measure 0~250 kPa and the other (uP0800) has a range of 0~800 kPa.
Although both sensors were used depending on the fluid and flow rate,
uP0800 sensor was mainly used. The resolution of uP0250 and uP0800
was 1 and 5 Pa, respectively. The sensor was installed between a
syringe and the channel inlet (Fig. 4.1(b)). Tygon tube was used to link
between the syringe and the sensor, and between the sensor and the
inlet. The outlet of the channel was left open. From this set-up, the
clogging process could be monitored by measuring the differential
pressure drop simultaneously with visual information taken by CCD
camera. First, the pressure drop without PS particle was measured (Fig.
4.2(a)). To observe the clogging process and measure the pressure drop,
the fluid was injected for a long time by a syringe pump (PHD4400,
Harvard apparatus, USA). The pressure drop increased linearly with
flow rate (Fig. 4.2(a)) [2, 11, 76]. The pressure drop can also be
expressed as the product of flow rate and hydraulic resistance
(AP = RQ,where AP is the pressure drop, R is the hydraulic resistance,
and Q is the flow rate.). Fig. 4.2(b) shows the medium resistance of

solvent (glycerol solutions) (Ro) with flow rates. It was nearly constant
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until a certain flow rate and then decreased. It is because the slope of
the pressure drop decreased due to the swelling of the channel at high
flow rates (Fig. 4.2(a)). Thus, in this study, the flow rate was limited to
1.5, 1.0, and 0.5 ml/hr for Gly60, 70, and 80, respectively.
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Fig. 4.2 (a) Differential pressure drop of glycerol solutions without PS
particles. (b) The hydraulic resistance of glycerol suspensions with flow
rate. The unit of flow rate is m’/s. For convenience, the flow rate in

ml/hr unit is also given on the upper x-axis (vertical dotted lines).
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4.1.4 Operation conditions

The admissible range of the flow rate depends on fluid. In the case of
Gly60PS, the experiments were possible over a relatively broad range
of flow rates, from 0.3 to 1.5 ml/hr. The Reynolds number (Re=

VaD 2 . . . . .
PVabn _ 2P0 _ e ratio of inertial force to viscous force, where p is
n (Wa+h)n

the fluid density, 7 is the shear viscosity, V; = Q/W,h is the average
velocity, and Dy, is the hydraulic diameter.) corresponds to 0.20 to 1.0.
For Gly70PS, the range was from 0.3 to 1.0 ml/hr (0.10<Re<0.32), and
for Gly80PS, it was from 0.3 to 0.5 (0.04<Re<0.07). All experiments

Ppdp Va

were conducted below Re ~ 1. Stokes number (St = ,
187 Wy

where p,,

is the particle density, and d,, is the particle size) was also calculated
in the order of O(10"°-10"®). Table 4.1 shows the viscosity and shear
stress covered in this study with the flow rate of glycerol solutions

without PS particles.

As mentioned before, the fluid was injected at a constant flow rate by
using a syringe pump. While the rate of clogging varied according to
the fluid and flow rate, the particles began to deposit on the channel
wall right after the startup of a test in all cases. This was confirmed by

both CCD camera and the pressure drop.
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Table 4.1 The viscosity and shear stress at each flow rate of glycerol
solutions. The shear stress is the product of the shear rate (in the
parenthesis) and shear viscosity in Pa unit. Flow conditions that did not

cause clogging are marked with grey boxes.

o [Pa]
g [ o=03

Flud o | bl 05 0.7 1.0 15
(7=823.0 (1371.7) (1920.4) (2743.4) (41152)
[1/s])

Gly60 | 8.7 72 119 167 239 358

Gly70 | 18.0 148 247 3461494

Gly80 | 42.9 35.3 117588 [Pa]
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4.2 Clogging mechanism and pressure drop

Although the rate of clogging was different with different viscosity and
flow rate, the overall behavior was similar. Fig. 3 shows the normalized
pressure drop and the images over time when Gly70PS flowed at the
flow rate of 0.3 ml/hr. The normalized pressure drop is the pressure
drop of PS/glycerol suspension divided by the pressure drop at the
same flow rate of the glycerol solution with no particle. The normalized
pressure drop indicates how much the pressure drop was increased over
the one without the particles. When Gly70 flowed with no particle at

the same flow rate (0.3ml/hr), the pressure drop was maintained at 25.7
kPa (Fig. 4.2(a)) and the hydraulic resistance was 3.09-10" kg/m* (Fig.

4.2(b)). However, as shown in Fig. 4.3(a), the normalized pressure drop
of Gly70PS showed a complex behavior while fluctuating up and down
repeatedly over time. That is, the particle deposition has an influence
on the pressure drop. Right after the test began, the pressure drop
steeply increased. While the pressure drop of Gly70 (without particle)
was about 25.7 kPa, the pressure drop of Gly70PS reached 25 kPa in
6.4 s and continuously increased. Here, the hydraulic resistance can be
considered as the summation of the additional resistance, R, and the
medium resistance, Ro (AP = (R, + R,)Q). Because the pressure drop
of glycerol solution is defined as APg, = RoQ, the relationship
between the normalized pressure drop and the resistance ratio is given

as Ra/RO = AP/APGly —1.
In Fig. 4.3(b), the dark area near the channel wall results from the PS
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particles which were stuck to the wall. The particles started to deposit
on the wall, especially in the downstream right after the contraction in
early stage of the test. Here, it should be noted that the particles did not
deposit at upstream in the beginning, but it deposited at downstream
first. As time passed, the amount of particles deposited on the wall
increased. In Fig. 4.3(b), the particles already deposited on the
downstream wall after 2 min. As the wall was already coated with a
layer of particles along the downstream, newly approaching particles
stuck temporarily and detached by the flow, and rolled over the coated
particles and flowed away, which is defined as “rolling” in this study.
The extent of “rolling” is important because it can determine whether
the channel will eventually be blocked or not. It was repeating that
some particles were separated and flowed away from the wall while
some particles were adsorbed on the wall and did not move. At 74 min,
the accumulated area expanded over the entire contraction. Although
some particles began to deposit at upstream, it did not block the entire
channel, but simply sticking to the top or bottom of the channel (the

size of particle was 565 nm and the channel height was 100 pm).

Although the accumulating particles appeared to block the contraction
completely at 112 min, there was no complete clogging occurred. This
is due to the fact that the images from the microscope are two
dimensional. Still, the channel did not burst, and the pressure drop did
not grow particularly large, as shown in Figure 4.3(a). Though it seems
to be completely clogged in the images, in reality there was enough
hole in the middle, allowing fluids to flow. It would be interesting to

look at the clogged structure, but it was not possible to look inside the
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structure with the inverted microscope. Therefore, measuring the
pressure drop in addition to taking the images can be a complementary

tool to examine the clogging mechanism.

The particles were then piled up in the upper part of the contraction,
and the normalized pressure drop was maintained at around 2+0.5.
Occasionally, as the amount of accumulated particles increased, the
pressure drop suddenly increased, after which it dropped when the
particles were removed from the contraction by the flow. As shown in
Fig. 4.3(a), the peak appeared near 600 min. When the particles
blocked the contraction as in image (5), the normalized pressure drop
rapidly increased to about 5.2. This was about 5 times the pressure drop

of 25.7 kPa where there was no particle.

For simplicity of calculation, assuming a straight square duct flow, we
have a relation of AP~Q/A” by the Hagen-Poiseuille equation. That is,
the pressure drop is inversely proportional to the square of the cross-
sectional area of the channel. A 5-fold increase in pressure drop means

that the cross-sectional area of the channel has decreased by a factor of

/5. Thus, when the particles were piled up and the effective area was
reduced, a considerable increase in pressure drop could be observed.
Since the syringe pump was used in this experiment, the fluid was
pumped at a constant flow rate regardless of the pressure. In the image
(6) after 622 min, the accumulated particles could not withstand the
increasing pressure, and the large portion of the accumulated particles
dropped off as an agglomerate and the pressure drop decreased sharply

(Fig. 4.3 (a)). The implication here is that even if the particles in the
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fluid were initially well dispersed, they may form a large agglomerate
after the clogged particles were detached from the wall. The same
behavior was repeated after the sudden increase in pressure drop
followed by a decrease. As the particles accumulated again, the
pressure drop increased significantly, and when the particles detached,

it suddenly decreased showing a peak.
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Fig. 4.3 (a) The normalized pressure drop of Gly70PS with time. The
flow rate was 0.3 ml/hr. (b) Snapshots of the contraction part. (1) to (6)
in figure (a) roughly show the time of snapshots in figure (b).
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However, different behavior was observed above a certain flow rate.
Fig. 4.4 shows the behavior of Gly70PS flowing at a flow rate of 1.0
ml/hr. For Gly70 with no particles at 1.0 ml/hr, the pressure drop was
83.9 kPa. In the presence of particles, the particles began to stick at the
downstream in the beginning of the experiment. Similar to the previous
results at 0.3 ml/hr, the particles first adhered at the downstream, after
which the coming particles showed a "rolling" behavior. However, at a
flow rate of 1.0 ml/hr, as shown in Fig. 4.4(b), only a small fraction of
the contraction was accumulated even after 223 minutes due to the
rolling behavior. If the "rolling" behavior occurs intensively, the

channel clogging can be prevented or delayed.

In Fig. 4.4(b), image (1) and (2) were taken after 107 min and the red
boxes on (1) and (2) are the enlarged images around the contraction.
The particles were piled up at the left hand side of the upstream (1).
The interval between the images (1) and (2) is about 1/30 s. After 1/30 s
(image (2)), a "stick and detach" behavior, in which a part of the
accumulated particles is removed by the flow, was observed. A small
portion of the accumulated particles was removed continuously by
"rolling" and "stick and detach", and the channel was not completely
blocked after a long period of time (3). This behavior was also
confirmed by pressure drop. As shown in Fig. 4 (a), after the startup of
the experiment, the normalized pressure drop reached about 1 in 2.2 s.
Thereafter, unlike the previous case, the ratio did not increase
significantly but was maintained at 1. There was still particle deposition
on the wall even though it was a small amount, and this might be the

cause of the slightly higher pressure than that without particles. In
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addition, there was no specific peak that was seen when the particles
blocked the channel. The experiment was carried out for a relatively
short time compared to 0.3 ml/hr due to the high flow rate, but the

channel was not blocked even after 4 hours.
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Fig. 4.4 (a) The normalized pressure drop of Gly70PS with time, and (b)
the snapshots of the channel at the flow rate 1.0 ml/hr.
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When the particles accumulated in the upstream, they affected the flow
field too. The particle deposition acted as a blockage which obstructs
the flow path. Fig. 4.5 shows the flow field of Gly60PS at 1.0 ml/hr
after 88 min. The vortex, which was not observed in the beginning of
the experiment, was formed on the left hand side of the upstream after
about 80 min. As time proceeds, more particles piled up and the vortex
grew larger in size (Fig. 4.5 (b)). The pressure drop also increased from
76.9 kPa at 88 min to 91.5 kPa at 94 min. The clogging structure was
difficult to be identified precisely, but the structure of the clogging
could be estimated locally. As shown in Fig. 4.5(b), the vortex was
formed because the fluid could not pass through the contraction directly
and bypassed. It can be conjectured that the particles next to the
contraction throat (in the upstream) have accumulated enough to block
the fluid to pass through. Therefore, the clogging can generate the
formation of a vortex which does not exist in the flow of a Newtonian
fluid. In Fig. 4.5(c), more particles were accumulated at the upstream
and the pressure drop was increased to 116.6 kPa. Because the flow rate
was 1.0 ml/hr, the average velocity at the upstream is
V, = Q/W,h =154mm/s (where V, is the average velocity at the
upstream). The flow velocity in the vortex was slow enough to track the
particles. If it was fast, it appeared as a streak line, and the velocity at a
specific location could not be calculated because the particle passed
through the whole upstream part within 1 s. To calculated the velocity,
the distance between the moving particles was measured by counting
the number of pixels between the particles and converting it to the real

dimension. The particles moved in the center of the vortex at 4.5 ~ 10.5
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um/s in 94 min, and at 2.2 ~ 4.5 pm/s in 118 min. The velocity inside
the vortex was O(1~10 pm/s), which corresponds to about 1/1000 of
the main stream velocity. It indicates that the residence time of the
particles in this region can be longer than 1000 times than in the main
stream. Therefore, clogging may form a dead space in which a material
is confined for a long time during which the flow does not exchange

materials with the main stream.
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4.3 Effect of shear stress on pressure drop and clogging

Fig. 4.6(a) shows the pressure drop of Gly70PS. As time passed, the
particles first deposited at the downstream, and they filled the
downstream region. Thereafter, the area of the deposited particles
extended out to the upstream. As the particles accumulated, the
pressure drop increased, and the pressure drop decreased as the
blockage of the channel was flushed out. Fig. 4.6(a) shows that the
pressure drop fluctuated during the clogging process, and the increase
in pressure drop seemed to be almost independent of the flow rate. For
example, in Fig. 4.6(a), when the flow rate was 1.0 ml/hr, the pressure
drop was maintained at about 90 kPa although the pressure drop at the
flow rate 0.3 ml/hr was often larger than this value. When this pressure
drop was normalized by the pressure drop at the same flow rate of the
glycerol solution with no particle (Fig. 4.2(a)), the relationship between
the flow rate and the pressure drop became more obvious (Fig. 4.6(b)).
The x-axis of Fig 4.6(b) is the normalized time, which is the
dimensionless number defined as the product of time and shear rate

. Va _ Q@
¥ = Wq/2  hW}/2

) [11]. This dimensionless number means the total

amount of the deformation for the fluid to experience inside the channel.
When clogging occurred, the normalized pressure drop was larger than
unity and showed peaks. On the other hand, when clogging did not
occur, the normalized pressure drop hardly changed with time. That is,

there exists no such a peak in the pressure drop.
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Fig. 4.6 (a) Differential pressure drop of Gly70 at various flow rates. (b)

Normalized pressure drop versus normalized time.
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To quantitatively analyze the effect of fluid viscosity on pressure drop,
the highest pressure in each experiment was defined as the clogging
pressure drop (AP.og) at the specific flow rate. For example, in Fig.
4.6(a), the pressure drop showed a maximum at 137.6 kPa at the flow
rate of 0.3 ml/hr in 707 min, which was the clogging pressure drop in
this case. Also, the clogging pressure drop divided by the pressure drop
without particles was defined as the normalized clogging pressure drop
(APcio/APgly). Unlike the clogging pressure drop which was difficult to
find out any trend, the normalized clogging pressure drop shows a clear
tendency. As shown in Fig. 4.7, for Gly60PS, the AP oo/APgiy rose up to
as high as 13 at shear stress of 7.2 Pa (at flow rate of 0.3 ml/hr, see
Table 1), which means that the pressure drop increased by 13 times as
compared with the pressure drop of the Gly60. As the flow rate
increased, the AP./APgly decreased. For Gly70PS, the APoo/APgiy
was 5 at 14.8 Pa (at 0.3 ml/hr) and decreased to unity at 49.4 Pa (at
1.0mV/hr). For Gly80PS, AP./APgiy was already one at shear stress
58.5 Pa (at 0.5 ml/hr), that is, the clogging did not occur. The
AP 105/ APgly decreased with the increase in fluid viscosity and flow

velocity.
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In Section 4.2, the "rolling" and "stick and detach" was observed,
which implies that the accumulated particles are swept away by the
flow. When the number of particles swept away (output) by the flow is
smaller than that of the particles coming in (input), the amount of
accumulated particles (accumulation) becomes large, leading to an
intensive clogging. On the other hand, when the flow force is strong, it
is hard for particles to get accumulated, in which case clogging is rarely
observed [43]. Robert de Saint Vincent et al. reported negative
aggregate growth rate, meaning that the deposited particles were swept
out [46]. For high ionic strength, various aggregate shapes were formed
depending on flow rate. Although the finger-shaped aggregate was built
at a mild flow rate, the tip-shaped aggregate, which was of smaller size
than the “finger”, was developed and the erosion of single particles at
the extremity was observed, which agrees with our results. It was also
reported that the clogging process was delayed as the flow rate
increased, and it was explained that the increase in hydrodynamic force
overcomes the repulsive forces for particle deposition and
simultaneously breaks the interparticle and particle-wall bonding [47].
The particle detachment on a tilted-shape channel was also reported
[38]. It is similar to the case in which the particles deposited on the
body of aggregation are detached, leading to “stick and detach”.
However, in these studies, there was no quantitive analysis about the

hydrodynamic force.
The extent to which the fluid pushes the particles is related to the shear
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stress. The glycerol solution used in this study is a Newtonian fluid
whose viscosity does not change with the shear rate. The shear stress is
expressed as the product of the fluid viscosity and the shear rate. That is,

o =1y, where o is the stress and y is the characteristic shear rate.

Here, the characteristic shear rate is equal to the shear rate (y = WVd/Z =
d
hWQZ /2) used in calculating the normalized time. Therefore, the shear
d

stress of a Newtonian fluid is directly proportional to the flow rate and
viscosity. That is, the higher the viscosity and flow rate, the larger the
shear stress. Higher shear stress will prevent the particles being

accumulated.

Table 4.1 shows the shear stress at each flow rate. For the case of
Gly60PS, the shear stress was the lowest at the shear rate of 823 1/s (Q
= 0.3 ml/hr). That is, the force pushing out the particles was not strong
enough, which corresponds to a condition for the particles to be
accumulated easily. As time passed, the particles continued to
accumulate and the pressure drop increased at the same time. As the
particles accumulated more, the flow path became narrower. Narrowing
flow path significantly increases the shear rate, which is inversely
proportional to the square of the downstream width, and it
simultaneously increases the shear stress. As a result, the particles were
swept away and the flow path was widened again. Accordingly, the
shear rate decreased and the particles accumulated again. As the shear
rate increased, the stress applied to the particles became larger and it
was more difficult for the particles to be accumulated. As a result, the

particles detached relatively easily and the normalized clogging
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pressure increased less than that at low shear rate.

For the case of Gly80PS, when the shear rate was 1370 1/s (Q = 0.5
ml/hr), the clogging did not occur (Fig. 4.7). This is because the shear
stress was already large enough to prevent the particles from
accumulating. Since the particles did not accumulate much, the flow
path did not become narrowed or deformed. Therefore, the clogging
pressure drop did not change much due to the small change in shear
rate. No clogging occurred at 2740 1/s (Q = 1.0 ml/hr) for Gly70PS. In
ref. [46], the particles did not deposit at high shear rate regime, which

corresponds to our result at high shear stress.

Fig. 4.7 shows the relationship between the normalized clogging
pressure drop and shear stress. The normalized clogging pressure drop

decreased exponentially with shear stress. It could be fitted in the

. AP, o
exponential form, —22 = q -e~??. The values of “b” were 0.057,
> APg
y

0.039, and 0.033 [1/Pa] for Gly60PS, Gly70PS, and Gly8OPS,
respectively. Above a certain shear stress (here, 50 Pa), no clogging
occurred although it was observed at the lower stress regardless of fluid
viscosity. This suggests that there might exist a critical stress level
which prevents clogging. The critical stress is a function of the medium
viscosity, the particle-particle and particle-wall interaction, and the
kinematics in the flow geometry. In this study, the particle
concentration, the type of the fluid, and the interaction between channel
wall and particle were kept constant. As the Reynolds number was kept
less than one, it can be said that the viscous force dominated the flow.

In this case, when the stress is larger than a critical shear stress, the
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particles rarely accumulate and form clogging.

Chapter 5.

Agglomerate breakup under

extensional flow
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5. Agglomerate breakup under extensional flow

5.1 Experimental

5.1.1 Materials

In this study, carboxyl poly (styrene) latex (PS, solid% = 4%, surface
charge density = 2.9 uC / cm?’, Invitrogen, USA) with size of 0.1 pm
was used. The particles were well-dispersed by electrostatic repulsion
because they had negative charges on the surface. 1 M NaCl was used
to form agglomerates [54, 57, 58, 60]. In this study, the viscosity of the
medium as well as the flow rate was controlled to apply different
stresses to the agglomerate. To prepare the samples, a calculated
amount of NaCl was completely dissolved in deionized water, and then
glycerol was mixed. Then, a pre-calculated amount of latex suspension
was added. Since it can be difficult to observe a single agglomerate at
high concentrations of particles, latex suspension was diluted in DI
water for accuracy. The concentration of the particles used in this study
was 200 and 400 ppm to form an appropriate number of agglomerates
that were observed and studied. To control the viscosity, the
concentrations of glycerol chosen were 60, 70, and 80 wt.%, and the
viscosities were 5.0, 8.7, and 18.0 cp, respectively. For convenience,
the samples were labelled as Gly50PS, Gly60PS, and Gly70PS

according to their glycerol concentrations. The viscosity was measured
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by using a rotational rheometer, DHR-3 (TA instruments, USA).

The morphology of the agglomerate depends on the process of
agglomerate formation even with the same salt (i.e. the fractal
dimension) [54, 57]. Harshe et. al. reported that the fractal dimension of
the agglomerate formed in the stagnant diffusion-limited condition was
1.75 (open structure), whereas the value was 2.7 (dense structure) for
the agglomerate in the stirred tank [54]. In this study, a sample was
mixed using a magnetic stirrer to form agglomerates (mixing speed was
175 rpm). The samples were mixed for 48 hours for a full growth of the
agglomerate. In order to characterize the morphology of the
agglomerate formed, an approach to obtain the fractal dimension using
the microscopy image of the agglomerate was used [77, 78]. In this
method, the projected area, A, and the perimeter, P are measured to
obtain the perimeter fractal dimension, dpf, from binary images of the
agglomerates (the image process, which converts microscopy images
into binary images, will be dealt with, in section 5.1.4). The

relationship is as followed.

2
A~P /dps (1)

To obtain the perimeter fractal dimension, the projected area and the
perimeter of 100 agglomerates chosen randomly were measured. The
perimeter fractal dimension, dpf = 1.44, was calculated by regression
(see Fig. 5.1). The relationship between the fractal dimension, df and
dpf, was df = -1.628dpf + 4.6 for 1.8 <df <2.4 [77] and df = -1.5dpf +
4.4 for 2.2 <df <3.0 [78]. The fractal dimension calculated by each
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equation were approximately df = 2.25.
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Fig. 5.1 The projected area versus the perimeter of the agglomerates.

The slope from regression was 1.38.
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5.1.2 Channel geometry

To apply a planar extensional flow to the agglomerate, a cross-shaped
channel was employed (Fig. 5.2 (a)). As shown in Fig. 5.2(a, b), the
fluids enter the channel through the upper and lower side, respectively,
and meet at the cross region. Then, they exit to remaining two channels
in the direction at a 90 degrees. The center of the cross region is called
the stagnant point. To observe the breakup of agglomerates by
extensional flow, the agglomerate must pass through the stagnant point.
To do this, the agglomerate must be placed in the middle of the channel
upstream. Otherwise, the agglomerate does not enter the stagnant point
and does not experience extensional flow appropriately. Therefore, to
focus on the agglomerates in the center, sheath flow is injected on both
sides of the main flow, which carries the agglomerate (Sheath flow is a
glycerol solution with the same viscosity to the main flow and with no
particles). Thus, the channel is not a simple cross channel, but has a
slightly more complex shape. In Fig. 5.2(a), the main flow is injected
through inlet 1 and 2, and sheath flow is injected through inlet 3 and 4.
The sheath flows come from the both sides of the main flow and meet
the main flow (Fig. 5.2 (c)). There wasn’t any notable instability
occurring when sheath flow and main flow met for all experimental

conditions. In addition, the agglomerate in the main flow did not
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migrate to the sheath flow at all. As a result, the main flow and the
sheath flow were appeared as laminar flow, and they did not mix with

each other at all until the channel outlet.

(a) (b)

Main flow  Sheath flow Stagnant point

N\

/ Inlet 1
Y ,~Outlet AL Outlet - \\\ N
‘\,m\\\v/ Cross I N/ \_/
Inlet4 N\ Inlet 3
v/f?\ \
{ )Inlet2
) -
(©) Main flow (d
|-/'| 200 pm 160 pm
Sheath flow ! Sheath flow Syringe pump Light
: -~ |
— Inlet [ 1) Outllcl

Fig. 5.2 (a) Top view of a channel. (b) Cross region. (c) Joint region. (d)

Schematics of observation system.
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5.1.3 Flow characterization

Before the experiment, COMSOL Multiphysics® Modeling Software
(COMSOL Inc., U.S.A.) was used to set the experimental conditions
and to figure out the shear rate and extensional rate of the flow field.
2D geometry including not only the cross region but also inlets and

outlets was set. Fluid flow was set to laminar flow.

In order to examine the effect of sheath flow, the main flow was fixed
at 1 ml/hr and the flow rate of the sheath flow was set to 1, 3, and 5
times of main flow. In Fig. 5.3, the gray line indicates the main flow
and the black lines are for the sheath flows. As the sheath flows
increased, the main flow area decreased. Therefore, to focus on the
agglomerate at the stagnant point, the sheath flows should be increased.
However, for stable operation, the flow rate of the sheath flow was
fixed at 3 times of the main flow. The agglomerate near the stagnant
point was deformed along the red line in Fig. 5.2(b). The flow field of
the red line was examined with the increasing flow rates of the main
flow from 1 to 3 ml/hr. The shear rate was almost zero and trivial

(considering the linear channel, the shear rate of the channel is zero).
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The extensional rate, on the other hand, was 97.3-291.0 1/s at the
stagnant point (Fig. 5.4). As shown in Fig. 5.4, the extensional rate had
a maximum value at the stagnant point (x=0) and it decreased away
from the point. Therefore, the red line in Fig. 5.2(b) was defined as an

extension line in this paper.
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5.1.4 Image processing

The agglomerate stayed in the cross region for several tens to hundreds
milliseconds. Agglomerate behavior was recorded using a high-speed
camera. Since the frame rate was 2000 fps, about 200 images for a case
were taken. To obtain the projected area and perimeter of the target
agglomerate, these images were post-processed using a code of matlab
(Mathwork, USA). In this code, the brightness intensities for each pixel
of an arbitrary 70 images were read. That is, each pixel has 70
brightness values. The background of this case was generated by
choosing the median value for each pixel (Fig. 5.5(b)). The background
was removed from the images leaving only the moving agglomerates
(Fig. 5.5(c)). Then, the images were sharpened and adjusted to make
the shape of agglomerate more obvious (Fig. 5.5(d)). After that, the
images were converted to binary images with a proper level of
threshold (Fig. 5.5(e)). Finally, the number of pixels of the projected
area and the perimeter of the target agglomerate was counted with
Image J (https://imagej.nih.gov/ij/) and then converted to the real

dimension.
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Fig. 5.5 Image process. (a) Original image. (b) Background image. (c)
Image after removing the background. (d) Image after sharpening and
adjusting. (e) Binary image. In the figure, the projected area and the

perimeter of a target agglomerate were measure by using Image J.
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5.2 Behavior of a single agglomerate

In the cross region, the agglomerate with various size could be
observed. The average area of them was 432.5 um’ and the standard
deviation was 406.0 pm®. Agglomerates out of the center was excluded
and the largest size of agglomerates was 2528.0 um’. Agglomerates out

of the focus were also excluded.

In this section, first, the behaviors of a single agglomerate in the cross

channel will be presented into two cases of a breakup and no breakup.

Fig. 5.6(a) shows the agglomerate passing through the channel without
breakup. The glycerol concentration of the fluid used in this case was
50 wt.% and the main flow rate was 2.0 ml/hr. The moment when the
agglomerate entered in the cross region (observation region) was
arbitrarily set to 0 ms. As shown in Fig. 5.6(a), the agglomerate entered
the cross region at 0.0 ms and reached the stagnant point at about 24.5
ms. After that, the agglomerate went to the left and completely exited
the observation area at 52.5 ms. The projected areas of the agglomerate
with time were measured by the images. The initial projected area of
the agglomerate was about 644 pm’ at 0 ms. The agglomerate was
slightly stretched as it approached the stagnant point and the projected
area increased to 736 um” at the stagnant point. The area then increased
to about 850 pm” when the agglomerate exited the observation area and
it was 130% larger than the initial area. It was because the agglomerate

was stretched as shown in Fig. 5.6(a). To quantify the behaviors of the
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agglomerate, the agglomerate was fitted to the ellipse using Image J
and a major axis and a minor axis were measured (See inset in Fig.
5.6(a)). Aspect ratio was defined as the ratio of the major axis to the
minor axis. As shown in Fig. 5.6(c), the initial aspect ratio of
agglomerate was about 1.7. This aspect ratio hardly increased until
about 10 ms. After then, the aspect ratio of agglomerate began to
increase. The time at which a portion of the agglomerate first reached
the extension line was at 14.0 ms. From this moment, the aspect ratio
increased to 2.7 until the agglomerate left the observation area. In other
words, when the agglomerate reached the extension line, it was affected
by the extensional flow and stretched. The angle between the long axis
and the extension line was defined as the angle of agglomerate. The
initial angle of the agglomerate was about 73 degrees. The agglomerate
rotated while approaching the stagnant point and its value was 10
degree at 24.5 ms (at the stagnant point). In Fig. 5.6(a), the agglomerate
was rotated up to where it was almost parallel to the extension line. The
agglomerate then continued to rotate and left the observation region

with the angle of 0 degrees.

It is noticed that among the cases for no breakup, this case is where the
agglomerate was most stretched. In this case, the aspect ratio increased
by about 1. However, for the most cases of no breakup, the aspect ratio
increased by less than 1. In addition, in this case, the agglomerate
rotated parallel to the observation plane, but some agglomerates were
inverted at the stagnant point. In this case, the projected area either

increased or decreased randomly.
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Fig. 5.6 Case for no breakup. The concentration of glycerol was 50 wt.%
and the flow rate was 2.0 ml/hr. (a) Overlaid image. The agglomerate
came into the cross region from upper side and left for the left. The
numbers in figure indicate specific time at corresponding positions: 1 at

1.0, 2 at 6.5, 3 at 24.5, and 4 at 44 ms. (b) Projected area. (c) Aspect
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ratio. (d) Angle with time.

Fig. 5.7 shows the case of that a single agglomerate was broken up at
the stagnant point. The viscosity of glycerin was 70 wt.% and the flow
rate was 1.5 ml/hr. Similarly to the previous case, the moment when the
agglomerate entered the observation region was arbitrarily set to 0 ms.
In Fig. 5.7(a)-1, the agglomerate entering the cross region was referred
to 'atbt+ct+d' because the agglomerate was finally broken into four
fragments. The agglomerates experienced deformation and rotation
while moving toward the stagnant point. The projected area, aspect
ratio, and angle were also measured to quantify the behaviors of the
agglomerate. It took about 20 ms until the agglomerate was located at
the stagnant point from 0 ms when it entered the observation region.
During this time, the projected area was maintained at approximately
530 um’, and the aspect ratio only increased by 0.8 from 2.0 to 2.8.
However, the angle between the major axis and the extension line
increased from 116 to 170 degrees, so the long axis was already almost
parallel to the extension line. That is, agglomerate was not largely
deformed but it was mainly rotated. The agglomerate then stayed at the
stagnant point for about 12 ms and was stretched longer due to an
extensional flow pulling on both sides of the agglomerate (Fig. 5.7(a)-
2). As a result, the projected area increased to 638 pm” and aspect ratio
increased by 3.9 to reach 6.7. On the other hand, the angle was
increased by 10 degrees to 180 degrees. That is, at the stagnant point,

deformation of agglomerate occurs mainly, which broke the
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agglomerate. At 33 ms, the agglomerate could not withstand the
extensional flow and was split into 'a' and 'b + ¢ + d' fragments. After
that, the fragment 'a' passed to the left of the channel. The fragment 'b +
¢ + d' moving to the right was stretched continuously by the extensional
flow, as the projected area increased. Then again at 36 ms, this was
broken by the flow into two fragments ('b' and 'c + d' in Fig. 5.7(a)-4).
Fragment 'b' was the nearest to the stagnant point and exited the
observation area last (Fig. 5.7(b)). Fragment 'c + d' was again stretched
by flow, and split into 'c' and 'd' at 46 ms after the projected area
increased. It is noticeable that the agglomerate was initially broken at
the stagnant point, but the subsequent two breakups occurred out of the
stagnant point. As shown in Fig. 5.4, it is because the extensional rate is
not zero outside the stagnant point but also exists. In Fig. 5.7(b), the
area of the fragments did not change much, which means the final
dispersed fragments were no longer deformed. The sizes of the smallest
fragment 'd' and the largest fragment 'b' were about 140 um’ and 225
um’, respectively. This seems to be due to the fact that the flow at a

given location was not enough to deform the fragments [65].
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Fig. 5.7 Case for breakup. The concentration of glycerol was 70 wt.%

and the main flow rate was 1.5 ml/hr. (a) Images for the process of

agglomerate breakup: 1 at 5.5, 2 at 32, 3 at 34.5, 4 at 40, and 5 at 48 ms.

(b) Projected area. The vertical dotted lines represent the time when the

agglomerate was broken up. The breakup times were 33, 36, and 45 ms,

respectively. (c) Aspect ratio and angle before the breakup.
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5.3 Probability of agglomerate breakup

The faster the flow rate and the higher the viscosity of the fluid, the
better the agglomerates were broken. However, the same flow condition
did not mean that all agglomerates passing through the stagnant point
were broken or not. In addition, even if the agglomerates of similar
sizes passed the stagnant point in the same flow condition, the breakup
of the agglomerates depended on the probability. The probability, p, is
defined as the ratio of the number of broken agglomerates to that of the
agglomerates passing through the stagnant point. Therefore, when all
agglomerates are broken up, the probability is 1. On the contrary, all of
the agglomerates are not broken, the value is zero. Approximately 50
(at least 40) agglomerates were observed for each flow conditions. As
shown in Fig. 5.8, as both the flow rate and the viscosity increased, the
probability of the breakup also increased. For Gly70PS, when the flow
rate was 2.5 ml/hr, the probability of breakup was 0.92. On the other
hand, for GlyS0PS, when the flow rate was 1.5 ml/hr, the value was 0,
which means any agglomerates that passed the stagnant point were not

broken.
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Fig. 5.8 Probability of breakup with the flow rate of samples.
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5.4 Fragment distribution

In the previous section, it was shown that the agglomerates were
broken up with a certain probability at given conditions. In this section,
the distribution of fragments after breakup will be dealt with. The

agglomerate, which was not broken, was treated as one fragment.

First, the size distribution of fragments was examined. The normalized
fragment area, Ag., is defined as the ratio of the projected area of each
fragment to the initial area of agglomerate before breakup. For a case,
when the initial area of agglomerate was 1070 pm® and it was split into
three fragments of 177, 309, and 781 umz, so that the normalized
fragment areas were 0.17, 0.29, and 0.73, respectively. Here, since the
sum of the area of the fragments is larger than the initial area, it could
be appeared to be strange. However, as mentioned earlier, because
agglomerates are stretched with the increasing projected area, the sum
of the projected areas of all fragments is usually larger than the initial
area of the agglomerate. Thus, for the cases of breakup, the sum of the
normalized fragment areas is usually larger than one. Conversely, when
an agglomerate passes through the stagnant point without breakup, the
normalized fragment area becomes the ratio of the projected area
before the agglomerate leave the observation region to the initial area.
In this case, the value was randomly either larger or smaller than 1

depending on the rotation at the stagnant point. The normalized
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fragment area of all fragments was acquired from the same data used to
obtain the probability of breakup. The interval of the normalized
fragment area was divided and the fraction, f was defined as the ratio of
the number of fragments in the corresponding interval to the total
number of fragments to examine the distribution of the normalized
fragment area according to each flow condition. The normalized
fragment area was divided by an interval of 0.2. For an example, when
the flow rate was 2.5 ml/hr for Gly70PS, the number of fragments
corresponding to 0 < Agpq < 0.2 was 69, 45 for 0.2 < Afrqy < 0.4,
21 for 0.4 < Afpqq < 0.6, 16 for 0.6 < Aprqy < 0.8, 4 for 0.8 <
Afrag < 1.0, 2 for 1.0 < Afrgqg < 1.2, and 1 for 1.2 < Apppy < 1.4
The total number of all fragments was 158. Therefore, the fractions of
each interval were 0.44, 0.28, 0.13, 0.10, 0.025, 0.013, and 0.006. Also,
for this flow condition, the fragments, of which the areas have 10% of
the initial area of the agglomerates, occupied 44%. Thus, the
distribution of the normalized fragment area shows quantitatively how
much agglomerates are split into fragments with a certain size.
Likewise, the fragment distribution functions were calculated for other

flow conditions (Fig. 5.9).
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Fig. 5.9 Fragment distribution of (a) Gly5S0PS, (b) Gly60PS, and (c)
Gly70PS.
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For readability, Fig. 5.10(a) shows the fragment distribution of
Gly70PS with flow rate of only 1.0 and 2.5 ml/hr. For flow rate of 1.0
ml/hr, the fraction with the normalized fragment area of 0.9 (0.8 <
Afrag < 1.0) was 0.43 and the largest. The probability of breakup at
this flow rate was 0.14 (Fig. 5.8), which means that a small amount of
agglomerates was broken up. For this case, the change in the projected
area is due to the rotation of the agglomerate around the stagnant point.
Therefore, the normalized fragment area had a value close to 1 mainly.
On the other hand, for the flow rate of 2.5 ml/hr, the fraction with the
normalized fragment area of 0.1 (0 < Afpqq < 0.2 ) was the largest at
0.44. For this flow conditions, the probability was 0.92 (Fig. 5.8), and
most agglomerates were broken up. Hence, the normalized fragment
area had a smaller value than one. Likewise, for other flow conditions,

the normalized fragment area decreases with the increasing flow rate.

Fig. 5.10(b) shows the mean fragment area, /Tfmg, for each flow
condition. This is the average of all normalized fragment areas for each
condition, which means how large an agglomerate is split into
fragments under a given flow field. For an example, for a Gly70PS
with a flow rate of 2.5 ml/hr, the mean fragment area is about 0.31 (it is
roughly calculated to be 0.30 from above data because the
representative of the interval is used as the normalized fragment area.).

The error bar in the graph represents one standard deviation, which
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means an approximate fragment distribution. For Gly50PS and
Gly60PS, the mean fragment areas are close to 1 for low flow rates. It
is because the flow condition is not sufficient to break the agglomerate
so that the agglomerate is not broke and simply rotates at the stagnant
point. On the other hand, for Gly70PS, the mean fragment area is about
0.82 even for the flow rate of 1.0 ml/hr, and it decreased to 0.31 as the
flow rate increased. Therefore, as the viscosity and the flow rate

increase, the agglomerates are dispersed into the smaller fragments.
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and 2.5 ml/hr. (b) Average fragment fraction of samples for flow

conditions.

It was also examined how many fragments an agglomerate is divided
into. When the projected area and the perimeter of agglomerates and
fragments were measured, the number of fragments, nfrag was also
counted at the same time. When the initial area of the agglomerate is
1070 um?, and it is split into three fragments of 177, 309, and 781 um’
(the example mentioned above), the number of fragments, nga, is 3.
Also, for no breakup cases, the number of fragments is 1. For each flow
condition, the number of fragments, ng,, was counted and divided by
the total number of agglomerates to obtain the fraction of each number
of fragments. For an example, for Gly70PS with a flow rate of 2.5
ml/hr, the total number of agglomerates observed was 40. In this case,
since the number of non-breakup cases is 3, the fraction with the
number of fragment of 1 becomes 3/40 = 0.075 (Fig. 5.11(c)). On the
other hand, since the number of agglomerates divided into three
fragments was 11, the fraction with the number of fragment of 3 was
11/40 = 0.275 (Fig. 5.11(c)). In this way, the distribution of number of

fragments was obtained for each flow condition (Fig. 5.11).
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For convenience, Fig. 5.12(a) shows the distribution of number of
fragments of Gly70PS for flow rate of only 1.0 and 2.5 ml/hr. At low
flow rate (1.0 ml/hr), the fractions were 0.86, 0.11, and 0.03 for the
number of fragment of 1, 2, and 6, respectively. This means that most
of the agglomerates were not broken up, and this result matches the fact
that the fraction with the normalized fragment area of about 1 was the
largest. On the other hand, when the flow rate was high (2.5 ml/hr), the
fraction for the number of fragment of 1 was only 0.075. The fraction
with the number of fragment of 3 was the largest at 0.275. There was
the case in which one agglomerate was divided into 10 fragments.
However, for Gly5S0PS and Gly60PS, most agglomerates were not
broken due to low viscosity and the fraction with the number of

fraction of 1 was largest.

Fig. 5.12(b) shows the average number of fragments, 7.4, Which is
the average value of all of the number of fragment and shows how
many fragments an agglomerate is split into. For an example, for
Gly70PS with the flow rate of 2.5 ml/hr, it was about 4.3, meaning that
one agglomerate was divided into 4.3 fragments on average. The error
bar in the graph represents one standard deviation, indicating the
approximate distribution of the number of fragments of an agglomerate
fragment. In Fig. 5.12(b), the mean numbers of fragment of Gly50PS
and Gly60PS have values of 1 for most flow rates and 1.2 and 1.4 for
3.0 ml/hr, respectively. This means that the flow was not strong enough
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to break the agglomerate. On the other hand, for Gly70PS, the mean
number of fragment increased to 4.3 for the flow rate of 2.5 ml/hr while

it was 1.3 when the flow rate was 1.0 ml/hr.
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Fig. 5.12 (a) Number of fragments of Gly70PS with the flow rate of 1.0
and 2.5 ml/hr. (b) Average number of fragments of samples for flow
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conditions.

5.5 Master curves

From the probability of breakup, p, the mean fragment area, /Tfmg, and
the mean number of fragment, 7if.,,, the agglomerates could be
divided into smaller and more fragments well as the viscosity and the
flow rate increased, which means the stress increased. To calculate the
stress applied to the agglomerates, the planar extensional viscosity of
the Newtonian fluid, which is four times the shear viscosity [79], is
used. Since the breakup of the agglomerate that passed the stagnant
point was observed, the extensional rate, which was calculated at the
stagnant point from COMSOL, was used as mentioned in section 2.3.
Thus, the largest stress, which the agglomerate could experience for

each flow condition, was used.

Fig. 5.13(a) shows the probability of breakup with the stress calculated.
Although fluid viscosities and flow rate were different, the probabilities
for each condition are superimposed on a master curve. In other words,
the probability of agglomerate breakup is a function of the applied
stress. At the lowest stress of 2.9 Pa in this experiment, no agglomerate
was broken (p = 0). On the other hand, at the highest stress of 17.5 Pa,
the probability of breakup was 0.92. The dashed line in the graph is the
result of fitting the data to the s-shaped curve as shown below:

a
p = —(0'—0'0.5) (2)
b

1+e
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Here, when the stress increases infinitely, the probability become one,
so that a equals one. 6o s and b are fitting parameters and 12.6 and 2.3
Pa, respectively. o s is the stress when the probability of breakup is 0.5

and the inflection point of s-shape curve.

The mean fragment area, /Tfmg and the mean number of fragment,
Nprqg also well agreed with a master curve (Fig. 5.13(b, ¢)). Fig.
5.13(b) shows the mean fragment area with the applied stresses. For
low stress, the mean fragment area was about 1, which means that most
agglomerates were no broken. However, it decreased above a critical
stress and the slop was about -0.06. The critical stress obtained by
fitting was about 6.1 Pa and the probability calculated by equation (2)
at 6.1 Pa is 0.06. Fig. 5.13(c) shows the mean number of fragment with
stresses. For low stress, it was about one, which indicates no breakup
occurred. On the other hand, for high stress, the mean number of
fragment increased and it had similar shape curve with the probability

of breakup.
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Fig. 5.13 (a) Probability of breakup, (b) mean fragment area, and (c)

mean number of fragment with stress.
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5.6 Model prediction

In a previous study, a steady aggregation size of agglomerates with high
fractal dimension (d=2.4-3.0) was obtained by 100 passes through a
mixed flow of both shear and extensional flow [60]. The radius of
gyration, Rg, followed the scaling law of Ry~o'/*@ 4~ with
stress [60]. Here, q = —1/5(d — d;) and d=3. In addition, for 2.2 <d¢
<3, the number of primary particles, N, has the following relationship

with given A and P [78]:

0.9

N (5)0.9 :( A2 ) T 409(2-dps/2) (3)

P Adpf/z

Therefore, the following relationship holds in this system (dp=1.44,
d=2.25).

1/0.9(2—dpr/2)

A~N1/09(2=dps/2) (RZf) ~g4dr/0.9(2=dpf/2)  5—0.52 (4)

To confirm this, the relationship between the stress and the mean
projected area of fragments was examined. Fig. 5.14 is a plot of log A
versus log ¢ above the critical stress. The dotted line in the figure is a
linear regression with a slope of -0.55, which is in good agreement with
the exponent, -0.52 in the scaling law. In previous studies, the
aggregation had to pass the nozzle 100 times to have a steady state size.
However, in this study, the breakup of agglomerates was occurred by a

strong extensional flow only once.
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6. Summary

In this thesis, the dynamics of particulate suspensions in complex flow
including vortex formation, channel clogging, and agglomerate breakup

was studied.

First, the effect of silica particles on both the rheological properties and
the vortex behavior in a micro-contraction channel was investigated
through comparisons with PEO solutions and silica/PEO suspensions.
The flow of the PEO solutions without silica developed in the sequence
of'a Newtonian-like flow, a lip vortex, and then a corner vortex with the
increase in the flow rate. The flow rate at which the lip vortex or corner
vortex formed was dependent upon the fluid properties. The higher the
viscoelasticity, the larger the vortex size. To ascertain the effect of silica
particles, the PEO concentration was fixed at 1.0 wt% and the silica
concentration was varied from 1.0 to 8.0 wt%. Like the PEO solutions,
the vortex of the silica/PEO suspension developed with an increase in
the flow rate, and the sequence was identical. However, the silica
particles influenced the size of the vortex and the flow rate at which the
lip or corner vortex formed. The vortex size did not increase
monotonously; rather, the size decreased initially and then started to
increase with an increase in the silica concentration. Both the viscosity

and storage modulus decreased and then increased with an increase in
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the silica concentration. However, the fluid elasticity influenced the
vortex behaviors more significantly than the viscosity. The observation
that both the vortex size and storage modulus decreased and then
increased with an increase in the silica concentration could be
explained by the adsorption of polymer onto the silica particles. When
the silica particles were added to the PEO solution, some of the
polymers in the medium were adsorbed onto the surface of the silica
particles. Consequently, some of the free polymer in the medium was
used, i.e., as much as 45% of the initial amount. The decrease in the
amount of free polymer resulted in a significant decrease in the storage
modulus despite the fact that only 1.0wt% of silica was added.
However, the total amount of adsorption rarely varied with an increase
in the silica concentration because the amount of adsorption per unit
area decreased. The same tendency was observed when the suspension
was compensated with additional polymers corresponding to the
amount of adsorbed polymer. Therefore, the change in the storage
modulus due to polymer adsorption affected the size of the vortex and

the flow rate at which the lip or corner vortex formed.

Second, the clogging mechanism of PS particles dispersed in glycerol
solutions during the contraction flow was investigated. The
concentration of PS particles was fixed at 0.05 wt. %, and the channel
with an upstream width of 180 um and a contraction ratio of four was
used. The process that small particles, which were much smaller than
the size of the channel (the smallest length scale of the channel was 45
um and the particle size was about 0.5 um), accumulated and finally

clogged the channel in the single pore was examined. The particles
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deposited first in the downstream. In this process, the "rolling" behavior,
in which the approaching particles were stuck temporarily and rolled
over by the flow, was observed. It is important in determining whether
the particles would continue to accumulate or not. In addition to
"rolling", another interesting behavior, “stick and detach” was observed.
This indicates that no matter how well the particles are dispersed in the
fluid, a large agglomerate can be formed when the clogging process is
not managed properly. When the particles accumulated enough in the
downstream region, the clogging structure expanded to the upstream.
This extended structure had a significant effect on the flow in the
channel. The clogging structure interfered with the passage of the fluid,
which resulted in the formation of the vortex. Newtonian fluid hardly
generates vortex at low Reynolds number in the micro contraction
channel, but the vortex formation by clogging could be easily observed.
This is important because the vortex or the dead space can cause
unpredicted stay of the particles during the process. The pressure
increased as the particles accumulated, and the pressure decreased as
the particles swept away. The effect of fluid viscosity on the clogging
behavior was also investigated. To quantitatively compare this, the
point at which the maximum pressure drop was defined as the clogging
pressure drop. The normalized clogging pressure drop was defined as
the clogging pressure drop divided by the pressure drop when there was
no particle. At low flow rate and viscosity, the pressure drop was
significantly increased over time, resulting in a very large normalized
clogging pressure drop (for Gly60PS, it increased to 13 at 0.3 ml/hr).
However, for Gly80PS, the clogging did not occur and the normalized
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clogging pressure drop was only unity even at the flow rate of 0.5 ml/hr.
To investigate the relationship between the clogging and the flow
conditions, the stress of the fluid was calculated. The normalized
clogging pressure drop decreased exponentially with shear stress. When
the stress was small, it was difficult to remove the particles. They easily
accumulated and the pressure drop increased significantly. However,
when the stress was large, the particles were easily washed away, and
the normalized clogging pressure drop was reduced. When this stress
was very large, the channel was rarely clogged for a long time.
Therefore, there exists a critical stress that determines whether the

clogging will build up or not.

Lastly, the breakup process of the aggregation under the planar
extensional flow was observed and quantitatively analyzed.
Poly(styrene) particles and salt were used to form the agglomerates,
and glycerol was used to control the stress level of the fluid. To
characterize the morphology of the agglomerates formed by mild
mixing, the projected area and perimeter of the aggregation were
measured from the microscopic images. The fractal dimension of the
agglomerate calculated using the perimeter fractal dimension, which is
obtained by the relationship between the projected area and the
perimeter, was 2.25. The cross channel was employed to apply the
planar extensional flow. The agglomerate of the main flow was focused
toward the stagnant point by sheath flows. The agglomerate mainly
rotated approaching the stagnant point and the major axis of the
agglomerate aligned parallel to the extension line. At the stagnant point,

the aggregation was pulled by the flow and was stretched, resulting in
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the increase of aspect ratio. The probability of breakup was dependent
upon the applied stress, and the probability increased with a sigmoidal
curve according to the increasing stress. At low stress, the probability
of breakup was low, and the aggregation was mainly rotated with little
stretching at the stagnant point. Thus, the mean fragment area was
almost one and the mean number of fragment was also one. On the
other hand, above the critical stress, it was split into several fragments,
and the mean fragment area was smaller than one and decreased with a
slope of -0.06 with the increase in stress. Besides, the number of
fragments was increased with the applied stress. The probability of
breakup and the size and number distribution functions are a function
of an applied stress, and they well agree with master curves according
to the stress. In addition, the mean area of the fragments showed a
power-law relationship with the applied stress. The exponent was -0.55,

which was in good agreement with the scaling law.
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