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Abstract 

The behavior of polymers in solution under complex physicochemical and 

hydrodynamic flow fields is of interest to a variety of industrial processes. Of particular 

interest here are applications which involve polymer-polymer or polymer-particulate 

interactions and assembly in flow, such as those found in polymer processing and water 

treatment, among others. In this thesis, two main areas are presented which examine 

polymer interactions under various physicochemical and flow conditions in aqueous 

environments: (1) self-association of polymer chains in flow (Chapters 2 and 3), resulting 

in the formation of fibrils and filaments and (2) association of polymer chains with 

suspended particulate (Chapters 4, 5, and 6), resulting in the formation of flocs. More detail 

on the types of processes where these flows occur and how the polymeric response and 

assembly can be probed are introduced in Chapter 1. 

In the first area, the extensional properties of polymer methylcellulose (MC) 

solutions were characterized using Capillary Breakup Extensional Rheometry (CaBER), as 

described in Chapter 2. The addition of NaCl to MC solutions results in the formation of 

MC fibrils, which imparts elastic characteristics to the solution. The extensional relaxation 

time and extensional viscosity due to these fibrils were found to increase with increasing 

MC concentration. While the results presented in Chapter 2 represent the first sets of 

characterization of NaCl-induced fibril formation for MC solutions, a disadvantage of the 

CaBER approach is that its resolution is limited by solution viscosity. Therefore, in Chapter 

3, a microfluidic filament stretching device was used to further characterize extensional 
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properties for lower molecular weight and lower viscosity MC solutions, where it was 

found that the extensional viscosity increased with increasing NaCl concentration.   

In the second area, the flocculation of charged polymers with bentonite clay was 

studied in complex flow fields using jar tests and Taylor-Couette (TC) flows.  The custom-

built TC cell used in these studies is capable of radial injection of fluids into the gap 

between two concentric cylinders, thus allowing for introduction of the polymeric solutions 

into the particle-laden flow to investigate in-situ floc nucleation and growth. Chapter 4 

discusses the effects of hydrodynamic flow states on flocculation in the TC cell, where 

faster floc growth rates and decreased 2-D perimeter-based fractal dimensions were 

observed for higher order flow states, indicating improved mass transfer of the polymer 

flocculant and shear rounding of the flocs, respectively. Chapter 5 builds on the work in 

Chapter 4 by investigating the effects of ionic strength and polyelectrolyte molecular 

weight on flocculation in the TC cell, where increasing charge screening from increasing 

ionic strength results in an interplay between initial bentonite aggregate size and ability for 

the polyelectrolyte to bridge multiple aggregates due to its decreasing persistence length. 

Finally, Chapter 6 investigates the effects of adding an additional organic component to the 

flocculation system, humic acid, using jar tests, where changes in solution pH results in 

competitive flocculation between the bentonite and the humic acid with the polyelectrolyte.  

Overall, this thesis seeks to provide additional understanding of how polymers 

assemble in solution under a variety of physicochemical conditions and flow. 

Understanding the rheological behavior of associating polymer chains into fibrils due to 

changing solution conditions broadens their processing capabilities by understanding chain 

and fibril dynamics in solution. Likewise, consideration of physicochemical properties and 

flow parameters in the flocculation of a particulate-laden suspension with polyelectrolytes 

could aid in the improvement of process predictive capabilities and, ultimately, process 

performance in applications such as water treatment. 
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Chapter 1  

Global Introduction  

 

1.1. Motivation 

The behavior of soft materials, such as polymers and colloidal materials, under 

complex physicochemical and hydrodynamic flow conditions is of interest to a variety of 

processes, such as extrusion, coatings, printing, spraying, flocculation of particulate-laden 

systems, and many more.1ï7 While there are many combinations of variables that can be 

studied in a wide variety of systems, the focus on this thesis is on polymer assembly in 

solution at two different length scales. The first area examines the microscale extensional 

rheological behavior of methylcellulose solutions, whose chains associate with themselves 

to form structures known as fibrils in the presence of NaCl at room temperature. The 

extensional behavior of this class of polymers is not as well understood as its shear behavior 

is. Therefore, these studies open an already commercially relevant material to several other 

processes and continue to make the case that a thorough rheological characterization is 

necessary to predict and optimize processes. The second area examines the mesoscale 

flocculation behavior of polyelectrolytes, which are charged polymers, with suspended 

particulates under a variety of solution conditions using Taylor-Couette (TC) flows. The 

wide range of flow states accessible in a TC cell vary in both turbulent intensity and kinetic 

flow type (a measure of the degree of rotation, shear, and extension in the flow).  

Consideration of physicochemical properties and flow type parameters in the flocculation 
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can potentially improve process predictive capabilities and ultimately, process 

performance in drinking water treatment, which is a basic global need. 

1.2. Extensional Rheology of Polymer Solutions 

1.2.1. Extensional Rheology Methods 

The two basic flows used to study rheological properties of materials are shear flow 

and extensional flow. In shear flow, adjacent layers of the fluid move parallel to each other 

at different speeds, resulting in a velocity gradient.  In extensional flow, the velocity profile 

in a specific direction is independent of the other spatial dimensions in the system, and 

polymer chains and particles will align in the direction of the flow.8 Just as shear viscosity 

can be measured for fluids, extensional viscosity can be measured as well. The Trouton 

ratio, which is the ratio of extensional viscosity to the shear viscosity, can be used to 

compare the extensional behavior to the shear behavior of a fluid. For Newtonian fluids, 

the Trouton ratio is 3 for axisymmetric elongation and 4 for planar elongation, whereas for 

non-Newtonian fluids, such as polymer melts and solutions, the Trouton ratio is anywhere 

from one to several orders of magnitude larger.9,10  

In theory, it is easy to imagine how one would apply an extensional flow to a 

material, particularly a polymer melt, by ñgrabbing ontoò the ends of a sample and pulling 

in a single direction. In practice, there have been many obstacles in developing methods to 

accurately measure extensional viscosity, largely due to challenges with generating a 

homogeneous extensional flow field. Even more challenging was method development for 

solution-based materials, which cannot be ñgrabbed ontoò like a polymer melt. Fortunately, 

many advances have been made in developing both commercially available and laboratory-

based methods that can reliably measure extensional properties of materials. The major 

methods are highlighted in Figure 1.1 and are classified by the accessible shear and 

extensional viscosity ranges. Methods that can measure higher viscosity samples such as 

the Versatile Accurate Deformation Extensional Rheometer (VADER) or the Extensional 

Viscosity Fixture (EVF) for the ARES-G2 rheometer will not be discussed here as these 

methods work best for higher viscosity solutions (greater than 100 Pa·s) or polymer melts 

whereas the focus of this work is on lower viscosity polymer solutions.  
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Figure 1.1: Extensional rheometry process window categorized by shear and extensional 

viscosity (or relaxation time in some cases). The microfluidic device featured here is an 

example of a cross-slot geometry. The Optically-Detected Elastocapillary Self-Thinning 

Dripping-onto-Substrate (ODES-DOS) extensional rheometer was developed by Sharma 

and colleagues.11,12 The Rayleigh Ohnesorge Jetting Extensional Rheometer (ROJER) was 

developed by McKinley and colleagues.13,14 The Capillary Breakup Extensional 

Rheometer (CaBERTM) and the filament stretching extensional rheometer (FiSERTM) were 

developed by the Cambridge Polymer Group (MA, USA) and commercialized by 

ThermoFisher Scientific (MA, USA) and the Cambridge Polymer Group, respectively. The 

Versatile Accurate Deformation Extensional Rheometer (VADER) was developed by 

Huang and colleagues15,16 and commercialized by Rheo Filament (PA, USA and 

Copenhagen, Denmark). The Rheotens was commercialized by Göttfert (Buchen, 

Germany). The Extensional Viscosity Fixture (EVF) was commercialized by TA 

Instruments (DE, USA). Adapted by permission from Springer Nature Customer Service 

Centre GmBH: Springer, Microfluidics and Nanofluidics, 14, Microdevices for extensional 

rheometry of low viscosity elastic liquids: a review, F. J. Galindo-Rosales and M. A. Alves, 

Copyright (2013). 

One of the earlier methods developed to measure the extensional viscosity of 

polymer solutions is the Filament Stretching Extensional Rheometer (FiSER). The sample 

fluid is placed between two plates, and the top plate moves up with an exponentially 

increasing velocity with constant strain rate. This deformation forms a filament, and its 

diameter and applied force can be measured as a function of time and position.17,18 The 

FiSER is appropriate to use for samples with shear viscosities between 1 ï 1000 Pa·s. For 
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samples with shear viscosities between 0.01 ï 10 Pa·s, the Capillary Breakup Extensional 

Rheometer (CaBER) can be used to measure extensional properties. In this apparatus, a 

step strain is imposed on a fluid sandwiched between two plates and the resulting filament 

self-thins due to capillary forces. The filament thinning progresses with an extensional 

strain rate dictated by the properties of the fluid. What is unique about CaBER is that unlike 

FiSER, it does not measure a force; rather, the information that is collected is the midpoint 

diameter of the thinning filament with time.18,19  

While both FiSER and CaBER are both relatively easy methods to obtain 

extensional properties, such as extensional viscosity and extensional relaxation time, there 

are still some limitations to consider. It was already mentioned that FiSER cannot 

accurately measure fluids with viscosities below 1 Pa·s (and this is pushing the limitations 

of the instrument). Even CaBER, which is capable of measuring fluids with lower 

viscosities, can only reach a lower viscosity limit around 20 mPa·s and a lower relaxation 

time limit of 1 ms, although these values are close to the limitations of the instrument, 

hence there is some question on the reliability of the measurement at these viscosity limits. 

Furthermore, these two techniques cannot achieve high strain rates (e.g., greater than 1000 

s-1), and there is some concern that chains fail to reach their full extension.8,20 In addition 

to these limitations, inertial effects become increasingly difficult to ignore as solution 

viscosities decrease. The addition of high-speed cameras and the slow retraction method 

developed by Clasen et al.21 have been shown to reliably push the limits of CaBER for 

lower viscosity solutions to avoid inertial effects. Even with continued improvement to 

CaBER to measure lower viscosity fluids, there are still concerns about distortion of the 

thinning filament due to gravitational effects.8  

An alternative technique that addresses restrictions associated with inertial effects 

from CaBER is the Rayleigh Ohnesorge Jetting Extensional Rheometer (ROJER). This 

device uses stroboscopic imaging to measure thinning liquid bridges in a continuous jet 

without the use of a high-speed camera.13,14 A disadvantage of this technique is that it is 

prone to frequent blockages in the nozzles used to jet the fluid. One study by Greiciunas et 

al.22 utilized disposable needles in the nozzle design so that the needle can be replaced with 

another one should a blockage occur. Even with this improvement in the ROJER design, 
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the higher shear rates associated with fluid jetting could potentially preshear the fluid, thus 

altering the results. To mitigate the potential pitfalls of inertial effects by imposing a step-

strain or preshear for lower viscosity solutions, a recent technique known as Optically-

Detected Elastocapillary Self-Thinning Dripping-onto-Substrate (ODES-DOS) 

extensional rheometry was developed by Dinic et al.11,12 For DOS experiments, a pre-

determined volume of fluid is slowly deposited onto a substrate. The unstable liquid bridge 

that forms undergoes capillary-driven thinning recorded by a high-speed camera. This 

technique is capable of measuring extensional viscosities of low viscosity (shear viscosities 

< 20 mPa·s), low elasticity (relaxation times < 1 ms) fluids, which is nearly impossible to 

achieve using CaBER, as the fluid tends to pinch-off before the liquid bridge can be 

properly stretched.21,23 

Another method that can measure the extensional properties of low viscosity, low 

relaxation fluids is microfluidics. One difference between DOS and microfluidics is that 

the viscoelastic behavior can be enhanced and higher strain rates can be imposed on the 

fluids due to the significantly decreased size of microfluidics8,24ï27. There are several 

different geometries that can be used, such as cross-slot devices, hyperbolic contractions, 

and flow-focusing devices, which possess different ranges of accessible strains and strain 

rates. Measurements can either be made with high-speed cameras in two-phase systems 

(typically, a continuous, outer phase of oil or buffer is used, depending on the test fluid, 

and this is seen in flow-focusing and cross-slot devices) or by pressure drops across the 

channel (which is the case for hyperbolic contraction devices). Another advantage to using 

microfluidics is that they have high throughput that results in large datasets from relatively 

small sample volumes. In this thesis, CaBER was used to study the extensional behavior 

of higher viscosity methylcellulose solutions containing fibrils, while a flow-focusing 

microfluidic device was used to study their lower viscosity analogs.28 

1.2.2. Methylcellulose Chemistry and Properties 

Methylcellulose (MC) is a methoxy-substituted cellulose ether derivative 

commonly used as a rheology modifier in a variety of food, pharmaceutical, and consumer 

products. The structure of MC is shown in Figure 1.2. For the commercial grade of MC 

used in this thesis, each anhydroglucose unit is substituted with a degree of substitution of 
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1.7 to 2.2 methoxy groups out of 3 hydroxyl groups. The partial substitution of the hydroxyl 

groups with methoxy groups disrupts the intra- and intermolecular hydrogen bonds, which 

renders MC soluble in water at temperatures below 50°C.29   

 

Figure 1.2: Chemical structure of methylcellulose (MC). The degree of substitution, DS, 

for each anhydroglucose (AGU) unit is between 1.7-2.2 for the commercial variant used in 

this thesis. 

Arguably the most unique property of MC is that it can reversibly transition to a 

turbid hydrogel upon heating or upon the introduction of a salt, such as NaCl, into solution 

around room temperature.30ï33 There was much debate over the mechanism of gelation, 

where everything from micelle formation to crosslinking and finally, to trapped phase 

separation was proposed.34ï37 It was not until cryo-transmission electron microscopy (cryo-

TEM) was used to directly visualize the gelled MC in combination with small angle X-ray 

and neutron scattering that the consensus for the cause of thermoreversible gelation was 

established.32,33,38 The prevailing theory is that the MC chains associate into nanometer-

scale structures known as fibrils, and this fibrillar network is thought to be responsible for 

the observed gelation. The shear rheological behavior of MC has been extensively studied, 

but the extensional rheological behavior was not reported prior to the studies discussed in 

this thesis.39ï41  

This concludes the background information for the first area of this thesis, where 

the aim is to study the extensional rheological behavior of a polymer, such as MC, that 

associates with itself, when the NaCl content of the solution is changed. The next and final 
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area of this thesis will look at studying the interactions of a polymer, such as a 

polyelectrolyte, with suspended particulates as a function of physicochemical and 

hydrodynamic properties. 

1.3. Polymer-particle Flocculation in Flow 

1.3.1. Polyelectrolytes and Their Role in Flocculation 

Polyelectrolytes, which are water-soluble polymers with charged functional groups, 

are used in a variety of applications such as drag reduction, enhanced oil recovery (EOR), 

paper manufacturing, and both drinking- and waste-water treatment.42ï45 While 

flocculation is relevant in a variety of industries, this thesis will primarily focus on how the 

information developed from the studies impacts drinking water treatment applications. 

Polyelectrolytes are particularly useful for removal of nano- and microscale suspended 

charged contaminants by combining with these particulates to form mesoscale structures 

known as flocs. The resultant flocs can then be readily separated and removed from water 

through filtration or sedimentation. Compared to less-expensive mineral coagulants such 

as alum, smaller doses of polyelectrolyte are required to form both larger and breakage-

resistant flocs, resulting in more efficient separation processes during water treatment.44,46 

Flocculation is critical in the water treatment process because potentially harmful 

contaminants, such as heavy metals, bacteria, and viruses, can adsorb to solid particulate 

and be removed from potable water. 

Rapid floc growth is enabled by orthokinetic aggregation, where the particulates 

with adsorbed polyelectrolyte collide and grow due to the shear gradients present in the 

flow.47ï49 There are several different mechanisms for polymer-particle adsorption and 

flocculation events, including charge neutralization, polymer bridging, charge-patch 

flocculation, and polymer depletion.50ï53 A schematic of a generalized flocculation process 

and two of the primary mechanisms for polyelectrolyte-mediated flocculation is shown in 

Figure 1.3. The aqueous environment impacts the underlying flocculation mechanism 

through highly interrelated physicochemical properties including the suspension 

composition (pH, ionic strength, and salt valency),54 coagulant type,55,56 particle surface 

properties,57 and the dosing and mixing conditions.58ï60 These complex interdependencies 

on the floc assembly kinetics and final floc microstructure are not well understood and can 
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result in poorly optimized polymeric dosing, which is one of the major technical issues in 

water treatment plant operations. Under-dosing results in insufficient particulate removal 

and over-dosing results in particulate re-stabilization, which is undesirable as it can be cost-

prohibitive in water treatment (for reference, cationic flocculants cost roughly $3000 

dollars per metric ton, which is not an insignificant cost).44,46 Fragmented flocs from shear 

can be re-suspended and are often more difficult to remove than the initial particulate. For 

optimal separation, large, hydrodynamically robust flocs are desired to readily settle out 

under gravity, as well as withstand turbulent stresses in the flow with little to no 

fragmentation.61,62 

 

Figure 1.3: (a) A schematic of a generalized flocculation process where the gray spheres 

represent solid particulate and the blue chains represent free polyelectrolyte in solution. (b) 

A schematic of bridging flocculation, where free end segments of polyelectrolyte already 

adsorbed to particulate can adsorb to others, thus ñbridgingò the particles, and (c) a 

schematic of electrostatic patch flocculation, where there are localized regions of opposing 

charges on the surface that allow for the particles to attach to each other. 

1.3.2. Particulate Systems 

Surface waters contain a variety of particulates such as clays, organic materials, 

salts, heavy metals, and living organisms. Studying the interactions between all these 
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particulates is nontrivial, therefore model systems of NaCl, humic acid, and bentonite will 

be used to isolate key solute interactions. Bentonite is an anisotropic smectite clay 

commonly found in surface waters with a high adsorption capacity for water and has been 

used in other flocculation studies.7,63ï65 The general chemical formula for bentonite is 

Na0.7Al3.3Mg0.7Si8O20(OH)4 ǒ nH2O and individual bentonite particles can be visualized as 

thin sheets composed of an octahedral layer of aluminum, magnesium, or iron oxide 

sandwiched between two tetrahedral layers of silicon oxide, (SiO4)
4- as shown in Figure 

1.4.66  Within a bentonite sheet, Al3+ can substitute for Si4+ in the tetrahedral layer and Mg2+ 

can substitute for Al3+ in the octahedral layer, creating a permanent negative charge on the 

faces, with counter-ions intercalated between the bentonite sheets.66,67 

 

Figure 1.4: A schematic of the molecular structure of bentonite. Reprinted from 

Microporous and Mesoporous Materials, 33, O. Duman and S. Tunç, Electrokinetic and 

rheological properties of Na-bentonite in some electrolyte solutions, 331-338, Copyright 

(2009), with permission from Elsevier. 

The edges of the bentonite sheets have pH-sensitive hydroxyl groups, which are 

positively charged at lower solution pH (pH < 6) and negatively charged at higher solution 

pH (pH > 8).68,69 As a result, bentonite sheets can be arranged in a porous, edge-face 

arrangement, an edge-edge arrangement, or ultimately a dense, face-face structure.70,71 

Generally, all three of these interactions occur within a bentonite aggregate. Scanning 
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electron microscopy studies have also shown that with increasing ionic strength, bentonite 

structure changes from a more porous, edge-face arrangement to a much denser, face-face 

arrangement.71,72 These variations in aggregate surface morphology more than likely result 

in different polyelectrolyte adsorption capacities and interaction potentials due to the 

uneven charge distribution of the functional edge groups.73 

In addition to inorganic particulates such as bentonite, organic humic substances 

(HS) such as humic acid from biodegradation of organic matter are widely present in 

aquatic systems and may interact with the bentonite particles to modify polyelectrolyte 

adsorption to the clay.74,75 Removing HS from source waters via flocculation is a non-

trivial process as the HS need to be converted from a soluble form to an insoluble form. 

Adsorption of HS onto the clay is highly dependent on solution conditions, and generally 

proceeds via ion exchange and surface complexation mechanisms.75ï77 Addition of cationic 

polyelectrolytes only partially removes HS from surface waters, but the presence of 

suspended solids such as bentonite has shown increased removal from water.74 Removal 

of HS is critical to the health and safety of human populations because improper removal 

prior to the chlorination step of the water treatment process could potentially result in the 

reaction of HS with chlorination chemicals to form toxic byproducts.78,79 

1.3.3. Methods for Studying Floc Properties as a Function of Mixing Hydrodynamics 

To further complicate matters, the effects of local hydrodynamic conditions on 

flocculation performance, flocculation mechanism, polyelectrolyte-particle assembly 

kinetics, and final floc microstructure remain largely uncertain. The velocity gradient 

during the mixing process depends on the nature of the fluid flow (i.e., constant in laminar 

flow and spatially and temporally dependent in turbulent flow).47ï49 As the flocs are formed 

and grow during the flocculation process, they can eventually break due to fluid shear 

forces.59,61 After some time, the flocs will approach a steady state between floc growth and 

breakage. Too much shear at the beginning of the mixing process, particularly in turbulent 

conditions, can break the polymer chains and prevent initial floc formation.58,80 The local 

hydrodynamics around a growing floc also affect the conformation of the polymer on the 

surface. Extensional forces in particular can stretch the polymer from the surface to lengths 
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greater than the radius of gyration of the free polymer in solution, increasing the bridging 

capability of the polymer.81 

There have been some studies on determining floc properties after a mixing process 

by using small angle light scattering, but these results only yield final floc size and fractal 

dimensions.56,82ï84 Several computational fluid dynamics studies have been used to 

simulate the effects of laminar and turbulent shear on the flocculation process to potentially 

achieve optimal flocculation conditions, but the models remain largely limited due to the 

complexities associated with turbulent flow.47,85,86 Jar tests, which typically use 

flocculators featuring impeller blades, replicate scaled-down industrial mixing tanks and 

are a relatively rapid, easy technique to obtain a large amount of information about the 

flocculation processes using turbidity measurements, particle sizing, microscopy, and 

image analysis.59,61,87ï91 Unfortunately, a major disadvantage of jar tests is their lack of 

homogeneous spatial and temporal flow features that are needed to precisely study floc 

strength as a function of hydrodynamic flow.59 In addition to their inability to precisely 

generate a variety of flow states, the shear stresses within the fluid in a jar test cannot be 

accurately controlled to determine where floc breakage occurs.62,92  

A potential solution to address the issues associated with jar tests is the use of 

Taylor-Couette (TC) cells. TC cells consist of two concentric cylinders, where the outer 

cylinder is typically made of a transparent material, such as glass, for observation and for 

image analysis. Precise laminar and turbulent hydrodynamic flow states defined by the 

rotational speeds of either the inner cylinder or the co- and counter-rotation of the outer 

cylinder offer an experimental method to study flocculation with the ability to precisely 

control the hydrodynamics. Prior flocculation studies with TC cells were limited in that 

flocs had to be pre-formed outside of the cell.55,87,93 The Dutcher group has developed a 

Taylor-Couette cell (Figure 1.5) that offers the unique ability to directly inject fluids into 

the annulus without disturbing the flow itself.94,95 This unique ability is particularly 

advantageous as it allows for studies on hydrodynamic effects of floc formation in well-

controlled flow fields throughout the entire mixing process. 
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Figure 1.5: (a) SolidWorks model of the Taylor-Couette cell, where the inner cylinder is 

capable of radial fluid injection used in the flocculation studies. The red circles arranged 

axially and azimuthally along the inner cylinder are the injection port covers. (b) Image of 

the Taylor-Couette cell during operation. The fluid encased in the rectangular Plexiglass 

container is paraffin oil, whose index of refraction matches that of the glass outer cylinder 

to eliminate that curved surface while imaging. 

1.4. Central Goal and Structure of Thesis 

The central goal of this thesis is to provide additional understanding of how 

polymers assemble in solution under a variety of physicochemical conditions and flow. 

The thesis is broadly divided into two sections, based on the assembly type and length-

scale probed. Chapters 2 and 3 seek to understand the extensional rheological behavior of 

self-associating methylcellulose polymers in solution, which form fibrils as a function of 

polymer concentration and NaCl content. Both milliscale capillary thinning (Chapter 2) 

and microscale filament thinning (Chapter 3) were used to probe into the difficult-to-

characterize low molecular weight, low viscosity regime. Knowledge of this behavior 

potentially broadens its processing capabilities while further studying chain and fibril 

dynamics in solution. In chapters 4, 5 and 6, polymer-particle assemblies are studied in 
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mixed macroscale flows, where each chapter deals with the increasing chemical 

complexity of the solution, with the goal of describing the optimal process flocculation 

performance in applications from drinking water treatment to paper manufacturing. In all 

chapters, the role of solution ionic strength of the polymer confirmation and assembly is 

central. Chapter 7 provides a summary as well as commentary on potential future work 

stemming from the projects discussed in Chapters 2-6.   
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Chapter 2   

Extensional Flow Behavior of Methylcellulose 

Solutions Containing FibrilsÀ 
ÀPortions of this chapter are reprinted with permission from S. Morozova, P. W. Schmidt, 

A. Metaxas, F. S. Bates, T. P. Lodge, and C. S. Dutcher, Extensional Flow Behavior of 

Methylcellulose Solutions Containing Fibrils, ACS Macro Letters, 7, 347-352, Copyright 

(2018) American Chemical Society. 

 

2.1. Introduction 

Cellulose ethers are a class of chemical compounds in which the hydroxyl groups 

on cellulose are partially substituted with alkoxy groups. These synthetic derivatives are 

widely used in commercial products as rheology modifiers. Methylcellulose (MC) is 

substituted on average with 1.7 ï 2.2 out of 3 hydroxyl groups per anhydroglucose unit.29 

At this degree of substitution (DS), the methoxy substituents disrupt the inter- and 

intramolecular hydrogen bonds which makes cellulose insoluble in water. As a result, MC 

can dissolve in water at low temperatures and can be readily used in a variety of food, 

pharmaceutical, construction, and consumer applications. 

In addition to aqueous solubility at low temperature, MC reversibly transitions to a 

turbid hydrogel upon heating. The mechanism of this thermo-reversible process has been 

debated for decades; however, recent work has unequivocally demonstrated that the 

gelation transition is concurrent with the formation of long fibrils with a consistent 
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diameter of ca. 15 nm.32,33 Both linear and non-linear shear viscoelastic studies have 

demonstrated that the fibrillar network dictates the mechanical properties of the high 

temperature gel.39 

 The MC fibril offers an enticing design component to expand the use of MC in 

applications not previously considered. Extensional flow is essential in a variety of polymer 

solution processes, including fiber spinning, printing, porous media flows, extrusion, 

coating, molding, spraying, film blowing, and more.1ï4,96ï98 Control over the extensional 

behavior of MC promises to broaden the already impressive range of applications of MC, 

while simultaneously improving understanding of MC chain and fibril dynamics in 

aqueous solutions. While MC has been extensively studied using shear rheology, the 

extensional flow properties have only been reported for cellulose in ionic liquids, cellulose 

ether, and other polysaccharide solutions.14,99ï101 

Recently there has been a renaissance in methods developed for characterizing the 

extensional properties of polymer melts, polymer solutions, and complex fluids.8,11ï

13,22,26,102ï104 Of particular interest to polymer solutions is utilizing capillary-driven thinning 

to extract a characteristic extensional relaxation time and apparent extensional 

viscosity.105ï108 The Capillary Breakup Extensional Rheometry (CaBER) method provides 

a rapid, facile method to determine relevant extensional parameters of polymer solutions. 

Understanding and controlling the viscous and elastic forces in a fluid is crucial for a 

diverse range of applications that take advantage of free-surface flow. In this chapter, a 

first study of the influence of fibrils on the extensional flow behavior of MC solutions is 

presented. One strategy for creating such solutions at room temperature is the use of NaCl. 

The addition of NaCl has been widely reported to impact the gel temperature, such that it 

decreases monotonically with increasing concentration of NaCl.30,31,34,109ï113 The results 

from CaBER experiments demonstrate that the addition of MC fibrils into MC solutions 

causes a transition from a shear-thinning power-law fluid behavior to an elastic-like fluid 

deformation.  
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2.2. Materials and Methods 

2.2.1. Materials and Solution Preparation 

For rheological studies, aqueous MC solutions were made using an established 

protocol.32,33,114 The methylcellulose was graciously provided by the Dow Chemical 

Company, and all other reagents were purchased from Sigma-Aldrich and used without 

further purification. MC (DS å 1.8, Mw = 530 kg·mol-1, Ð = 4.1) was first dried at 50°C 

under vacuum (~100 mTorr) for 24 h. To prepare NaCl-free aqueous solutions, 0.75 or 1 g 

of MC were dissolved in 50 mL Milli-Q de-ionized 60°C water and stirred for 10 min in a 

100 mL jar. The remaining quantity of the room-temperature water was then added to make 

up a total solution weight of 100 g. The solutions were stirred at room temperature for 10 

min, followed by stirring on ice for 10 min. When finished, the solutions were stored at ï

20°C for at least 24 h. To prepare MC solutions in 8 wt% NaCl, 8 g of NaCl was dissolved 

along with MC in 50 mL Milli-Q de-ionized 60°C water and stirred for 10 min in a 100 

mL jar. The rest of the procedure was equivalent to the NaCl-free solution protocol. MC 

solutions in 8 wt% NaCl were annealed at room temperature for 24 h prior to rheological 

studies.  

2.2.2. Steady Shear and Oscillatory Shear Rheology 

Shear and oscillatory rheology were measured on an TA Instruments AR-G2 

rheometer using a 2° steel 40 mm cone and a Peltier plate geometry for steady state shear 

flows and a DIN bob and cup geometry for oscillatory measurements. For steady state 

shear, the shear viscosity was measured after torque values reached an equilibrium for each 

shear rate from 0.1 ï 1000 s-1. Two oscillatory tests were performed: a temperature ramp 

of 1 °C·min-1 at 3% strain from 0°C to 80°C at 1 rad·s-1 and a frequency sweep from 0.1 ï 

10 rad·s-1 at 3% strain every 2 h for 24 h. 

2.2.3. Capillary Breakup Extensional Rheology 

For capillary breakup experiments, the HAAKE CaBER was used.  For all 

experiments, 4 mm diameter plates were used at a 30 ï 50 ms strike time. The sample was 

first loaded between the plates at an initial separation distance of 2 mm. The plates then 



 
 

 17  

rapidly separated to a final height of 8 to 9 mm with an exponentially increasing rate over 

30 to 50 ms to impart a step strain on the fluid. Other conditions (e.g., longer strike times, 

linear strike profiles, and varied final separations) were found to result in filaments that 

broke up immediately after the power law decay or instabilities, such as the formation of 

the beads on a string. After the plates come to a stop, the fluid bridge flows due to a 

resulting force balance between surface tension and capillary-thinning forces. The 

midpoint of the liquid filament diameter is recorded over time as raw data.19 The capillary 

thinning and breakup profile depend on the fluid type, and a constitutive model can be used 

to extract relevant extensional parameters. 

2.3. Results and Discussion 

2.3.1. Effect of MC Fibrils on Shear Properties 

The sol-gel transition for aqueous MC solutions has been studied extensively by 

investigating the shear rheological properties as a function of temperature.114 For NaCl-

free MC solutions, the elastic modulus increases rapidly by several orders of magnitude at 

~60°C, indicating formation of a fibrillar network (Figure 2.1b, red curve). This has been 

previously confirmed by cryogenic transmission electron microscopy and small-angle 

scattering.32,33 The addition of NaCl decreases the temperature at which fibrils form and 

dissolve and therefore decreases the temperature at which the sol-gel and gel-sol transitions 

takes place A cartoon representation of fibril formation from free MC chains in solution 

upon heating or the addition of NaCl is shown in Figure 2.1a.  

To directly compare the sol-gel transition for aqueous MC solutions with and 

without NaCl, the complex modulus magnitude, |G*|, was measured as a function of 

temperature as shown in Figure 2.1b. The addition of 8 wt% NaCl leads to an 

approximately 30°C decrease in the sol-gel transition temperature, when the MC solutions 

are heated at 1°C·min-1 (Figure 2.1b, blue curve). The gel-sol transition, which is believed 

to be the lower limit in temperature at which fibril formation can occur, also decreased 

below room temperature.115 When annealing 1 wt% MC in 8 wt% NaCl at 25°C for 24 h, 

both the storage modulus, G,ᾳ and the loss modulus, Gᾴ, increase with time by an order of 

magnitude as shown in Figure 2.1c. Gᾳ and Gᾴ still show a distinct dependence on 
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frequency after 24 h, and the solution still flows as indicated by the shear viscosity 

measurements in Figure 2.2. The increase in both moduli is consistent with the formation 

of fibrils near the gelation transition.  

 

Figure 2.1: Rheological evidence of fibril formation. (a) Heating, or the addition of NaCl 

to MC solutions, leads to fibril formation. This study uses NaCl addition to create viscous 

solutions of MC fibrils embedded within the entangled MC polymer chain solution. (b) 

Complex modulus magnitude, |G*| , of 1 wt% MC530 as a function of temperature with 

and without NaCl. The addition of 8 wt% NaCl depresses the gel temperature by ~30°C. 

(c) GӾ and Gӿ as a function of frequency when annealing the 1 wt% MC in 8 wt% NaCl 

solution at 25°C for 15 min to 24 h. 

The steady shear behavior of MC solutions is also modified by the presence of 

fibrils. Figure 2.2 shows an overlay of the shear viscosity, –, as a function of shear rate 

for MC solutions at 1 wt% without added NaCl and 0.5 ï 1wt % MC solutions in 8 wt% 

NaCl. Although highly viscous, the solutions still flow at 25°C. The 1 wt% solution without 

added NaCl shows the expected shear thinning behavior previously observed for MC 

solutions. At low shear rates, the viscosity asymptotes to the zero-shear viscosity value of 

1.6 Pa·s. At high shear rates, the viscosity starts to decrease as the sample shear thins. To 

determine the flow behavior index, ὲ, a power law can be fit to the higher shear rate values: 

– ὑ‎ ςȢρ 

where ὑ is the flow consistency index. Without NaCl, the power law index is ὲ = 0.33.  
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Figure 2.2: Shear viscosity in a cone and plate (40 mm) geometry as a function of shear 

rate at 25°C. For solutions with no NaCl (closed symbols) only MC coils contribute to the 

viscosity, which exhibits shear thinning behavior at larger shear rates. With the addition of 

NaCl (open symbols), two shear thinning regions are present, one at high frequency due to 

shear thinning effects of MC coils and the other at long time scales due to shear thinning 

effects of MC fibers. 

For the MC solutions in 8 wt% NaCl, the flow behavior was modified. Instead of 

observing a constant, ñzero-shearò viscosity regime at low shear rates, a second shear 

thinning regime was observed for all concentrations of MC in 8 wt% NaCl. At higher shear 

rates, the samples shear thin in a similar way to the control (NaCl-free MC). The two shear 

thinning regimes are indicative of a mixture of high molecular weight aggregates, which 

are responsible for the low shear rate behavior, and free MC chains, which dictate the shear 

thinning at high shear rates. This behavior corroborates the oscillatory behavior from 

Figure 2.1c. The addition of 8 wt% NaCl leads to partial aggregation of free MC chains 
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into fibrils after annealing at room temperature for 24 h. Fitting Eqn. 2.1 to both shear 

thinning regimes, the low shear rate behavior is consistent with the highest possible shear 

thinning for all concentrations, where n approaches zero. At the highest shear rates, ὲ = 

0.33, 0.36, 0.48, 0.33, and 0.55, for 0.5 ï 1 wt%, respectively. Overall, the presence of 

fibrils increases the low shear rate (0.1 sī1) viscosity in a dramatic way, from 1.6 Pa·s to 

approximately 100 Pa·s for the 1 wt% solution, consistent with large molecular weight 

anisotropic aggregates. 

2.3.2. Effect of MC Fibrils on Extensional Properties 

The consequence of the presence of viscosity-modifying fibrils on the extensional 

flow behavior is dramatic. Figure 2.3 shows this comparison: the light green curve is from 

a 0.75 wt% MC solution without added NaCl, whereas the dark green curve is for an 0.75 

wt% MC solution in 8 wt% NaCl. Fibrils modify the CaBER profile in two ways. Firstly, 

the liquid bridge flows more slowly and breaks up at later times. Secondly and more 

significantly, after the initial shear-thinning power-law behavior, solutions with fibrils now 

exhibit elastic fluid behavior, as the power-law thinning segues into exponential filament 

thinning at later times when the polymers or fibrils disentangle and orient.19,98,105,116,117 

Figure 2.3 also shows CaBER profiles for 0.5, 0.625, 0.875, and 1 wt% MC solutions in 8 

wt% NaCl after annealing at room temperature for 24 h. The solutions first flow according 

to a visco-capillary force balance, for which the non-slender viscous power-law 

constitutive model for power-law exponents ὲ πȢφ can be written as  

Ὀὸ

Ὀ
ὃὸ ὸ ςȢς 

where Ὀὸ is the liquid bridge midpoint diameter, Ὀ  is the plate diameter, ὸ is the critical 

transition time between the power-law and exponential thinning regimes, ὸ is time, ὲ is the 

power-law exponent determined previously from Figure 2.2, and ὃ is a numerical pre-

factor.12,117,118 
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Figure 2.3: CaBER liquid neck diameter normalized by the plate diameter as a function of 

time and total MC concentration at 25°C for 0 wt% and 8 wt% NaCl solutions. The time 

for liquid bridge breakup increases drastically as does the diameter where elastic 

extensional behavior, characterized by an exponential thinning of the neck diameter, is 

observed. The black lines represent fits to Eqns. 2.2 and 2.3 for each concentration. The 

measurements were taken with a plate diameter of 4 mm, initial plate separation of 2 mm, 

final strike height of 8 to 9 mm, and an exponential strike time of 30 to 50 ms. 

With the presence of fibrils, the visco-capillary balance power law thinning leads 

into an elasto-capillary force balance, with the liquid bridge thinning with a characteristic 

extensional relaxation time 

Ὀὸ

Ὀ

ὋὈ

τ„
ÅØÐ

ὸ

σ‗
ςȢσ 
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where Ὃ is the shear modulus, „ is the surface tension, and ‗ is the extensional relaxation 

time.119 The term  is treated as a fitting constant. The formation of fibrils creates 

conditions such that elastic and capillary stresses dominate the overall stress balance within 

the flowing liquid bridge. Elastic forces oppose any capillary stresses and arise from 

polymer or fibril stretching, orientation, and conformational changes. 

Figure 2.4 shows details of the fits for all repeated trials. The ὸ values from the 

fits to Eqn. 2.2 are plotted in Figure 2.4a. The variable ὸ marks the critical time at which 

the flow transitions from a visco-capillary power-law balance to an elasto-capillary 

balance.19,105,119 As the concentration of MC increases, so does ὸ, from 0.4 s for 0.5 wt% 

to 26 s for 1 wt% MC solutions. The critical radius at this transition can be estimated as 

Ὑ πͯȢςρςχ.119 For 0.5 wt% MC in 8 wt% NaCl solutions Ὑ Ὑϳ  is 0.03 and 

increases to 0.18 for 1 wt% MC 8 wt% NaCl solutions as shown in Figure 2.4b. Beyond 

Ὑ , the neck diameter decays exponentially with time; this behavior is fitted with Eqn. 

2.3. As shown in Figure 2.4c, the relaxation time, ‗, for the decay increases with MC 

concentration for solutions with NaCl, from 0.04 s for 0.5 wt% MC to 3.9 s for 1 wt% MC. 

At the highest MC concentrations, the samples are so viscous that the filament stabilized 

at a finite diameter. For these samples, a constant was added to Eqn. 2.3 for the fit to 

accommodate this flow behavior. 
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Figure 2.4: Summary of fit results. Error bars indicate the range. The errors are most likely 

due to variations in sample loading. (a) The breakup time from fits to Eqn. 2.2. (b) 

Observed Rcrit/R0 the critical diameter at which there is an observed transition from the 

visco-capillary to the elasto-capillary balance. (c) The relaxation times from fits to Eqn. 

2.3, using an estimated c* = 0.1 wt%.  The solid line represents a fit to 0.001 + 1.7 x 10-6 

(c/c*)6.3 ± 1.4. 

The relaxation time scales are strongly concentration dependent, as shown by 

Figure 2.4c. For MC of molecular weight 530 kg·mol-1, the overlap concentration is 

estimated as 

ὧᶻ
σὓ

τ“ὔὙ
 ͯ πȢρ ύὸϷ ςȢτ 

where Ὑ  is the radius of gyration that depends on the number of monomers, ὔ, in the 

polymer chains and the length of each polymer, ὦ, such that Ὑ ὦὔȢ114 For the MC 
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solutions used in this study, ὧ υὧᶻ, and therefore, the polymer chains interpenetrate 

significantly. It is also expected that the MC chains, especially when heavily strained at the 

end of the flow, entangle significantly. Clasen et al.,108 Sachsenheimer et al.,120 Arnolds et 

al.,121 and Liu et al.122 have previously determined that for such cases, reptation dynamics 

dominate the time scales and that the longest relaxation time depends on the correlation 

length, a length scale beyond which hydrodynamic interactions are screened. Considering 

the concentration dependence of the correlation length, the longest relaxation time has a 

power law dependence on concentration 

‗

‗
 ͯ
ὧ

ὧz

Ȣ

ςȢυ 

where ‗ is the Zimm dynamic relaxation time of a strand between entanglements and ’ is 

the Flory exponent.122ï125  

The exponent from the power law fit in Figure 2.4c is 6.3 ± 1.4, which is consistent 

with ’ πȢττ. The power law exponent is much larger than 3.8, which is the power law 

exponent reported previously for cellulose in ionic liquids and is consistent with ’ πȢυ.99 

This may be ascribed to at least two factors: (1) the lower Flory exponent is consistent with 

the poor solvent quality of MC in 8 wt% NaCl solutions, and (2) the mixture of fibrils and 

free MC chains is a complex solution and it is beyond the scope of this study to determine 

the exact composition (i.e., fibril vs. chain) as a function of time and concentration. Despite 

the complications, the evident concentration dependence is consistent with polymer 

reptation in a highly entangled solution. 

In addition to the extensional relaxation time, the apparent extensional viscosity 

can be calculated from the exponentially thinning region of the profile.119,126 The 

relationship used to calculate the apparent extensional viscosity, –ȟ , is  

–ȟ  

ς„Ὀὸϳ

Ὠ‐ὸȾὨὸ 
ςȢφ 
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where ů is the surface tension and Ὠ‐ὸȾὨὸ is the extensional strain rate, which is defined 

as  

Ὠ‐ὸ

Ὠὸ

ς

Ὀὸ

ὨὈὸ

Ὠὸ

ς

σ‗
ςȢχ 

The surface tension of the 8 wt% NaCl MC solutions was estimated using a semi-empirical 

model developed by Dutcher et al.127 At a temperature of 25°C, the surface tension was 

calculated as 74.4 mN·m-1. This value for surface tension is most likely an overestimation, 

however conventional pendant drop methods were unable to successfully measure a surface 

tension for the samples as it failed to equilibrate to a constant value.  

Using the determined value for ‗ and the calculated value for the surface tension 

in the presence of 8 wt% NaCl, the apparent extensional viscosities were determined for 

all five MC concentrations. The values were plotted as a function of Hencky strain, defined 

as ‐ ςÌÎ , in Figure 2.5a. The apparent extensional viscosity increases drastically 

with concentration, from 40 Pa·s for 0.5 wt% MC to 1300 Pa·s for 1 wt% MC as shown in 

Figure 2.5b at Ὑ . As the liquid bridge thins, the apparent extensional viscosity increases 

linearly with the Hencky strain, indicating a nearly constant extension rate, as expected 

from Eqn. 2.7.  

Figure 2.6 summarizes the important findings: while NaCl-free MC solutions at 

room temperature are strongly shear-thinning, the addition of fibrils increases the viscosity 

drastically such that elasto-capillary filament thinning is observed starting at 0.5 wt% MC. 

This difference can be quantified by the elasto-capillary number 

Ὁὧ
‗„

–Ὑ
ςȢψ 

which compares the time scales of elastically controlled thinning with the viscous time 

scales, which drive the capillary flow.98,119 Ὁὧ is expected to be close to 1 at the transition 

between visco-capillary power-law balance and elasto-capillary balance. With increasing 

MC concentration, Ὑ  and ‗ increase such that Ὁὧ is 1, 4, 0.6, 0.6, 0.6 for 0.5 wt % to 
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1 wt% MC solutions in 8 wt% NaCl, respectively. The value is order unity as expected, 

with differences from unity within the error of the measurements.  

 

Figure 2.5: (a) The apparent extensional viscosity, calculated using Eqns. 2.6 and 2.7, as 

a function of Hencky strain for the exponentially thinning region. (b) The average viscosity 

for all trials in 8 wt% NaCl at Ὑ . The extensional viscosity at the critical strain increases 

rapidly with concentration. 

For MC solutions without NaCl, only shear thinning profiles are observed because 

of the low Deborah numbers of the flows at Ὑ . The Deborah number, ὈὩ, compares the 

elastic stress relaxation time scales to the Rayleigh time scale for inertia-capillary breakup 

of a fluid jet.23,98 ὈὩ can be defined as  

ὈὩ  
‗Ѝ„

”Ὑ

ςȢω
 

where ” is the MC solution density. For all 8 wt% NaCl MC solutions, ὈὩ ρ, and is 

equal to 26 for 0.5 wt% MC, 80 for 0.625 wt% MC, 121 for 0.75 wt% MC, 100 for 0.875 

wt% MC, and 155 for 1 wt% MC in 8 wt% NaCl.  
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Figure 2.6: Schematic and experimental snapshots of 0.75 wt% MC behavior as a result 

of applied extensional flow from the CaBER. (a) In the case of NaCl-free MC solutions, 

the power law fluid profiles indicate only free MC chains were present. (b) In the case of 

MC solutions with 8 wt% NaCl, elastic behavior was observed because MC fibrils are 

present in addition to free MC chains. For these images, the initial height between the plates 

was 2 mm, the final height was 13 mm, and the exponential strike time was 30 ms to capture 

the disparate behavior between MC solutions with and without NaCl. The images were 

extracted from videos recorded at 120 fps. The fluid between the top and bottom plates was 

false colored with black to depict the filament more clearly. 

Without NaCl, the largest possible estimated ὈὩ for a 1 wt% MC solution is ~7 and 

decreases steadily for lower concentrations, using estimated values for the Zimm relaxation 

time,  ‗ , and a hypothetical Ὑ . To estimate the latter values, Ὑ  is expected to be 

at 0.1 mm for 1 wt% MC solutions without NaCl, based on the viscosity of the solution, 

and the estimated Zimm relaxation time, ‗ ͯ
Ȣ

 ͯπȢπσ ί, where – is the 

intrinsic viscosity, Ὧ  is Boltzmannôs constant, and ὔ  is Avogadroôs number.23 For MC 

solutions in water, – is equal to 1100 mL·g-1 for MC of Mw = 530 kg·mol-1, and – is 

0.001 Pa·s.29 For lower concentrations, Ὑ  is higher due to a decrease in viscosity. For 

low ὈὩ, characteristic flow times are much faster and generalized Newtonian-like breakup 

dynamics are observed. The 0.75 wt% MC solution with no NaCl (Figure 2.6a shows a 
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ñcusp-likeò profile for the duration of the CaBER experiment, which is indicative of power-

law behavior. The 0.75 wt% MC solution with 8 wt% NaCl (Figure 2.6b initially has this 

same ñcusp-likeò profile). This profile eventually transitions to a thin filament at the end 

of the flow, which is indicative of elasto-capillary behavior. 

2.4. Conclusion 

 

Figure 2.7: Summary of the CaBER studies for MC with and without NaCl. The presence 

of fibrils in the MC solution containing NaCl results in a CaBER profile and fluid profile 

(inset images) indicative of elasto-capillary behavior, which the MC solution without NaCl 

does not exhibit. 

Self-association of MC into fibrils controls the extensional flow properties of MC 

solutions in several key ways. Without fibrils, the Deborah number of MC solutions is too 

low and fluid flow times are much faster than polymer relaxation times. Consequently, 0.5 

ï 1 wt% MC solutions with no NaCl show a power-law ñcusp-likeò CaBER profile as 

shown in Figure 2.6a. The addition of NaCl to the MC solutions to form fibrils increases 

the relaxation times, viscosity, and Ὑ  of the solution such that elasto-capillary regime 

becomes accessible and experimentally tunable. The distinct thin filament shown in Figure 
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2.6b is characteristic for elasto-capillary thinning behavior of elastic fluids. This difference 

in behavior is summarized in Figure 2.7. Varying the MC and NaCl concentrations 

accesses a regime of stable extensional flows, which have never before been characterized 

for aqueous MC solutions. These flows open the already commercially relevant polymer 

to a myriad of other processes, such as fiber spinning and extrusion. 
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Chapter 3  

Microfluidic Filament Thinning of Aq ueous, 

Fibrillar Methylcellulose SolutionsÀ 
ÀPortions of this chapter includes work in A. E. Metaxas, M. L. Coughlin, C. K. Hansen, 

F. S. Bates, T. P. Lodge, and C. S. Dutcher, Microfluidic filament thinning of aqueous, 

fibrillar methylcellulose solutions, Physical Review Fluids (2020) Submitted. 

 

3.1. Introduction 

Extensional flow fields observed in nozzles and contracting channels are relevant 

in many industrial applications, including printing, fiber spinning, extrusion, coatings, 

spraying, and film blowing.1ï4,97,98 However, establishing the non-Newtonian behavior of 

fluids in extensional flow fields can be challenging, especially for low-viscosity, weakly 

elastic solutions. The information obtained from the thinning and progressive breakup of 

an initially stable fluid filament with time is a key method to studying complex flows for 

droplets,128,129 emulsions,130ï132 and polymer solutions.11,13,14,104 For example, a typical 

macro-scale method for determining extensional properties of polymer solutions is 

Capillary Breakup Extensional Rheology (CaBER), where a step-strain is applied to a fluid 

or semi-solid between two parallel plates and the fluid filament flows and thins due to a 

balance between viscous and/or elastic stresses and capillary action. The diameter of the 

thinning filament is measured as a function of time by a laser housed in the device or by 

image analysis with a high-speed camera, where properties such as extensional relaxation 
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time and extensional viscosity can be inferred. Although convenient, CaBER only reliably 

determines these properties of solutions with shear viscosities above 100 mPa·s, as lower 

viscosity solutions tend to break up before relevant quantitative information can be 

collected.108,119,126 

Microfluidic flow-focusing devices, such as the device used by Arratia et al.133,134 

and shown in Figure 3.1, are much smaller in scale than the CaBER. Combined with high-

speed imaging, flow-focusing devices offer a potential solution to the drawbacks associated 

with CaBER. Because the ratio of elastic to inertial forces, defined as the elasticity number 

Ὁὰ‗– ”ὰϳ , where ‗ is the relaxation time, – is the solution (shear) viscosity, and ” 

is the fluid density, scales with the inverse square of the characteristic length scale of a 

device, ὰ, the viscoelastic behavior of a polymer solution can be enhanced in a microfluidic 

device.27 The range of measurable extensional strain rates in a microfluidic device is also 

extended by several orders of magnitude from those accessible by CaBER.19,26,102,135ï137 In 

addition, the presence of an oil phase surrounding the thinning filament can help regulate 

temperature and suppress evaporation, as those can also be concerns in a method such as 

CaBER. Finally, the microfluidic device set-ups require very small volumes of solution 

and are high throughput, providing large datasets from small sample amounts. 

The extensional behavior of methylcellulose (MC) is of interest due to processing 

that involves extensional deformation. Methylcellulose is used as a rheology modifier in a 

variety of food, pharmaceutical, and consumer product industries because of its unique 

properties. MC is cellulose partially substituted with methoxy groups (on average 1.7 ï 2.2 

out of 3 hydroxyl groups per anhydroglucose unit), which renders it soluble in water at 

temperatures below about 50̄C.29 In addition to its solubility in water at lower 

temperatures, MC can reversibly transition to a turbid hydrogel upon heating or with the 

introduction of NaCl into solution around room temperature.30,31 The current consensus for 

the thermoreversible gelation mechanism involves the formation of MC fibrils. Extensive 

work using cryogenic transmission electron microscopy (cryo-TEM), rheological 

measurements, and small angle X-ray and neutron scattering (SAXS and SANS) support 
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the hypothesis that the fibrillar network is responsible for the mechanical response of this 

material.32,33,39,114,115  

 

Figure 3.1: Filament thinning of aqueous methylcellulose (MC) solutions in flow-focusing 

microfluidic devices can generate transient changes in filament diameter, which can be 

used to calculate the extensional viscosity of each solution. 

Prior studies have successfully vitrified MC solutions after annealing above the gel 

point in solutions that did not contain salt. Cryo-TEM images obtained from these glassy 

thin films showed fibrils with an average diameter of ca. 15 nm, which was further 

corroborated by SAXS and SANS on these solutions.32,39,41,115 Recent simulations support 

the proposal that the fibrils are composed of a core of axially oriented chains with polymers 

wrapped around the core to form twisted bundles, which are formed by chain bending and 

water-mediated inter-chain interactions.138ï141 A recent experimental study using SAXS, 

medium- and wide-angle X-ray scattering (MAXS and WAXS) on oriented gel samples 
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confirm that the average chain axis is oriented along the fibril axis, and that the fibrils 

include crystalline regions.142
  

The study by Morozova et al.28, which was discussed in Chapter 2, examined the 

extensional behavior of methylcellulose solutions using CaBER as a function of MC 

concentration and NaCl concentration. The study found that the presence of NaCl resulted 

in an elasto-capillary regime, from which the extensional relaxation time and apparent 

extensional viscosity were calculated from Hencky strains ranging from 1.5 to 5. The 

emergence of this elasto-capillary regime was attributed to the formation of fibrils in 

solution at room temperature. Unfortunately, CaBER can only reliably resolve MC 

solutions with molecular weights of 250 kg·mol-1 and higher, as shown in Figure 3.2, as 

lower molecular weight samples have viscosities and relaxation times that render the 

CaBER technique ineffective.  
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Figure 3.2: CaBER traces for 1 wt% MC530 and 1 wt% MC150 solutions in both 0 wt% 

and 8 wt% NaCl. While CaBER is readily able to resolve the extensional behavior of the 

higher molecular weight MC530 solutions, it cannot be used to resolve the extensional 

features of the MC150 solutions. The filament diameter was normalized to the initial 

diameter at time = 0 s. An exponential strike time of 30 ms was used with 4 mm diameter 

plates and an initial height to plate diameter ratio of 0.5. 

Recently, Micklavzina et al.143 used hyperbolic microfluidic contractions to extend 

the range of extensional rheology measurements of MC solutions to lower viscosities, and 

resolved extensional viscosities between 0.01-1 PaÖs using pressure drop measurements. 

However, a drawback of the single phase contraction channel is the dominant contribution 

of viscous losses in the contraction.24,144 The present study couples the advantage of MC 

solution filament thinning by the surrounding outer fluid extensional flow with the 

advantage of the improved strain rate range accessible in microfluidic devices. The 

extensional properties of MC solutions were examined over a range of NaCl concentrations 

by using microfluidic flow-focusing devices to generate dynamically thinning filaments. 
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The work discussed here presents a relatively straightforward method to obtaining 

extensional properties that were previously unattainable to expand the understanding of 

MC behavior under extensional flow fields. 

3.2. Materials and Methods 

3.2.1. Methylcellulose Solution Preparation  

Methylcellulose (Mw = 150 kg·mol-1, Ð = 3.6, degree of methyl substitution, DS å 

1.8) was provided by The Dow Chemical Company. NaCl is ACS grade from Fisher 

Scientific and used as received. MC was dried under vacuum (~100 mTorr) at 50°C for 24 

h to eliminate any excess water. The concentration of MC for all solutions in this study 

was 1 wt%, which for MC150 in water is approximately five times the overlap 

concentration c* of 0.21 wt%.114,145 To prepare the solutions, 0.5 g of MC was dissolved 

in 25 g of HPLC grade chromatography water (Fisher Scientific) at 60°C and stirred for 10 

min in a 50 mL glass jar. For solutions with NaCl, samples containing 1 g (2 wt%), 2.5 g 

(5 wt%), or 4 g (8 wt%) of the salt were dissolved with the MC in water at 60°C. The 

remaining quantity of water at room temperature (~23°C) was added to yield a total 

solution weight of 50 g, and stirred for an additional 10 min. The solutions were placed 

into an ice bath, stirred for 10 min, and then stored in a refrigerator at 2°C for at least 24 h. 

These samples can be used for up to a month after preparation. The solutions were annealed 

at room temperature for 24 h prior to any measurements using cryo-TEM, steady shear and 

oscillatory rheology or microfluidic filament thinning. 

3.2.2. Steady Shear and Oscillatory Shear Rheology 

Shear and oscillatory rheology experiments were conducted on a TA Instruments 

AR-G2 rheometer. For steady shear experiments, a 2° steel 40 mm cone and Peltier plate 

geometry were used. The shear viscosity for each 1 wt% MC solution (with 0, 2, 5, or 8 

wt% NaCl) was measured after the torque signal reached an equilibrium state, for shear 

rates ranging from 0.1 to 5000 sï1. The temperature was kept constant at 23°C for all 

experiments. Oscillatory experiments were taken using a cup and bob geometry (rotor o.d. 

14 mm, rotor height 42 mm, cup i.d. 15 mm, and gap height 5 mm) from 0°C to 80°C and 
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80°C to 0°C at a temperature ramp rate of 1°C·min-1 at 1% strain amplitude with an angular 

frequency of 1 rad·s-1.  

3.2.3. Cryogenic Transmission Electron Microscopy (Cryo-TEM) 

NaCl-free and 8 wt% NaCl solutions of 0.1 wt% MC were prepared as described in 

Section 3.2.1. To vitrify the samples, an FEI Vitrobot Mark IV vitrification system was 

used with the climate control chamber set to 25°C and 100% humidity. Lacy 

carbon/Formvar grids (Ted Pella, 300 mesh) were cleaned and hydrophilized using a 

PELCO easiGlow discharge cleaning system. Five mL of each sample were pipetted onto 

separate grids, and the grids were annealed in the Vitrobot chamber for 1 s before the grid 

was blotted for 1 s with a blot force set to ï1, equilibrated for 1 s, and plunged into liquid 

ethane cooled by liquid nitrogen. The vitrified grids were stored in liquid nitrogen prior to 

imaging. The sample grids were transferred to a Gatan-626 single tilt cryo-holder and 

imaged using an FEI Tecnai G2 Spirit BioTWIN microscope operated at 120 kV coupled 

with an FEI Eagle charge-coupled device camera (2048 ³ 2048 pixels). Images were 

obtained from multiple areas of the grid to determine if fibrils were formed in the MC 

solutions.   

3.2.4. Extensional Filament Thinning in Microfluidic Devices 

The microfluidic device for extensional filament thinning measurements was 

fabricated using standard soft-lithography techniques described extensively in the 

literature.146ï148 A photolithography mask of the flow-focusing device was drawn using 2D 

CAD software (Draftsight) and printed on a 20,000 dpi high-resolution printer (CAD/Art 

Services, Inc.), as shown in Figure 3.3a. In the clean room, a blank silicon wafer was 

cleaned using a piranha solution and spin-coated with a negative photoresist (SU-8 2050, 

Microchem). After a pre-exposure bake, a mask aligner (Karl Süss) was used to expose the 

photoresist to UV light and developed to form an SU-8 mold of the flow-focusing device. 

Prior to pouring poly(dimethylsiloxane) (PDMS, SYLGARD 184 silicone elastomer, 10:1 

elastomer to crosslinker ratio, Dow Corning Corporation), the surface of the mold was 

rinsed with isopropanol, dried with compressed air, and treated with silanes ((tridecafluoro-

1,1,2,2-tetrahydrootcyl)trichlorosilane, Gelest) to allow for easy removal of the PDMS 
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device from the surface of the silicon wafer. Approximately 20 mL of the silanes were 

pipetted into a watchglass and placed with the cleaned wafer into a desiccator and held for 

20 min under vacuum.  

 

Figure 3.3: (a) Schematic of the microfluidic flow-focusing device. The MC solution flows 

through the leftmost entrance port and is surrounded by a continuous phase of 50 cSt 

silicone oil. (b) A movie at 20,000 fps is recorded to capture the filament thinning behavior 

as shown. Edge detection is then applied to obtain the filament diameter with time. 

After treating the wafer surface, the PDMS was poured onto the mold and baked 

overnight at 70°C to allow the PDMS to harden. To seal the bottom of the PDMS device 

and mitigate wetting effects, a glass coverslip was spin-coated with PDMS and allowed to 

bake overnight. The device was then cut out from the mold and holes were punched into 

the three inlets (two side arms for the continuous silicone oil phase and one central arm for 

the MC solution, as shown in Figure 3.3a and one outlet) using a 0.75 mm OD biopsy 

punch (World Precision Instruments). The PDMS device and PDMS-coated glass coverslip 

were rinsed with methanol, isopropanol, distilled water, and dried with compressed air. 

The device and coverslip were plasma-treated (Harrick Plasma), sealed, and baked for a 

minimum of 2 h in an oven at 70°C to render the channel walls hydrophobic and prevent 

the aqueous MC solutions from adhering to the walls. The device channel width is 250 ɛm 

while the device channel height is 120 ɛm, which was confirmed with optical microscopy 

and ImageJ. 

The device was then mounted on the stage of an inverted microscope (Olympus 

IX73) for bright field imaging using a 20³ objective lens. Pressure-driven flow is generated 
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using syringe pumps (Harvard Apparatus) with gas-tight glass syringes connected to 

perfluoroalkoxy tubing (PFA, i.d. 0.02 in, o.d. 0.0625 in, IDEX Corporation) and curved 

needles hermetically sealed to the device inlets and outlet. The continuous phase of 50 cSt 

silicone oil (Fisher Scientific) was pumped in at a specified volumetric flow rate (see Table 

3-1) and allowed to flow through the device for several minutes prior to pumping in the 

MC solution. The silicone oil was Newtonian, as confirmed by steady shear measurements. 

The dispersed phase flow rate was held constant at 0.008 cm3·min-1 for all MC solutions. 

The field of view was adjusted near the cross junction to record movies at 20,000 frames 

per second (fps) on a Photron FASTCAM Mini UX100 high-speed camera. A frame from 

a sample movie is shown in Figure 3.3b.  

Once the movies were recorded, they were processed in MATLAB using an in-

house code to apply an intensity threshold to the interface between the continuous, silicone 

oil phase and the dispersed, aqueous MC150 solution phase. Sample movie frames with 

applied thresholding for the solution containing 0 wt% NaCl, 2 wt% NaCl, 5 wt% NaCl, 

and 8 wt% NaCl are shown in Figure 3.4b, Figure 3.5b, Figure 3.6b, and Figure 3.7b, 

respectively. The filament diameter, Ὀὸ, can be calculated in terms of pixels for each 

frame of the movie and converted to a ɛm length-scale since the channel width is known. 

The filament diameter measurements were collected at five user-defined locations in an 

Eulerian frame, as represented by the vertical white lines in Figure 3.4b. The transient 

region occurs at times less than 10 ms, as the drop passes, and this is not used in the 

calculation.  In contrast, for times over 10 ms, the thinning behavior is nearly identical 

across the region of interest, regardless of where the image analysis is performed within 

the thinning region shown. The orange, dashed box in Figure 3.4a shows the portion of 

the trace that is used for extensional viscosity calculations, as the filament diameters are 

below the channel height and therefore not in a confined state. Multiple filament breakup 

events were further analyzed to calculate extensional strain rate and flow-driven 

extensional viscosity, to be discussed later. Repeat runs for each solution can be found in 

Figure 3.8. 
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Figure 3.4: (a) Filament diameter of the fluid front for 1 wt% MC150 in 0 wt% NaCl 

passing through all five white, vertical lines in the snapshots of a sample movie shown in 

(b). The raw movie frame is on the left-hand side of each column, while the frame with 

applied thresholding is shown on the right-hand side of each column in (b). The vertical 

white lines indicate where the filament diameter, D(t), can be measured. The channel width 

is 250 ɛm in all frames shown here. The area boxed in with the orange dashed lines 

indicates the region where the data were analyzed, described in the Results and Discussion. 
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Figure 3.5: (a) Filament diameter of the fluid front for 1 wt% MC150 in 2 wt% NaCl 

passing through all five white, vertical lines in the snapshots of a sample movie shown in 

(b). The raw movie frame is on the left-hand side of each column, while the frame with 

applied thresholding is shown on the right-hand side of each column in (b). The vertical 

white lines indicate where the filament diameter, D(t), can be measured. The channel width 

is 250 ɛm in all frames shown here. The area boxed in with the orange dashed lines 

indicates the region where the data were analyzed. 
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Figure 3.6: (a) Filament diameter of the fluid front for 1 wt% MC150 in 5 wt% NaCl 

passing through all five white, vertical lines in the snapshots of a sample movie shown in 

(b). The raw movie frame is on the left-hand side of each column, while the frame with 

applied thresholding is shown on the right-hand side of each column in (b). The vertical 

white lines indicate where the filament diameter, D(t), can be measured. The channel width 

is 250 ɛm in all frames shown here. The area boxed in with the orange dashed lines 

indicates the region where the data were analyzed. 
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Figure 3.7: (a) Filament diameter of the fluid front for 1 wt% MC150 in 8 wt% NaCl 

passing through all five white, vertical lines in the snapshots of a sample movie shown in 

(b). The raw movie frame is on the left-hand side of each column, while the frame with 

applied thresholding is shown on the right-hand side of each column in (b). The vertical 

white lines indicate where the filament diameter, D(t), can be measured. The channel width 

is 250 ɛm in all frames shown here. The area boxed in with the orange dashed lines 

indicates the region where the data were analyzed. 



 

 43  

 

Figure 3.8: All transient filament diameter traces for (a) 0 wt% NaCl, (b) 2 wt% NaCl, (c) 

5 wt% NaCl, and (d) 8 wt% NaCl. 

3.3. Results and Discussion 

3.3.1. Shear Rheology of Aqueous Methylcellulose Solutions 

The viscoelastic properties of MC150 solutions as a function of temperature and 

NaCl concentration were measured using small-amplitude oscillatory shear. Solutions of 1 

wt% MC150 at concentrations of NaCl ranging from 0 wt% to 8 wt% were heated from 

0°C to 80°C and back at a temperature ramp rate of 1°C·min-1. Figure 3.9 shows that all 

MC150 solutions at varying NaCl concentrations undergo a sol-gel transition upon heating, 

as signified by the large increase in magnitude of the complex modulus, |G*|. This is 

followed by a gel-sol transition upon cooling, as reflected in the large decrease in 

magnitude of |G*|. These drastic changes in the complex modulus are attributed to the 
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formation of MC fibrils upon heating and their dissolution upon cooling, indicating that 

the process is thermoreversible, albeit with substantial hysteresis.33,114  

 

Figure 3.9: Complex moduli for 1 wt% MC150 solutions in 0, 2, 5, and 8 wt% NaCl at 1% 

strain, 1 rad·s-1, and heating and cooling rates of 1 oC·min-1. The filled and open symbols 

refer to heating and cooling traces, respectively. The purple, dashed line denotes the 

operating temperature of all microfluidic filament thinning experiments (23°C). The MC 

solutions for the filament thinning experiments were removed from the refrigerator and 

allowed to warm to 23ÁC (room temperature), thus falling on the ñheatingò trace as 

indicated by the yellow stars. 

The addition of NaCl decreases both the gel temperature (Tgel), which is taken as 

the midpoint of the overall sharp increase in the complex modulus upon heating and the 

sol temperature, (Tsol) taken here as the midpoint of the sharp decrease in the complex 

modulus upon cooling, which is attributed to the transition of MC fibrils to dissolved 

chains. With sufficient NaCl, fibrils can be formed at lower temperatures. Indeed, there is 

a ~30°C difference between the sol-gel and gel-sol transitions between the two extreme 
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NaCl concentrations. The gel-sol transition, the lower temperature limit for fibril 

formation, is at or below room temperature for the 5 and 8 wt% NaCl solutions.115 This 

behavior is consistent with what was observed for higher molecular weight MC solutions. 

28,41 One aspect to note is that even at the highest concentration of NaCl, the solution still 

flows freely as the yield stress is only around 1 Pa as shown in Figure 3.10. This ability 

for the MC solutions to flow freely is imperative for pumping the solution through the 

microfluidic filament thinning device to maintain a Reynolds number, Re, of less than 1.  

 

Figure 3.10: Shear stress, torque, and shear viscosity traces for 1 wt% MC150 in (a) 0 wt% 

NaCl, (b) 2 wt% NaCl, (c) 5 wt% NaCl, and (d) 8 wt% NaCl. 

The steady shear behavior of the 1 wt% MC150 solutions is also modified by the 

presence of fibrils to varying degrees depending upon the NaCl concentration in solution. 
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The shear viscosity as a function of shear rate at room temperature (23°C) for each solution 

is shown in Figure 3.11. The shear thinning observed at higher shear rates > 250 sï1 in all 

solutions is similar to what was observed at higher molecular weights of MC and is 

attributable to free (non-fibrillar) MC chains.144 Similar behavior has also been observed 

by Dinic et al.149 in an another cellulose ether analog, hydroxyethyl cellulose.  At these 

higher shear rates, the shear viscosity decreases, and the flow behavior index, ὲ, can be 

determined by fitting the higher shear rate values from 250 sï1 to 5000 sï1: 

– ὑ‎ σȢρ 

where – is the shear viscosity, ὑ is the flow consistency index, and ‎ is the shear rate. The 

flow behavior index decreases with increasing NaCl concentration, where n = 0.831 ± 

0.007, 0.821 ± 0.006, 0.793 ± 0.006, and 0.446 ± 0.009 for 0 ï 8 wt% NaCl, respectively, 

as reported in Table 3-1. The power-law fits can be seen in Figure 3.12. The decreasing 

values of n indicate more shear thinning with increasing NaCl concentration. At lower 

shear rates, the shear viscosity of the 0 wt% NaCl asymptotes to a zero-shear viscosity of 

0.05 PaÖs. The shear viscosity behavior for the MC150 solutions containing NaCl, however, 

is not constant with shear rate. A second ñshear thinningò regime is observed at lower shear 

rates (below 200 sï1), attributed to the presence of fibrils. These differences in shear 

thinning behavior across the solutions will become important in the last section where the 

extensional rheological behavior of these solutions is discussed. 
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Figure 3.11: Steady shear viscosity as a function of shear rate for 1 wt% MC150 solutions 

in 0, 2, 5, and 8 wt% NaCl at 23°C. Two shear thinning regions separated by the vertical, 

dashed lines are present in the traces with NaCl: one at lower shear rates due to the shear 

thinning effects of the fibrils (orange, dashed lines) and one at higher shear rates due to the 

shear thinning effects of MC coils in solution (purple, dashed lines). 
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Figure 3.12: Power-law fits of the higher shear rates for each  1 wt% MC150 solution in 

(a) 0 wt% NaCl, (b) 2 wt% NaCl, (c) 5 wt% NaCl, and (d) 8 wt% NaCl. The fit is applied 

over a shear rate range from 250 s-1 to 5000 s-1, which is the data within the linear torque 

regime. The flow behavior index, n, and the consistency index, K, can be found from these 

fits. 

3.3.2. Visualization of Methylcellulose Fibrils Annealed at Room Temperature 

As previously noted, the formation of MC fibrils is responsible for the onset of 

gelation and mechanical response of these samples. While the shear behavior suggests that 

intermolecular association occurs to give the response seen in Figure 3.9 and Figure 3.11, 

it cannot produce a direct measure of the fibril structure. Cryogenic transmission electron 

microscopy (cryo-TEM) was therefore used to directly image the fibril structure.32,33 Here, 

the occurrence of MC fibrils in the presence of NaCl for systems annealed at room 

temperature prior to vitrification was verified. Figure 3.13a depicts a 0.1 wt% MC150 
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solution with 0 wt% NaCl annealed for 24 h at room temperature prior to vitrification. As 

expected from the location of the sol-gel and gel-sol temperatures in Figure 3.9 and the 

shear behavior in Figure 3.11, no fibrils are present. For the 0.1 wt% MC solution in 8 

wt% NaCl, variations in contrast in the form of darker cylindrical objects, which are MC 

fibrils, on the lighter substrate can be seen in Figure 3.13b. As documented in a prior study 

by Schmidt et al.41, the average fibril diameter remains constant regardless of molecular 

weight or concentration of the filament, but it does change with the amount of salt in 

solution. Because the fibrils contain water, the presence of NaCl increases the osmotic 

pressure, which ultimately extracts the water and therefore decreases the filament diameter 

from approximately 15 nm from prior SAXS and ImageJ analysis of cryo-TEM images to 

11 nm using ImageJ analysis in this study. Similar behavior has been observed in other gel 

systems, where the presence of dissolved ions decreases the diameter of the respective 

structures.150ï152 

 

Figure 3.13: Cryo-TEM images of 0.1 wt% MC solutions in (a) HPLC-grade water and 

(b) 8 wt% NaCl annealed at 23ºC for 24 hours. Fibrils, denoted by the arrows, are only 

present for solutions with added NaCl at room temperature. The fibril diameters were 

measured using ImageJ to obtain an average diameter of 11 ± 1 nm. 
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3.3.3. Filament Thinning of Aqueous Methylcellulose to Measure Extensional Viscosity 

The filament thinning profiles of the MC solutions in the microfluidic devices  

generated from the movies are shown in Figure 3.14a as filament diameter, Ὀὸ, as a 

function of time. As the NaCl concentration increased, the MC solution viscosity increased 

as shown in Figure 3.11, which required higher volumetric flow rates of the continuous 

silicone oil phase to form a filament, as shown in Table 3-1. This accounts for the 

progressively shorter breakup times as the NaCl concentration increased.137 The volumetric 

flow rate for the dispersed aqueous MC150 phase remained constant for all experiments. 

Note that all flows are maintained in the laminar flow regime, as the Reynolds numbers 

range from Re = 0.012 at the lowest continuous phase flow rate to Re = 0.48 at the highest 

continuous phase flow rate. With this particular geometry, there is no dependence on the 

evolution of Ὀὸ with axial position as seen in Figure 3.4-3.7.134 

 

Figure 3.14: (a) Filament thinning of the MC solution at varying concentrations of NaCl 

with time. Measurements shown here are taken from a single point in the microfluidic 

device at 20,000 fps. (b) Calculated extensional strain rate of each MC solution with time. 

The strain rate drastically increases toward the end of the filament thinning process. 

From the filament diameter data, the extensional strain rate of the filament can be 

calculated by the following relationship: 

‐
ς

Ὀὸ

ὨὈὸ

Ὠὸ
σȢς 
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where Ὀὸ is the filament diameter, ὸ is time, and ‐ is the extensional strain rate of the 

MC filament. This form of extensional strain rate assumes that the filament is 

homogeneous in the axial direction.153,154 Realistically, there is some variation in the 

filament diameter in the axial direction that would require an additional term to calculate 

the extensional strain rate. However, in these experiments, the local spatial rate of change 

in filament thickness is much smaller than the temporal rate of change, so the additional 

term can be neglected. To a good approximation, the filament can be treated as spatially 

uniform and Eqn. 3.2 can be used to calculate the extensional strain rate, as seen in Figure 

3.14b.134 

 Figure 3.14b shows that the extensional strain rate is initially independent of time, 

before sharply increasing by orders of magnitude. Both regimes (ñflow-drivenò filament 

thinning, where the extensional strain rate is constant with time, and ñcapillary-drivenò 

filament thinning, where the extensional strain rate rapidly changes with time) contain 

information about the extensional viscosity of the solutions. In this regime, the filament 

diameter thins exponentially with time as seen in Figure 3.14a. Because the filament 

thinning is driven by the continuous phase (silicone oil) viscous stresses normal to the 

dispersed phase (MC solution) and pressure drag imparted by the droplet at the end of a 

thinning filament, a stress balance can be calculated across the interface between the two 

phases  

–‐ –ȟ ‐  

Ὂ

“
Ὀὸ
ς

σȢσ
 

where the left-hand side represents the extensional stress of the MC solution and includes 

the extensional viscosity, –. The first term on the right-hand side represents the viscous 

stress the silicone oil applies to the MC solution, and the second term represents the reactive 

force acting on the filament due to the pressure drag exerted by the oil on the confined 

leading droplet, defined later with Eqn. 3.5.97,155 

The extensional viscosity of the silicone oil, –ȟ , can be found using the Trouton 

ratio, where the extensional viscosity is three times the shear viscosity. The calculated 
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extensional viscosity is 0.165 PaÖs at 23°C from cone and plate measurements. The 

extensional strain rate of the oil, ‐ , can be approximated using the strain rate from the 

cross region found by dividing the volumetric flow rate of the oil by the product of the 

square of the channel width by the channel height.133,156 However, since the filament itself 

occupies a portion of the width and height, the extensional strain rate of the oil can be 

calculated with the following relationship 

‐  

Ὗ

ὡ Ὀὸ

ὗ Ὄὡ “
Ὀὸ
ς

ὡ Ὀὸ
σȢτ

 

where Ὗ  is the cross-sectional velocity of the silicone oil, ὡ is the channel width, Ὄ is 

the channel height,  Ὀὸ is the filament diameter with time determined by image analysis, 

and ὗ  is the volumetric flow rate of the silicone oil (see Table 3-1). The thinning 

filament can be thought of as cylindrical in shape as it is unconfined below the channel 

height, therefore the cross-sectional area is circular. Figure 3.15 shows that the centerline 

velocity of the confined, leading droplet increases with increasing volumetric flow rate of 

the silicone oil as shown in Table 3-1. 

Table 3-1: Summary of relevant parameters for shear and extensional rheological 

characterization of MC solutions. The error for density represents one standard deviation 

from the mean, the error for the power law index is from the power law fit, and the errors 

for the extensional viscosity and Trouton ratio represent a 95% confidence interval. The 

Trouton ratio calculated for each sample at a Hencky strain of 0.1 using the method 

discussed with Eqn. 3.6. 
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Figure 3.15: Leading droplet positions (top) and velocity (bottom) calculations using edge 

detection for 1 wt% MC150 in (a) 0 wt% NaCl, (b) 2 wt% NaCl, (c) 5 wt% NaCl, and (d) 

8 wt% NaCl. The centerline velocity was used for drag force calculations described in the 

main text. The centerline velocities were 0.021 m·s-1 for both the 0 wt% and 2 wt% NaCl 

solutions, 0.047 m·s-1 for the 5 wt% NaCl solution, and 0.078 m·s-1 for the 8 wt% NaCl 

solution. The maximum sizes of the leading droplets were 185 ɛm, 195 ɛm, 160 ɛm, and 

125 ɛm at 0 wt% NaCl, 2 wt% NaCl, 5 wt% NaCl, and 8 wt% NaCl, respectively. 

 To determine the drag force and ultimately axial stress due to drag on the overall 

stress balance across the thinning filament, the confined nature of the droplet must be 

considered. Although all experiments occur in the ὙὩ ρ regime, Stokesô drag is not a 

good approximation to use here as the confined nature of the leading droplet resembles a 
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ñpancakeò rather than a sphere. The ñpancakeò geometry of the leading droplet is assumed 

here because in all cases, the diameter of the droplet is greater than the channel height of 

120 ɛm (ranging from 125 ɛm at the smallest to 195 ɛm at the largest). In cases like these 

with a confined droplet where the radius of the droplet is larger than the channel height, 

the pressure drag will dominate over viscous drag, and for a fully confined case, there is 

no viscous drag contribution.155,157,158 The pressure drag force component can be expressed 

as 

Ὂ
ςτ“–ȟ ὟὙ

Ὄ
σȢυ 

where Ὂ  is the pressure drag force specifically for a confined ñpancakeò droplet, –ȟ  

is the shear viscosity of the silicone oil, Ὗ  is the relative velocity between the oil 

and the leading MC droplet Ὗ Ὗ Ὗ , with droplet velocity Ὗ  

determined with image analysis, see Figure 3.15), and Ὑ is the projected radius of the 

leading droplet. To calculate the axial stress, the drag force is then divided by the cross-

sectional area of the thinning filament. One caveat here is that the droplets are only partially 

confined because for a fully confined case, ὙὌϳ τ.159 Therefore, the true drag force and 

resultant extensional viscosity may be slightly modified as a result.    

The quantity  
ȟ  

, which is a rearranged expression from Eqn. 

3.3 and shares the same units as extensional viscosity, was calculated for all MC solutions 

as a function of time, and a representative set of results is shown in Figure 3.16. In the 

region where this quantity is nearly constant with time and therefore where the extensional 

strain rate of the MC is also nearly constant with time, the values can be averaged to 

determine the flow-driven apparent extensional viscosity.134 The average flow driven 

extensional viscosities are shown with 95% confidence intervals in Table 3-1, and increase 

from 0.947 ± 0.005, 1.62 ± 0.01, 2.7 ± 0.4, and 15.1 ± 0.6 Pa·s as the concentration of NaCl 

increases from 0, 2, 5, to 8 wt%, respectively. These results are comparable to results 

obtained by Micklavzina et al.143 using pressure drop measurements in a hyperbolic 

microchannel. The increase in extensional viscosity by an order of magnitude from 0 to 8 
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wt% NaCl is attributed to the formation of fibrils in the solution with NaCl. This effect was 

also seen in capillary breakup extensional rheology (CaBER) studies of higher molecular 

weight MC530.28 

 

Figure 3.16: Stress balance of the outer, continuous oil phase with the inner, dispersed 

phase of the MC solutions with time. The portions of the plot where the quantity is nearly 

constant with extensional strain rate and time is the flow-driven extensional viscosity, ɖE. 

The red box shows an example of this flow-driven region, and the values for each MC 

solution are reported in Table 3-1. 

Prior studies using CaBER with MC solutions and the filament stretching technique 

used here with other polymer solutions show that the extensional viscosity increases above 

a certain extensional strain rate due to polymer chains aligning and elongating with the 

direction of the extensional flow field.28,134 However, the extensional strain rates that were 

used in those studies were much smaller (e.g., 50 sï1 from Arratia et al.134) than the 

extensional strain rates used in the present study and by Micklavzina et al.143 (e.g., 10,000 
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sï1). To quantify the relationship between the extensional and shear viscosities, the Trouton 

ratio was calculated considering uniaxial extensional flow using the following equation 

Ὕὶ
– ‐

–‐Ѝσ
σȢφ 

where the extensional viscosity, –, and the shear viscosity, –, are evaluated at the Hencky 

strain rate, ‐, and the shear rate equivalent to ‐Ѝσ. Approximating the thinning filament 

as cylindrical, the Hencky strain, ‐, can be calculated using, 

‐ ςÌÎ
Ὀ

Ὀὸ
σȢχ 

and the derivative at different time points can be used to calculate the Hencky strain rate 

from the Hencky strain values.22,160 The Trouton ratios calculated using Eqns. 3.6 and 3.7, 

shown in Table 3-1, are found to be 26.9 ± 0.3,  40.5 ± 0.3,  56 ± 13, and 271 ± 35 for 0 

wt%, 2 wt%, 5 wt%, and 8 wt% NaCl, respectively. Trouton ratios larger than 3 for non-

Newtonian fluids such as the MC solutions tested here are generally expected.  

One should note that the extensional strain rate using the filament thinning device 

in this study is fixed by the ratio of the volumetric flow rates of the dispersed and 

continuous phases. Further studies would be needed to explore how the extensional 

viscosity would depend on strain rate. While this could result in commonly observed 

extensional thickening, it is also possible to expect extensional thinning seen with similar 

MC solutions and other entangled and branched polysaccharide systems.10,143,161ï163 From 

the study of the extensional properties of MC solutions, the presence of fibrils continues to 

have a major effect on the flow-driven extensional viscosity even for low viscosity, weakly 

elastic MC solutions whose extensional viscosities cannot be measured using traditional 

macroscale techniques.  

3.4. Conclusion 

This study has shown that the extensional viscosity of low molecular weight and 

low viscosity MC solutions can be determined using a flow-focusing microfluidic device 
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at room temperature, with values comparable to other work that utili zed microchannels to 

elucidate extensional viscosity. The increase in apparent extensional viscosity by an order 

of magnitude from 0.947 PaÖs to 15.1 PaÖs as the NaCl concentration increased from 0 to 8 

wt% was attributed to the presence of a fibrillar MC network in solution at room 

temperature. The presence of a fibrillar network that forms because of the addition of NaCl 

to the solution was confirmed by cryo-TEM and shear rheology experiments, corroborating 

prior studies using macroscale techniques to determine extensional viscosity. This 

technique provides the opportunity to study extensional viscosity in solutions with lower 

viscosities and higher extensional strain rates than are accessible with other commercial 

techniques, including the CaBER.
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Chapter 4  

In Situ Polymer Flocculation and Growth in 

Taylor -Couette FlowsÀ 
ÀPortions of this chapter consist of a journal article cited as A. Metaxas, N. Wilkinson, E. 

Raethke, and C. S. Dutcher, In situ polymer flocculation and growth in Taylor-Couette 

flows, Soft Matter, 14, 8627-8635 (2018), reproduced by permission of The Royal Society 

of Chemistry. 

 

4.1. Introduction 

The removal of solid particulates using polyelectrolyte-driven flocculation is a 

common process in a variety of applications including paper manufacturing and drinking 

water treatment.44,45,50 Despite its widespread use, the process remains poorly understood 

due to the complexity of the system. Therefore, treatment plants rely on highly empirical 

methods to determine polymer flocculant dosing levels. Charged polymers are added to a 

fluid system during mixing to bind onto suspended particulates, thus forming flocs.  Rapid 

floc growth is then enabled by orthokinetic aggregation, where the polymer-coated 

particulates collide due to fluid motion and the velocity gradient during the mixing process 

depends on the nature of the fluid flow.47ï49 The local hydrodynamics around a growing 

floc is one of the key factors that affects the conformation of the polymer on the surface. 

Extensional forces in particular can stretch the polymer from the surface to lengths greater 

than the radius of gyration, Ὑ , of the free polymer in solution, increasing the bridging 
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capability of the polymer.54,81 As the flocs are formed and grow during the flocculation 

process, they can eventually break due to fluid shear forces.59,61 After some time, the flocs 

will approach a steady state between floc growth and breakage.58,80,164 

There are several different molecular-level mechanisms for polymer-particle 

adsorption and flocculation events, including charge neutralization, polymer bridging, 

charge-patch flocculation, and polymer depletion.44,50ï53 The aqueous environment affects 

the underlying flocculation mechanism through highly interrelated physicochemical 

properties including the suspension composition (pH, ionic strength, and salt valency),54 

coagulant type,55,56 particle surface properties,57 and dosing and mixing conditions.58ï60 In 

this study, bentonite was used as the solid particulate of interest. Bentonite is an anisotropic 

smectite clay commonly found in surface waters with a high adsorption capacity for water 

and has been used in other flocculation studies.7,63ï65 Individual bentonite particles can be 

visualized as thin sheets with negatively charged faces and either positively or negatively 

charged edges depending on the solution pH.68,69 As a result, bentonite sheets can be 

arranged in a porous, edge-face arrangement, an edge-edge arrangement, or  a dense, face-

face structure.70,71 Variations in aggregate surface morphology more than likely result in 

different polyelectrolyte adsorption capacities and interaction potentials due to the uneven 

charge distribution of the functional edge groups.  

These complex interdependencies on the floc assembly kinetics and final floc 

microstructure are not well understood and can result in poorly optimized polymeric 

dosing, which is one of the major technical issues treatment plants face. Under-dosing 

results in insufficient particulate removal and over-dosing results in particulate 

restabilization. Both are undesirable outcomes, which can be cost-prohibitive in water 

treatment.46 Flocs fragmented resulting from shear forces can be re-suspended and are often 

more difficult to remove than the initial particulate. For optimal separation, large 

hydrodynamically robust flocs are desired for flocs to readily settle out due to gravity, as 

well as withstand turbulent stresses in the flow with little to no fragmentation.44,61,62 

The effects of physicochemical and hydrodynamic conditions on final floc 

microstructure have been examined using small angle light scattering, yielding final floc 
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size and fractal dimensions.82ï84 These studies found that the longer characterization length 

scales accessible by static light scattering work well to determine mass fractal dimensions. 

However, interpretation of the scattering patterns can be difficult, and static light scattering 

works best for smaller aggregates with loosely packed structures. Recently, advanced 

image analysis techniques have been used to study the dynamic flocculation behavior using 

jar tests and impellers, which offers a more non-intrusive method of studying the flocs as 

compared to obtaining and preparing a sample for light scattering experiments.59 Jar tests 

replicate scaled-down industrial water treatment conditions but lack homogeneous spatial 

and temporal flow features that are needed to precisely study floc strength as a function of 

hydrodynamic flow. In addition to the lack of varied flow states, the shear stresses within 

the fluid cannot be accurately controlled in a jar test to determine the point where floc 

breakage occurs.62,92 

Unlike jar tests, Taylor-Couette (TC) cells, devices consisting of two concentric 

cylinders with a specified gap width, offer an experimental method to study mixing events 

with the ability to precisely control the hydrodynamics. TC cells can generate a wide 

variety of flow states as a function of either or both cylinder speeds, and they range from 

laminar types to turbulent types.165ï170 Four different flow states were used in this study in 

order of increasing inner cylinder speed: (1) laminar Taylor vortex flow (LTV), (2) laminar 

wavy vortex flow (LWV), (3) turbulent wavy vortex flow (TWV), and (4) turbulent Taylor 

vortex flow (TTV). Laminar Taylor vortex flow consists of axisymmetric, toroidal vortices 

with a characteristic spatial frequency but no temporal frequency, whereas laminar wavy 

vortex flow consists of a characteristic temporal and spatial frequency.171 From a 

qualitative perspective, LTV flow look like a series of parallel bands whereas LWV flow 

appears as parallel waves. The turbulent cases of these two flow states physically resemble 

their laminar counterparts with additional turbulent features such as eddies. The wide 

variety of flow states accessible by a TC cell, in addition to optical access via the 

transparent outer cylinder has made it an ideal tool to study a variety of processes such as 

polymer drag reduction, catalysis, filtration, and liquid-liquid mixing.172ï174 TC cells have 
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also been used to study flocculation, although prior studies with TC cells were limited in 

that flocs had to be pre-formed outside of the cell.61,87,93,175 

To study the entirety of the mixing process in an in-situ manner, a modified TC cell 

has been designed and built by Wilkinson and Dutcher94 to directly inject the polymer 

flocculant into the annulus. Unlike other TC cells where the injection  was in a single 

location or protruded into the annulus, using the cell built by Wilkinson and Dutcher, one 

has the ability to inject flocculant at multiple, precisely spaced axial and azimuthal 

locations to allow for larger volume injections and smoothing of any azimuthal 

concentration gradients.94,173,176,177 The injection ports are built into the inner cylinder and 

the port covers lie flush against the surface of the inner cylinder and are contour-matched 

to prevent any alteration of the flow profile. Additional studies with this modified TC cell 

recently published by Wilkinson and Dutcher95 have been conducted to determine the 

stability of flow vortices to injection, and the flow states tested in this study are stable over 

a wide range of cylinder speeds, injection drive pressures, and injection times. The 

advantages this modified TC cell offers over other cell designs include the ability to explore 

initial mixing effects in flocculation of bentonite clay with a polyelectrolyte flocculant. 

Optical access allows for image analysis techniques to calculate the size, morphology, and 

growth rate of flocs in a precise hydrodynamic flow state. The goal of this study is to 

determine the effect of changing speed, and therefore flow state, on floc size, growth rate, 

and morphology. 

4.2. Materials and Methods 

4.2.1. Materials 

The polymer flocculant, or polyelectrolyte, used in this study is a commercially 

available cationic polyacrylamide (FLOPAM FO 4190 SH, SNF Polydyne) with 10 mol% 

quaternary ammonium cation monomer charge groups and a molecular weight of 4-6 x 106 

g·mol-1. A 0.2 wt% polymer solution was made by using a Jiffy mixer attachment to mix 

the solid polymer pellets into distilled water for 30 min. The polymer rested in a refrigerator 

overnight prior to use and was remade every 2 weeks as necessary per supplier instructions. 

The distilled water used was from Premium Waters, Inc. Powdered Na-Bentonite was ACS 
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grade from Fisher Scientific and was used as received.  The kinematic viscosity of the 30 

mg·L-1 bentonite suspension was 1.00 ± 0.05 cSt from steady shear experiments as shown 

in Figure 4.1, which showed Newtonian behavior in the frequency regions relevant to the 

speeds tested in this study. 

 

Figure 4.1: Steady shear viscosity and torque response traces of 30 mg·L-1 bentonite in 

distilled water from shear rates of 1 s-1 to 100 s-1. The temperature was kept constant at 

23ºC. The experiment was performed using a cup and bob geometry to mimic the TC cell 

geometry. 

4.2.2. Sample Loading into TC Cell Annulus and Spatial Calibration 

The TC cell used in these experiments consists of a total of 16 injection ports evenly 

distributed axially and azimuthally into the inner cylinder. Because the injection ports do 

not protrude into the annulus and the port covers are contour-matched to the inner cylinder, 

the flow profile of the resultant vortices are not modified during operation as shown by 
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Wilkinson and Dutcher.94 Additional details on the TC cell design, with inner cylinder 

diameter of 13.5407 ± 0.0025 cm, gap width of 0.84 cm, inner cylinder radius to outer 

cylinder radius ratio of 0.891, and injection assembly can be found elsewhere.94 To make 

the bentonite suspensions, 30 mg of bentonite was transferred to a 2 L beaker filled with 1 

L of water. This process was repeated to make a total of 2 L of 30 mg·L-1 bentonite 

suspensions. The bentonite was dispersed using a VELP Scientifica JTL4 Flocculator for 

30 min at 300 RPM. The pH of the resultant suspensions is approximately 6.6 due to the 

interaction of dissolved carbon dioxide in water and bentonite.178 Since the size and 

morphology of bentonite, an anisotropic particle, is dependent on solution ionic strength 

and pH, respectively, these two parameters were kept consistent between all experiments 

in this study90,91. Once finished, the bentonite suspensions were immediately transferred to 

the annulus of the TC cell by way of tubing attached to the base of the cylinder assembly 

as seen in Figure 4.2. 

Once the bentonite was loaded, refractive index-matching paraffin oil was poured 

into the Plexiglass tank holding the apparatus to eliminate the curved glass surface of the 

outer cylinder. The cell was axially illuminated with a flicker-free LED light strip 

(Metaphase 19 in Exo2 Light) to better visualize the injection port covers for spatial 

calibration for image analysis. A spatial calibration image of the bottom-most port cover 

of the inner cylinder was captured using a Basler Ace camera (1280 × 1024 pixels, 60 fps 

maximum frame rate) with a Tamron 25 mm c-mount lens. ImageJ was then used to 

calculate the pixel-to-mm ratio of the spatial calibration image. 
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Figure 4.2: Flocculation experimental set-up in the TC cell. The bentonite suspension is 

loaded into the annulus by way of tubing attached to a Swagelok valve at the bottom of the 

cylinder base. The polyelectrolyte is held in a reservoir and is injected at the top of the 

inner cylinder by way of a solenoid valve, which is controlled by a LabView program. The 

stepper motor for the inner cylinder is controlled separately by a motor controller. Under 

normal operating conditions, the Plexiglass tank surrounding the TC cell is filled with 

paraffin oil to match the index of refraction of the glass outer cylinder, which eliminates 

its curved surface during recording. 

4.2.3. Flocculation Experiment Protocol 

The inner cylinder is rotated by a stepper motor (Applied Motion Products HT34-

497 2 phase stepper motor with a STAC5-S-E120 controller) equipped with a 7:1 gear 

reducer (Applied Motion Products 34VL007) for inertial balance between the motor and 

the cylinder. To remove unwanted flow dislocations in the vortices, flow priming was 

conducted by way of a motor control script to ramp down from a speed higher than the 

required speed to the intended speed.95 A laser diode (Thorlabs, 450 nm, 1600 mW max) 

combined with a laser line generator was used to create a laser light sheet tangential to the 
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inner cylinder as shown in Figure 4.3a. The cationic polyacrylamide injection process and 

movie recording were operated using LabView. For all experiments, the drive pressure was 

set to 30 psi to inject cationic polyacrylamide from the injection ports into the annulus at a 

calibrated injection rate of 1.115 g·s-1 for 6 as reported in Wilkinson et al.,94 which 

corresponds to the optimal polymer dose for the bentonite-distilled water of ~8 ppm as 

reported elsewhere.90 The camera was vertically adjusted such that the field of view was 

between the third and fourth injection port covers from the bottom of the annulus. The 

frame rate of the camera was set to 30 fps with an exposure time of 8 ms for all experiments.  

As discussed later, flocculation mixing protocols typically have two speeds ï an 

initial ñMixò speed (Stage 1), followed by a slower ñGrowthò speed (Stage 2).  However, 

these standard names may be misleading: some growth can occur in the early ñMixò stage, 

and mixing can occur in the later ñGrowthò stages. In this study, the early Stage 1 steady 

ñMixò speeds were 0.04 s-1, 0.17 s-1, 0.50 s-1, 1.10 s-1, and 1.47 s-1, and the later Stage 2 

steady ñGrowthò speed is fixed at 0.46 s-1. After flow priming, the initial inner cylinder 

Stage 1 rotational speed was set, and the recording started.  After a 30 s delay, the polymer 

was injected and mixed at this Stage 1 speed for 3 min to distribute the polymer throughout 

the annulus. After 3 min at the Stage 1 speed, the inner cylinder speed was then set to the 

Stage 2 speed of 0.46 s-1 at a quick ramp rate of 0.92 rotations·s-2 for 30 min to allow the 

flocs to grow. The value of 0.46 s-1 was chosen as it was the slowest speed tested which 

was able to suspend enough flocs throughout the duration of the flocculation process for 

image analysis. Once each experiment was completed, the annulus was drained, and the 

inner cylinder was removed from the apparatus for cleaning with a dilute solution of Micro-

90. The inner cylinder drive shaft and ports were re-primed with cationic polyacrylamide. 

Once reassembled, the annulus was refilled with distilled water prior to the next 

experiment.   
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Figure 4.3: (a) Laser light sheet generated from laser diode illuminating the injection port 

cover and bentonite flocs. (b) The four wave states with their vortex type and speed in 

terms of Re. There are two laminar types (Laminar Taylor Vortex, LTV, and Laminar 

Wavy Vortex, LWV) and two turbulent types (Turbulent Taylor Vortex, TTV and 

Turbulent Wavy Vortex, TWV). The gray circles present in the image are the injection port 

covers. (c) Binarized images of bentonite flocs from at 210 s, 400 s, and 606 s into 

flocculation at an inner cylinder Growth Speed of Rei = 4150. Scale bars are all 5 mm in 

length. 

4.2.4. Image Analysis of Flocculation Experiments 

The movies were analyzed in MATLAB using a process adapted from Vlieghe et 

al.61 to obtain floc size and morphology information as a function of time. The raw images 

were converted to grayscale images and binarized for all experiments as shown in Figure 

4.3c. Size was reported in terms of the radius of gyration, Ὑ , of the floc as calculated by 

the following equation, 
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Ὑ  
ρ

ὔ
ὼ ὼ ώ ώ  τȢρ 

where ὔ  is the number of pixels making up each floc, (ὼ, ώ) are the individual pixel 

coordinate pair, and (ὼ, ώ) is the centroid coordinate pair. The area average for all flocs 

in a 10 s interval (300 frames) was computed. 

 To quantify the morphology of the flocs, a surface-based 2-D fractal dimension, 

$ , was calculated using the following relationship as reported by Vlieghe et al.61 

!ᶿ0  τȢς 

where ὃ is the cross-sectional floc area, and ὖ is the floc perimeter. The fractal dimension 

varies in value from 1 to 2, where a value of 1 indicates a circular shape and a value of 2 

indicates a rod-like shape. A linear regression was performed on each 10 s set of data (!, 0) 

to determine Ὀ . 

4.3. Results and Discussion 

4.3.1. Effect of Hydrodynamics on Floc Size and Growth Rate 

In water treatment processes, it is preferable to rapidly mix the flocculant for a short 

period of time with the solid particulate of interest to disperse the polymer throughout the 

suspension as quickly and evenly as possible. This faster mixing step (Stage 1) is followed 

by a slower mixing step (Stage 2) for a longer time period to allow for continued floc 

growth.179 To test the effect of both mixture speed and vortex flow on the growth of the 

flocs, four different flow regimes were selected for Stage 1 mixing. A set of laminar flow 

states with corresponding Taylor and wavy vortex types (LTV and LWV, respectively), 

and a set of turbulent flow states with corresponding Taylor and wavy vortex types (labeled 

TTV and TWV, respectively) were used for this study as shown in Figure 4.3b. The flow 

states were reported in terms of the inner cylinder Reynolds number, ὙὩ. The Re for TC 

flow is defined by the following equation 

ὙὩ
ɱὙὨ

’
 τȢσ 
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where ὙὩ and ɱ are the inner cylinder radius and rotational speed, respectively, Ὠ is the 

gap width between the inner and outer cylinders, and ’ is the kinematic viscosity of the 

sample.180 The Stage 2 mixing speed was kept constant for all experiments at ὙὩ of 1680 

(TWV). For this particular TC cell, the ranges for the flow states in terms of ὙὩ are 124 to 

167 for LTV, 251 to 870 for LWV, 1400 to 2924 for TWV, and above 2924 for TTV.  

Figure 4.4 depicts the time-dependent radius of gyration, Ὑ , for the bentonite flocs 

as a function of time and vortex flow type. The radius of gyration of the flocs increases in 

all runs after the initial injection of cationic polyacrylamide at time = 30 s, until a plateau 

value of Ὑ  is obtained. The plateau values of Ὑ  were approximately 1.1 mm in the LWV, 

TWV, and TTV cases while the plateau value was approximately 0.7 mm in the LTV case. 

Shear breakage of the flocs due to velocity gradients present in the flow limit the maximum 

floc size.49,55,59,87 Interestingly, the curves for the ὙὩ of 4150 and 5530 cases show nearly 

identical growth behavior, most likely due to their having the same vortex type.  
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Figure 4.4: Bentonite floc size as a function of time and Stage 1 mixing speed in terms of 

the inner cylinder rotational speed. The corresponding vortex type is listed next to the 

speed. The vertical, dark gray line denotes the point in time where the speed changes from 

the Stage 1 speed to Stage 2 speed, which is held constant for all experiments at 0.46 s-1 

(Rei = 1680). Each point represents data averaged from 300 frames of the movie (10 s at a 

frame rate of 30 fps). 

The floc growth rate can be quantified from the data by using a modified version 

of the logistic growth equation 

Ὑ ὸ

Ὑȟ

ρ

ρ  
ρ

Ὑȟ
Ὑȟ

ρ Ὡ

 τȢτ

 

where Ὑ  is the radius of gyration at a given time in mm, Ὑȟ  is the maximum value of 

Ὑ  in the fitting range in mm, Ὑȟ is the initial value of Ὑ  at the beginning of the fitting 

range in mm, ὶ is the growth rate in mm·s-1, and ὸ is time in seconds. While this model is 










































































































































































































































































































































